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Preface

The Importance of Invertebrates

Invertebrates rule the world in terms of number of species, number of individuals, and 
biomass. Over 95 % of species are invertebrates, and this diversity may be a consequence 
of the small size of most invertebrates (Wilson 1987). Their niches are thus also small, so 
the environment can be divided into multiple domains in which specialists can coexist. 
Biodiversity may also follow from their greater antiquity, in that invertebrates have had 
more time for exploration of the environment and evolution of specialist traits. Inverte-
brates are also the most common animals in terms of number of individuals; copepods 
and nematodes are the most common multicellular animals in marine and terrestrial 
environments, respectively. Invertebrates also rule the earth in terms of body mass; a typ-
ical hectare of Brazilian rain forest may contain 200 kg dry weight of animal body tissue, 
of which 93 % consists of invertebrates. Recent estimates suggest that the world holds 1018 
insects, equivalent to more than 200 million insects for each human on the planet and 300 
pounds of insects for every pound of humans. Their numbers and biomass have important 
implications for the earth’s ecosystems. For example, the principal consumers of vegeta-
tion in Central and South America are not deer, rodents, or birds, but leaf-cutter ants.

Invertebrates also play dominant roles in ecosystem services, which are the benefits pro-
vided by ecosystems for humankind and which include supporting, provisioning, and 
regulating services (Prather et al. 2013). Invertebrates provide supporting services for pri-
mary production directly through pollination and seed dispersal and indirectly through 
a cascades and nutrient cycling. Insect pollination is required for ~75 % of all the world’s 
food crops and is estimated to be worth ~10 % of the economic value of the world’s entire 
food supply. Globally, pollinators appear to be strongly declining in both abundance and 
diversity. The loss of pollinator species may result in reduced seed set, reduced fitness, and 
lower population viability of flowering plants. Most primary production eventually enters 
detrital food webs in which the dominant consumers and nutrient cyclers are inverte-
brates. Soil invertebrates break down soil organic matter and recycle nutrients in terres-
trial ecosystems. Earthworms, for example, burrow and facilitate water flow and storage, 
soil aeration, and root development. As a consequence, changes in the decomposer fauna 
alter the physical and chemical environment, with consequent “bottom-up” effects on 
primary producers and higher trophic levels. Reef-building corals also provide support-
ing services by producing structures that serve as habitat for most coastal fish species.

Provisioning services refer to goods obtained from ecosystems and include food, natural 
products, and pharmaceuticals obtained from insects, shrimp, crabs, scallops, oysters, 
lobsters, corals, sea cucumbers, and many others.

Regulating services are those that regulate ecosystem processes or maintain ecosystem 
structure. Invertebrates have important impacts on water quality, stabilization of food 
webs, and regulation of diseases and pests or invasive species. In shallow water, bivalves 
(i.e., mussels and oysters) may filter 10–100 % of the water column; in the case of the 
invasive zebra mussel (Dreissena polymorpha) in the Great Lakes, excessive water filtra-
tion has reduced plankton levels and thus altered food webs. Invertebrates are important 
not only as hosts for parasites and pathogens but also as predators and  parasitoids that 
regulate many parasites and disease vectors. Human diseases transmitted by invertebrate 
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vectors include malaria, dengue, onchocerciasis, and Lyme disease. Schistosomes and 
nematodes may cause disease directly. On the other hand, invertebrates play important 
roles in biocontrol of crop-feeding insects and disease vectors through parasitism, direct 
predation, or transmission of viruses, bacteria, and toxins.

For scientific, economic, and ethical reasons, invertebrates also play increasingly impor-
tant roles as model organisms in fields such as genetics, developmental biology, toxicol-
ogy, and physiology. Insects (Drosophila), nematodes (C. elegans), and protozoans 
(Tetrahymena) have long been used in studies of genetics and developmental biology. 
The flatworm Schmidtea mediterranea has been useful in studies of regeneration, and the 
crustacean Daphnia is widely used in studies of toxicology.

This book had its genesis, in part, on the authors’ concerns that anthropogenic activities, 
especially the increasing levels of carbon dioxide in the earth’s atmosphere resulting 
from the burning of fossil fuels, pose enormous challenges for most species. In particu-
lar, the loss of species abundance and diversity is troubling. For invertebrates, 67 % of 
monitored populations show a 45 % decline in mean abundance (Dirzo et al. 2014). For 
aquatic organisms, reductions in water pH as a consequence of elevations in ambient 
carbon dioxide levels create challenges on shell deposition in crustaceans, mollusks, and 
corals. However, the lower pH may facilitate the elimination of ammonium as a nitrog-
enous waste. Too much nitrogen in soils following application of fertilizer may lead to 
depletion of other important minerals such as calcium, phosphorus, and magnesium. 
Nitrogen-polluted air, resulting from release of nitrates from automobiles and industrial 
plants, also results in this acidification of the soil when acid rain falls.

This book summarizes therefore the most current views on acid–base homeostasis and 
nitrogen excretion strategies as well as the effects of increasing environmental CO2 levels in 
a broad range of phyla and subphyla, including reef-building cnidarians, planarians, nem-
atodes, leeches, echinoderms, aquatic and terrestrial crustaceans, cephalopods, and insects.  
The book also describes regulatory mechanisms in key species like Caenorhabditis elegans 
(genetic model system), Schmidtea mediterranea (regenerative model system), Strongylo-
centrotus droebachiensis (developmental model system), Carcinus maenas (physiologic 
model system, aggressive invasive species), Sepioteuthis lessoniana (commercially relevant 
cephalopod), and Aedes aegypti and Rhodnius prolixus (disease vectors). Additionally, a 
chapter is dedicated to elaborate on the physiological importance of the Na+/K+-ATPase, 
which is essential for ammonia excretion and acid–base regulatory processes.

Dirk Weihrauch
Winnipeg, MA, Canada

Michael O’Donnell
Hamilton, ON, Canada   
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1.1  Summary

This chapter summarizes the current knowledge of processes involved in nitrogen 
 excretion in aquatic crustaceans with focus on the species-rich (up to 10,000 species) 
infraorder Brachyura, the true crabs (Martin and Davis 2001). Besides the introduction 
that briefly covers pathways of the synthesis of nitrogenous waste products and the  toxicity 
of ammonia, organs involved in the excretory processes will be introduced, such as the 
antennal gland and the gills. More emphasis will be given toward the gills and their 
 capability to actively excrete ammonia in different haline species including the marine 
crabs Cancer pagurus and Metacarcinus magister, brackish water living Carcinus maenas, 
as well as freshwater dwelling Eriocheir sinensis. In more detail this chapter reviews the 
branchial ammonia excretion mechanisms in the green shore crab C. maenas, which is 
summarized in a working model at the end. Here the potential roles of the Na+/K+-ATPase, 
K+-channels, Rh-proteins, V-type H+-ATPase, the microtubule network, Na+/H+ exchang-
ers (NHEs), ammonia transporters (AMTs), and aquaporins (AQPs) will be discussed. 
Besides cited literature, this chapter contains original data as well as cross-references to 
corresponding chapters within this book.

1.2  Introduction

1.2.1  Synthesis of Nitrogenous Waste Products in Aquatic 
Crustaceans

As their primary nitrogenous waste product, aquatic crustaceans excrete ammonia (in this 
chapter NH3 refers to molecular ammonia, NH4

+ to ammonium ions, and ammonia to the 
sum of both), originating from protein catabolism, as seen in other aquatic invertebrates 
and fish (Claybrook 1983; Larsen et al. 2014). The majority of ammonia derives from the 
deamination of glutamine, glutamate, serine, and asparagine by the enzymes glutaminase, 
glutamate dehydrogenase, serine dehydrogenase, and asparaginase, respectively (Green-
away 1991; Krishnamoorthy and Srihari 1973). A summary of the synthesis of nitroge-
nous waste products in crustaceans is depicted in . Fig. 1.1.

Additionally, some ammonia is produced via the uricolytic pathway due to the metab-
olism of nucleic acids. Compared to the predominant production of NH3 from amino 
acids, ammonia originating from this pathway is considered being small (Hartenstein 
1970; Schoffeniels and Gilles 1970; Weihrauch et al. 2004b).

In addition, the production of ammonia via the purine nucleotide cycle has been dis-
cussed (Weihrauch et al. 2004b). The purine nucleotide cycle is involved in the synthesis 
of nucleic acids and coupled to various transaminase reactions. At the start of the cycle, 
inosine monophosphate (IMP) and aspartic acid, an amino acid synthesized from oxalo-
acetate, and the α-amino group derived from the deamination of glutamic acid, form 
adenylosuccinate, which is a precursor of adenosine monophosphate (AMP). After the 
catalytic deamination of AMP by AMP deaminase, ammonia is liberated and IMP enters 
the cycle again. The existence of this pathway has further been supported by the analysis 
of expressed sequence tags (ESTs) from tissues of lobster Homarus americanus and the 
green shore crab Carcinus maenas (Towle and Smith 2006) verifying the abundance of 
mRNA coding for adenylosuccinate synthase. Adenylosuccinate synthase is an enzyme 
important for the initial conversion of inosine monophosphate to adenylosuccinate 

 D. Weihrauch et al.2
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(Lowenstein 1972). The overall importance of the purine nucleotide cycle in ammonia-
genesis in crustaceans is, however, not clear to date. For details on the nitrogen metabo-
lism of terrestrial crabs, the reader is referred to 7 Chap. 2.

1.2.2  Toxicity of Ammonia in Crustaceans

In crustaceans, toxic effects have been observed and for a number of aquatic crustaceans, 
ammonia is lethal at relatively low doses. In Penaeus paulensis, the Sao Paulo shrimp, 
LC5096h was determined to 0.307 mmol.l−1 total ammonia and 19 μmol.l−1 NH3 (Ostren-
sky et al. 1992). In the red tail prawn Penaeus penicillatus, LC5096h was 58 μmol.l−1 NH3 
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Glutamate
Pyruvate
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Glutamate-
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 . Fig. 1.1 Metabolic formation of nitrogen excretion products in Crustacea. The expression of xanthine 
oxidase in crustaceans is unclear to date, which is indicated by “?” within the figure (The image is taken 
with permission from Weihrauch et al. 2004b) and modified after Claybrook (1983))
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and 1.39 mmol.l−1 total ammonia (Chen and Lin 1992) and in the crayfish Orconectes nais 
186 μmol.l−1 NH3 (Hazel et al. 1982).

In addition, high environmental ammonia (HEA) levels disrupt ionoregulatory 
function in low salinity acclimated American lobster Homarus americanus and the cray-
fish Pacifastacus leniusculus (Harris et al. 2001, Hazel et al. 1982; Young-Lai et al. 1991). 
Also, when exposed to 1 mmol l–1 total environmental ammonia, ion permeability in 
the gill  epithelia of green shore crabs Carcinus maenas increased (Spargaaren 1990). In 
the Dungeness crab Metacarcinus magister, a chronic exposure of 2 weeks to the same 
doses caused an increase of the hemolymph ammonia from 179  μmol  l-l to nearly 
1 mmol l−1, accompanied with a total loss of the capability to actively excrete ammonia 
via the gills. In fact, ammonia excretion in these animals ceased completely, with a 
change of  excretion to a so far unknown nitrogenous waste product (Martin et al. 2011). 
In the shrimp Penaeus stylirostris, the total number of immune active hemocytes was 
reduced by ca. 50 % when exposed to elevated environmental ammonia levels (Le 
Moullac and Haffner 2000).

Accordingly, due to the toxic effects, hemolymph ammonia concentrations in aquatic 
crustaceans are usually low, ranging between 50 and 400 μmol.l−1, as seen in . Table 1.1. 
for selected aquatic crustacean species. As described in 7 Chap. 2, semiterrestrial and ter-
restrial crustaceans exhibit usually a higher tolerance for ammonia in their body fluids 
with values detected up to 2 mmol.l−1 (Weihrauch et al. 2004b).

 . Table 1.1 The concentration of ammonia in the hemolymph of selected decapod crustaceans

Species Salinity Ammonia 
(μmol . l−1)

Urea 
(μmol . l−1)

Source

Brachyura

Maia squinado SW 50–70 nd Durand et al. (2000)

Necora puber SW 120 nd Durand and Regnault (1998)

Cancer pagurus SW 80 38 Weihrauch et al. (1999b)

Metacarcinus magister SW 180 nd Martin et al. (2011)

Portunus 
trituberculatus

SW 120 80 Ren et al. (2015)

Callinectes sapidus BW 390 nd Cameron and Batterton (1978)

Carcinus maenas SW 83 78 Weihrauch et al. (1999a)

Carcinus maenas BW 99 1029 Weihrauch et al. (1999b)

Eriocheir sinensis FW 160 824 Weihrauch et al. (1999b)

Other crustaceans

Cherax destructor FW 100 nd Fellows and Hird (1979)

SW seawater, BW brackish water, FW freshwater, nd no data available

 D. Weihrauch et al.4
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1.2.3  Habitat and Physiological Adaptations

Crustaceans have conquered all aquatic habitats including freshwater, brackish water 
environments as found in estuaries and the Baltic Sea, fully marine water bodies, but also 
high-saline environments, such as the Mediterranean Sea, and, e.g., in the case of the brine 
shrimp Artemia salina, extreme high-saline (≥250 ppt.) habitats (Cole and Brown 1967). 
Additionally, a number of crustacean species inhabit semiterrestrial and even fully ter-
restrial environments. Specific adaptations and nitrogen excretion strategies of those ani-
mals are covered in 7 Chap. 2.

According to the salinity of the habitat, the ion conductance of the ion and gas- 
transporting epithelia (e.g., gills) can vary dramatically. While most marine crustaceans 
are osmoconformers, keeping their body fluid osmolality close to the osmolality of the 
environment, brackish water and freshwater species are hyper-regulators, maintaining a 
higher osmolality in their hemolymph compared to the exterior medium (Larsen et al. 
2014; Mantel and Farmer 1983; Weihrauch and O’Donnell 2015). Marine species usually 
exhibit very leaky gill epithelia. For instance, the gill epithelium of the edible crab Cancer 
pagurus exhibits a conductance of ca. 250–280 mS cm−2. In brackish water species such as 
the green shore crab Carcinus maenas (acclimated to 10 ‰ S.) or the isopod Idotea baltica 
(acclimated to 20 ‰ S.), the conductance of the gills and pleopods is much lower, assessed 
to approximately 40–60 mS cm−2 and 80 mS cm−2, respectively. In freshwater species like 
the Chinese mitten crab Eriocheir sinensis or the red freshwater crab Dilocarcinus pagei, 
the branchial ion permeability is very low (below 5 mS cm−2), minimizing thereby danger-
ous passive ion losses into the highly dilute environment via the paracellular route (Postel 
et al. 2000; Weihrauch et al. 1999b, 2004a).

Besides the environmental salinity dictating the ion permeability of the body surfaces 
and thereby the paracellular pathway for nitrogenous compounds of an animal inhabiting 
these environments, also the respective lifestyle demands particular transport 
 characteristics to ensure sufficient excretion of metabolically produced ammonia. The 
majority of crustaceans exhibiting a pelagic lifestyle, colonizing the open water column, 
where ammonia concentrations are usually below 5 μmol l−1, and thus ten to forty times 
lower compared to ammonia concentrations usually found in the body fluids of aquatic 
crustaceans (Weihrauch et  al. 2004a). However, benthic-living species may face higher 
environmental ammonia concentrations. For instance, studies on the interstitial pore 
water in the North Sea showed that ammonia concentrations can already be quite high 
here with values between 100 and 300 μmol l−1 near the surface of the sediment, but can 
reach extreme concentrations of up to 2.8 mmol l−1 in 4–9 cm sediment depth due to the 
lack of ammonia assimilation by phytoplankton and a reduced bacterial nitrification 
(Enoksson and Samuelsson 1987; Lohse et al. 1993). As described below, gills of a variety 
of crab species are capable to excrete ammonia in an active mode against inwardly directed 
gradients, counteracting thereby these challenging high environmental ammonia concen-
trations. In fact, the capability of the gills to actively excrete ammonia is an important 
physiological adaptation, e.g., benthic-living brachyuran crabs are often feeding on car-
rion and do not hesitate to enter high ammonia environments in order to feed (Weihr-
auch, personal observation). In addition, during low tide and in the winter months, many 
decapod crabs exhibit a burrowing behavior (Bellwood 2002; McGaw 2004). During these 
time periods, where water exchange is limited but metabolic ammonia production 

Chapter 1 · Nitrogen Excretion in Aquatic Crustaceans

http://dx.doi.org/10.1007/978-3-319-39617-0_2


1
 continues, animals likely encounter elevated environmental ammonia concentrations in 
their burrows that might exceed the ammonia levels of their body fluids, and active excre-
tion mechanisms are required to counteract potential influxes.

1.2.4  Hemolymph Ammonia and Urea Concentrations in Aquatic 
Crustaceans

Listed in . Table 1.1, hemolymph ammonia concentrations in aquatic environments are 
fairly low and ranging mostly between 100 and 200 μmol l−1. Hemolymph urea concentra-
tions vary and seem to be dependent on the environmental salinity. While urea concentra-
tions are rather low in marine species, fairly high values were detected in osmoregulating 
species.

It is to note that no urea was excreted or transformed into other molecules, when 
 isolated posterior gills from brackish water-acclimated C. maenas were perfused with 
600 μmol l−1 urea (Weihrauch et al. 1999a, b). The purpose of retaining urea within the 
body fluids in osmoregulating crabs is unknown to date but likely does not play a signifi-
cant role in the detoxification of elevated hemolymph ammonia levels since, at least in M. 
magister, urea concentration (467.2 ± 33.5  μmol  l−1) increased only by ca. 30 % when 
 animals were chronically exposed to 1 mmol  l−1 ammonia. Under these conditions the 
animals fully ceased the excretion of ammonia and urea, while hemolymph ammonia 
concentrations raised to new steady-state levels to nearly 900 μmol l−1 (Martin et al. 2011).

1.3  Tissues Involved in the Excretion of Nitrogenous Waste 
Products

1.3.1  Excretion Rates of Ammonia and Urea in Aquatic 
Crustaceans

As depicted in . Table 1.2, in aquatic crabs the majority of the nitrogenous waste is 
excreted in the form of ammonia, with a lower amount of nitrogen being excreted as urea.

1.3.2  Antennal/Maxillary Glands

The antennal and maxillary glands feature a mammalian nephron-like ultrafiltration with 
modifications of ion composition of the primary filtrate in the downstream sections of the 
gland, namely, the proximal tubular region, distal tubular region, end tubular region, and 
bladder (Freire et al. 2008; Tsai and Lin 2014). As described for the crayfish Pacifastacus 
sp. and Orconectes virilis, molecules of a molecular mass less than 20 kDa are filtered freely 
into coelomic end sac, the first part of the gland. The structure and organization of the 
“internal excretory organs” such as the antennal and maxillary glands have been described 
in detail by Freire and others (Freire et al. 2008). In aquatic crustaceans, the excretion of 
nitrogenous waste via the antennal/maxillary glands was considerate being small. For 
instance, in the low-salinity-acclimated blue crab Callinectes, the actual urinary excretion 
rate accounted to only 1–2 % of the animals’ total ammonia excretion rate (Cameron and 
Batterton 1978).

 D. Weihrauch et al.6
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On the other hand, other more recent observation indicates that the potential function 
of the antennal gland for the excretion of nitrogenous waste in decapod crabs should not 
be underestimated. An analysis of the urine of various crab species revealed that while 
ammonia concentrations in C. pagurus (seawater) and E. sinensis (freshwater) were found 
to be very similar compared to their respective hemolymph ammonia concentrations, 
urine in brackish water-acclimated C. maenas contained ca. 300–400 μmol l−1, approxi-
mately three times the value measured in the hemolymph. This indicates a modification of 
the primary urine within the nephron, as more pronounced observed in semiterrestrial 
and terrestrial crabs. For instance, in the ghost crab Ocypode quadrata, ammonia concen-
trations measured in the urine were with 116 mmol l−1 exceptional high and roughly 130 
times greater the values measured in the hemolymph (DeVries et  al. 1994). For more 
information, please also refer to 7 Chap. 2.

 . Table 1.2 Ammonia and urea excretion rates in selected aquatic crustaceans

Species Salinity Ammonia  
(nmol.l gFW-1 h−1)

Urea (nmol.l 
gFW−1 h−1)

Source

Brachyura

Maia squinado 
(winter)

SW 46 1.7 Durand et al. (2000)

Necora puber SW 552 14 Durand and 
Regnault (1998)

Cancer pagurus SW 336 41 Weihrauch et al. 
(1999b)

Cancer antennarius SW 142 nd Hunter and Kirschner 
(1986)

Cancer antennarius BW 374 nd Hunter and Kirschner 
(1986)

Metacarcinus 
magister

SW 367 15 Martin et al. (2011)

Callinectes sapidus BW 540 nd Cameron and 
Batterton (1978)

Carcinus maenas SW 187 13 Weihrauch et al. 
(1999a)

Carcinus maenas BW 136 24 Weihrauch et al. 
(1999b)

Eriocheir sinensis FW 123 13 Weihrauch et al. 
(1999b)

Other crustaceans

Astacus 
leptodactylus

FW 67 nd Ehrenfeld (1974)

Penaeus monodon SW 63 nd Chen and Cheng 
(1995)

SW seawater, BW brackish water, FW freshwater, nd no data available
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In addition to ammonia, also urea was detected in the urine of crabs. While in osmo-

conforming C. pagurus urea concentrations were with 25 μmol.l−1 similar to the respective 
hemolymph value (→ no modification of the primary urine during the passage through 
the antennal gland), in osmoconforming green crabs C. maenas, the urine contained 
388 μmol.l−1 urea, roughly five times as much, compared to values found in the hemo-
lymph. In contrast, in hyper-regulating C. maenas and E. sinensis, urea concentrations 
were with 125 and 199 μmol l−1 much lower compared to the respective hemolymph val-
ues, indicating that in these species freely filtrated urea is actively reabsorbed within the 
nephron (Weihrauch et al. 1999a, b). The observation is in line with the notion that osmo-
regulating crabs retain, for a so far unknown reason, a certain high amount of urea within 
their body fluids as described above (7 Sect. 1.3.1).

Besides the process of ultrafiltration occurring in the first section of the antennal 
gland, the coelomic end sac, mechanisms involved in the adjustment of ammonia and 
urea concentrations along the nephron have not investigated to date. Studies by Tsai and 
others on the antennal gland of the semiterrestrial crab Ocypode stimpsoni showed abun-
dance of the basolateral Na+/K+-ATPase and an apical V-ATPase in labyrinthine and end- 
labyrinthine cells in all sections of the nephron (Tsai and Lin 2014). As described in more 
detail below, both pumps are usually directly involved in energizing trans-epithelial 
ammonia transport processes in excretory tissues (Larsen et  al. 2014; Weihrauch et  al. 
2004b; Weihrauch and O’Donnell 2015).

1.3.3  Gills

Gills of crustaceans are multifunctional organs involved in gas exchange, acid-base  balance, 
osmoregulation, ammonia excretion, and Ca2+ transport (Freire et al. 2008; Henry et al. 
2012). In decapod crustaceans three types of gills can be distinguished: (a) dendrobran-
chiae, found, e.g., in penaeoid and sergestoid shrimps, (b) trichobranchiae, found, e.g., in 
crayfish and lobster, and (c) phyllobranchiae, the gills of the Brachyura, some Anomura, 
and the caridean shrimp (Freire et al. 2008) (Taylor and Taylor 1992). The single- layered 
gill epithelium is covered with a thin, ion-selective cuticle as illustrated in . Fig. 1.2. In 
brackish water-acclimated C. maenas, for instance, the isolated cuticle  exhibits a slightly 
greater conductance for NH4

+ (683 ± 165 mS cm−2) than for Na+ (583 ± 71 mS cm−2). Cau-
tion must be taken when interpreting data deriving from flux experiments employing 
amiloride, since this drug inhibits the cation conductance of the isolated cuticle in a dose- 
dependent manner (Lignon 1987; Onken and Riestenpatt 2002; Weihrauch et al. 2002).

Most studies regarding ion transport, acid-base regulation, and ammonia fluxes have 
been performed on the phyllobranchiate gills of brachyuran crabs due their relatively large 
size that allows for its perfusion with a hemolymph-like saline. Additionally, splitting a 
single gill lamellar into two half-lamellae (which consists only of the cuticle-covered 
 epithelium layer) allows for tracer flux studies as well as electrophysiological experiments 
in micro-Ussing chambers.

Although not studied in this regard, one can expect that other gill-like structures, such as 
the endopodites from isopods, are also responsible for excretory processes. For instance, in 
the euryhaline isopod Idotea baltica, the NaCl transport mechanism in the endopodites was 
found to be very similar to that identified in the osmoregulating posterior gills of C. maenas 
(Postel 2001). As described by Weihrauch and O’Donnell, a number of transporters involved 
in the ionoregulatory machinery play also a crucial role in trans-epithelial ammonia  excretion 
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(Weihrauch and O’Donnell 2015). The best example for this is the Na+/K+-ATPase, one of the 
key transporter responsible for energizing active NaCl transport processes in invertebrates 
and vertebrates alike (Larsen et  al. 2014), but equally important as a NH4

+ pump (7 see 
Chap. 3). This pump is sometimes also referred to as a NH4

+/K+-ATPase. Accordingly, other 
osmoregulatory tissues identified in crustacean, such as the Na+/K+-ATPase-rich Crusalis 
organ (Johnson et al. 2014), a structure located in the swimming legs of freshwater-invading 
 copepod Eurytemora affinis, might also be responsible for the animals’ ammonia excretion.

1.4  Branchial Ammonia Excretion

1.4.1  Capacity of Active Ammonia Excretion in Gills of Different 
Haline Crab Species

The gills of aquatic brachyurans are metabolically active organs. This becomes obvious 
when comparing ammonia excretion rates detected from intact animals with metaboli-
cally released ammonia from the branchial tissues. Regardless whether gills from seawater 
Cancer species, brackish water C. maenas, or freshwater E. sinensis crabs were examined, 
the branchial tissues generated and released roughly 30–40 times more ammonia when 
compared to the excretion rates of the respective intact animals. Of that branchially 
 produced ammonia, the vast majority (65–93 %) is transported toward the environment 
by both the osmoregulatory active posterior gills and the (respiratory) anterior gills (Mar-
tin et al. 2011; Weihrauch et al. 1999b).

In addition to the release of metabolic ammonia, all anterior and posterior gills from 
various haline brachyurans investigated so far in this respect were capable to actively 

a b

 . Fig. 1.2 Electron micrographs of the posterior gill epithelial cells of brackish water-acclimated  
shore crab Carcinus maenas. AM apical membrane, Bl basal lamina, BM basolateral membrane,  
CP clathrin-coated pit, Cu cuticle, Go Golgi apparatus, M mitochondria, Mt microtubules, rER rough 
endoplasmic reticulum, sCu subcuticular space, V vesicle. Scale bars, 1 μm (a); 0.5 μ m (b)  
(From Weihrauch et al. (2002))
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1
excrete ammonia against a four- to eightfold inwardly directed gradient (. Fig. 1.3). When 
gills of the marine edible crab C. pagurus, for example, were perfused and bathed sym-
metrically with 100 μmol l−1 NH4Cl, approximately 29 % (posterior gills) to 36 % (anterior 
gills) of the ammonia was actively eliminated from the perfusion solution during a single 
run through the gill (Weihrauch 1999). In the Dungeness crab M. magister, gills perfused 
with 100 μmol  l−1 NH4Cl were able to maintain a steady excretion rate even against a 
16-fold inwardly directed gradient (Martin et al. 2011). However, when Dungeness crabs 
were exposed for 14  days to 1  mmol  l−1 NH4Cl, the gills lost the capability entirely to 
mediate an active ammonia excretion. Interestingly, in hyper-regulating green shore crabs, 
lower active ammonia excretion rates were detected in the osmoregulatory more active 
posterior gills compared to the far lesser active anterior gills as shown in . Figs. 1.3 and 1.6 
(Weihrauch et al. 1998). These results clearly indicate that osmoregulatory processes are 
not directly linked to ammonia excretion and that excretion of toxic ammonia must pro-
ceed somewhat independently of other physiological processes. This is supported also by 
experiments on perfused C. maenas gills, showing that the ammonia excretion rates are 
reduced by only 24 %, when all Cl- ions were omitted from the experimental solutions 
(Weihrauch et al. 1998). This contrasts terrestrial species where ammonia excretion and 
sodium reabsorption, and hence osmoregulation are linked (7 see Chap. 2).

1.4.2  Mechanism of Branchial Ammonia Excretion  
in Decapod Crabs

Due to their organization, the phyllobranchiate gills from decapod crabs are ideal tissues 
to investigate ion fluxes (Freire et al. 2008). The gills offer a large surface area (i.e., 247 cm2/
gFW for C. maenas (Riestenpatt 1995)) and can easily be perfused with hemolymph-like 
solutions. For certain model organisms, such as the Chinese mitten crab E. sinensis, the 
red freshwater crab Dilocarcinus pagei, Neohelice (Chasmagnathus) granulata, the blue 
crab Callinectes sapidus, or the green shore crab C. maenas, we have a fairly good under-
standing of the branchial mechanism for osmoregulatory NaCl transport (Freire et  al. 
2008; Henry et al. 2012; Larsen et al. 2014; Weihrauch et al. 2004a). The brachial mecha-
nism for ammonia excretion in aquatic crustaceans, however, has been studied only in a 
few species and in greater detail only in the green shore crab C. maenas and to some extent 
also in the Dungeness crab M. magister and E. sinensis. . Table 1.3 summarizes the effect 
of various pharmacological reagents on the branchial ammonia excretion in  
C. maenas.

 Role of the Na+/K+-ATPase
As described in detail in 7 Chap. 3, the Na+/K+-ATPase plays a major role in branchial 
ammonia transport. Not only does this pump, localized to the basolateral membrane of 
the gill epithelia (Henry et al. 2012; Towle et al. 2001), accept NH4

+ as a substrate, and 
thereby actively transport hemolymph ammonia into the epithelial cells (Lucu et al. 1989; 
Masui et al. 2009; Weihrauch et al. 1999b), but it also creates low cytoplasmatic [Na+] and 
generates a negative cell potential of predicted −55 mV (Riestenpatt 1995). Blocking this 
pump with basolateral applied ouabain, a specific inhibitor of the Na+/K+-ATPase (Skou 
1965), reduced the gradient driven (200 μmol l−1 NH4Cl in the hemolymph vs. 0 μmol l−1 
NH4Cl in the bathing solution) and active (symmetrically applied 100 μmol l−1 NH4Cl) 
branchial ammonia excretion by 52 % and 60 %, respectively (Weihrauch et al. 1998). Also 

 D. Weihrauch et al.10

http://dx.doi.org/10.1007/978-3-319-39617-0_2
http://dx.doi.org/10.1007/978-3-319-39617-0_3


111

Ca
rc

in
us

 m
ae

na
s

Fo
ld

 in
w

ar
dl

y 
di

re
ct

ed
 a

m
m

on
ia

 g
ra

di
en

t

0 0
–1

001020

–1
001020

–1
001020

20
0

40
0

A
p

ic
al

 a
m

m
on

ia
 (µ

m
ol

 l-
1 )

A
p

ic
al

 a
m

m
on

ia
 (µ

m
ol

 l-
1 )

A
p

ic
al

 a
m

m
on

ia
 (µ

m
ol

 l-
1 )

Ammonia flux (µmol gFW-1 h-1)

InfluxEfflux

60
0

80
0

0
20

0
40

0
60

0
80

0
0

20
0

40
0

60
0

80
0

1
2

4
8

0
1

2
4

8
0

1
2

4
8

Ca
nc

er
 p

ag
ur

us
Er

io
ch

ei
r s

in
en

si
ns

10
 ‰

 S
.

35
 ‰

 S
.

0.
5 

‰
 S

.

 
.

Fi
g.

 1
.3

 B
ra

nc
hi

al
 a

m
m

on
ia

 fl
ux

es
 in

 a
nt

er
io

r (
▲

) a
nd

 p
os

te
ri

or
 (■

) g
ill

s 
of

 o
sm

oc
on

fo
rm

in
g

 C
. p

ag
ur

us
 a

nd
 o

sm
or

eg
ul

at
in

g
 C

. m
ae

na
s 

an
d

 E
. s

in
en

si
s.

 G
ill

s 
w

er
e 

p
er

fu
se

d
 w

it
h 

he
m

ol
ym

p
h-

lik
e 

sa
lin

es
 e

nr
ic

he
d

 w
it

h 
10

0 
μm

ol
 l−

1  N
H

4C
l a

nd
 im

m
er

se
d

 in
 v

ar
io

us
 e

nv
ir

on
m

en
ta

l a
m

m
on

ia
 c

on
ce

nt
ra

ti
on

s.
 D

at
a 

re
p

re
se

nt
 m

ea
ns

 ±
 S

EM
 

(M
od

ifi
ed

 a
ft

er
 W

ei
hr

au
ch

 e
t a

l. 
19

99
a)

Chapter 1 · Nitrogen Excretion in Aquatic Crustaceans



1  . Table 1.3 Percentage inhibition of the branchial ammonia excretion in posterior gills of the 
hyper-regulating green shore crab

Manipulation [Inhibitor] 
(mmol l−1)

Target Gradient 
(micromo l −1) 
Basal/Apical

Reduction 
of efflux 
(%)

Source

Dinitrophenolb 0.5 H+-gradient driven 
mechanisms

200:0 55c Weihrauch 
et al. (1998)

Acetazolamideb 1 Carbonic 
anhydrase

200:0 18 Weihrauch 
et al. (1998)

Omission of Cl–a, b – Cl-dependent 
transports

200:0 24c Weihrauch 
et al. (1998)

Cs+a 10 K+-channels 200:0 12 Weihrauch 
et al. (1998)

Ouabainb 5 Na+/K+-ATPase 200:0 52c Weihrauch 
et al. (1998)

Amiloridea 0.1 Na+-channels/
NHEs

200:0 55c Weihrauch 
(1999)

Omission of 
Na+a,b

− Na+-dependent 
transports

100:100 57c Weihrauch 
(1999)

Ouabainb 5 Na+/K+-ATPase 100:100 60c Weihrauch 
(1999)

Cs+b 10 K+-channels 100:100 58c Weihrauch 
(1999)

Ouabainb/Cs+b 5/10 Na+/K+-ATPase/
K+-channels

100:100 86c Weihrauch 
(1999)

ZD7288b 0.01 hyperpolarization- 
activated cyclic 
nucleotide-gated 
K+-channel

130:0 40c Fehsenfeld 
and 
Weihrauch 
(2016)

Ba2+b 12 K+-channels 130:0 70c Fehsenfeld 
and 
Weihrauch 
(2016)

Bafilomycina,b 0.001 V-ATPase 100:100 66c Weihrauch 
et al. (2002)

Bafilomycina,b/
Ouabainb

0.001/5 V-ATPase/Na+/
K+-ATPase

100:100 95c Weihrauch 
et al. (2002)

Colchicineb 0.2 Microtubule 
network

200:0 74c Weihrauch 
et al. (2002)

Colchicineb 0.2 Microtubule 
network

100:100 92c Weihrauch 
et al. (2002)

Thiabendazoleb 0.2 Microtubule 
network

100:100 100c Weihrauch 
et al. (2002)
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in the osmoconforming edible crab Cancer pagurus, active branchial ammonia excretion 
was inhibited by ouabain, here however to 100 % (Weihrauch et al. 1999b). Further, 6 h 
after exposure to elevated environmental ammonia concentrations (ca. 20–100 μmol l−1), 
branchial Na+/K+-ATPase activity increased significantly in the swimming crab P. tritu-
berculatus (Ren et al. 2015).

 Role of K+-Channels
Pharmacological experiments indicated further that in osmoregulating C. maenas hemo-
lymph ammonia (NH4

+) additionally enters the epithelial cells via basolateral Cs+- and 
Ba2+-sensitive pathways, likely K+-channels (Larsen et al. 2014; Weihrauch et al. 1999b), 
driven by the negative cell potential. Accordingly, a study by Ren and coworkers demon-
strated elevated mRNA expression levels of a branchial expressed K+-channel 6 h after 
exposure to ca. 20 and 100  μmol  l−1 ammonia (Ren et  al. 2015). Additionally, a 
hyperpolarization- activated cyclic nucleotide-gated potassium channel (HCN) has been 
shown to play a role in basolateral NH4

+ transport. An mRNA expression analysis revealed 
that HCN is expressed in the gills of C. maenas, and branchial ammonia excretion was 
inhibited by approximately 40 % applying the HCN-specific inhibitor ZD7288 (Fehsenfeld 
and Weihrauch 2016). Functional expression analysis of rat HCN2  in frog oocytes has 
shown that this transporter does not only mediate the transport of K+ but also of NH4

+, 
although to a lesser extent (Carrisoza-Gaytan et al. 2011). Due to the action of the Na+/
K+-ATPase (see above) and the NH4

+ permeable pathways within the basolateral mem-
brane of the epithelium, cytoplasmatic NH4

+ concentrations are likely very high, possibly 
between 1 and 2  mmol  l−1. Interestingly, basolateral application of Cs+ on the isolated 
perfused gill in osmoconforming C. pagurus showed no significant inhibition in the 
ammonia excretion, indicating that different transport mechanisms can be found in dif-
ferent haline crab species.

 Role of Rh-Proteins
Gaseous ammonia, NH3, might enter the cytoplasm together with CO2 from the 
 hemolymph via branchially expressed Rh-like proteins (RhCM) (Weihrauch et al. 2004b). 
Rh- glycoproteins are highly conserved proteins within the animal kingdom and have 
strongly been suggested to be dual gas channels, allowing the passage of NH3 and CO2 
(Endeward et al. 2008; Musa-Aziz et al. 2009; Perry et al. 2010). In crustaceans, Rh-pro-

Manipulation [Inhibitor] 
(mmol l−1)

Target Gradient 
(micromo l −1) 
Basal/Apical

Reduction 
of efflux 
(%)

Source

Taxolb 0.01 Microtubule 
network

100:100 77c Weihrauch 
et al. (2002)

Cytochalasin Db 0.005 Actin filaments 100:100 18 Weihrauch 
et al. (2002)

Carcinus maenas, aapical application, bbasolateral application, cdenotes significant differences from 
control values

 . Table 1.3 (continued)
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1
teins belong to the “primitive” Rh-protein cluster 1, RhP1 (Huang and Peng 2005) 
(. Fig. 1.6), while in mammals three major Rh-protein isoforms exist (Rhag, Rhbg, Rhcg); 
only one isoform has so far been identified in decapod crustaceans. In the marine Dunge-
ness crab M. magister, this crustacean Rh-like protein (RhMM) was particularly highly 
expressed in the gill tissues (Martin et al. 2011). At least for vertebrate epithelia, such as the 
intestine, renal tissues, gills, and skin, high abundance of Rh-protein as well as basolateral 
localization was confirmed for usually highly expressed Rhbg, while vertebrate Rhcg shows 
usually much lower expression levels (Larsen et al. 2014). Also for crustacean gills, basolat-
eral localization of the (sole) Rh-protein was assumed (Ren et al. 2015). However, a local-
ization in membrane intracellular vesicles would also be plausible, as Rh-proteins could 
 promote here an ammonia-trapping mechanism. A participation of Rh-protein in epithe-
lial ammonia transport for invertebrates was first suggested by Weihrauch and coworkers 
in 2002 for the gills of C. maenas (Weihrauch et al. 2002) (see the following paragraph), but 
later also for the insect midgut and the hypodermis of C. elegans (Adlimoghaddam et al. 
2015; Weihrauch 2006) (7 see also Chaps. 4 and 5).

 Role of the V-Type H+-ATPase and the Microtubule Network
Cytoplasmic ammonia, either imported from the hemolymph or produced by the brachial 
epithelium itself, is believed to be at least partially trapped as NH4

+ in acidified vesicles. A 
strong abundance of an intracellular V-type H+-ATPase (. see Fig. 1.4) (Weihrauch et al. 
2001), as well as the fact that the active and gradient driven ammonia excretion in C. mae-
nas can nearly completely be blocked by inhibitors targeting the microtubule network, 
such as colchicine, taxol, and thiabendazole (. Fig. 1.5), strongly indicates that NH4

+-
laden vesicles are transported to the apical membrane, where NH4

+ is then released by 
exocytosis (Weihrauch et al. 2002). In addition, perfusion experiments of gills of brackish 
water- acclimated green shore crabs showed impressively that the V-type H+-ATPase plays 
indeed a major role in branchial ammonia excretion: After blockage of the pump by 
bafilomycin A1, active ammonia excretion was reduced by 66 %.

In addition, exocytotic excretion of ammonia was further supported by studies from 
Ren and coworkers, as exposure to increased environmental ammonia led to increased 
mRNA expression levels of the branchial V-type H+-ATPase and a vesicle-associated 
membrane protein (VAMP). VAMPs have known to be involved in exocytotic processes 
(Edelmann et al. 1995).

The suggested vesicular ammonia excretion mechanism is advantageous for marine/
brackish water-inhabiting species since the process is independent of environmental 
ammonia concentrations and pH regimes. As seen in . Fig. 1.5, also active ammonia 
excretion across the gills of the freshwater-acclimated Chinese mitten crab E. sinensis can 
be blocked by colchicine, although to a much lesser extent. In general, for animals inhabit-
ing freshwater environments with a low buffer capacity, such as fish, amphibians, planari-
ans, and leeches, evidence has been provided that ammonia is excreted in the 
environmental facing excretory organs (e.g., gills, skin) over the apical membrane of the 
respective  epithelia (Cruz et  al. 2013; Quijada-Rodriguez et  al. 2015; Weihrauch et  al. 
2012, 2009). Accordingly, it is assumed that also in E. sinensis and other freshwater crusta-
ceans, the majority of ammonia is directly excreted over the apical membrane of the trans-
port  epithelia (7 refer also to Chap. 5). This might be accomplished via an ammonia-trapping 
(also called acid trapping) mechanism. For this mechanism an apically localized V-type 
H+-ATPase – in E. sinensis this pump is localized to the pillar cells (Freire et al. 2008) – 
generates a partial pressure gradient for NH3 (∆PNH3) by acidifying the subcuticular space 
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 . Fig. 1.5 Microtubule-dependent branchial ammonia excretion in two osmoregulating crabs,  
Carcinus maenas acclimated to 10 ‰ S. and Eriocheir sinensis acclimated to 5 ‰ S. (a) Gills from 
C. maenas were perfused and bathed with 100 μmol l−1 NH4Cl (Values were taken from (Weihrauch  
et al. 2002)). (b) Gills from E. sinensis were perfused with 100 μmol l−1 NH4Cl and bathed  
in 150 μmol l−1 NH4Cl. Data represent means ± SEM of four observations. *indicates statistical 
significance (P < 0.05)

a b

c

 . Fig. 1.4 Branchial localization of the V-type H+-ATPase (subunit B) in the posterior gills of brackish 
water-acclimated Carcinus maenas. Phase contrast micrograph of the branchial epithelium of  
C. maenas (a). Imunocytochemical staining for the subunit B of the V-type- H+-ATPase in C. maenas 
(b) and Eriocheir sinensis (c). In E. sinensis V-type H+-ATPase is exclusively present in the pillar cells. p pillar 
cells, c cuticle, a arteriole, ls lamellar septum, e epithelial cell, n nucleus ((a, b, taken with permission 
from (Weihrauch et al. 2001)) and freshwater-acclimated Eriocheir sinensis (c, taken with permission  
from (Freire et al. 2008)))
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1
and lowering thereby subcuticular [NH3], by protonating the gas into NH4

+. Cytoplasmic 
NH3 then follows this gradient via a putatively apically localized Rh-protein into the sub-
cuticular space. From here NH4

+ is released via cation permeable structures of the cuticle 
into the environment. As long as the subcuticular space has a lower pH compared to the 
cytoplasm, this process continues. It is however also possible that NH4

+ is directly excreted 
through apical NH4

+-channels (AMT, see paragraph below) or a combination of both pro-
cesses. Apical Cs+-sensitive K+-channels as identified in the gills of C. maenas (Riestenpatt 
et al. 1996) seem not to be involved in apical ammonia (NH4

+) transport, as application of 
Cs+, a rather nonspecific K+-channel blocker, had no significant effect on the ammonia 
efflux in the green crab (Weihrauch et al. 1998).

 Role of Na+/H+ Exchangers (NHEs)
For ammonia release out of the cytoplasm into the environment, an apical Na+/H+ 
exchanger (NHE) was discussed to play a role, due to the fact that branchial ammonia 
 excretion was partially blocked in C. maenas and Cancer pagurus by apically applied 
amiloride, a rather nonspecific inhibitor of NHEs (Kleyman and Cragoe 1988; Lucu et al. 
1989; Weihrauch et al. 1999a). Also in intact marine Cancer antennarius and Petrolisthes 
cinctipes crabs and in the freshwater crayfish Astacus leptodactylus, ammonia excretion 
was reduced after application of amiloride (Ehrenfeld 1974; Hunter and Kirschner 1986). 
Support for this hypothesis was further gained by studies showing that the mammalian 
NHE-3 seems to be involved in renal ammonia excretion as experiments employing brush 
border vesicles isolated from the proximal tubule indicated a Na+/NH4

+ exchange (Kin-
sella and Aronson 1981). Also, in the gills of C. maenas, an NHE (likely electrogenic) was 
identified on the molecular basis (Towle et al. 1997) and it cannot be excluded that this 
transporter accepts NH4

+ at the cation or proton-binding side. All physiological experi-
ments involving the use of amiloride, however, must be considered with caution, as the 
conductance (Gcut) of the isolated cuticle for Na+ and NH4

+ in C. maenas can be blocked 
in a dose- dependent manner (Kami for NH4

+ = 20.4 mmol l–1) by this drug (Onken and 
Riestenpatt 2002; Weihrauch et al. 2002). Also, in the marine crabs M. magister and P. 
trituberculatus, branchial mRNA expression levels of NHE were downregulated upon a 
2-day exposure to increased environmental ammonia levels. During this time point, M. 
magister maintained considerately lower hemolymph ammonia concentrations (ca. 
500 μmol l−1) compared to the high environmental levels (1 mmol l−1). These data imply 
that NHEs are likely not directly involved in branchial ammonia excretion. NHEs also in 
crustacean gills might be localized to all membranes, apical, basolateral, but also to mem-
branes of intracellular compartments (e.g., exocytotic vesicles) as describe, e.g., for the 
mammalian NHE and the NHX transporters in the nematode Caenorhabditis elegans 
(Nehrke and Melvin 2002; Orlowski and Grinstein 2004; Zachos et al. 2005). Clearly, their 
particular role in branchial ammonia excretion processes requires further investigations.

 Role of Ammonia Transporters (AMTs)
Increasing numbers of genome and transcriptome projects revealed that invertebrates, but 
not vertebrates, do express AMTs, transporters typically found in roots of plants, here 
being responsible for the uptake of NH4

+ from the soil (Ludewig et al. 2002).
In a recent study, an evidence was provided indicating that also AMTs in mosquitos 

promote NH4
+ transport (Pitts et al. 2014) (7 see also Chap. 4). Also in the genomes of 

crustaceans, AMTs have been identified, e.g., for C. maenas, E. sinensis, and the great spi-
der crab Hyas araneus, which group together with the insect AMTs but also the plant 
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AMTs (. see Fig. 1.6). At this moment, however, these transporters have not been tested 
for their transport specificity and tissue and cellular localization. It is conceivable that in 
 crustaceans AMTs are expressed in the ammonia-transporting tissues such as the anten-
nal glands and the gills. In both tissues an apical localization is assumed, since here it 
would allow the direct exit of cytoplasmic NH4

+ that has been pumped from the hemo-
lymph into this compartment by the basolateral Na+/K+-ATPase.

 Role of Aquaporins (AQPs)
Aquaporins (AQPs) belong to the larger family of major intrinsic proteins (MIP).  
These proteins facilitate first and foremost the transport of water in and out of the cell 
(Knepper 1994). However, for some members of this family, particularly the mammalian 
AQP3, AQP7, AQP8, and AQP9, ammonia transport capabilities have been confirmed at 
least when expressed in Xenopus oocytes (Holm et al. 2005; Litman et al. 2009; Saparov 
et al. 2007). Also in crustaceans AQPs have now been identified, but not yet tested for 
their transport characteristics. However, as seen in . Fig. 1.7, employing a partially 
 published sequence (GenBank Accession number: DV467482.1) of a AQP expressed in 
the branchial tissue of C. maenas (CmAQP), quantitative PCR revealed that mRNA abun-
dance of CmAQP correlated with the active ammonia excretion rates observed in the 
anterior and posterior gills of seawater and brackish water-acclimated green crabs. In fact, 
when crabs were exposed for 14  days to 1  mmol  l−1, a significant upregulation of the 
mRNA expression of the transporter was observed in the posterior gills of seawater-accli-
mated C. maenas (data not shown). It is to assume that also AQPs from crustaceans are 
primarily responsible for the epithelial transport of water; however, the obtained data 
imply that the function of the branchial-expressed AQP and the active ammonia transport  
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1
might somehow be coupled. Future studies must clarify their particular role in the ani-
mal’s physiology.

Finally, the paracellular passage of ammonia cannot be excluded, which would greatly 
depend on the “tightness” of the respective gill epithelia and the trans-epithelial ammonia 
gradients.

1.5  Conclusion and Summarizing Working Model of Branchial 
Ammonia Excretion Proposed for the Green Shore Crab 
Carcinus maenas

The described model below (. Fig. 1.8) is based on the data collected over the last 25 years, 
which have been acquired employing a number of techniques including gill perfusion 
studies (. see Table 1.3), Using chamber experiments (electrophysiology on the split gill 
lamella), immunohistochemistry, electron microscopy, and molecular techniques. As a 
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 . Fig. 1.8 Hypothetical model of the ammonia transport over gills of brackish water (10 ‰ S.)-acclimated 
green shore crabs Carcinus maenas. Transport processes are explained in the text above. AMT, NH4

+ channel; 
HCN, hyperpolarization-activated cyclic nucleotide-gated potassium channel; MT, microtubule; and Rh, 
Rhesus protein. ? indicates unknown but speculated presence of apical NHEs and AMTs. Within the cuticle 
amiloride-sensitive NH4

+, permeable pores are indicted. Millivolt values for the cytoplasm and hemolymph 
(rel. to the environment) were taken from Riestenpatt (1995)
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result, the ammonia excretion mechanism functioning in the branchial epithelium of the 
green shore crab C. maenas as depicted in an updated working model is likely the best 
understood mechanism for crustaceans to date. Additional information regarding 
 branchial acid-base regulatory mechanisms, which are believed to be closely coupled to 
the branchial ammonia excretion process, is provided in 7 Chap. 6 for decapod crusta-
ceans and specifically for C. maenas. Current and former research demonstrated that 
crustaceans, which populate now our planet for about 500 million years, and here particu-
larly species belonging to the Brachyura (decapod crabs) with their readily perfusable gills 
and single cell-layered gill epithelia, provide excellent model systems to investigate com-
plex transport processes, such as osmoregulatory NaCl uptake, acid-base regulation, and 
ammonia excretion.
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2.1  Introduction and Overview

Ammonia is the nitrogenous waste product resulting from the catabolism of proteins 
and amino acids. There is no metabolic cost associated with its production, and thus it 
is metabolically cheap. However, to avoid toxicity, the ammonia concentration within 
body fluids must be kept low. In aquatic gill breathers, ammonia is typically excreted 
into the surrounding water across the branchial surface before it builds up to toxic 
 levels. Animals colonising land may not have access to large volumes of water in which 
to excrete ammonia, and in these species waste nitrogen is typically incorporated into 
less toxic compounds such as amino acids, urea and purines (uric acid and guanine). 
Amino acids may be temporarily stored and catabolised to release ammonia, which is 
then excreted. Urea and purines can be excreted as is. Urea is highly soluble in water 
and therefore needs to be excreted in solution, while purines have very low solubility 
and can be precipitated and excreted in semi-solid form. Purines in many ways are an 
ideal nitrogenous waste product; their very low solubility and high nitrogen content 
(four to five nitrogen atoms per molecule) allow for the elimination of waste nitrogen 
with  minimal water.

Decapod crustaceans are comparatively recent terrestrial colonists, with the earliest 
groups probably radiating onto land approximately 50 mya (Hartnoll 1988; Little 1983). 
Terrestrial isopods (suborder Oniscidea) may have colonised land even earlier, perhaps 
290–354 mya (Broly et al. 2013). Both taxa display different levels of terrestriality which 
can be categorised into four main groups: essentially aquatic crustaceans which are 
 resident sub-tidally but are capable of surviving brief emersion during which they may or 
may not be active (T1 species); amphibious species which require significant access to 
water but which spend substantial periods out of water (T2 species); amphibious species 
which are resident and principally active on land, but which require regular or at least 
periodic immersion in standing water (often in burrows) (T3 species); and terrestrial 
 species which do not require immersion (T4 species) (Hartnoll 1988). The majority of 
terrestrial crustaceans, from T1 to T4 species, have retained ammonotely, excreting 
ammonia either in solution or as a gas. Only one terrestrial crustacean, the robber crab, 
Birgus latro, is purinotelic and thus parallels the excretory strategy exploited by the 
majority of insects and arachnids.

Previous reviews (Greenaway 1991; O’Donnell and Wright 1995; Weihrauch et  al. 
2004) have described the physiological mechanisms of ammonotely by amphibious crabs, 
isopods, grapsid and gecarcinid crabs and purinotely in Birgus latro. However, these 
reviews have not discussed the detoxification of nitrogenous wastes between nitrogenous 
excretion bouts with reference to different levels of terrestriality, and this review will 
attempt to do so. There will be a particular focus on the morphology, biochemistry and 
metabolism of the purine deposits that are frequently observed in terrestrial Crustacea. It 
will review evidence that the purine deposits are not a nitrogen reserve, as previously 
thought, but may represent storage excretion. By comparing the nitrogenous waste metab-
olism between species with different levels of terrestriality, the review will attempt to 
hypothesise the steps required to evolve purinotely and how terrestrial crustaceans may 
display these steps.
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2.2  Nitrogenous Excretion in Terrestrial Crustaceans

2.2.1  Ammonia Excretion by Amphibious T1–3 Species

Amphibious crabs (T1–3 species) that make terrestrial excursions onto land for various 
periods have a common nitrogenous excretion strategy. During their terrestrial 
 excursions, these species do not excrete significant amounts of nitrogenous wastes. For 
example, the amphibious crabs Carcinus maenas (T1), Potamonautes warreni (T2) and 
Discoplax celeste (T3) (described as Cardisoma hirtipes in the original literature (Ng and 
Davie 2012))  during respective emersion periods of 72 h, 96 h and 9 days had very low 
ammonia  excretion rates of 24 ± 7 nmol.g−1 wet mass.h−1, 0.95 ± 0.26 and 0.2 ± 0.1 nmol.
g−1·h−1, respectively (Wood et  al. 1986; Dela-Cruz and Morris 1997a; Durand and 
Regnault 1998; Morris and Van Aardt 1998). When these species are emersed to prevent 
aqueous nitrogen excretion, waste nitrogen is temporarily stored (discussed later), and 
there is evidence in some species that protein catabolism is suppressed (Durand and 
Regnault 1998). Upon re- immersion, their gills excrete ammonia into the water (Linton 
and Greenaway 1995; Dela- Cruz and Morris 1997a; Durand and Regnault 1998; Morris 
and Van Aardt 1998). Amphibious species, such as Carcinus maenas, Potamonautes 
warreni and Discoplax celeste, excrete a large pulse of ammonia (excretion rates up to 
4.9 ± 0.9 μmol.g−1·h−1) within 1–5 min of re-immersion (Dela-Cruz and Morris 1997a; 
Durand and Regnault 1998; Morris and Van Aardt 1998). In Discoplax celeste and 
Potamonautes warreni at least, it is unlikely that ammonia is accumulated within the 
branchial chambers during the period of emersion. Discoplax celeste was emersed for 9 
days, before re-immersion and measurement of ammonia excretion (Dela-Cruz and 
Morris 1997a). Similarly, Potamonautes warreni was held in air for 4 days before being 
submersed (Morris and Van Aardt 1998). These periods are too long for the crabs to hold 
significant amounts of fluid within the branchial chamber. Also, the large amounts of 
ammonia excreted (1.1 ± 0.3  μmol.g−1·h−1 for Discoplax celeste and 4.9 ± 0.9 μmol.g−1·h−1 
for Potamonautes warreni) after re- immersion are likely to be toxic (Dela-Cruz and 
Morris 1997a; Morris and Van Aardt 1998). Such pulsatile excretion implies that the 
stored nitrogenous wastes are readily mobilised and that the transporters and enzymes 
involved in remobilisation and secretion of ammonia are always present. The potential 
transport mechanism of ammonia across the gills may be similar to that proposed for 
Carcinus maenas; it may involve active or facilitated basolateral transport (via the sodium 
potassium ATPase and/or ammonium channels) followed by diffusion of ammonia into 
acidified vesicles that are moved to the apical membrane via a microtubular network (for 
further details 7 see Chap. 1, Weihrauch et al.). Ammonia excretion by Carcinus maenas 
remains elevated for up to 24 h, while ammonia excretion by Potamonautes warreni and 
Discoplax celeste returns to control levels within an hour (Dela-Cruz and Morris 1997a; 
Durand and Regnault 1998; Morris and Van Aardt 1998). Similarly, the amphibious gec-
arcinid, Cardisoma carnifex, does not excrete significant amounts of ammonia during 
terrestrial excursions. Ammonia is excreted into the permanent water at the base of the 
burrow upon return (Wood et  al. 1986). The physiological requirement of excreting 
ammonia into water may limit the terrestrial excursions of the amphibious species and 
along with reproduction and development may represent one of the last ties to water to 
be severed for the colonisation of land (Dela-Cruz and Morris 1997b; Morris and Van 
Aardt 1998).
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The nitrogenous excretion strategy of the amphibious Australian arid zone crab, 
Austrothelphusa transversa (née Holthuisana (Davie (2002)) (T3 species), is different. This 
 species is found in the flood plains of arid and semiarid Australia (Bishop 1963). Crabs may 
experience up to a year or more without water, with droughts of up to 3–5 years not uncom-
mon. In that time, Austrothelphusa transversa aestivates within a dry burrow (MacMillen and 
Greenaway 1978; Greenaway 1984). It emerges after infrequent rain and/or flooding to repro-
duce and feed (Greenaway 1984). During emersion and like other amphibious species, there is 
no significant excretion of nitrogenous wastes (Linton and Greenaway 1995). Upon immer-
sion, ammonia is excreted into water via the gills (Linton and Greenaway 1995). However, in 
contrast to the species described above, there is no initial large burst of ammonia excretion. 
Instead, ammonia excretion begins after approximately half an hour (S Linton personal obser-
vation) and remains elevated for up to 3 h following re-immersion (Linton and Greenaway 
1995). Remobilisation of stored wastes is thus delayed, possibly due to the requisite synthesis 
and mobilisation of enzymes and transporters required. In the crab’s natural environment, 
availability of water for re- immersion is unpredictable, and the delay in expression of enzymes 
and transporters would mean that Austrothelphusa transversa does not waste resources synthe-
sising proteins it does not require. The form in which waste nitrogen is stored during aestiva-
tion remains to be determined.

Like amphibious decapods, amphibious and intertidal isopods (Ligia beaudiana, Ligia 
occidentalis, Alloniscus perconvexus and Tylos punctatus) excrete ammonia into the exter-
nal seawater (Wieser 1972a; Nakamura and Wright 2013), though Tylos punctatus and 
Alloniscus perconvexus are also capable of volatilisation of ammonia gas. Like the terres-
trial species, ammonia excretion is periodic and constrained by water availability. 
Depending on the species, the excretory pattern may follow either a tidal or a diel cycle. 
Thus, Ligia occidentalis excretes ammonia during immersion at high tide, while Alloniscus 
perconvexus and Tylos punctatus excrete ammonia diurnally while in their sand burrows 
(Nakamura and Wright 2013).

2.2.2  Ammonia Excretion by Terrestrial T4 Crustaceans

 Grapsidae, Isopods and Amphipods: Ammonia Gas Excretion
Two groups of terrestrial crustaceans, the grapsid crabs, Geograpsus grayi and Geograpsus 
crinipes and isopods, excrete their nitrogenous wastes as ammonia gas. Although they 
excrete a common product, the mechanism by which they do this is different. A probable 
common feature is that in the secretion of ammonia, ammonium bicarbonate is exchanged 
for sodium chloride.

The carnivorous grapsid crab, Geograpsus grayi (T4 species) excretes ammonia gas in 
bouts lasting from 3 h to 3 days, with a maximal excretion rate of up to 220 ± 20 nmol.g−1·h−1 
(Varley and Greenaway 1994). Excretion of nitrogenous wastes begins when the urine pro-
duced by the antennal gland of Geograpsus grayi is passed into the branchial chamber for 
reabsorption of salts by the gills. During this reprocessing, ammonium is exchanged for 
sodium, and the ammonia concentration of the branchial fluid rises to 80.6 ± 11.3 mmol.L−1 
(mean ± sem) (Varley and Greenaway 1994). There is also an alkalinisation of the branchial 
fluid, from 7.66 ± 0.02 (pH of haemolymph and possibly urine) to 8.06 ± 0.05 (Varley and 
Greenaway 1994). This is achieved by the secretion of the base, bicarbonate which is 
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exchanged for chloride via a chloride-bicarbonate exchanger (Varley and Greenaway 1994). 
Given the high pKa of ammonium (9.24 at 25 °C; Aylward and Findlay 1971), this increase 
in pH causes the concentration of ammonia base (NH3) to rise 2.5-fold (. Fig. 2.1). It is then 
free to diffuse away as ammonia gas (Greenaway and Nakamura 1991; Varley and Greenaway 
1994). Gaseous ammonia excretion also occurs in a closely related species, Geograpsus 
 crinipes (S Linton personal observation). Geograpsus crinipes (T3 species) lives near the coast 
and makes frequent excursions back to sea water; thus, it is not as terrestrial as Geograpsus 
grayi. Hence, excretion of gaseous ammonia may be common to the family Grapsidae and 
may have evolved in a common amphibious ancestor.

Terrestrial isopods (Porcellio scaber, Armadillidium vulgare and Oniscus asellus)  
(T4 species) excrete gaseous ammonia in bouts lasting from 40 min to 2 h. Ammonia is 
excreted diurnally when the animal is inactive in a humid environment (Dresel and Moyle 
1950; Wieser et al. 1969; Wieser and Schweizer 1970; Kirby and Harbaugh 1974; Wright 
and O’Donnell 1993); the mean diurnal excretion rate for A. vulgare is 210  nmol. g−1 
h−1 (Wright and Peña-Peralta (2005). In humidities greater than 86 % (critical humidity), 
Porcellio scaber secretes a pleon fluid with a high NaCl concentration (up to 4.1 mol.L−1 
or 8.2 Osmol kg−1) for water vapour absorption (Wright and Machin 1990; Wright and 
O’Donnell 1992). Ammonium is secreted into this pleon fluid, possibly in exchange for 
sodium (Wright and O’Donnell 1993). The mean ammonium concentration of the pleon 
fluid during excretory bouts ranges between 14.2 ± 2.9 and 25.6 ± 7.0 mmol.L−1. During 
excretory bouts, the ammonia concentration within the haemolymph also undergoes an 
episodic increase from approximately 1.5 mmol.L−1 to 6.1 ± 1.3 mmol.L−1; it frequently 
reaches 20 mmol.L−1 and may exceed 60 mmol.L−1 (Wright and O’Donnell 1993). The pH 
of the pleon fluid is similar to that of the haemolymph (pH = 7.6 ± 0.04), and thus there 
is no evidence of increased volatilisation through alkalinisation (Wright and O’Donnell 
1993). Beating of the pleopods circulates air over the pleon fluid surface to facilitate con-
vective removal of NH3 and sustain a partial pressure gradient from the pleon fluid into 
the  overlying air (Wright and O’Donnell 1993). Diffusion of gaseous ammonia from the 
pleon fluid would drive the ammonium/ammonia equilibrium to the right and thus help 
to  sustain the production of ammonia (. Fig. 2.1).

Dissociation of ammonium and volatilization of the ammonia base poses a problem, 
however, in that accumulating protons will decrease the pleon fluid pH and in turn reduce 
the equilibrium concentration (and partial pressure) of NH3 as predicted by the disasso-
ciation equation (. Fig. 2.1). Although terrestrial isopods appear not to increase the pH of 
the pleon fluid during ammonia volatilization, fluid acidification must be prevented. 
Wright and O’Donnell (1993) hypothesise that they use a similar process to the grapsid 
crabs, transporting bicarbonate into the pleon fluid via a chloride-bicarbonate exchanger 
in order to buffer protons and excrete the acid equivalents as carbon dioxide gas  

NH4
+ NH3 + H+

H2CO3H+ + HCO3
- CO2 + H2O

pKa = 9.24

pKa = 6.35

 . Fig. 2.1 Acid base equilibria 
and disassociation constants  
(at 25 °C) of ammonium and 
carbonic acid (Aylward and 
Findlay 1971)
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(. Fig. 2.1). The efficient conversion of carbonic acid to CO2 in pleon fluid could employ a 
membrane- bound carbonic anhydrase. Carbonic anhydrase activity has been measured 
using pH stat assays (Henry and Cameron 1982) in three species of terrestrial isopods 
(Ligia occidentalis, Ligidium lapetum and Armadillidium vulgare) (Godlove et al. unpub-
lished data 2003). In the two volatilising species (Armadillidium vulgare and Ligidium lape-
tum), high carbonic anhydrase activities were inhibited by acetazolamide, hence providing 
experimental  support for this model (. Fig. 2.2) (Godlove et al. unpublished data 2003).

Ammonia excretion and volatilisation of ammonia gas occurs in both terrestrial and 
amphibious isopods, though not in the basal intertidal genus Ligia. It may be an ancestral 
trait in the Holverticata (Oniscidea excluding the Ligiidae) and have evolved indepen-
dently in the terrestrial genus Ligidium (Nakamura and Wright 2013).

Like isopods, amphipods are again primarily ammonotelic (Spicer et al. 1987), and 
this includes the supralittoral, sand-burrowing beachhopper Orchestia gammarellus 
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 . Fig. 2.2 Carbonic anhydrase activity in pleopodal endopodites and exopodites of three species of 
Oniscidea (Armadillidium vulgare, Ligia occidentalis and Ligidium lapetum) (Godlove et al., 2003 
unpublished data). Most carbonic anhydrase activity is concentrated in the endopodites and is 
significantly inhibited by 10 mM acetazolamide. Closed circles indicate that the means for the carbonic 
anhydrase activity within the endopods treated with acetazolamide were significantly different from 
those of the uninhibited controls (p < 0.05 Student’s t-test). Acetazolamide did not inhibit carbonic 
anhydrase activity in the exopodites. Horizontal bars above the means indicate that the groups showed 
no significant difference (p > 0.05 Student’s t-test). Ligia occidentalis excretes aqueous ammonia (into 
seawater) and has markedly lower carbonic anhydrase activity than that of Ligidium lapetum and 
Armadillidium vulgare which liberate volatile ammonia gas. mean ± SEM (n = 5–12)
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(Talitridae) (Dresel and Moyle 1950). However, nitrogen excretion has yet to be studied 
in any of the fully terrestrial (T4) talitrids. Orchestia gammarellus has been suggested to be 
able to excrete gaseous ammonia (unpublished work of A.C. Taylor and A.J. Wilkie cited 
by Spicer et al. (1987)), which would represent an elegant example of convergent evolu-
tion with the terrestrial isopods (Oniscidea). Further work in this area would be valuable.

 Gecarcinidae: Excretion of Ammonia into the Urine During  
Its Reprocessing in the Branchial Chamber
The gecarcinid land crabs (Gecarcoidea natalis, Gecarcinus lateralis, and Cardisoma 
 guanhumi) excrete ammonia in aqueous form rather than as a gas. In these species, urine 
produced by the antennal gland has a low ammonium concentration (0.36 ± 0.08 mmol.L−1, 
0.52 ± 0.53 mmol.L−1 and 0.53 ± 0.49 mmol.L−1, respectively) (Greenaway and Nakamura 
1991; Wolcott 1991). Ammonia levels increase 20- to 30-fold to approximately 10 mmol.L−1 
when the urine is reprocessed in the branchial chamber (respective ammonia  concentrations 
for Gecarcoidea natalis, Gecarcinus lateralis and Cardisoma guanhumi of 10.82 ± 7.79 mmol.
L−1, 9.94 ± 10.2 and 6.46 ± 10.14  mmol.L−1); again sodium is exchanged for ammonium 
during its reuptake (Greenaway and Nakamura 1991; Wolcott 1991). The modified urine, 
called ‘P’, is then released (Greenaway and Nakamura 1991; Wolcott 1991).

 Ocypodidae: Excretion of Ammonia into the Urine
Ghost crabs (Ocypode quadrata) are also ammonotelic but, in contrast to the grapsid and 
gecarcinid crabs, ammonia is transported into the antennal gland duct and excreted 
in high concentration in the primary urine (De Vries et al. 1994). The primary urine has 
an ammonia concentration of 116 ± 34.9  mmol.L−1, 134 times that of the haemolymph 
(0.86 ± 0.39 mmol.L−1). Ammonium is trapped within the urine, since at a pH of 5.5, the 
urine is approximately 100 times more acidic than the haemolymph (pH = 7.58). The 
lower sodium concentration of the urine (approximately 60 % of that of the haemolymph) 
again suggests that ammonium is exchanged for sodium across the duct epithelium  
(De Vries et al. 1994). As in the gecarcinid and grapsid crabs, urine is passed into the bran-
chial chambers where it is alkalinised (De Vries and Wolcott 1993). The resulting increase in 
the concentration and partial pressure of ammonia (NH3) drives the production of ammonia 
gas which then diffuses away (. Fig. 2.1) (De Vries and Wolcott 1993; De Vries et al. 1994). 
Secretion of ammonia into the urine is probably common to all species within Ocypodoidea 
since the primary urine of both Uca pugilator (Ocypodidae) and Ucides cordatus (Ucididae) 
contains high ammonium concentrations (Green et al. 1959; De Vries et al. 1994).

 Coenobitidae (Birgus latro and Terrestrial Hermits, Coenobita): 
Purine Excretion
The robber or coconut crab, Birgus latro (family Coenobitidae), is the only terrestrial 
crustacean that is purinotelic. Its main nitrogenous waste product is a white purine pel-
let that is produced separately to the brown faecal pellet. The pellet consists of 60 % uric 
acid and 40 % guanine (Greenaway and Morris 1989; Linton et al. 2005). It is composed 
of spherules (1.6 ± 0.6  μm in diameter) and is covered by a peritrophic membrane 
(Dillaman et al. 1999) (. Fig. 2.3a, b). Thus, the pattern of nitrogenous excretion in this 
species is convergent with that of other highly terrestrial arthropods (e.g. insects and 
chelicerates), and it is the only reported excretion of guanine outside of the chelicerates 
(Little 1983).
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The purine is synthesised de novo in reserve inclusions cells (R cells) within the mid-
gut gland. The gland cells possess high xanthine dehydrogenase activity and contain 
spherical membrane-bound purine concretions (. Fig.  2.3c, d) (Greenaway and Morris 
1989; Dillaman et al. 1999). The purine spherules are probably exocytosed into the lumen 
of the midgut gland tubules. Secretion appears to be coordinated and is probably under 
hormonal control. It is accompanied by peristaltic contractions which push the urate 
spherules into the midgut. A peritrophic membrane is then secreted around the pellet as 
it is passed into the hindgut and before it is voided with the faeces (Dall and Moriarty 
1983; Dillaman et al. 1999).

The main nitrogenous excretory product of the closely related terrestrial hermit crabs, 
Coenobita sp., is unknown. The terrestrial hermit crab Coenobita brevimanus (the species 
most closely related to Birgus latro) is not purinotelic as it does not produce a white purine 

a

c d

b

 . Fig. 2.3 Scanning electron micrographs of the white faecal pellet produced by Birgus latro and 
containing uric acid and guanine (a, b). Faecal pellet (a) is bound by a peritrophic membrane (black 
arrow head) (a) and contains numerous purine spherules (b). Electron micrographs of the reserve 
inclusion cells (R cells) from the midgut gland of Birgus latro (c, d). (c) Cytoplasm contains numerous 
concretions with electron dense lamellae. (d) Membrane-bound vesicles containing electron dense 
purine concretions. Purine crystal has been damaged during sectioning (Figure reproduced with 
permission from Dillaman et al. (1999))
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pellet, and its faeces contains little purine (Linton et al. 2005). However, like Birgus latro, 
Coenobita brevimanus does possess purine deposits of urate within its body (Linton et al. 
2005). Purine deposits in Birgus latro are a mixture of urate and guanine (Linton et al. 2005). 
The total purine concentration in the midgut gland of Birgus latro comprises 65.7 ± 12.0 
(n = 5) μmol. urate g−1 tissue plus 26.1 ± 3.9 (n = 5) μmol. guanine g−1 tissue. This is 17 times 
the purine content (5.2 ± 1.9 (n = 3) μmol. urate g−1 tissue) of the midgut gland of Coenobita 
brevimanus (Linton et al. 2005). It appears that purinotely and guanine metabolism has 
only evolved in Birgus latro and is not a synapomorphic character of the Coenobitidae.

2.2.3  Potential Steps in the Evolution of Purinotely as Displayed 
by the Terrestrial Crustacea

As Birgus latro is the only known terrestrial crustacean that utilises purinotely as its pri-
mary mode of nitrogenous excretion, we can propose the following steps in the evolution 
of purinotely:
 1. Overproduction of purines, uric acid and guanine (beyond the requirements of nucleic 

acid synthesis and catabolism of nucleic acids to uric acid). There may be a change 
in the inhibition of the control steps of the de novo synthetic pathway.

 2. Precipitation of uric acid as round spherules that do not puncture membranes within 
the midgut gland. Uncontrolled uric acid precipitation produces potentially damaging 
needles (McNabb and McNabb 1977). The problem may be solved by precipitation of 
uric acid around a nucleation site within intracellular vesicles. Proteins may provide a 
matrix for the deposition of urate crystals (Linton and Greenaway 1997a; Dillaman 
et al. 1999; Vega et al. 2007).

3. A mechanism for the periodic release or exocytosis of urate deposits from the midgut 
gland cells into the gland lumen. As the gut can handle solid materials, it represents 
an exaptation for the elimination of a solid pellet from the body.

Numerous terrestrial crustaceans (decapods and isopods) display the first character 
(. Table 2.1). These species also possess the ability to precipitate the urate as round spher-
ules. For the majority of terrestrial crustaceans, urate is synthesised de novo within the 
midgut gland and deposited as spherules within spongy connective tissue cells (Wägele 
1992; Linton and Greenaway 1997a). Birgus latro appears to be the only species, however, 
that is capable of coordinated secretion from this tissue into the gut. Nevertheless, the 
ability of other decapod species to concentrate purines in the midgut could be an exapta-
tion for uricotely. Given this, and the paucity of work done on nitrogenous excretion in 
several families, particularly the Coenobitidae, terrestrial decapods offer a promising 
model in which to study the evolution of uricotely.

2.3  Storage and Detoxification of Nitrogenous Wastes

2.3.1  Ammonia Chemistry and Toxicity

A limitation of ammonotely is that ammonia is potentially toxic at quite low concen-
trations (>1–10 mM). Ammonia is a weak base which is in equilibrium with its conju-
gate acid (. Fig. 2.1). While at physiological pH the majority of ammonia exists as the 
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ionic form, a small but significant fraction comprises the uncharged base which has the 
potential to diffuse across membranes. For example, at the physiological pH of the 
haemolymph of terrestrial crustaceans (pH ≈ 7.6), 97.5 % of ‘total ammonia’ will com-
prise NH4

+ and 2.5 % will comprise NH3 (Varley and Greenaway 1994; De Vries et al. 
1994). Ammonia exerts its toxicity through reacting with α-ketoglutarate to form glu-
tamate. This drains intermediates from the citric acid cycle and hence disrupts energy 
metabolism. It also has the potential to dissipate the proton gradient across the inner 
mitochondrial membrane. As ammonium can substitute for potassium, it can be trans-
ported into cells by the Na+/K+ ATPase and thus could also disrupt electrochemical 
gradients, epithelial transport and the functioning of neurons (reviewed in 7 Chap. 1 
(Chew and Ip 2014)).

Terrestrial crustaceans maintain ammonia within the haemolymph at relatively high 
concentrations (0.1–2  mmol.L−1) compared to aquatic species (100–200  μmol.L−1)  
(. Table 2.1) (7 Chap. 1). The mitochondria are the sites of detoxification in mammals 
(via the urea cycle) and birds and reptiles (via uric acid synthesis) (Campbell 1995; 
Chew and Ip 2014). In these animals, ammonia is initially detoxified by incorporating it 
into carbamoyl phosphate and glutamine, respectively. In Crustacea, the mitochondria 
may efficiently detoxify ammonia by incorporating it into non-toxic intermediates such 
as non-essential amino acids. The next section of the review describes the temporary 
storage of nitrogenous wastes within non-toxic molecules in amphibious and terrestrial 
Crustacea.

 . Table 2.1 Concentration of ammonia (mean ± sem) within the haemolymph of amphibious 
(□) and terrestrial crustaceans (●)

Species Haemolymph ammonia 
concentration

Reference

Amphibious Crustacea

Austrothelphusa 
transversa □

≈500 μmol.L−1 Linton and Greenaway (1995)

Cardisoma carnifex □ 118 ± 14 μmol.L−1, 
2.67 ± 0.42 mmol.L−1

Henry and Cameron (1981), Wood and 
Boutilier (1985), Wood et al. (1986)

Terrestrial Crustacea

Gecarcoidea natalis ● 1.46 ± 0.12 mmol.L−1 Greenaway (1991)

Gecarcoidea lalandii ● 238 ± 17 μmol.L−1 Henry and Cameron (1981)

Geograpsus grayi ● 1.92 ± 0.68 mmol.L−1 Greenaway (1991)

Ocypode quadrata ● 860 ± 390 μmol.L−1 De Vries et al. (1994)

Birgus latro ● 174 ± 8 μmol.L−1 Henry and Cameron (1981)

Coenobita  
brevimanus ●

196 ± 4 μmol.L−1 Henry and Cameron (1981)

Coenobita perlatus ● 282 ± 11 μmol.L−1 Henry and Cameron (1981)

Terrestrial Isopoda

Porcellio scaber ● 1.28 ± 0.46 mmol.L−1 Wright and O’Donnell (1993)
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2.3.2  Amphibious T1–3 Species: Storage and Mobilisation 
of Nitrogenous Wastes During Emersion and Re-immersion

Detoxification and temporary storage of nitrogenous wastes during periods where excretion 
is not possible have been studied in amphibious species such as Carcinus maenas (T1) and 
Cardisoma carnifex (T3) and in terrestrial isopods. In amphibious species, ammonia levels 
within the body are regulated. When emersed for 72 h, Carcinus maenas (T1) showed no 
significant accumulation of ammonia within its tissues (Durand and Regnault 1998). The 
concentration of ammonia in the haemolymph increased from 81.2 ± 6.9 to 134.8 μmol.L−1 
over the initial 12 h and then remained constant for the remainder of emersion. Similarly, 
during emersion of the amphibious Cardisoma carnifex (T3) for 192 h, the ammonia con-
centration in the haemolymph doubled between 36 and 72 h then returned to starting levels 
(1.26 mmol.L−1) for the remainder of the period (Wood et al. 1986). In the absence of water, 
waste nitrogen in these species is probably incorporated into non-essential amino acids by 
transamination. In Carcinus maenas, specific amino acids are synthesised and accumulated 
in the muscle (Durand et al. 1999). Glycine was the major accumulated amino acid, together 
with smaller amounts of alanine, glutamine and arginine. Total amino acid levels increased 
up to 24 h and then remained constant for the remainder of emersion, indicating suppres-
sion of amino acid metabolism. Arginine is considered to be an essential amino acid, and its 
accumulation may represent degradation of phosphoarginine which is a high energy inter-
mediate involved in buffering the energy charge of the cell. Production of alanine may be 
explained by either the glucose alanine cycle or by the partial oxidation of other amino acids, 
as observed in fish (Chew and Ip 2014). Amino acids were not accumulated in the hepato-
pancreas or the haemolymph (Durand and Regnault 1998; Durand et al. 1999).

Upon re-immersion, Carcinus maenas showed a decrease in amino acid levels in mus-
cle, while levels in the hepatopancreas and haemolymph increased (Durand et al. 1999). 
Ammonia levels within the muscle also increased from 3.18 ± 0.43 to 5.15 mmol.L−1 in 
first 6 h, while the haemolymph ammonia concentration initially decreased following re- 
immersion and then increased, reaching 317.9 ± 37.4 μmol.L−1 after 6 h and remained 
high after 24 h (Durand et al. 1999). Deamination of amino acids within the muscle may 
partially explain the decrease in amino acids and accompanying increase in ammonia 
within this tissue (Durand and Regnault 1998). Alternatively, amino acids could be trans-
ported to the hepatopancreas to undergo transamination and deamination which could 
explain the subsequent increase in haemolymph levels (Durand et al. 1999). Similarly, fol-
lowing  re- immersion of Cardisoma carnifex, the onset of branchial ammonia excretion 
was accompanied by an increase in haemolymph ammonia levels from 1.26 to 7 mmol.L−1 
(Wood et  al. 1986). Carcinus maenas apparently suppresses protein catabolism during 
emersion as the amount of ammonia excreted upon re-immersion is less than that excreted 
by control immersed crabs over the same time period (Durand and Regnault 1998).

2.3.3  Terrestrial T4 Species: Storage and Remobilisation 
of Nitrogenous Wastes Between Excretory Bouts

Similar to amphibious crabs, terrestrial isopods temporarily accumulate waste nitrogen 
as amino acids between excretory bouts (Wright et  al. 1994, 1996; Wright and Peña-
Peralta 2005). In Porcellio scaber, ‘ammonia loading’ in a high-ambient partial pressure of 
ammonia (pNH3) did not result in a significant increase in haemolymph ammonia levels, 
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 indicating detoxification and storage (Wright et al. 1994, 1996). Over the same period, 
animals showed significant increases in tissue levels of the non-essential amino acids, 
glutamate, glutamine and glycine. These amino acids are accumulated in the hepatopan-
creas and the body wall, including the somatic muscle (Wright et al. 1996; Nakamura and 
Wright 2013). Given that terrestrial isopods excrete most ammonia during the day, they 
would be predicted to accumulate N-sequestering amino acids at night in vivo, and this is 
borne out by experimental data. In the terrestrial isopod, Armadillidium vulgare, the con-
centrations of glutamine in the body wall and hepatopancreas increased 4.2 and 7.1-fold 
(24.5–102.4 and 140.3–993.4 μmol.g−1), respectively between dusk and dawn (Wright and 
Peña- Peralta 2005). The amphibious isopods, Tylos punctatus and Alloniscus perconvexus, 
similarly had significant increases in whole-animal glutamine levels at dawn relative to 
dusk, consistent with diurnal ammonia excretion (Nakamura and Wright 2013).

The biochemical mechanism for the formation of glutamate and glutamine due to 
ammonia loading in the isopod, Porcellio scaber should be considered as it illustrates the 
cost of temporarily storing nitrogen within glutamine. Within tissues, the deamination of 
glutamate to α-ketoglutarate is catalysed by glutamate dehydrogenase. According to Le 
Chatelier’s principle, an increase in ammonia concentration during ammonia loading will 
increase the formation of glutamate (. Fig.  2.4). Glutamate could then serve as the 
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 . Fig. 2.4 Potential 
detoxification of ammonia 
through the synthesis and 
catabolism of glutamate and 
glutamine. The reaction 
catalysed by glutamate 
dehydrogenase is near 
equilibrium. Therefore, if 
ammonia is present, it will 
combine with α-ketoglutarate 
to produce glutamate. 
Glutamate may either be the 
substrate for aminotransferases 
(also in equilibrium) or used to 
synthesise glutamine. 
Glutamine is deaminated to 
form glutamate (Newsholme 
and Leech 1983; Moran et al. 
2014)
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 substrate for transaminases and lead to the formation of other non-essential amino acids. 
Glutamate is a precursor of glutamine which is synthesised by glutamine synthetase and 
involves the hydrolysis of 1 molecule of ATP (. Fig. 2.4). Thus, the net energetic cost of the 
storage of two ammonia molecules via synthesis of glutamine is 1 ATP (. Fig. 2.4).

Glutaminase catalyses the hydrolysis of glutamine to glutamate and ammonia and is 
present in high activities within the body wall of terrestrial isopods (. Fig. 2.4) (Wieser 
1972b; Nakamura and Wright 2013). Measured activities were significantly higher in four 
species of terrestrial isopods (0.55–0.85 μmol.min−1.g−1) than in the amphibious species 
Alloniscus perconvexus, Tylos punctatus and Ligia occidentalis (0.25–0.3 μmol.min−1.g−1) 
(Nakamura and Wright 2013) and probably reflect the greater temporal restrictions for 
volatilizing ammonia in terrestrial habitats. During bouts of ammonia gas excretion, glu-
tamine and other N-sequestering amino acids are catabolised to release ammonia into the 
haemolymph. This causes the ammonia concentration within this compartment to rise 
from 1  mmol.L−1 to as much as 50  mmol.L−1 and creates a favourable gradient for its 
secretion into the pleon fluid and subsequent volatilization (Wieser 1972b; Wright and 
O’Donnell 1993; Wright et  al. 1994, 1996; Wright and  Peña-Peralta 2005). Potential 
ammonia production from glutamine catabolism in Armadillidium vulgare exceeds the 
measured excretion rates by a factor of 60 (Wright and Peña-Peralta 2005). This has been 
suggested to be necessary to create a sufficient partial pressure of NH3 to drive volatiliza-
tion of NH3 from the pleon fluid (Wright and Peña-Peralta 2005). Some of the glutamine 
may also be incorporated into uric acid which is then stored in purine deposits (discussed 
below). However, this would be only minor as whole-animal urate levels would only 
account for approximately 1 % of accumulated glutamine.

2.4  Form, Origin and Potential Function of Urate Deposits 
in Terrestrial Crustaceans

2.4.1  Uric Acid Chemistry

Amino acids are only suitable for short-term storage of nitrogenous wastes. In the longer 
term, high concentrations would potentially cause an increase in osmolarity and hence 
perturb cell volume regulation. Synthesis of large amounts of amino acids such as gluta-
mate by the amination of α-ketoglutarate could also drain intermediates from the TCA 
cycle and potentially disrupt energy metabolism. Therefore, another compound may be 
required for long-term storage. Purines such as uric acid may be a possible option. Many 
crustaceans, particularly terrestrial species, possess purine deposits, and these deposits 
may represent a store of nitrogenous wastes.

Uric acid is a weak acid with dissociation constants of pK1 = 5.26 and pK2 = 10.3  
(. Fig. 2.5) (Seegmiller 1980; Wang and Königsberger 1998). With a N:C ratio of 4:5, uric acid 
can efficiently store nitrogen without sequestering large amounts of carbon,  particularly when 
compared to amino acids (. Fig. 2.5). Monovalent urate can form salts with cations such as 
potassium, sodium and ammonium (Porter 1963; McNabb and McNabb 1977). Uric acid has 
a low solubility, with a saturation concentration at pH 7 and 25 °C of 9.75 mmol.L−1. At phys-
iological concentrations, cations such as sodium (≈0.3 mol.L−1 for terrestrial gecarcinid crabs; 
Greenaway 1989, 1994) will salt out urate, which further reduces its solubility (saturation 
concentration of urate at 25 °C, pH = 7 and 0.3 mol.L−1 sodium = 12.3 μmol.L−1; calculations 
based on equations given by Wang and Königsberger 1998). Urate concentrations can exceed 
true solubility because they can form stable colloids in solution (Porter 1963). Storage of waste 
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nitrogen as precipitated urate salts would ameliorate osmotic problems. However, a potential 
problem could arise if urate precipitated out as needle-like crystals which could potentially 
puncture membranes (Seegmiller 1980). Decapods overcome this problem by precipitating 
urate as protein-complexed spherules (Linton and Greenaway 1997a).

2.4.2  Presence and Anatomy of the Urate Deposits

Urate deposits are frequently observed within the tissues of aquatic, amphibious and 
 terrestrial decapods, amphipods and isopods (. Table  2.2). When maintained in the 
 laboratory, the viscera of terrestrial gecarcinids such as Gecarcoidea natalis, Cardisoma 
 guanhumi and Gecarcinus lateralis are quite frequently white with large deposits (Gifford 
1968; Wolcott and Wolcott 1984; Wolcott and Wolcott 1987; Linton and Greenaway 2000). 
White urate deposits are also observed in animals collected in the field, but are rarely exten-
sive (. Fig. 2.6a). It was initially thought that the urate existed free within the haemolymph 
and was excreted with the moult (Gifford 1968). However, this is not the case, as the cast 
exuviae of moulted crabs contains insignificant amounts of urate (Linton and Greenaway 
2000). In Gecarcoidea natalis and potentially in other gecarcinid and terrestrial decapods, 
the urate exists as dense intracellular spherules within the spongy connective tissue which 
is distributed throughout the body (. Fig. 2.6b, c) (Linton and Greenaway 1997a). The urate 
spherules are contained within membrane-bound vesicles (. Fig. 2.6d, e). Electron dense 
structures are commonly observed within smaller vesicles and may serve as nucleation sites 
for the precipitation of urate (Linton and Greenaway 1997a). Similar membrane- bound 
urate concretions are also present in the reserve inclusion cells (R cells) of the midgut gland 
of Birgus latro (. Fig.  2.3c, d) (Dillaman et  al. 1999). Urate deposits are probably not a 
derived feature of terrestrial decapods given they are also present in aquatic species. 
Intracellular urate deposits have been reported within the spongy connective tissue of the 
lobster, Homarus americanus, and the blue crab, Callinectes sapidus (Johnson 1980; Battison 
2013). However, the deposits in Homarus americanus were considered by Battison (2013) to 
be a pathology, perhaps a disruption in nucleic acid catabolism and excretion.

Terrestrial and aquatic isopods also possess uric acid deposits within their body wall. In 
the terrestrial isopod, Oniscus asellus, 93 % of the total body urate is contained within the 
body wall at a concentration of 6.7 μmol g−1 wet wt (Hartenstein 1968). Small levels of urate 
(0.48 μmol g−1) were also reported in the supralittoral amphipod Orchestia sp. and similar 
amounts (0.42–0.59 μmol  g−1) in two littoral Marinogammarus spp. (Dresel and Moyle 
1950). The histology of these deposits is unknown. However, in the freshwater isopod, 
Asellus aquaticus, urate is stored in specialised Zenker’s cells associated with the fat body 
flanking the gut and comprises intracellular membrane-bound concretions (Wägele 1992).
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 . Fig. 2.5 Molecular structure and acid base equilibria for the disassociation constants of uric acid at 
25 °C (Seegmiller 1980; Wang and Königsberger 1998)
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Purine stores appear to be a general characteristic of isopods and have been reported 
in aquatic, amphibious and terrestrial species (Hartenstein 1968; Wright et al. 1997; Howe 
and Wright, 2009, unpublished data). In a selection of eight terrestrial isopod species, 
which were field collected in June and July (North American Summer), HPLC analysis 
of  whole- animal purines revealed uric acid, together with smaller amounts of xanthine, 
in most species (Howe and Wright, 2009, unpublished; . Table 2.3). Guanine and hypo-
xanthine were not detected. Xanthine is likely present as an intermediate in urate syn-
thesis (7 Sect.  4.3.3). Whole-animal urate levels (μmol.g−1) are markedly lower than in 

 . Table 2.2 Species of aquatic (○), amphibious (□) and terrestrial crustaceans (●) with internal 
urate deposits

Species Reference

Decapoda

Anomura

Birgus latro ● Henry and Cameron (1981), Greenaway and Morris (1989), 
Linton et al. (2005)

Coenobita brevimanus ● Henry and Cameron (1981), Linton et al. (2005)

Coenobita perlatus ● Henry and Cameron (1981)

Brachyura

Callinectes sapidus ○ Johnson (1980)

Austrothelphusa transversa □ Linton and Greenaway (1995)

Gecarcoidea natalis ● Greenaway (1991), Linton and Greenaway (1997a)

Gecarcoidea lalandii ● Henry and Cameron (1981)

Gecarcinus lateralis ● Wolcott and Wolcott (1984)

Cardisoma guanhumi □ Horne (1968), Gifford (1968), Wolcott and Wolcott (1987)

Cardisoma carnifex □ Henry and Cameron (1981)

Geograpsus grayi ● Greenaway (1991)

Astacidea

Homarus americanus ○ Battison (2013)

Dendrobranchiata

Marsupenaeus japonicas ○ Cheng et al. (2004, 2005)

Isopoda

Oniscus asellus ● Hartenstein (1968), Dresel and Moyle (1950)

Porcellio laevis ● Dresel and Moyle (1950)

Armadillidium vulgare ● Dresel and Moyle (1950)

Asellus aquaticus ○ Wägele (1992)

Amphipoda

Niphargus schellenbergi ○ Graf and Michaut (1975)

 S.M. Linton et al.
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a
d

eb

c

 . Fig. 2.6 Anatomy of urate deposits within the viscera and tissues of Gecarcoidea natalis. (a) 
Gecarcoidea natalis with the carapace removed. White deposits consisting of uric acid are present in the 
spongy connective tissue surrounding muscle and ossicles of the proventriculus (black arrow) and in the 
subepidermal connective tissue (white arrow). (b) Spongy connective tissue from Gecarcoidea natalis. 
Tissue contains numerous urate cells filled with granular urate inclusions. Tissue is well vascularised with 
haemolymph spaces (H) surrounding the cells. Tissue is stained for urate using methenamine silver 
staining and counterstained with haematoxylin and eosin (Bancroft 1975). (c–e) Electron micrographs of 
a mature urate cell from Gecarcoidea natalis. (c) Urate cell with urate crystals (UC) scattered throughout 
the cytoplasm. Adjacent to the cell is a haemolymph lacuna and a spongy connective tissue cell (CT) 
devoid of urate concretions. (d) High-power TEM of the cytoplasm of the urate cell with mature ovoid 
urate crystals (UC) and smaller round vesicles (V). Some of the urate crystals were damaged during 
processing (DUC). (e) Membrane-bound vacuole containing an electron dense urate crystal which 
appears to have cracked during tissue processing (Figure modified and reproduced with permission 
from Linton and Greenaway (1997a))
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gecarcinid crabs, with the notable exception of the tylid Helleria brevicornis (see below). 
As with the decapods, there is a general trend of increasing purine storage in more ter-
restrial species. The urate forms discrete plaques in the epidermis, often visible in the 
integument as yellow spots; microdissection and assay of these plaques in Armadillidium 
vulgare (Howe and Wright, 2009, unpublished) confirm their urate composition. Urate 
plaques are primarily localised in the dorsal integument, and this tissue contained 93.4 % 
of whole-animal urate in Oniscus asellus (Hartenstein 1968). A small but measureable 
fraction of urate is present in aqueous solution; haemolymph urate in Armadillidium vul-
gare = 2.3 ± 0.9 μmol L−1 (n = 5).

Helleria brevicornis inhabits Mediterranean oak woodland and is the only terrestrial 
species in the primarily marine-littoral family Tylidae. Unlike other isopod species, 
Helleria brevicornis accumulates substantial whole-animal urate stores, localised in the 
dorsal body wall (. Table 2.3). The nitrogen storage in these deposits (μmol.g−1) is two 
orders of magnitude larger than in other isopods that have been studied and comparable 
to that of the gecarinid crabs (. Table 2.3). Faecal urate excretion in Helleria brevicornis is 
very modest, comprising 0.157 μmol.g−1.d−1 (n = 3 animals) or only about 3 % of total 
ammonia excretion over the same period (4.2 ± 0.96 μmol.g−1.d−1; n = 35 collection trials 
with seven animals), so like other isopods, this species remains primarily ammonotelic. Its 
substantial urate deposits may function in osmoregulation, sequestering haemolymph 
cations during dehydration as shown in the American cockroach Periplaneta americana 
(Hyatt and Marshall 1985a, b).

2.4.3  Origin and Synthesis of the Urate

 De Novo Synthesis of Urate from Excess Dietary Nitrogen
It is clear, at least in gecarcinid crabs, that urate within the purine deposits is synthesised 
de novo from excess nitrogen assimilated from the diet. Gecarcinid crabs (Gecarcoidea 
natalis, Gecarcinus lateralis and Cardisoma guanhumi) fed a high-nitrogenous diet of 
leaves supplemented with either soya beans or casein assimilated more nitrogen and had 
a higher total body urate content than that of animals fed low-nitrogenous diet of leaf 
litter (Wolcott and Wolcott 1984; Wolcott and Wolcott 1987; Linton and Greenaway 
1997b). Thus, uric acid levels are correlated with the nitrogen consumed, and this sug-
gests that excess dietary nitrogen is incorporated into urate (Wolcott and Wolcott 1984, 
1987; Linton and Greenaway 1997b). Birgus latro is also capable of purine de novo syn-
thesis given its main nitrogenous excretory products are uric acid and guanine 
(Greenaway and Morris 1989; Linton et al. 2005). De novo synthesis of urate from dietary 
amino acid nitrogen has also been demonstrated directly from the incorporation of 
heavy nitrogen (N15) from dietary glycine (Linton and Greenaway 1997b). In addition to 
Birgus latro and gecarcinid crabs, de novo synthesis of purines occurs in Artemia salina 
(Liras et al. 1992), and this suggests that the capacity for purine synthesis may be present 
in Crustacea generally, overturning previous dogma that crustaceans lacked this ability 
(Claybrook 1983).

In gecarcinids and Birgus latro, uric acid is apparently synthesised primarily in the 
midgut gland or hepatopancreas. This tissue possesses high activities of xanthine oxidore-
ductase, the last enzyme involved in urate synthesis (. Fig. 2.7; . Table 2.4). Urate is then 
probably transported via the haemolymph to spongy connective tissue where it is stored 
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intracellularly (. Fig.  2.7) (Linton and Greenaway 1998). The form in which urate is 
 transported is unknown; it is unlikely to be as substantial amounts of a salt given the low 
solubility of sodium urate. Spongy connective tissue of Gecarcoidea natalis also possesses 
some xanthine oxidoreductase activity (. Table 2.4), although its role in urate synthesis is 
unclear given its lower mass and lower xanthine oxidoreductase activities compared to the 
midgut gland (Linton and Greenaway 1998).

Urate deposits in isopods are likely to be synthesised de novo given that the enzymes 
involved in urate synthesis appear to be present in Crustacea generally (Liras et al. 1992; 
Linton and Greenaway 1997b). Xanthine oxidoreductase activity was not detected in 
Oniscus asellus (Hartenstein 1968), but given the significant activities measured in other 
crustaceans, this requires re-examination. Like the decapods, uric acid synthesis may 
occur in the midgut gland (‘hepatopancreas’) with storage (and possible catabolism) 
occurring in somatic epidermis and/or associated connective tissues (‘body wall’). 
Armadillidium vulgare sampled from the same field population showed significant sea-
sonal variation in urate levels (Howe and Wright, 2009 unpublished data), with a peak in 
September (North American Autumn) (3.6 ± 0.5 μmol.g−1) and lowest levels observed in 
June (North American Summer) (0.44 ± 0.05 μmol.g−1), indicating long-term synthesis 
and breakdown in accordance with some physiological role.

 Form of Xanthine Oxidoreductase in Crustaceans
Xanthine oxidoreductase is the last enzyme in the metabolic pathway for the synthesis 
of uric acid. It catalyses the oxidation of hypoxanthine to xanthine and, subsequently, 
the oxidation of xanthine to uric acid (. Fig. 2.8). Xanthine oxidoreductase can exist in 
two forms, either as an oxidase or a dehydrogenase. In the reaction catalysed by  xanthine 
oxidase, oxygen accepts the electrons produced to form hydrogen peroxide (. Fig. 2.8). 
Catalase, within peroxisomes, converts the hydrogen peroxide to water. In contrast, in 
the reaction catalysed by the dehydrogenase, NAD+ is the electron acceptor which is 

Amino acids
or 

purines

Midgut Haemolymph Connective tissue

Urate Urate

Urate(s)Excess dietary
Amino acids

Dietary amino acids

 . Fig. 2.7 Synthesis and storage of urate within the tissues of Gecarcoidea natalis. Urate is synthesised 
de novo from excess dietary amino acids within the midgut gland. It is then transported to the spongy 
connective tissue, via the haemolymph, where it is precipitated as rounded intracellular crystals. Urate 
may also be synthesised from endogenous amino acids or purines
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reduced to NADH (. Fig. 2.8). NADH can then be oxidised in the electron transport 
chain (Kooij 1994). Xanthine oxidoreductase predominantly exists as a dehydrogenase, 
but can be  converted into the oxidase form by limited proteolytic cleavage, catalysed by 
serine proteases such as trypsin and chymotrypsin and/or via oxidation (Della Corte 
and Stirpe 1968, 1972; Kooij 1994). Proteolysis can be inhibited with the serine pro-
teinase inhibitor  phenylmethylsulfonyl fluoride (PMSF), while oxidation can be pre-
vented with a reducing agent such as dithioerythritol (DTT) or β-mercaptoethanol 
(Della Corte and Stirpe 1972). In Crustacea, xanthine oxidoreductase probably exists 
as the dehydrogenase. Xanthine dehydrogenase activities have been measured in both 
Gecarcoidea natalis and Birgus latro when the assay conditions have included both PMSF 
and dithioerythritol (. Table 2.4)  (Linton and Greenaway 1998; Dillaman et al. 1999). 

 . Table 2.4 Xanthine oxidoreductase activities within the tissues of Crustacea

Species Tissue XDH XO References

Terrestrial species

Gecarcoidea 
natalis

Midgut gland 58.87 ± 4.76 
(10)

ND Linton and 
Greenaway 
(1998)

Gecarcoidea 
natalis

Branchiostegite (spongy 
connective tissue)

22.10 ± 4.79 
(10)

ND Linton and 
Greenaway 
(1998)

Cardisoma 
guanhumi

Midgut gland 20.6 ± 7.7 (7) 2.9 ± 1.3 (2) Lallier and 
Walsh (1991)

Gecarcinus 
lateralis

Midgut gland 1.7 ± 1.3 (8) 2.2 ± 1.1 (8) Lallier and 
Walsh (1991)

Birgus latro Midgut gland (reducing 
agent dithioerythritol +  
serine protease inhibitor 
(phenylmethylsulfonyl 
fluoride)

77.7 ± 7.6 (5) ND Dillaman 
et al. (1999)

Birgus latro Midgut gland (no reducing 
agent or protease inhibitor)

40.5 ± 4.57 (3) 30.41 ± 4.51 (3) Dillaman 
et al. (1999)

Birgus latro Midgut gland (no reducing 
agent or protease inhibitor)

ND 65.2 ± 15.2-
81.5 ± 32.4

Greenaway 
and Morris 
(1989)

Aquatic species

Menippe 
mercenaria

Midgut gland 41.1 ± 12.7 
(11)

11.3 ± 5.2 (11) Lallier and 
Walsh (1991)

Callinectes 
sapidus

Midgut gland 17.5 ± 7.2 (7) 3.4 ± 0.7 (11) Lallier and 
Walsh (1991)

Xanthine oxidoreductase activities are expressed as either xanthine dehydrogenase (XDH) or xan-
thine oxidase (XO). Xanthine dehydrogenase utilises NAD+ as the electron acceptor, while xanthine 
oxidase utilises oxygen as the electron acceptor. Activities expressed as nmol urate produced.g−1 
tissue wet weight.min−1. Data expressed as mean ± sem (n)
ND not detected
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If these agents are omitted, the enzyme is converted to the oxidase form (Dillaman 
et  al. 1999). Xanthine dehydrogenase is also the dominant form of xanthine oxido-
reductase within the midgut gland of Gecarcinus lateralis and Cardisoma guanhumi  
(. Table 2.4) (Lallier and Walsh 1991). Xanthine oxidoreductase is a cytosolic enzyme, 
and it is likely that it is present in the cytoplasm of the midgut gland cells (Ichikawa 
et al. 1992; Kooij 1994; Dillaman et al. 1999).

 Metabolic Cost of Synthesising Urate de novo
Xanthine oxidoreductase as a dehydrogenase has dramatic implications for the meta-
bolic cost of urate synthesis. It means that synthesis of 1 molecule of uric acid requires 
4 ATP, and this is much cheaper than previously thought. Of the four nitrogen atoms in 
the purine ring, two originate from glutamine, one from glycine and one from aspartate  
(. Fig.  2.9) (Berg et  al. 2012). Of the five carbon atoms, two originate from glycine, 
two from N10 formyl tetrahydrofolate and one from bicarbonate (HCO3

−) (. Fig.  2.9)  
(Berg et al. 2012). Glutamine and aspartate are catalytic compounds since only their amino 
groups (−NH3

+) are incorporated into the purine ring (Berg et al. 2012). Their  carbon 
skeletons can enter other metabolic pathways. Also since these amino acids are probably 
derived primarily from the diet, their cost of synthesis is not borne by the  animal. Hence, 
they should not be included in the overall cost of purine synthesis.

Uric acid de novo synthesis begins with the synthesis of hypoxanthine via inosine 
monophosphate. As per the conventional purine de novo synthetic pathway, this 
requires 9 ATP (Berg et al. 2012). Hypoxanthine is then oxidised to xanthine and subse-
quently to urate. These reactions are catalysed by xanthine oxidoreductase. As the dehy-
drogenase, these reactions would produce two molecules of NADH.  Assuming a 
phosphate:oxygen ratio of 2.5, these can be oxidised by the electron transport chain to 
produce 5 ATP (Berg et  al. 2012). Hence, the net cost of urate synthesis is 9 ATP- 5 
ATP = 4 ATP (Berg et  al. 2012). The cost expressed per nitrogen molecule is 1 ATP, 
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 . Fig. 2.8 Oxidation reactions catalysed by the two forms of xanthine oxidoreductase, xanthine 
oxidase (a) and xanthine dehydrogenase (b). Xanthine oxidase uses oxygen as the electron acceptor, 
while xanthine dehydrogenase uses NAD+ as the electron acceptor in the oxidation/reduction reaction
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similar to that of glutamine synthesis. The cons of utilising uric acid as a nitrogenous 
waste product appear not to be the metabolic cost of its synthesis, but rather, the physi-
ological and biochemical  mechanisms required to precipitate it as complex spheroids 
and the metabolic costs of either storing it as a solid or to secreting it into the gut for 
excretion by the animal.

2.4.4  Hypothesised Function of the Urate Deposits: Storage 
Excretion or Temporary Nitrogen Store

 Evidence Supporting Storage Excretion
The function of the urate deposits in Crustacea has not been clearly elucidated. They have 
generally been hypothesised to be involved in either storage excretion of nitrogenous 
wastes or as a nitrogen store. As a nitrogen store, urate could be degraded and utilised for 
synthesis of amino acids during situations of high nitrogen demand or at times of inade-
quate dietary nitrogen intake. There is substantial evidence against the urate being a nitro-
gen store. In Gecarcoidea natalis at least, storage excretion appears to be the most likely 
function given the presence of uricolytic enzymes within the tissues.

Uricase and urease are, respectively, the first and last enzymes involved in catabolising 
uric acid to ammonia (. Fig.  2.10). Uricase catalyses the oxidation of uric acid to form 
allantoin, while urease hydrolyses urea to ammonia (. Fig.  2.10). The branchiostegite, 
which is composed almost solely of spongy connective tissue, contains the highest uricase 
activities within Gecarcoidea natalis (. Tables 2.5) (Linton and Greenaway 1998). Uricase 
is also present in the midgut gland and gill epithelium, but activities in these tissues are 
lower and variable (. Table 2.4). Only 11 % of the animals assayed contained uricase activ-
ities within their midgut gland, while only 37.5 % of the animals assayed contained uricase 
activities within their gills (. Table 2.4) (Linton and Greenaway 1998). High urease activi-
ties were present in the gills of Gecarcoidea natalis in 100 % of the animals assayed  
(. Table 2.4). Urease activities were also present in midgut gland, but were lower and vari-
able (present in only 75 % of the animals assayed) (. Table 2.4) (Linton and Greenaway 
1998). The position of uricase suggests that uric acid catabolism in Gecarcoidea natalis 
probably begins in the spongy connective tissue (. Fig. 2.11). It is probably degraded to 
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urea which is secreted into the haemolymph (. Fig. 2.11). Consistent with this is that high 
urea concentrations have been commonly but inconsistently observed in the haemolymph 
of numerous amphibious (Austrothelphusa transversa (0.25 ± 0.5–8.45 ± 4.24  mmol.L−1) 
and terrestrial crustaceans (Gecarcoidea natalis (0.9 ± 1.3 mmol.L−1), Cardisoma carnifex 
(up to 3.8  mmol.L−1) and Ocypode quadrata (6.52 ± 1.02  mmol.L−1) (Wood et  al. 1986; 
Greenaway and Nakamura 1991; De Vries et al. 1994; Linton and Greenaway 1995; Taylor 
and Greenaway 1994). Urea could then be taken up by the gills and hydrolysed to ammonia 

 . Table 2.5 Activities of enzymes involved in the catabolism (uricase and urease) of uric acid

Midgut gland Branchiostegite (spongy 
connective tissue)

Muscle Gill

Uricase activity 3.66 ± 3.66b (9) 48.44 ± 4.29a (8) ND (8) 13.51 ± 8.47b (8)

% Animals with 
uricase

11.1 100 37.5

Urease activity 88.28 ± 78.35a (8) ND (8) ND (8) 365.31 ± 37.21b (8)

% Animals with 
urease

75 100

Reproduced from Linton and Greenaway (1998) with permission of Springer Science + Business 
media.
Enzyme activities (mean ± sem (n)) are expressed as the amount (nmoles) of substrate consumed.
g−1 wet weight.min−1. For each enzyme, the percentage of animals that activities were detected in 
is also given. Within a row, different superscript letters (a, b) indicate that the mean enzyme activi-
ties differed between tissues.  ND enzyme activity not detected

Connective tissue Haemolymph Gill

Urate NH3

NH3

Urea Urea

 . Fig. 2.11 Catabolism of urate and the excretion of the resultant nitrogen by Gecarcoidea natalis. Uric 
acid is catabolised to urea within the spongy connective tissue; it is then transported to the gills via the 
haemolymph; within the gills, the urea is hydrolysed to ammonia which is subsequently secreted into 
the urine during its reprocessing in the branchial chambers
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given the high urease activities within this tissue (. Fig.  2.11). The ammonia produced 
could then be excreted (. Fig. 2.11) (Greenaway 1991).

Other species of aquatic and terrestrial crustaceans possess uricolytic enzymes and thus 
the potential to degrade urate. Low uricase activities are present in the midgut gland of the 
aquatic crabs, Menippe mercenaria and Callinectes, although not in the midgut gland of the 
terrestrial gecarcinids, Cardisoma guanhumi and Gecarcinus lateralis (Lallier and Walsh 
1991). Like Gecarcoidea natalis, uricase activities in Gecarcinus lateralis may be present in 
the spongy connective tissue and intermittently expressed in the midgut gland. Terrestrial 
isopods such as Oniscus asellus also possess the ability to degrade urate to ammonia within 
the hepatopancreas, intestine and body wall, since these tissues possess both uricase and 
urease activities and the ability to catabolise urate-2-C14 (Hartenstein 1968).

Conditions which induce accumulation and degradation of the uric acid deposits have 
yet to be conclusively demonstrated in any terrestrial crustacean. Dehydration in 
 gecarcinids may induce urate storage, as urine flow ceases, and therefore there is no route 
for ammonia excretion during the reprocessing of the urine within the branchial cham-
bers. The Australian arid zone crab, Austrothelphusa transversa undergoes long-term aes-
tivation for up to 3 years during drought (MacMillen and Greenaway 1978). During this 
time, the animal would not be able to excrete ammonia into water and thus may store 
nitrogenous wastes as urate deposits. Accumulation of uric acid deposits during aestiva-
tion and subsequent degradation upon emergence has been demonstrated in the apple-
snail, Pomaecea canaliculata (Giraud-Billoud et al. 2011), and this may serve as a model 
system for examining storage excretion in aestivating decapods. It is also suggested that 
the urate may act as an antioxidant during the reperfusion of tissues upon arousal (Giraud-
Billoud et al. 2011).

While storage excretion is plausible in some land crabs, the purine deposits of terres-
trial isopods probably serve a different function. With their efficient ammonia volatiliza-
tion and potential to couple this to water vapour absorption, isopods seem unlikely to face 
long-term constraints on nitrogen excretion. Their small size and relatively high water loss 
rates also tend to restrict them to humid microclimates which favour volatilization. It is 
therefore unclear if and when storage excretion would be advantageous. Seven-day 
ammonia-loading trials with Armadillidium vulgare did not result in significant increases 
in whole-animal urate (Howe and Wright, 2009, unpublished data), in contrast to the 
significant effect of ammonia loading on glutamine levels (Wright et al. 1994). A com-
parison of whole-animal urate levels in animals ranging from 10.3 to 105.1 mg in mass 
(n = 31) did not reveal any significant increase in mass-specific urate levels (μmol g−1), 
contrary to what would be expected if animals utilise urate as a form of long-term storage 
excretion (Howe and Wright, 2009, unpublished data).

 Possible Alternative Functions of Purine Stores
The low solubility of sodium and potassium urate (7 Sect. 4.1) means that urate deposits 
could potentially function as cation stores. The American cockroach, Periplaneta ameri-
cana, sequesters haemolymph Na+ and K+ as urate salts during dehydration (Hyatt and 
Marshall 1985a, b), and the large urate stores in Helleria brevicornis may function in a 
similar manner (7 Sect. 4.2). The purine stores of other land isopods are too small to serve 
for osmoregulation (Wright et al. 1997). In freshwater isopods, urate cation stores could 
potentially be used to replenish haemolymph salts during periods of hypo-osmotic stress. 
Asellus aquaticus accumulates substantial uric acid stores (36–50 μmol g−1) in the Zenker’s 
organ (Dresel and Moyle 1950; Lockwood 1959; Wägele 1992) which probably serve such 
a function. The Zenker’s organ cells contain 20–30 % of the total sodium in the animal, 
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and the micromolar urate levels are sufficient to account for the sodium content assuming 
formation of the monovalent salt.

A further possible function of purine deposits is protection against oxidative damage. 
Uric acid is generally believed to serve as a key antioxidant at physiological concentrations 
in mammals (Becker 1993; Hooper 2000; Glantzounis et al. 2005) and may be an impor-
tant antioxidant in crustaceans. The small urate stores in many species could serve as a 
mobilisable reserve to maintain stable aqueous concentrations. Several reactive oxygen 
species (ROS) are generated endogenously during cellular metabolism and include hydro-
gen peroxide (H2O2), superoxide (.O2

−) and hydroxyl (.OH) radicals. Ubiquitous superox-
ide dismutases catalyse the breakdown of superoxide, while peroxide is reduced by urate 
under hydrophilic conditions, as well as by vitamin C (ascorbic acid), glutathione and 
carotenoids. A significant antioxidant function of urate in isopods and decapods would be 
consistent with the higher levels found in more metabolically active terrestrial species. 
Such an antioxidant system would aid in the preservation of tissues that would be required 
for the longevity of the gecarcinids (≈30 years) and Birgus latro (50–100 years) (Wolcott 
1988; Drew et al. 2013; Sato et al. 2013).

 Evidence Against a Temporary Nitrogen Store
Urate deposits have also been hypothesised to be a temporary nitrogen store which is 
degraded and utilised during situations of high nitrogen demand such as oogenesis and 
moulting and with inadequate intake of dietary nitrogen. During oogenesis, there is sub-
stantial nitrogen investment into the ovaries and eggs. In Gecarcoidea natalis, mature ova-
ries and eggs constitute 9.3 ± 0.4 and 13.4 ± 1.1% of total body nitrogen, respectively 
(Linton and Greenaway 2000). In premoult, 30–60 % of the muscle within the chelae of 
gecarcinid crabs is degraded; this allows the chelae to be withdrawn through the basal part 
of the ischium during ecdysis (Skinner 1966; Mykles and Skinner 1990; Mykles 1992). As 
protein cannot be stored, it must be catabolised and the resulting nitrogen excreted. This 
would induce a nitrogen debt which must be repaid when the muscle is resynthesised dur-
ing postmoult. A new cuticle is also synthesised during pre- and postmoult. Both oogen-
esis and moulting would incur a substantial nitrogen debt which must be compensated. 
Gecarcinid crabs are mainly herbivorous, feeding on mostly fallen green and brown leaf 
litter (Greenaway and Raghaven 1998). During oogenesis and moulting, the animal may 
not be able to meet its nitrogen requirements from this low-nitrogen diet and hence may 
require a nitrogen reserve. The urate could be degraded and the nitrogen released incor-
porated into amino acids. However, the animal would only be able to synthesise 
 non- essential amino acids from urate nitrogen and could not meet total amino acid 
requirements from this store.

There is substantial evidence against such a function in Gecarcoidea natalis. In crabs 
fed on a nitrogen-free but energy-rich diet for an extended period (6 weeks), the body or 
non-urate nitrogen content of the crabs decreased while urate content increased  
(. Fig. 2.12) (Linton and Greenaway 2000). On this diet, the animal can meet its energy 
but not its nitrogen requirement. The decrease in non-urate nitrogen is thought to repre-
sent protein turnover and thus is an estimate of the animal’s minimum nitrogen require-
ment (4.83 ± 1.68 mmol N. g−1 dry wt. d−1). The increase in urate content is contrary to the 
hypothesis that it represents a nitrogen store (Linton and Greenaway 2000). The nitrogen 
within the newly synthesised urate probably originates from the catabolised body protein, 
and again this suggests that the urate deposits may represent storage of nitrogenous wastes 
(Linton and Greenaway 2000). In Gecarcoidea natalis undergoing early oogenesis and fed 
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a leaf litter diet for 21 days, there was no change in the animal’s body non-urate nitrogen 
and urate content (Linton and Greenaway 2000). Thus, the crabs were in nitrogen balance 
and were able to synthesis ovaries using nitrogen assimilated from the diet. There is no 
evidence that urate was degraded and the nitrogen utilised in oogenesis.

It appears that Gecarcoidea natalis does not require a nitrogen reserve as the animal 
is able to meet its nitrogen requirements for metabolism, growth and reproduction from 
a leaf litter diet. The intermoult minimum nitrogen requirement is 4.83 ± 1.68 mmol N. 
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 . Fig. 2.12 Changes in the content of nitrogenous compounds (total nitrogen, non-urate nitrogen and 
urate nitrogen) of Gecarcoidea natalis maintained on a nitrogen-free but energy-rich diet for 9 weeks. 
Unaccounted nitrogen is presumably the nitrogen excreted by the animal. Week-9 intermoult: crabs that 
did not moult during the dietary period (n = 7). Week-9 moult: crabs that moulted during the dietary 
period. Closed circles indicate that the means for the week-9 moult differed significantly from the 
week-9 intermoult (1-way ANOVA P < 0.05) (Figure reproduced with permission from Linton and 
Greenaway (2000))
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g−1 dry wt. d−1. This can be met from a leaf litter diet given the dry matter intakes required 
by the animal to assimilate this amount of nitrogen (5.2, 13.9 and 6.6 g kg−1 dry body wt 
d−1, respectively, for intakes of Erythrina, Ficus and rainforest leaf litters) are lower than 
the highest dry matter intake rates measured (15.0–19.2 g kg−1 dry body wt d−1). A simi-
lar argument is also made for oogenesis and moulting. Ovaries are synthesised slowly 
over 3 months, from the end of July to September (Linton and Greenaway 2000). Again, 
the nitrogen requirements for oogenesis (minimum nitrogen requirement plus rate of N 
incorporation into the ovaries = 8.6 mmol N. g−1 dry wt. d−1) can be met from a leaf litter 
diet as the dry matter intake rates of leaf litter required to assimilate this amount of nitro-
gen (9.2, 24 and 11 g kg−1 dry body wt d−1, respectively, for intakes of Erythrina, Ficus 
and rainforest leaf litters) are also lower than the highest measured consumption rates 
(Linton and Greenaway 2000). Moulting incurs a nitrogen debt of 658 ± 126 mmol kg−1 
dry body wt which must be repaid postmoult. It could be recouped slowly over 1–3 
months from small excesses of nitrogen assimilated from a leaf litter diet. This is achiev-
able as there is temporal separation of moulting and oogenesis. Moulting occurs in 
January to March, while oogenesis occurs from July to September (Linton and Greenaway 
2000; Green 2004). Thus, the increase in nitrogen demanded by these physiological situ-
ations does not overlap.

The modest purine stores accumulated by most terrestrial isopods do not suggest a 
role as a mobilisable nitrogen store, with the possible exception of Helleria brevicornis. 
Whole-animal stores for other species examined range from 0.24 to 3.1 μmol g−1 (0.96–
12.4 μmol N g−1; . Table 2.3). Ammonia excretion rates for terrestrial and littoral species 
fall in the range of approximately 5–15 μmol  g−1 d−1 (Wright and Peña-Peralta 2005; 
Nakamura and Wright 2013), so daily nitrogen turnover equals or exceeds urate nitrogen 
stores. Furthermore, the micromolar urate levels in isopods represent a very small nitro-
gen reserve relative to amino acids. In Armadillidium vulgare, respective whole-animal 
glutamine levels at dusk and dawn comprised 52 and 214 μmol N g−1 (Wright and Peña-
Peralta 2005), a nitrogen repository 17- and 71-fold larger than their urate stores. When 
Armadillidium vulgare were deprived of food to test for the possible breakdown of urate 
stores, no significant differences in whole-animal urate levels were seen after 1 and 2 weeks 
(n = 21, 19) when compared to fed controls (n = 19, n = 15) (Howe and Wright, 2009, 
unpublished data).

2.5  Conclusion

Terrestrial crustaceans have largely retained the ancestral pattern of ammonia excre-
tion. Amphibious species (T1–3) excrete ammonia into water during periodic immersion  
(. Fig. 2.13). Terrestrial species (T4) excrete ammonia into an excretory fluid; either in 
urine produced by the antennal gland (Ocypode) or ‘P’, urine which is passed into the 
branchial chamber for reprocessing (mainly salt reabsorption) (Gecarcinids and grapsid 
crabs) (. Fig. 2.13). Isopods (T4) excrete ammonia into branchial fluid and may couple 
this to water vapour absorption. Both grapsids (T4) and isopods (T4) are able to volatilise 
ammonia. Only one terrestrial crustacean, the robber or coconut crab, Birgus latro (T4), 
is  purinotelic, like insects and arachnids (. Fig. 2.13); Birgus latro excretes a white faecal 
pellet which consists of a mixture of guanine and uric acid. Despite this difference, Birgus 
latro has a number of characters of purine metabolism which are shared by other ter-
restrial crustaceans. These include an overproduction of purine and storage within the 

 S.M. Linton et al.



55 2

spongy connective tissue. Differences include guanine production and excretion of purine 
into the lumen of the midgut.

Crustaceans store nitrogenous wastes as non-toxic intermediates between excre-
tory bouts. In the species so far studied, non-essential amino acids such as glycine, 
glutamine, glutamate and alanine appear to be the main compounds accumulated 
(. Fig. 2.13).

Urate deposits are present in numerous terrestrial decapod and isopod species. Urate 
in crabs is synthesised de novo from excess dietary nitrogen and stored intracellularly 
as round membrane-bound spherules within spongy connective tissue (. Fig.  2.13). 
 Circumstantial evidence suggests that these deposits also represent storage of nitroge-
nous wastes (. Fig.  2.13). They may be temporary as crustaceans possess the ability to 
catabolise these deposits via the uricolytic pathway and excrete the resulting nitrogen  
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 . Fig. 2.13 Overview of the nitrogenous waste metabolism of amphibious (T1–3 species) and terrestrial 
(T4 species) crustaceans. Catabolism of excess dietary protein results in the production of ammonia. In 
the majority of amphibious and terrestrial crustaceans, the ammonia is then excreted. The ammonia 
may be excreted into standing water, as a gas, within the urine produced by the antennal gland or 
within the ‘P’ (fluid released after the urine is reprocessed by the gills within the branchial chambers). 
Purinotely has evolved in one species, the robber crab, Birgus latro. It excretes a white purine faecal 
pellet. Within the animal, nitrogenous wastes may be temporarily stored within non-essential amino 
acids (short term) or within purine deposits (long term). These nitrogenous compounds could 
potentially be catabolised to ammonia. Purine deposits may also represent storage secretion, cation 
storage during dehydration or an antioxidant to prevent oxidative damage. Rounded rectangles 
represent end products of nitrogenous waste metabolism
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(. Fig.  2.13). However, catabolism of urate and conditions that cause it have yet to be 
demonstrated experimentally.

Urate deposits have also been suggested to be a temporary nitrogen store which can be 
degraded and utilised to synthesis amino acids. There is strong evidence against this as 
urate deposits are not degraded during situations of high nitrogen demand (oogenesis and 
moulting) or negative nitrogen balance. Indeed the herbivorous gecarcinid land crab, 
Gecarcoidea natalis, (a species with a low-nitrogenous intake) appears not to require such 
a store as it can meet its nitrogen requirements from a mainly leaf litter diet. In isopods, 
the urate stores have been hypothesised to be involved in cation storage during dehydra-
tion and perhaps an antioxidant which helps to prevent oxidative tissue damage.
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3.1  Summary

Crustaceans inhabit diverse biotopes, often subject to alterations that constitute a severe 
challenge to their homeostatic mechanisms. These challenges have driven the evolution of 
biochemical and physiological processes that have enabled their survival in such niches. 
Ion-transporting enzymes like the (Na+, K+)-ATPase and V(H+)-ATPase present in the 
gill epithelia underpin the ion regulatory abilities of these highly diversified organisms. 
The present chapter examines the structure and function of these two gill ATPases that 
also participate actively in ammonia excretion. We summarize current knowledge on their 
role in osmotic and ionic regulation and associated with ontogenetic changes. We analyze 
the effects of polyamines on (Na+, K+)-ATPase activity and phosphoenzyme formation, 
aiming to provide insights into the biochemical bases of physiological homeostasis in 
crustaceans. We examine future perspectives that should provide a better understanding 
of the role of gill ATPases in active ammonia excretion.

3.2  The (Na+, K+)-ATPase: Structure, Function, Mechanisms, 
and Regulation

Jens Skou discovered the (Na+, K+)-ATPase in 1954. Interested in studying the mem-
brane ATPase from squid giant axons at Aarhus University, curiously, Skou had no 
access to squid. Instead, he isolated nerves from the pereiopods of the green shore crab 
Carcinus maenas that, like the giant axon, lack a myelin sheath. He homogenized the 
nerves and, after differential centrifugation, isolated a membrane fraction. His system-
atic kinetic measurements of the combined effects of sodium and potassium ions 
revealed that the enzyme had two binding sites, one at which sodium ions were required 
for activation and another where potassium ions activated the enzyme after sodium ion 
binding (Skou 1957).

The ATPases are membrane transporters termed “pumps” and perform the primary 
active transport of ions employing the hydrolysis of a phosphate group from the ATP 
molecule (Post 1999). They are classified into four main groups: the P-, F-, M-, and V(H+)-
ATPases (Pedersen and Amzel 1993). The P-ATPases bind the γ phosphate group of ATP 
at a specific aspartate residue present in the invariant amino acid sequence DKTGT (I/L) 
(Bublitz et al. 2010; Palmgren and Nissen 2011; Chourasia and Sastry 2012). The P-ATPase 
superfamily can be further classified into five families (I–V) according to the alignment of 
a conserved sequence of 159 amino acids: group II is the most investigated and includes 
the (Ca2+)-, (Na+, K+)-, and (H+, K+)-ATPase pumps (Bublitz et al. 2010; Palmgren and 
Nissen 2011; Chourasia and Sastry 2012).

The (Na+, K+)-ATPase (EC 3.6.1.37) is a member of the PIIc subfamily (Palmgren and 
Nissen 2011) and underpins many vital functions, such as generating membrane poten-
tial, secondary active transport, neural signaling, maintenance of thermogenesis, ionic 
balance, and pH regulation (Poulsen et al. 2010a; Tidow et al. 2010; Zheng et al. 2011; 
Aperia 2012; Clarke et al. 2013). The (Na+, K+)-ATPase or sodium-potassium pump uses 
the energy provided by hydrolysis of the γ phosphate from ATP to establish electrochem-
ical gradients across the plasma membrane of all animal cells, simultaneously transport-
ing Na+ from the intracellular milieu and K+ from the extracellular fluid against their 
respective gradients (Skou 1957; Bublitz et al. 2010; Palmgren and Nissen 2011).
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The basic functional unit of the (Na+, K+)-ATPase (. Fig. 3.1) consists of a single 
α-subunit responsible for catalytic activity, a glycosylated β-subunit, and in some cells, a 
peptide from the FXYD family, the γ-subunit (Kaplan 2002; Garty and Karlish 2006; 
Morth et al. 2007; Geering 2008; Poulsen et al. 2010a). The α-subunit, of about 110 kDa, 
contains the ATP-binding site, the phosphorylation site, and the amino acids essential for 
the binding of sodium and potassium ions (Geering 2000; Horisberger 2004; Capendeguy 
and Horisberger 2005).

In this subunit both the N- and C-terminals face the cytoplasm and are separated by 
ten transmembrane segments, designated M1 to M10, which give rise to intra- and extra-
cellular loops (Jorgensen et al. 2003; Toustrup-Jensen and Vilsen 2005). The cytoplasmic 
loops are organized into three main domains: the P or phosphorylation domain, the A or 
actuator domain, and the N or nucleotide-binding domain (Horisberger 2004; Toustrup- 
Jensen et al. 2009; Bublitz et al. 2010; Palmgren and Nissen 2011). The A domain, formed 
by segments M2-M3, plays an important role in (Na+, K+)-ATPase affinity for ATP, acting 
as a regulator (Daly et  al. 1997; Kaplan 2002). The M4-M5 loop contains the N and P 
domains that include amino acid residues important for ATP binding to the enzyme and 
the aspartate residue, which is phosphorylated during the catalytic cycle of the enzyme 
(Hebert et al. 2003; Belogus et al. 2009; Bublitz et al. 2010). Enzyme affinity for Na+ is 
modulated by interaction between the α-subunit C-terminus and the cytoplasmic loop 
formed by segments M8-M9 and M5 (Toustrup-Jensen et  al. 2009; Yaragatupalli et  al. 
2009; Morth et al. 2011). Residues from the extracellular loop formed by segments M3-M4 
greatly influence enzyme affinity for K+, suggesting a likely binding site for these ions here 
(Eguchi et al. 2005; Morth et al. 2011).
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III III

P

ATP

Membrane
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spaceγ
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β

 . Fig. 3.1 Molecular architecture 
of the (Na+, K+)-ATPase αβγ 
complex. The molecular 
architecture of the (Na+, 
K+)-ATPase consists of an  
α-, a β-, and a γ-subunit (FXYD 
protein). The cytoplasmic catalytic 
α-subunit exhibits A (actuator),  
N (nucleotide binding), and P 
(phosphorylation) domains. 
α-Helices are represented by 
ribbons and β-strands by wires 
with arrows that follow the 
backbone of the α-carbon loops. 
The β-subunit is indicated in dark 
blue and the γ-subunit in purple. 
Red circles represent Na+-binding 
sites (I, II, III) in the transmembrane 
helices. The Na+-binding site in 
the cytoplasmic P domain (C)  
plays a regulatory role. The 
horizontal green lines delimit the 
cytoplasmic and extracellular 
membrane leaflets (Modified from 
Kanai et al. (2013))
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The β-subunit is a highly glycosylated, type II membrane protein constituted by a sin-
gle transmembrane segment whose N-terminus is oriented to the cytoplasm (Cohen et al. 
2005; Durr et al. 2009; Morth et al. 2007, 2011). It influences α-subunit affinity for Na+ and 
K+ and has a large extracellular domain; the presence of sugars imparts stability against 
proteases (Martin 2005; Purhonen et al. 2006; Morth et al. 2007). Besides stabilizing the 
enzyme in the E2 conformation, a constituent YXXYF domain is important for interac-
tion between the α- and β-subunits (Hasler et al. 2001; Durr et al. 2009; Shinoda et al. 
2009; Morth et al. 2011). In the absence of the β-subunit, the α-subunit is retained in the 
endoplasmic reticulum, suggesting a chaperone role for the β-subunit (Laughery et  al. 
2003; Toustrup-Jensen et al. 2009).

In vertebrates, the (Na+, K+)-ATPase may be associated with a proteolipid of about 60 
amino acid residues and an Mr of ≈ 7 kDa, the γ-subunit (or FXYD2 peptide), belonging to 
the FXYD family (Therien and Blostein 2000; Crambert et  al. 2004; Füzesi et  al. 2005; 
Lubarski et al. 2007). The FXYD proteins are small, tissue-specific proteins exhibiting a 
single transmembrane segment located adjacent to segments M2-M6-M9 of the α-subunit, 
whose N-terminus faces the extracellular medium (Dempski et al. 2008; Geering 2008; 
Morth et al. 2011). The γ-subunit modulates the kinetic properties and the stability of the 
(Na+, K+)-ATPase (Geering 2008; Cirri et al. 2011; Mishra et al. 2011; Shindo et al. 2011; 
Yoneda et al. 2013) and controls both the activity and cation affinity of the enzyme in 
crustacean gill microsomes (Silva et  al. 2012). The FXYD2 peptide may regulate (Na+, 
K+)-ATPase activity by modulating the effective membrane surface electrostatics near the 
ion-binding sites (Gong et al. 2015).

The products of different genes, four α-subunit isoforms and three β-subunit isoforms, 
have been identified in vertebrates (Lingrel et al. 2003; Blanco 2005; Pressley et al. 2005; 
Jimenez et al. 2010, 2011; Parekh et al. 2010; Schaefer et al. 2011; Lucas et al. 2012; Azarias 
et al. 2013; Lai et al. 2013; Mladinov et al. 2013; Radzyukevich et al. 2013; McDermott 
et al. 2015). These isoforms may be combined yielding isoenzymes with different kinetic 
properties (Segall et al. 2000; Mobasheri et al. 2000; Pressley et al. 2005; Mijatovic et al. 
2007; Pierre et al. 2008; Tokhtaeva et al. 2012).

The best structurally characterized P-ATPase is the sarco/endoplasmic reticulum 
Ca2+-ATPase (SERCA) (Toyoshima et  al. 2000, 2004; Toyoshima and Mizutani 2004; 
Jensen et al. 2006; Toyoshima and Cornelius 2013). Owing to its more complex structure, 
the (Na+, K+)-ATPase is less well characterized (Pedersen et  al. 2010; Toyoshima et  al. 
2011; Toyoshima and Cornelius 2013). The first crystal structure of the (Na+, K+)-ATPase 
from pig kidney outer medulla was obtained at 3.5 Å resolution and was based on the 
enzyme in the E2 conformation (Morth et al. 2007). High-resolution structural studies of 
shark rectal gland (Na+, K+)-ATPase have identified the amino acids essential for K+-
binding sites (Shinoda et al. 2009) and the binding sites for ouabain (Ogawa et al. 2009) 
using an αβγ complex in a state analogous to the E2-2 K+ conformation. A high-affinity 
binding site for ouabain has been identified in studies using the enzyme in the ouabain-
bound E2 conformation (Yatime et al. 2011). Structures obtained in the E1 conformation 
have enabled the identification of Na+-binding sites (Kanai et al. 2013; Nyblom et al. 2013).

Two glycine residues, Gli93 and Gli94, both located in transmembrane segment M1 are 
important for interaction of the α-subunit with Na+ and K+ (Einholm et al. 2005). Thr774, 
Val920, and Glu954, located in transmembrane segments M5, M8, and M9, respectively, are 
important for Na+ transport (Imagawa et al. 2005). Tyr1017, Tyr768, Arg935, and Lys768 also 
influence interaction of Na+ with the enzyme (Toustrup-Jensen et  al. 2009). The third 
binding site for Na+ is located in the C-terminal tail that preserves the KETYY motif, Tyr 
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residues being essential for occlusion and Na+ affinity (Meier et al. 2010; Poulsen et al. 
2010a; Vedonato and Gadsby 2010; Poulsen et al. 2012; Paulsen et al. 2013). The extracel-
lular loop between segments M3-M4 includes two highly conserved residues, Glu319 and 
Leu318, apparently involved in cation selectivity, specifically for K+ (Eguchi et  al. 2005; 
Ratheal et al. 2010). Particularly important are deprotonated amino acid residues, critical 
for K+ selectivity (Yu et al. 2011). A large Asp369-containing cytoplasmic loop of about 
430 amino acid residues between segments M4-M5, representing 30 % of the polypep-
tide chain, undergoes phosphorylation during the reaction cycle (Kaplan 2002; Jorgensen 
et al. 2003; Horisberger 2004). Asp443 binds ATP, establishing ionic interactions with an 
Arg544 residue (Middleton et al. 2011). The movements of segment M10 and its cytoplas-
mic extension (C-terminal tail) regulate ion selectivity and transport through the K+ sites 
(Mahmmoud et al. 2014).

The most accepted model explaining the catalytic cycle of P-ATPases is the E1-E2 con-
formational model of Albers-Post (. Fig. 3.2), based on conformational transitions 
between the two principal conformational states of the enzyme (Alberts 1967; Post et al. 
1972; Kaplan 2002; Scheiner-Bobis 2002; Clarke 2009).

The cycle is a result of both affinity changes between E1 and E2 and the accessibility of 
ions to their binding sites in the transmembrane segments (Apell et al. 2011; Toyoshima 
et  al. 2011; Gadsby et  al. 2012). The E1 conformation shows high affinity for intracel-
lular Na+ and ATP, while the E2 conformation exhibits high affinity for extracellular K+ 
(Jorgensen et al. 2003; Horisberger 2004; Khalid et al. 2010; Poulsen et al. 2010b; Monti 
et al. 2013). ATP binding leads to the convergence of the nucleotide binding and phos-
phorylation domains, transferring the enzyme from the “E1-open” to the “E1-closed” 
conformation, ready for phosphorylation (Petrushanko et  al. 2014). According to this 
model, the reaction cycle initiates with the binding of an ATP molecule to form the 
E2(2K) conformation, with two K+ occluded within the enzyme (Jorgensen et al. 1998, 
2003; Kaplan 2002; Horisberger 2004). ATP binding to its site accelerates the conforma-
tional change of E2ATP(2K) to E1ATP2K, in which the two K+ are deoccluded with the 
simultaneous reorientation of the cation-binding sites from the extracellular side into the 
cytoplasm. The release of the two K+ into the cytoplasm, followed by their replacement 
by two Na+, leads to the E1ATP2Na form. The binding of a third cytoplasmic Na+ gives 
rise to the E1ATP3Na form, causing rearrangement of the α-subunit transmembrane seg-
ments (Kaplan 2002) that is propagated to the cytoplasmic domain, inducing  appropriate 
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 positioning of the aspartate residue which becomes phosphorylated by ATP already 
bound to the enzyme (Rice et al. 2001; Kaplan 2002; Horisberger 2004). Phosphorylation 
of the enzyme and the consequent release of ADP causes a transition to the E1P(3Na) 
form where the Na+ remain occluded. The enzyme undergoes rapid isomerization to 
the E2P2Na form, releasing Na+ to the extracellular medium (Kaplan 2002; Horisberger 
2004). The phosphorylation and isomerization steps occur coupled to the reorientation of 
the cytoplasmic cation-binding sites to the extracellular medium. The deocclusion of two 
Na+ leads to the E2P form, releasing both ions to the extracellular fluid. Finally, the bind-
ing of two extracellular K+ to the E2P form catalyzes its dephosphorylation, returning the 
enzyme to the E2(K) form (Myers et al. 2011), restarting the catalytic cycle. Site-directed 
mutagenesis studies have revealed an additional, nontransporting K+ site located in the 
cytoplasmic domain (Sorensen et al. 2004; Schack et al. 2008).

Ouabain, a cardiotonic steroid, specifically inhibits both the (Na+, K+)-ATPase activity 
and Na+ and K+ transport (Kaplan 2002; Nesher et al. 2007; Cornelius and Mahmmoud 
2009; Lingrel 2010; Liu and Xie 2010; Cornelius et al. 2011; Miles et al. 2013; Slingerland 
et al. 2013). Ouabain binds with high affinity to E2P, and its interaction with the enzyme 
involves α-subunit residues and to a lesser extent β-subunit residues (Ogawa et al. 2009; 
Yatime et al. 2011; Sánchez-Rodriguéz et al. 2015), the most relevant being Asp121 located 
in segment M1 (Ogawa et al. 2009; Sandtner et al. 2011; Cornelius et al. 2013; Laursen 
et al. 2015). The phosphorylated form of the enzyme, in the presence of the K+ ion and the 
orientation of Val329, shows a higher binding affinity for ouabain (Khalid et  al. 2014). 
Ouabain interacts with the (Na+, K+)-ATPase from the extracellular membrane surface, 
and its binding site, inserted into the membrane, is located in a cavity formed by trans-
membrane segments M1, M2, M4, M5, and M6, very close to the K+-binding site (Ogawa 
et al. 2009; Yatime et al. 2011; Laursen et al. 2015). The sugar and the hydroxyl moieties of 
the steroid ring are both essential for the potential action of ouabain (Cornelius et  al. 
2013). Recently, selectivity of (Na+, K+)-ATPase isoforms for digitalis-like compounds 
that contain no sugar groups has been shown (Weigand et al. 2014).

Owing to its similarity with the tetrahedral structure of inorganic phosphate, orthovan-
adate is a powerful inhibitor of vertebrate P-ATPases in the nanomolar range (Boxenbaum 
et al. 1998; Fedosova et al. 1998; Montes et al. 2012). Orthovanadate binds covalently to 
the aspartate residue, blocking the reaction cycle and maintaining the enzyme in a state 
similar to E2 (Fedosova et al. 1998; Montes et al. 2012). Interaction of orthovanadate with 
the enzyme results in an enzyme-orthovanadate complex in an open or closed conforma-
tion (Montes et al. 2012).

The (Na+, K+)-ATPase participates in a variety of secondary active transport processes 
and is subject to multiple, tissue-specific regulatory mechanisms (Therien and Blostein 
2000). Such regulation involves a series of complex factors acting in the short and long 
term (Glynn 2002; Pressley et  al. 2005; Mijatovic et  al. 2007). Short-term regulation 
involves direct effects on the kinetic behavior of the enzyme and on enzyme translocation 
from the plasma membrane to intracellular storage locations and is dependent on intra- 
and extracellular ATP, Na+, and K+ concentrations (Therien and Blostein 2000; Feraille 
et al. 2003). Adjustment also can be triggered by enzyme phosphorylation/dephosphory-
lation or by increasing affinity for the Na+ (Mijatovic et al. 2007). Long-term adjustment 
usually involves changes in gene transcription, mRNA stability and translation, isoform 
expression, and protein degradation (Seok et al. 1998; Therien and Blostein 2000; Colina 
et al. 2010; Karitskaya et al. 2010; Sottejeau et al. 2010). (Na+, K+)-ATPase activity also can 
be regulated by molecules such as aldosterone (Salyer et al. 2013), insulin (Oubaassine 
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et al. 2012), protein kinase A (Lecuona et al. 2013), protein kinase C (Gallo et al. 2010; 
Wengert et al. 2013), and phosphatases (El-Beialy et al. 2010) that act both in the short and 
long term through complex signaling cascades. Endobains, inhibitors similar to ouabain, 
are also endogenous regulators of the (Na+, K+)-ATPase (Therien and Blostein 2000; 
Scheiner-Bobis 2002; Hansen 2003).

3.3  The Crustacean Gill (Na+, K+)-ATPase as a Biochemical 
Marker of Adjustment to Salinity

The animal kingdom embraces 30 phyla, all of marine origin. Of these, 16 have success-
fully occupied freshwater, and seven phyla have conquered the terrestrial environment 
(Lee and Bell 1999). The colonization of fresh water and low salinity habitats by marine 
species constitutes one of the most challenging evolutionary transitions that have taken 
place during the history of life on Earth (Lee et al. 2011). Low and/or variable salinities 
represent a major physicochemical barrier to the invasion of osmotically demanding hab-
itats like estuaries (Henry et al. 2012). In counterpoint, the evolutionary and ecological 
advantages of exploiting the estuarine environment lie in its nutrient-rich habitats (Gross 
1972). Any species that can tolerate its inherent osmotic challenges can exploit an estua-
rine niche that is rich in resources with little competition. Such positive selection pres-
sures may have driven the appearance of biochemical and physiological mechanisms that 
enabled survival in low salinity (Henry et al. 2012).

Crustaceans arose in the primitive sea about 600 million years ago and today consti-
tute an essentially marine group (Barnes 2000). During evolution, various crustacean 
groups have confronted the challenge of invading environments of salinity lower than 
seawater and from estuary or land to fresh water (Schubart and Diesel 1998). Decapod 
crustaceans invaded fresh water around 3.4 million years ago (Schubart et al. 1998) and 
occupy and exploit virtually all habitats available on Earth from the marine environment 
to deserts (McNamara and Faria 2012).

Crustaceans have evolved a diversity of osmoregulatory strategies that enable them to 
occupy many different environments and habitats (Prosser 1973). Euryhaline crustaceans 
tolerate and survive ample variations in the salinity of their external environment, while 
stenohaline crustaceans are restricted to limited variation in their ambient salinity 
(Péqueux 1995; Randall et al. 2000). Regarding osmotic regulation of their body fluids, 
crustaceans may both osmoconform and/or osmoregulate (Péqueux 1995; Lucu et  al. 
2000). Within certain limits, osmoconformers hold the osmotic concentration of their 
hemolymph or extracellular fluid similar to that of the environment. Osmoregulators 
actively maintain their hemolymph osmolalities between species-specific limits, either 
isosmotic to or below or above that of their external environment (Péqueux 1995; Lucu 
et al. 2000). Such osmoregulators may also osmoconform over the more extreme parts of 
their range of salinity tolerance.

In general, marine crustaceans are stenohaline osmoconformers, while osmoregulat-
ing species that have colonized intertidal zones, estuaries, and fresh water exhibit varying 
degrees of euryhalinity and efficient mechanisms of osmotic hyperregulation (Péqueux 
1995; Onken and McNamara 2002; Lucu and Towle 2003). These diverse patterns of 
osmoregulatory capability may have resulted from adaptation to specific environmental 
conditions, genetic drift, and natural selection or may represent the retention of an ances-
tral ability (McNamara and Faria 2012).
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Marine stenohaline crustaceans typically show a lower lethal salinity limit near 18 ‰ 
salinity (Mantel and Farmer 1983). Strong regulators can maintain elevated osmotic gra-
dients in fresh water and can spend their entire adult life in this environment. The blue 
crab Callinectes sapidus (Cameron 1978) and the Chinese mitten crab Eriocheir sinensis 
(Wang et  al. 2012b) are perhaps the best examples of strongly osmoregulating species. 
Callinectes sapidus is found in salinities from 40 to 0 ‰ salinity and can survive direct 
transfer from 35 to 0 ‰ salinity in the laboratory. This blue crab maintains a gradient 
greater than 600 mOsm/kg H2O above ambient when acclimated to fresh water (Cameron 
1978). Moderate osmoregulators can survive in low salinity but not in fresh water. One 
such moderate regulator is the green shore crab, Carcinus maenas, which is found in salin-
ities as low as 10 ‰ and can survive laboratory acclimation to 8 ‰ salinity (Zanders 1980) 
in which it maintains its hemolymph osmolality approximately 350 mOsm/kg H2O above 
ambient (Zanders 1980). A weak osmoregulator like C. similis has a lower salinity limit 
near 15 ‰ salinity (Henry et al. 2012), suffers 80 % mortality when gradually acclimated 
to 5 ‰ salinity in the laboratory, and maintains a maximum hemolymph-medium osmotic 
gradient of 250 mOsm/kgH2O (Engel 1977).

Two distinct processes   overall osmotic homeostasis of the body fluids in crustaceans: 
anisosmotic extracellular regulation maintains the osmolality, composition, and volume of 
the hemolymph or extracellular fluid, while isosmotic intracellular regulation adjusts the 
volume and composition of the intracellular fluid or cytosol (Florkin and Schoffeniels 
1969; Péqueux 1995; Lang and Waldegger 1997; Wehner et al. 2003; Henry et al. 2012). 
Anisosmotic extracellular regulation is affected by changes in the permeability of different 
body surfaces to ions and water and by the active absorption or secretion of salts (Mantel 
and Farmer 1983). Isosmotic intracellular regulation consists of adjustments in the titers 
of intracellular osmotic effectors such as ions, peptides, and free amino acids, affecting 
water movement down its osmotic gradient (Schmidt-Nielsen 1996).

In decapod crustaceans, the gut, the antennal glands, and the gills and other structures 
found in the branchial chambers are involved in ion regulatory and excretory functions 
(Holliday and Miller 1984; Péqueux 1995; Lima et al. 1997; Khodabandeh et al. 2005a, b; 
Freire et al. 2008). The antennal glands regulate body fluid volume, maintaining the con-
centrations of certain organic and inorganic solutes, especially divalent ions like magne-
sium and sulfate and also produce dilute urine through NaCl reabsorption in some 
freshwater species (Baldwin and Kirschner 1976; Mantel and Farmer 1983; Holliday and 
Miller 1984; Péqueux 1995; Freire et al. 2008). Nevertheless, rarely have the structure and 
function of the antennal glands been described in detail in different groups (Freire et al. 
2008; Khodabandeh et al. 2005a, b; Tsai and Lin 2014; McNamara et al. 2015).

Crustacean gills provide a selective interface between the external environment and the 
internal milieu, constituting a multifunctional organ serving in gas exchange, osmolyte 
transport, nitrogenous waste excretion, and volume and acid-base regulation (Burnett et al. 
1985; Gilles and Péqueux 1985; Henry and Wheatly 1992; Taylor and Taylor 1992; Péqueux 
1995; Weihrauch et al. 2004a; Freire et al. 2008; Henry et al. 2012). The (Na+, K+)-ATPase is 
the main force driving the transepithelial movement of monovalent ions across the gill 
epithelia of most anisosmotic crustaceans (Lucu and Towle 2003). While numerous reviews 
are available for the vertebrate enzyme, they are few for the crustacean (Na+, K+)-ATPase 
(Towle 1984; Harris and Bayliss 1988; Lucu 1990; Towle 1990; Onken and Riestenpatt 1998; 
Lucu and Towle 2003; Leone et al. 2005; Freire et al. 2008; Henry et al. 2012).

In decapod crustaceans, the gills are located in the branchial chambers found on either 
side of the cephalothorax and often constitute appendices positioned between the pleural 

 F.A. Leone et al.



369

wall and the branchiostegites (Taylor and Taylor 1992). Their fine epithelia possess several 
different cell types, including those specialized in ion exchange, the ionocytes (Taylor and 
Taylor 1992; Péqueux 1995).

The capability of crustaceans for anisosmotic extracellular osmoregulation depends on 
the transbranchial transport of Na+ and Cl− between the external environment and the 
hemolymph (Péqueux 1995; Kirschner 2004; Freire et al. 2008; Henry et al. 2012). This 
regulatory function is energetically driven mainly by the (Na+, K+)- ATPase located in the 
basal membranes of the gill ionocytes that actively exchange Na+ and K+ between their 
cytosol and the hemolymph (Kirschner 2004; Freire et  al. 2008; Sáez et  al. 2009). 
Ultracytochemical and fluorescence studies have shown that the crustacean gill (Na+, K+)-
ATPase is restricted to the basal membrane of the ionocytes (Towle and Kays 1986; 
McNamara and Torres 1999), and electrophysiological experiments using inhibitors have 
confirmed this localization (Lucu and Siebers 1987; Burnett and Towle 1990; Luquet et al. 
2002; Riestenpatt et al. 1996). An apical driving force furnished by the V(H+)-ATPase also 
plays an important role in osmoregulatory ion transport, particularly in freshwater crus-
taceans (Onken and Putzenlechner 1995; Morris 2001; Weihrauch et al. 2004b). In addi-
tion to these two ATPases, a variety of membrane transporters such as apical Na+/H+ and 
Cl−/HCO3

− exchangers and the Na+/K+/2Cl− symporter, apical and basal K+ and Cl− chan-
nels (Kirschner 2004; Freire et al. 2008; Sáez et al. 2009; Towle et al. 2011; Yang et al. 2011), 
and particularly, apical Na+ channels (Zeiske et al. 1992) also contribute to ion movements 
and thus to osmotic regulation. Carbonic anhydrase that catalyzes the reversible hydration 
of CO2 to H+ and HCO3

− used by the apical exchangers (Perry 1986) also plays a critical 
role in ion uptake (Henry 1988a,b; Skaggs and Henry 2002). The distribution of such car-
riers in the ionocyte membranes depends on the osmotic niche occupied by each species 
(McNamara and Faria 2012).

Early studies of (Na+, K+)-ATPase in the gills of euryhaline hyper-osmoregulating 
crabs found that enzyme activities, measured in homogenates or in purified membranes, 
increased significantly in response to salinity variation (Mantel and Olson 1976; Towle 
et al. 1976; Siebers et al. 1982). Posterior gills showed a higher specific (Na+, K+)-ATPase 
activity than anterior gills, suggesting their specialization for osmoregulatory ion trans-
port (Neufeld et al. 1980; Siebers et al. 1982; Wanson et al. 1984; Holliday 1985; Winkler 
1986; Welcomme and Devos 1988; Harris and Santos 1993). Supporting evidence came 
from ultrastructural studies of gill epithelia showing differentiated cells with greatly aug-
mented apical and basal surface areas and elevated mitochondrial densities in the lamellae 
of the posterior but not anterior gills (Copeland and Fitzjarrell 1968; Goodman and Cavey 
1990; Compère et al. 1989). These characteristics are now considered typical of an ion- 
transporting function in crustacean epithelia.

Compared to the vertebrate enzyme, the structure of the crustacean gill (Na+, K+)-
ATPase is poorly known. Like other (Na+, K+)-ATPases, the crustacean enzyme possesses 
an α-subunit of 95–104 kDa Mr and a β-subunit of 38–40 kDa Mr (Peterson et al. 1978; 
Lucu and Flik 1999; Furriel et al. 2000; Towle et al. 2001; Masui et al. 2002; Gonçalves et al. 
2006; Garçon et al. 2007; Lucena et al. 2012; Leone et al. 2015a). The native holoenzyme is 
a tetramer consisting of two α- and two β-subunits of 270–280 kDa Mr (Peterson and 
Hokin 1981).

The α-subunit is the catalytic and ouabain-binding component of the crustacean (Na+, 
K+)-ATPase (Skou and Esmann 1992). While the β-subunit is presumed to assist in the 
correct folding and membrane targeting of the α-subunit, its role in modulating enzyme 
activity has been little investigated (Lucu and Towle 2003; Leone et  al. 2005). A third 
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 subunit, the γ- subunit, is associated with some (Na+, K+)-ATPases (Forbush et al. 1978) 
and apparently modulates Na+ and K+ binding to the enzyme (Arystarkhova et al. 1999). 
An FXYD2 peptide or γ-subunit is associated with the gill (Na+, K+)-ATPase from the blue 
crab C. danae and plays an important role in regulating enzyme activity (Silva et al. 2012).

The complete primary structure has been deduced for the α-subunits of only three 
crustacean species, Artemia franciscana, C. sapidus, and Homarus americanus, revealing 
elevated interspecific identities and some identity with the vertebrate α2 and α3 isoforms, 
including the avian enzyme (Baxter-Lowe et al. 1989; Macı́as et al. 1991; Pressley 1992; 
Towle et  al. 2001; Parrie and Towle 2002). Two different genes (α1 and α2) code for 
α-subunit isoforms in A. franciscana (Baxter-Lowe et al. 1989; Macı́as et al. 1991) that 
exhibit only eight transmembrane segments, the native holoenzyme being a diprotomer 
(αβ)2 (Peterson and Hokin 1981; Lucu and Towle 2003). The (Na+, K+)-ATPase α-subunit 
is highly conserved among crustacean species. The C. sapidus enzyme (AF327439) is 94 % 
identical to that of H. americanus (Towle et  al. 2001), and close identities have been 
revealed for the partial (Na+, K+)-ATPase α-subunit sequence from M. amazonicum 
(GQ329698) with those for the estuarine crab Neohelice granulata (AF548369.1), the diad-
romous freshwater crab Eriocheir sinensis (AF301158.1), the intertidal crab Pachygrapsus 
marmoratus (DQ173925.2), the marine lobster Homarus americanus (AY140650.1), the 
true freshwater crab Dilocarcinus pagei (AF409119.1), and several species of Uca 
(JX854012-14, KC954714-19). The β-subunit of the A. franciscana (Na+, K+)-ATPase, the 
only β-subunit sequence known for crustaceans, is similar to that of vertebrates with 
respect to its single transmembrane domain and C-terminus (Bhattacharyya et al. 1990).

(Na+, K+)-ATPase activity in gill homogenates is optimal over a range of pH values 
from 7.0 to 7.7 (Neufeld et al. 1980; Corotto and Holliday 1996; Kosiol et al. 1988; D’Orazio 
and Holliday 1985; Holliday 1985), and a considerable number of studies have kinetically 
characterized the crustacean enzyme (Gache et al. 1977; Wanson et al. 1984; Holliday 1985; 
D’Orazio and Holliday 1985; Wilkie 1997; Harris and Bayliss 1988; Péqueux 1995; Corotto 
and Holliday 1996; Furriel et al. 2000; Masui et al. 2002; Wilder et al. 2000; Lucu and Towle 
2003; Garçon et al. 2007; Mendonça et al. 2007; Lucena et al. 2012; Leone et al. 2012; Pinto 
et al. 2016; Gonçalves et al. 2006; Belli et al. 2009; Faleiros et al. 2010; França et al. 2013).

Since 1997, we have used the (Na+, K+)-ATPase in microsomal fractions from crusta-
cean gills as a biochemical marker to examine adaptation of this group to environments of 
different salinities. We first characterized the enzyme from the gills of the freshwater 
shrimp Macrobrachium olfersii (Furriel et al. 2000), showing that the detergent-free prepa-
ration was a convenient material in which to examine the properties of the (Na+, K+)-
ATPase in  vitro since the native interactions between the enzyme and the membrane 
bilayer are apparently preserved.

Our kinetic characterization of the (Na+, K+)-ATPase from the posterior gills of fresh 
caught (33 ‰) euryhaline crab Callinectes danae revealed a high-affinity binding site for 
ATP, similar to the vertebrate enzyme (Masui et al. 2002). Later, we also demonstrated this 
site in the enzymes of the hermit crab Clibanarius vittatus (Gonçalves et al. 2006; Lucena 
et al. 2012) and freshwater shrimp M. amazonicum (Santos et al. 2007), suggesting that this 
high-affinity ATP-binding site is characteristic of the crustacean enzyme. We also showed 
that the contribution of the high- and low-affinity binding sites for ATP on the (Na+, K+)-
ATPase from C. danae, relative to the maximum reaction rate, is the same for both sodium 
and potassium (. Fig. 3.3). However, there is a potassium concentration that triggers the 
appearance of high-affinity sites for ATP (Masui et al. 2008). Further, acclimation of C. 
danae to 15 ‰ salinity caused the high affinity ATP sites to disappear (Masui et al. 2009).
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We first described the synergistic stimulation of gill (Na+, K+)-ATPase activity by K+ (or 
NH4

+) and NH4
+ (or K+) in the blue crab Callinectes danae (. Fig. 3.4) (Masui et al. 2002, 

2005a). Except for the freshwater crab Dilocarcinus pagei (Furriel et al. 2010), species- specific 
synergistic stimulation by NH4

+ plus K+ occurs in various crustaceans: M. amazonicum 
(Santos et al. 2007; Leone et al. 2014), M. olfersii (Furriel et al. 2004), M. rosenbergii (França 
et al. 2013), Clibanarius vittatus (Gonçalves et al. 2006; Lucena et al. 2012), Callinectes orna-
tus (Garçon et al. 2007, 2009), and Xiphopenaeus kroyeri (Leone et al. 2015a).

Although the (Na+, K+)-ATPase exhibits a high specificity for ATP, it also hydrolyses 
p-nitrophenylphosphate (Glynn 1985). Similar to the vertebrate enzyme, we first charac-
terized K+-phosphatase activity in a gill microsomal fraction from the freshwater shrimp 
M. olfersii (Furriel et al. 2001). The use of p-nitrophenylphosphate as a substrate to kineti-
cally characterize the K+-phosphatase activity of the crustacean gill enzyme has proved a 
convenient alternative for comparative studies of (Na+, K+)-ATPase activity not only in M. 
olfersii (Furriel et al. 2001; Mendonça et al. 2007) but also in the portunid crab C. danae 
(Masui et al. 2003; 2005b), in the diadromous palaemonid shrimp M. amazonicum (Belli 
et al. 2009) and the intertidal hermit crab Clibanarius vittatus (Lucena et al. 2012). The 
kinetic characterization of K+-phosphatase activity in juvenile and adult M. amazonicum 
helped to elucidate osmoregulatory ability in these two life cycle stages (Leone et al. 2013). 
Further, for 21 ‰ salinity-acclimated C. ornatus, p-nitrophenylphosphate hydrolysis is 
synergistically stimulated by K+ and NH4

+ (Garçon et al. 2013).
(Na+, K+)-ATPase-specific activity (Garçon et  al. 2009) and relative expression of 

(Na+, K+)-ATPase α-subunit mRNA (Leone et al. 2015b) increase significantly in the pos-
terior gills of C. ornatus transferred from seawater to a lower salinity (21 ‰). However, 
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 . Fig. 3.3 Effect of ATP concentration on (Na+, K+)-ATPase activity in C. danae gill tissue at different Na+ 
and K+ concentrations. (a) ATP saturation curve at different NaCl concentrations. (b) Effect of sodium 
ions on ATP hydrolysis by high-affinity binding sites. (c) Effect of sodium ions on ATP hydrolysis by 
low-affinity binding sites. NaCl concentrations: (●) 20 mM, (○) 35 mM, (■) 50 mM, (□) 70 mM, (♦) 
100 mM. (d) ATP saturation curve at different KCl concentrations. (e) Effect of potassium ions on ATP 
hydrolysis by high-affinity binding sites. (f) Effect of potassium ions on ATP hydrolysis by low-affinity 
binding sites. KCl concentrations: (■) 1 mM, (□) 2 mM, (●) 3 mM, (○) 5 mM, (♦) 10 mM (Reproduced 
from Masui et al. (2008) with permission)
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gill (Na+, K+)-ATPase activity is unchanged in C. danae acclimated to 15 ‰ (Masui et al. 
2009). Gill (Na+, K+)-ATPase and K+-phosphatase activities decrease in the diadromous 
freshwater shrimps M. olfersii and M. amazonicum acclimated to 21 and 28 ‰ salinity 
(Lima et al. 1997; Mendonça et al. 2007; Belli et al. 2009; Faleiros et al. 2010), and gill 
(Na+, K+)-ATPase activity decreases by 20 % in the intertidal hermit crab C. vittatus accli-
mated to 45 ‰ (Lucena et al. 2012).

3.4  The V(H+)-ATPase: Structure, Function, Mechanism, 
and Regulation

The regulation of pH in intracellular compartments and in the extracellular environment is 
critical for cellular homeostasis in general and in particular for ion transport across mem-
branes, protein degradation, bone resorption, and sperm maturation (Nishi and Forgac 
2002; Pietrement et al. 2006; Kane 2006; Wang and Hiesinger 2013). The preservation of 
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 . Fig. 3.4 Stimulation of (Na+, 
K+)-ATPase activity in a 
microsomal fraction from the 
gill tissue of Callinectes danae  
by potassium and ammonium 
ions. (a) Stimulation by 
potassium ions at fixed 
concentrations of ammonium 
ions: (▾) none; (⚫) 1 mM; (▴) 
5 mM; (▪) 20 mM; (♦) 50 mM. (b) 
stimulation by ammonium ions 
at fixed concentrations of 
potassium ions: (▾) none; (⚫) 
3 mM; (▴) 5 mM; (▪) 7 mM; (♦) 
10 mM (Reproduced from Masui 
et al. (2002) with permission)
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intracellular pH is effected by proton pumps dependent on ATP hydrolysis, the vacuolar or 
V(H+)-ATPases (Forgac 2007; Cipriano et  al. 2008). V(H+)-ATPases are present in the 
plasma and endo-membranes of all eukaryotic cells, performing variable functions accord-
ing to their specific locations (Nishi and Forgac 2002; Kane 2006; Forgac 2007; Jefferies 
et al. 2008; Toei et al. 2010). The enzyme is responsible for the acidification of lysosomes, 
endosomes, and vesicles and also generates the driving force for neurotransmitter uptake 
by secretory vesicles (Forgac 2007). The plasma membrane V(H+)-ATPase participates in 
many cellular processes (Wagner et al. 2004; Toyomura et al. 2003; Pietrement et al. 2006), 
and mutations in its subunits result in various human diseases (Smith et al. 2000; Frattini 
et  al. 2000). V(H+)-ATPases are also associated with metastatic tumor cell formation 
(Sennoune et al. 2004; Gocheva et al. 2007; Kozik et al. 2013).

The V(H+)-ATPase is a large protein complex consisting of multiple subunits organized 
into two separate functional domains V0 and V1 (. Fig. 3.5). The integral V0 domain is a 260-
kDa integral membrane domain comprising six different subunits, in which the c subunit 
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 . Fig. 3.5 Structure and mechanism of the V(H+)-ATPase. The figure shows the two domains, V1 and V0, of 
the V(H+)-ATPase. The peripheral V1 domain consists of eight different subunits, A–H (yellow and orange) 
and is responsible for ATP hydrolysis. The integral V0 domain is composed of six subunits a, c, c’, c”, d, and e 
(blue and gray) and is involved in the translocation of protons across the membrane. ATP hydrolysis drives 
the rotation of a central rotor, which is composed of the D, F, d, and c, c’, and c” proteolipid subunits. 
Protons translocate through two hemi-channels and an arginine residue (red) of the a subunit. The V1 and 
V0 domains are connected by a central stalk, which is composed of subunits D, F, and d, and three 
peripheral stalks, which are composed of subunits C, E, G, H, and the N-terminal cytoplasmic domain of 
subunit a (Reproduced from Toei et al. (2010) with permission)
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contains a reversibly protonated glutamate residue and participates in H+ transport. ATP 
hydrolysis itself takes place in the V1 structure, a 650-kDa peripheral cytoplasmic complex 
comprising eight different subunits (Forgac 2007; Cipriano et al. 2008; Jefferies et al. 2008; Toei 
et al. 2010; Scott et al. 2011; Benlekbir et al. 2012). The peripheral V1 domain consists of three 
A subunits and three B subunits, arranged in alternating locations, forming a hexamer, exhib-
iting three catalytic sites for ATP hydrolysis and three ATP-modulation sites that bind but do 
not hydrolyze ATP. The remaining subunits form two shafts connecting the two domains: the 
rotational center shaft (D and F subunits) and a peripheral shaft (subunits C, E, G, and H) 
(Forgac 2007; Cipriano et al. 2008; Jefferies et al. 2008; Toei et al. 2010). Although all subunits 
are essential for enzyme activity, complexes lacking the H subunit are unstable and inactive, 
suggesting that this subunit affects the arrangement of the others (Hirata et al. 2003).

Proton translocation across the membrane occurs via the V0 complex which consists 
of six subunits (a, c4-5, c’, c”, d, and e). The hydrophobic c, c’, and c” subunits are proteolipids 
and form transmembrane helices arranged in a ring structure within the membrane 
bilayer. Each possesses a glutamate residue that is reversibly protonated during proton 
transport. The a subunit has two distinct domains: the hydrophobic N-terminal domain 
facing the cytosol and a C-terminal portion consisting of 8–9 transmembrane helices that 
form two hemi-channels, one facing the cytosol, the other in the opposite direction. An 
arginine residue in the TM7 domain also participates in proton transport. Finally, a 
peripheral d subunit connects the c proteolipid ring to the central V1 shaft (Forgac 2007; 
Cipriano et al. 2008; Jefferies et al. 2008; Toei et al. 2010).

The catalytic cycle of the V(H+)-ATPase is generated by means of a rotational mecha-
nism in which the A3B3 hexamer is stationary relative to the a subunit. The peripheral 
shafts formed by the C, E, G, and H subunits and the N-terminal domain of the a subunit 
provide communication between the two complexes. Each EG pair interacts with the C or 
H subunits and these with the a subunit. This set of subunit interactions ensures immobi-
lization of V1 relative to V0 (Forgac 2007; Cipriano et al. 2008; Jefferies et al. 2008; Toei 
et al. 2010). According to this model, in a first step the proton moves from the cytosol 
through the hemi-channel of the a subunit and protonates the carboxyl group of the glu-
tamate residue of the c subunit. ATP hydrolysis in the A subunit causes rotation of the c 
ring. After complete rotation of the c ring, the protonated glutamate residue approaches 
the arginine residue located in the a subunit hemi-channel. Finally, the arginine residue 
causes deprotonation of the glutamate residue, enabling the proton to reach the extracel-
lular medium or organelle lumen (Cipriano et al. 2008; Toei et al. 2010).

Cells are capable of regulating V(H+)-ATPase activity in both temporal and spatial 
modes (Forgac 2007; Toei et al. 2010). Their diversity of functions involves a complex set 
of regulatory mechanisms of enzyme activity, including reversible dissociation, and 
changes in coupling efficiency between ATP hydrolysis and proton transport (Cipriano 
et al. 2008; Jefferies et al. 2008). The most well-characterized regulatory mechanism of 
V(H+)-ATPase activity is the reversible dissociation of the V0 and V1 domains found in 
yeast, insect, and mammalian cells (Forgac 2007; Cipriano et al. 2008; Jefferies et al. 2008; 
Toei et  al. 2010; Oot and Wilkens 2012). This mechanism is triggered in response to 
decreased glucose levels, resulting in the uncoupling of ATP hydrolysis and proton trans-
port (Forgac 2007; Cipriano et al. 2008; Jefferies et al. 2008; Toei et al. 2010). The C subunit 
plays a critical role in this reversible dissociation, since it separates completely from the V1 
and V0 domains (Iwata et al. 2004; Jefferies et al. 2008). The nonhomologous domain of the 
a subunit also seems to be important for dissociation (Toei et al. 2010). A further regula-
tory mechanism is the reversible formation of disulfide bonds between conserved cysteine 
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residues (Cys254 and Cys532) present in the catalytic site of the A subunit, resulting in 
enzyme inactivation. The formation of such bridges prevents conformational changes in 
the enzyme (Forgac 2007; Jefferies et al. 2008; Toei et al. 2010). Various cell types regulate 
their V(H+)-ATPase activity through the number of enzyme molecules present in the 
plasma membrane. This adjustment is effected by means of intracellular vesicles contain-
ing a large number of V(H+)-ATPase molecules that fuse with the plasma membrane, 
increasing the number of enzyme molecules and consequently, proton flow (Forgac 2007; 
Cipriano et al. 2008; Jefferies et al. 2008; Toei et al. 2010). A final regulatory mechanism 
involves alterations in the coupling efficiency of the enzyme. Different a subunit isoforms 
differ in the efficiency with which protons are transported in response to ATP hydrolysis 
(Jefferies et al. 2008).

The investigation of specific inhibitors of V(H+)-ATPase activity is important for 
developing drugs to treat various diseases related to V(H+)-ATPase function (Toei et al. 
2010). Two structurally related compounds that specifically inhibit V(H+)-ATPase activity 
at nanomolar concentrations are bafilomycin A1 and concanamycin (Dröse et al. 1993; 
Fernandes et al. 2006; Huss and Weczorek 2009; Osteresch et al. 2012). Bafilomycin A1 is 
an antibiotic with a 16-atom lactone ring, isolated from Streptomyces griseus, while con-
canamycin isolated from Streptomyces diastatochromogenes, also an antibiotic, has a lac-
tone ring of 18 carbon atoms (Dröse et al. 1993). Binding between enzyme and inhibitor 
takes place by interaction with the V0 complex in which the c and a subunits are funda-
mental (Bowman et al. 2004; Huss and Weczorek 2009). This interaction blocks the trans-
port of protons, since c ring rotation is prevented (Wang et al. 2005).

V(H+)-ATPase isoforms in mammals exhibit different and independent functions. 
While they are expressed in a tissue-specific manner, one isoform is ubiquitous (Nishi 
et al. 2003; Paunescu et al. 2004; Forgac 2007; Jefferies et al. 2008; Toei et al. 2010; Murata 
et al. 2002; Smith et al. 2002; Wagner et al. 2004; da Silva et al. 2007; Sun-Wada and Wada 
2010). In contrast, in yeast, with the exception of the a subunit, all other subunits are 
unique isoforms (Forgac 2007; Jefferies et al. 2008; Toei et al. 2010).

3.5  The Crustacean V(H+)-ATPase and Its Role 
in Osmoregulation

The V(H+)-ATPase has played a crucial role in the adaptation of crustaceans to fresh water 
(Onken and Putzenlechner 1995; Morris 2001; Weihrauch et al. 2004b; Tsai and Lin 2007; 
Faleiros et al. 2010; Firmino et al. 2011; Lee et al. 2011; McNamara and Faria 2012) and 
participates actively in osmoregulatory ion uptake across the gill epithelium of freshwater- 
tolerant crustaceans (Zare and Greenaway 1998; Towle and Weihrauch 2001; Weihrauch 
et al. 2001; Lee et al. 2011). The V(H+)-ATPase is also involved in acid-base equilibria 
(Tresguerres et al. 2008) and ammonia excretion (Weihrauch et al. 2002, 2004b; Bianchini 
et al. 2008; Freire et al. 2008).

The localization and activity of the V(H+)-ATPase are crucial for ion transport against 
the steep concentration gradients encountered by many crustacean species (Ehrenfeld and 
Klein 1997; Weihrauch et al. 2004b; Patrick et al. 2006; Tsai and Lin 2007). In freshwater 
shrimps, the V(H+)-ATPase is located apically in the pillar cell flanges of the gill epithe-
lium (Boudour-Boucheker et al. 2014; Pinto et al. 2016) and appears to complement the 
driving force of the (Na+, K+)-ATPase present in the invaginations of the intralamellar 
septal cells (McNamara and Torres 1999) in energizing the uptake of NaCl from fresh 
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water (McNamara and Lima 1997; Faleiros et  al. 2010; McNamara and Faria 2012). In 
Macrobrachium olfersii and M. amazonicum, the apical surface of the gill pillar cells is 
greatly augmented by a system of extensive evaginations associated with mitochondria in 
the subapical cytoplasmic (Freire and McNamara 1995; McNamara and Lima 1997; Belli 
et  al. 2009; Faleiros et  al. 2010; Boudour-Boucheker et  al. 2014). These evaginations 
increase the area of apical membrane available for inclusion of the V(H+)-ATPase and the 
Cl−/HCO3

− exchanger (Faleiros et  al. 2010). In the inner branchiostegite epithelium, 
another site of ion transport, the V(H+)-ATPase and (Na+, K+) ATPase are localized in the 
same cells, in electron-dense areas (Boudour-Boucheker et al. 2014). The V(H+)-ATPase 
is also distributed intensely in the marginal channels of the gill lamellae in M. amazoni-
cum (Lucena et al. 2015); this channel collects and distributes hemolymph through the 
capillaries and lacunae across each hemi-lamella and serves as a shunt under certain con-
ditions (McNamara and Lima 1997).

In crabs, the V(H+)-ATPase has been immunolocalized in the apical membranes of the 
gill ionocytes of Eriocheir sinensis (see Freire et al. 2008, Figure 11) and four marine spe-
cies, including Uca formosensis, Ocypode stimpsoni, Chasmagnathus convexus, and Helice 
formosensis, all acclimated to low (5 ‰) salinity (Tsai and Lin 2007). Studies on the gills of 
E. sinensis (Gilles and Péqueux 1985) and Carcinus maenas (Compère et al. 1989) and the 
shrimp Penaeus aztecus (Foster and Howse 1978) show that cellular adaptation to dilute 
medium includes the development of an extensive system of apical evaginations associated 
with numerous mitochondria in the subapical cytoplasm of the lamellar epithelial iono-
cytes. In other crab species that do not survive in fresh water, such as Scylla paramamosain, 
Macrophthalmus abbreviatus, Macrophthalmus banzai, and Uca lactea, the V(H+)-ATPase 
is located in the cytoplasm (Tsai and Lin 2007). In C. maenas, the V(H+)-ATPase B subunit 
is also cytoplasmic and not localized in the apical membranes of the epithelial cells of ante-
rior and posterior gills (Weihrauch et al. 2001), suggesting that the enzyme also can be 
associated with cytoplasmic vesicles. In this case, the V(H+)-ATPase appears to acidify 
such vesicles by H+ accumulation rather than generating an electrochemical proton gradi-
ent across the apical membrane as might be expected from its role in osmoregulatory NaCl 
transport (Larsen et al. 1992; Lin and Randall 1993; Zare and Greenaway 1998).

The crustacean V(H+)-ATPase can mediate epithelial proton transport (Onken and 
Putzenlechner 1995; Weihrauch et al. 2001, 2002). However, while the enzyme appears to 
play an important osmoregulatory role in species like the freshwater-tolerant E. sinensis, 
in marine crabs like C. maenas, the V(H+)-ATPase likely functions in the acidification of 
intracellular organelles and not in transbranchial NaCl uptake (Weihrauch et al. 2001). As 
seen for several apical antiporters, the V(H+)-ATPase may contribute to Na+ uptake in 
fresh water (Towle et al. 1997; Onken 1999). The outward pumping of H+ by the V(H+)-
ATPase generates a large electrical potential across the apical ionocyte membrane, 
 providing an inwardly directed electrical gradient for Na+ entry via Na+ channels in the 
apical membrane (Zare and Greenaway 1998; Morris 2001; Arata et al. 2002). These apical 
Na+ channels have been demonstrated by Zeiske et al. (1992). Whole-body uptake of silver 
in Daphnia magna is dependent on Na+ transport. In the larval gill epithelium, V(H+)-
ATPase activity coupled with a Na+ channel provides the driving force for Na+ uptake; Ag+ 
competes with Na+ for transport via this mechanism (Bianchini and Wood 2003). The 
absence of such a mechanism in adult D. magna results in less effective Ag+ uptake by a 
putative Na+ channel associated with an electrogenic 2Na+/H+ exchanger (Shetlar and 
Towle 1989). Further, in E. sinensis, Cl− transport through the apical Cl−/HCO3

− exchanger 
depends on the gradient produced by the V(H+)-ATPase in the apical cell membranes 
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(Onken 1996). Although both the (Na+, K+)- and V(H+)-ATPase are involved in Cl− 
absorption in strong hyperregulators (Freire et  al. 2008; Belli et  al. 2009), the V(H+)-
ATPase appears to be essential for chloride uptake across the distal epithelium of the 
posterior gill lamellae in the freshwater crab Dilocarcinus pagei (Weihrauch et al. 2004b).

In addition to the electrophysiological methods used to investigate the role of the 
V(H+)-ATPase in crustacean osmoregulation (Onken and McNamara 2002; Genovese 
et  al. 2005), several kinetic studies have examined the crustacean gill V(H+)-ATPase, 
which has been characterized kinetically in M. amazonicum (Faleiros et al. 2010), D. pagei 
(Firmino et al. 2011; Weihrauch et al. 2004b), E. sinensis (Onken and Putzenlechner 1995; 
Morris 2001), and M. amazonicum (Lucena et  al. 2015). However, negligible V(H+)-
ATPase activity was encountered in Callinectes danae (Masui et  al. 2002), C. ornatus 
(Garçon et  al. 2009), and 21 ‰-acclimated M. amazonicum (Faleiros et  al. 2010). 
Cultivated juvenile and adult M. amazonicum show similar gill V(H+)-ATPase-specific 
activities (Lucena et  al. 2015) that are 50 % greater than in E. sinensis (Onken and 
Putzenlechner 1995; Morris 2001), D. pagei (Firmino et al. 2011), and wild M. amazoni-
cum (Faleiros et al. 2010) but tenfold greater than in U. formosensis (Tsai and Lin 2007).

Long-term regulatory mechanisms of V(H+)-ATPase activity operate effectively in D. 
pagei, since after 10-day exposure to 21 ‰ salinity, enzyme activity in posterior gills is 
threefold less than in fresh water (Firmino et al. 2011). This agrees with the decrease in 
V(H+)-ATPase activity seen in postlarval estuarine shrimp Litopenaeus vannamei in 
response to increasing salinity (Pan et  al. 2007) and the threefold increase after 7-day 
exposure of the fiddler crab Uca formosensis to 5 ‰ salinity (Tsai and Lin 2007). Such 
regulation in response to salinity change may involve the induction/inhibition of mRNA 
synthesis or retention, leading to alterations in the rate enzyme synthesis (Weihrauch et al. 
2004b; Luquet et al. 2005; Tsai and Lin 2007; Faleiros et al. 2010). The V(H+)-ATPase B 
subunit is highly conserved in C. maenas, E. sinensis, C. sapidus, N. granulatus, and Cancer 
irroratus (Weihrauch et al. 2004b). In M. amazonicum juveniles and adults, V(H+)-ATPase 
B subunit mRNA expression is similar (Lucena et al. 2015); however, expression decreases 
fourfold in adults acclimated to 25 ‰ salinity (Faleiros et al. 2010). In N. granulata accli-
mated to 2 ‰ salinity, mRNA levels increase fourfold (Luquet et al. 2005), but there is no 
change in the relative abundance of V(H+)-ATPase in U. formosensis (Tsai and Lin 2007) 
or in the shrimp Halocaridina rubra (Havird et al. 2014) in response to salinity changes. 
These findings suggest that in addition to alterations in mRNA expression, other mecha-
nisms may regulate V(H+)-ATPase activity.

Changes in pH are also important modulators of transepithelial solute transport, 
endocrine function, and cell growth and differentiation (Boron 1986). Maximum gill 
V(H+)-ATPase activity is found at pH 7.5 in many crustaceans (Zare and Greenaway 1998; 
Onken and Putzenlechner 1995; Onken et  al. 2000; Weihrauch et  al. 2004b; Pan et  al. 
2007; Firmino et al. 2011; Lucena et al. 2015). Lower activities at lower pH values result 
from modification of subunit structure, revealing a hidden protonation site (Rastogi and 
Girvin 1999; Muller et al. 2002). In L. vannamei (Pan et al. 2007; Wang et al. 2012a), N. 
granulatus (Tresguerres et  al. 2008), Marsupenaeus japonicus (Pan et  al. 2010), and 
Fenneropenaeus chinensis (Pan et  al. 2010), changes in extracellular pH modulate both 
V(H+)-ATPase activity and expression.

The regulation of gill V(H+)-ATPase activity during ontogenetic development has 
been little studied in crustaceans. During the early development of M. japonicus and F. 
chinensis, V(H+)-ATPase activity increases from absent in the nauplii to stable levels in the 
zoeae (Pan et al. 2010). Kinetic studies have revealed that the V(H+)-ATPase of adult M. 
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amazonicum has a threefold greater affinity for ATP than the juvenile enzyme, while the 
affinity for Mg2+ of the adult V(H+)-ATPase is fivefold greater than in the juvenile (Lucena 
et al. 2015). Further, the inhibition constant for bafilomycin A1 of adult M. amazonicum 
V(H+)-ATPase is twofold less than in juveniles. These different affinities for ATP, Mg2+, 
and bafilomycin A1 for the gill V(H+)-ATPase from different developmental stages of M. 
amazonicum suggest the expression of distinct isoenzymes that may play a role in ontoge-
netic changes in enzyme activity (Lucena et al. 2015). Although binding sites for ATP and 
Mg2+ are located in the A and B subunits in the V1 complex (Kawasaki-Nishi et al. 2003; 
Nakanishi-Matsui et al. 2010; Toei et al. 2010), expression of different isoforms of other 
subunits can induce conformational changes that affect affinity for substrate and modula-
tors.

The V(H+)-ATPase also plays an important role in crustacean ammonia excretion. 
After transport or diffusion from the hemolymph into the gill ionocytes, the diffusion of 
cytoplasmic NH3 into intracellular vesicles and its consequent protonation to NH4

+ by 
V(H+)-ATPase driven acidification allows excretion via an exocytic mechanism 
(Weihrauch et al. 2002, 2004a, 2009; Henry et al. 2012). The inhibition of V(H+)-ATPase 
activity in brackish water-acclimated C. maenas reduces gill NH4

+ excretion rate by 66 %, 
while inhibitors of the cytoskeletal microtubule network completely abolish active ammo-
nia excretion (Weihrauch et al. 2002). Apparently, ammonia is trapped in its ionic form 
NH4

+ in the acidified vesicles that are transported over the microtubule network to the 
target membrane. Gene expression of the V(H+)-ATPase B subunit is upregulated in the 
marine crab Metacarcinus magister after short-term ammonia exposure (Martin et  al. 
2011). Consequently, increased V(H+)-ATPase protein expression likely increases NH3 
protonation to NH4

+, underpinning increased NH4
+ excretion driven by the V(H+)-

ATPase. In N. granulata, V(H+)-ATPase mRNA expression is a consequence of V(H+)-
ATPase participation in ammonium excretion across the gills and not of altered external 
salinity (Weihrauch et al. 2002, 2004a).

3.6  Gill ATPases and Ammonia Excretion in Crustaceans

The by-products generated during the metabolism of nitrogenous compounds like amino 
acids and nucleic acids are often toxic and cannot accumulate within the body to any great 
degree without serious consequences, including the death of an organism (Randall et al. 
2000). Exposure of crustaceans to toxic quantities of ammonia disturbs many vital bio-
logical processes such as ionic regulation, cell permeability, and immune system functions 
(Young-Lai et al. 1991; Harris et al. 2001; Le Moullac and Haffner 2000). Elevated ammo-
nia- N can rapidly cause severe damage to the gill structure of crustaceans, including 
necrosis, hyperplasia, epithelial damage, pillar cell disruption, and collapse of the gill 
lamellae (Rebelo et al. 2000; Romano and Zeng 2007). Long-term exposure to ammonia 
renders Metacarcinus magister completely unable to actively excrete ammonia via the gills 
(Martin et al. 2011).

The ammonia concentration in the aquatic environment is usually low owing to the 
action of nitrifying bacteria (Weihrauch et al. 1999). In unpolluted seawater, ammonia 
concentrations rarely exceed 5 μmol L−1 (Koroleff 1983) and are much lower than in the 
hemolymph of crustaceans, around 100 μmol L−1 (Rebelo et  al. 1999). Benthic crusta-
ceans, often buried in the sediment, may encounter ammonia concentrations up to 
2–3 mmol L−1, which can lead to diffusive NH4

+ influx to the hemolymph (Rebelo et al. 
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1999; Weihrauch et al. 1999). However, during acute ammonia exposure, the crab Neohelice 
granulata maintains its hemolymph ammonia concentration lower than that of the exter-
nal medium (Rebelo et al. 1999). Apparently, exposure to high ambient ammonia concen-
trations has led to the evolutionary selection of an efficient mechanism for active NH4

+ 
excretion by the gill epithelia of crustaceans (Weihrauch et al. 2004a). Further, mRNA 
expression levels of the gill (Na+, K+)-ATPase, V(H+)-ATPase, cation/H+-exchanger and 
Rhesus-like ammonia transporter are downregulated when hemolymph ammonia levels 
increase to nearly 1 mmoL−1 (Martin et al. 2011). Thus, effective detoxification or excre-
tion of ammonia is critical to maintain cell function and body fluid ammonia levels within 
a tolerable range (Weihrauch et al. 2004a).

The excretion rate of ammonium has been used to evaluate the effect of various envi-
ronmental factors on crustacean physiology (Jiang et  al. 2000). A decrease in ambient 
osmolality causes a decrease in tissue amino acids and an increase in ammonium excre-
tion (Lange 1972), while temperature and salinity significantly affect ammonium excre-
tion in shrimp species like Macrobrachium rosenbergii (Stern et al. 1984), Marsupenaeus 
japonicus (Chen and Lai 1993), and Litopenaeus vannamei (Díaz et al. 2001). Ammonium 
excretion rates in L. stylirostris exposed to salinity fluctuations are linked to osmoregula-
tion since these increase during hyperregulation and are reduced during hyporegulation 
(Díaz et al. 2004). In the crab Portunus pelagicus exposed to 40 mg L−1 NH4

+, posterior gill 
(Na+, K+)-ATPase activity and ammonium excretion rates are higher at 15 ‰ salinity than 
at 45 ‰ salinity (Romano and Zeng 2010). Lowering ambient pH results in higher rates of 
ammonia and urea excretion (Al-Reasi et al. 2013).

Most aquatic crustaceans excrete ammonia (NH3/NH4
+) across their gill epithelia 

(Randall et al. 2000; Regnault 1987), mainly in its ionic form, NH4
+. The inhibition of 

active transepithelial NH4
+ flux by ouabain applied basally to the gill epithelia in various 

crab species strongly suggests the involvement of the (Na+, K+)-ATPase in this process 
(Lucu et al. 1989; Weihrauch et al. 1998, 1999). The ability to excrete ammonia against its 
gradient has important ecological consequences regarding the habitats available to these 
crustaceans (Weihrauch et al. 2004a).

Ammonia excretion across the gill epithelia is not completely understood (Weihrauch 
et al. 2004a). The most accepted model holds that excretion is linked to Na+ transport and 
thus NH4

+ passes from the hemolymph into the cytosol of the gill epithelial cells via the 
(Na+, K+)-ATPase in the basal membrane, substituting for K+ (Weihrauch et al. 2004a). 
Such movement also may be effected by a basal ammonium transporter and/or Cs+-
sensitive K+ channels (Weihrauch et al. 2002). Channel-like structures permeable to Na+ 
and NH4

+, sensitive to amiloride, and potentially involved in NH4
+ extrusion, are found in 

the gill cuticle of C. maenas (Onken and Riestenpatt 2002; Weihrauch et al. 2002). Hydrated 
NH4

+ and K+ ions have the same ionic radius, 1.45  Å (Weiner and Hamm 2007) and, 
owing to their K+-like behavior, ammonium ions can compete with K+ for K+-transporting 
proteins such as the (Na+, K+)-ATPase and K+ channels (Choe et al. 2000). Further, Cl− 
secretion by the Na+/K+/2Cl− cotransporter (NKCC) takes place in the presence of K+ or 
NH4

+, suggesting that in vertebrates at least the NKCC can also operate as a Na+- NH4
+-

2Cl− cotransporter (Wall et al. 2001). In addition to the (Na+, K+)-ATPase, the V(H+)-
ATPase also plays an important role in gill NH4

+ excretion. In the marine crab M. magister 
subjected to high external ammonia, expression of the gill V(H+)-ATPase B subunit is 
upregulated (Martin et al. 2011). In M. amazonicum, increased total ammonia nitrogen 
increases V(H+)-ATPase B subunit mRNA expression by 2.5-fold, while (Na+, K+)-ATPase 
α-subunit expression is unchanged (Pinto et al. 2016). These findings suggest the coupling 
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of NH4
+ excretion by the gill epithelium to the activity of both ATPases and to the expres-

sion of V(H+)-ATPase B subunit mRNA.
The gill (Na+, K+)-ATPase from the marine swimming crab C. danae is synergistically 

stimulated by NH4
+ and K+ (Masui et al. 2002, 2009). Catalytic activity is enhanced by up 

to 90 % when NH4
+ ions are added simultaneously with K+, compared to K+ alone, sug-

gesting that the two ions bind to different sites on the (Na+, K+)-ATPase. The gill (Na+, 
K+)-ATPase from the freshwater shrimp M. olfersii responds similarly (Furriel et al. 2004), 
suggesting in this case that at high NH4

+ concentrations the enzyme exposes a new bind-
ing site for NH4

+ that, after NH4
+ binding, modulates pump activity independently of K+. 

Synergistic stimulation of the gill (Na+, K+)-ATPase by K+ plus NH4
+ is seen also in C. 

ornatus (Garçon et al. 2009) although quite differently from C. danae and M. olfersii. When 
NH4

+ substitutes for K+, specific activity increases by 50 % compared to K+ alone. At ele-
vated NH4

+ concentrations, the enzyme is fully active, regardless of K+ concentration, and 
K+ cannot displace NH4

+ from its exclusive binding sites. Further, the binding of NH4
+ to 

its specific sites induces an increase in enzyme apparent affinity for K+, which may con-
tribute to maintaining K+ transport, assuring that exposure to elevated ammonia concen-
trations does not decrease intracellular K+ levels (Garçon et  al. 2009). The (Na+, 
K+)-ATPases from fresh caught hermit crab Clibanarius vittatus (Gonçalves et al. 2006) 
and M. amazonicum (Santos et al. 2007) respond similarly, suggesting that NH4

+ binding 
to the enzyme can be species specific. The additional increase in (Na+, K+)-ATPase activity 
in M. rosenbergii (França et al. 2013) and 45 ‰-acclimated C. vittatus (Lucena et al. 2012) 
in the presence of K+ plus NH4

+ suggests distinct binding sites on the enzyme, both occu-
pied simultaneously by these two ions, and that neither K+ nor NH4

+ can displace each 
other from their respective binding sites. While each ion stimulates enzyme activity in the 
presence of the other, K0.5 remains unaffected. NH4

+ binding seems to induce conforma-
tional changes that affect VM with minor effects on K0.5 (França et al. 2013; Lucena et al. 
2012). Intriguingly, synergistic stimulation by NH4

+ and K+ is not seen in the freshwater 
crab D. pagei (Furriel et al. 2010) although each ion modulates affinity for the other. While 
distinct binding sites for NH4

+ and K+ are present on the D. pagei enzyme, both sites may 
be simultaneously occupied either by NH4

+ or K+, attaining similar maximum velocities. 
NH4

+ binding to its site induces conformational changes that increase K+ affinity but not 
activity; NH4

+ can be dislocated from its binding site by increasing K+ concentrations 
(Furriel et al. 2010). The absence of a synergistic effect induced by K+ plus NH4

+ in the 
pelagic shrimp Xiphopenaeus kroyeri suggests that both ions compete for the same site on 
the enzyme molecule (Leone et al. 2015a).

Given these observations, we have extended Weihrauch’s model (Weihrauch et  al. 
2004a), proposing that the C. danae (Na+, K+)-ATPase is also responsible for directing 
NH4

+ transport to the external environment (. Fig. 3.6) (Masui et al. 2005a).
The synergistically stimulated (extra-pumping) activity of the (Na+, K+)-ATPase is the 

main driving force for NH4
+ transport into the cell, where it may replace K+ or be trans-

ported via a second binding site, exposed when the enzyme is saturated with K+. Basal K+ 
channels, which do not discriminate between K+ and NH4

+, are also present in the gill 
epithelial cells, together with a Rhesus-like protein (Weihrauch et al. 2004a), a carrier that 
can mediate the transfer of NH4

+ across cell membranes. Once in the cytoplasm, NH4
+ can 

be discharged into the subcuticular space by exocytosis inside vesicles acidified by a 
V-(H+)-ATPase or via a Na+/NH4

+(H+) cotransporter present in the apical membrane. 
Finally, NH4

+ diffuses across the cuticle through amiloride-sensitive cation-permeable 
structures.
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3.7  A Role for Polyamines in Regulating Crustacean Gill (Na+, 
K+)-ATPase Activity

Polyamines are basic nitrogen compounds resulting from the decarboxylation of amino 
acids or by amination/transamination of aldehydes and ketones (Askar and Treptow 1986; 
Maijala and Eerola 1993). The polyamines putrescine, spermidine, and spermine 
(. Fig. 3.7) are present in almost all cells and play important roles in protein synthesis, cell 
division, and cell growth (Williams 1997).

They also alter membrane permeability and glucose and ion transport (Elgavish et al. 
1984; Wild et al. 2007). Because they are fully protonated under physiological conditions, 
polyamines can interact with nucleic acids, especially RNA, ATP, specific proteins, and 
phospholipids (Watanabe et al. 1991; Igarashi and Kashiwagi 2010). Polyamines are syn-
thesized by microorganisms, plants, and animals (Brink et al. 1990) and are directly or 
indirectly essential for normal cellular function and proliferation (for review, see Kalac 
2009; Igarashi and Kashiwagi 2010; Pegg 2009). They are ubiquitous, and their localization 
within cells is not restricted to RNA- and DNA-rich structures. They are also present in 
the hemolymph and gills of crustaceans (Péqueux et al. 2002). Putrescine, spermidine, 
and spermine have been detected in the nanomolar range in gill tissue from both E. sinen-
sis and C. sapidus (Lovett and Watts 1995; Péqueux et al. 2002).

Polyamines are closely associated with phospholipids (Toner et  al. 1988) and with 
negatively charged plasma membrane proteins (Lin et al. 2006; Tassoni et al. 1996) but not 

Dopamine Octopamine

Putrescine Spermidine

Spermine

a b

c d

e

 . Fig. 3.7 Schematic representation of the charge densities of various polyamines. (a) Dopamine;  
(b) octopamine; (c) putrescine; (d) spermine; (e) spermidine
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with cytoplasmic proteins. However, spermine in particular interacts with certain ion 
channels (Williams 1997). Intracellular spermine is responsible for the intrinsic gating 
and rectification by strong inward rectifying K+ channels by directly plugging the ion 
channel pore. These K+ channels regulate resting membrane potential in both excitable 
and nonexcitable cells and the threshold excitability of neurons and muscle cells (Ficker 
et al. 1994; Lopatin et al. 1994). Intracellular spermine also causes inward rectification of 
some subtypes of Ca2+-permeable glutamate receptors in the central nervous system, 
again by plugging the receptor channel pore; spermine may permeate the ion channel of 
such receptors.

Extracellular polyamines exert multiple effects on the N-methyl-d-aspartate (NMDA) 
subtype of glutamate receptor, including stimulation that increases receptor currents, and 
voltage-dependent block (Williams 1997). Activation of the NMDA receptor results in 
Ca2+ influx and the activation of nitric oxide synthase (NOS) leading to nitric oxide (NO) 
synthesis (Prast and Philippu 2001). Nitric oxide then stimulates guanylate cyclase (GC), 
increasing intracellular cyclic GMP (cGMP) titers (Rubin and Ferrendelli 1977), which 
activates cGMP-dependent protein kinase (PKG). PKG-mediated effects on neurotrans-
mission include the inhibition of Ca2+ currents (Meriney et al. 1994) and an increase in 
firing rate and neurotransmitter release (Akamatsu et al. 1993). PKG also may be impli-
cated in long-term potentiation (Zhuo et al. 1994) and in regulation of (Na+, K+)-ATPase 
activity (Munhoz et  al. 2005). Polyamines may dually modulate the NMDA receptor 
(Williams 1997). MK-801, a noncompetitive NMDA receptor antagonist, and arcaine, an 
antagonist of the polyamine binding site on the NMDA receptor, prevent the inhibitory 
effect on (Na+, K+)-ATPase activity induced by spermidine (Carvalho et al. 2012). N-nitro- 
L-arginine methyl ester (L-NAME), 1 h-[1,2,4]-oxadiazole-[4,3-a]-quinoxalin-1-one 
(ODQ), and KT5823, inhibitors of NOS, GC, and PKG, respectively, prevent the inhibi-
tory effect of spermidine on (Na+, K+)-ATPase activity (Carvalho et al. 2012). Spermidine 
decreases (Na+, K+)-ATPase activity hippocampus slices, but not in homogenates, 
 suggesting that NMDA receptor/NO/cGMP/PGK mechanisms mediate the effect of sper-
midine on (Na+, K+)-ATPase activity (Carvalho et al. 2012).

The cellular concentration of polyamines is finely regulated by biosynthesis, degrada-
tion, uptake, and excretion (Igarashi and Kashiwagi 1999; Wallace et al. 2003). In both 
prokaryotes and eukaryotes, polyamine levels increase during the cellular response to pro-
liferative stimuli (Marton and Pegg 1995). ATP and sodium gradient-dependent transport 
across the cell membrane, and de novo polyamine biosynthesis are two general mecha-
nisms that regulate intracellular polyamine content (Koenig et al. 1983; Seiler and Dezeure 
1990; Aziz et al. 1994; Kobayashi et al. 1999). Igarashi and Kashiwagi (2010) have reviewed 
polyamine metabolism in mammalian cells. Putrescine is synthesized from ornithine by 
ornithine decarboxylase or from S-adenosylmethionine by S-adenosylmethionine decar-
boxylase; both enzymes are rate limiting (Nishimura et al. 2002; Pendeville et al. 2001). 
Spermidine is synthesized from putrescine by spermidine synthase. The conversion of 
spermidine to spermine is catalyzed by spermine synthase, while both spermidine/sperm-
ine N1-acetyltransferase and acetylpolyamine oxidase catalyze the conversion of spermi-
dine to spermine and that of spermidine to putrescine, respectively (Casero and Pegg 
1993; Hölttä 1977; Jänne et al. 2004). Regulation of cellular polyamine concentration is 
strongly influenced by a protein known as antizyme, which inhibits the activity of orni-
thine decarboxylase and also stimulates degradation (Coffino 2001). Antizyme also inhib-
its polyamine absorption and increases excretion (Suzuki et  al. 1994); however, this 
mechanism is not yet fully elucidated (Igarashi and Kashiwagi 2010).
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Polyamine deficiency causes decreases in DNA polymerase, thymidine kinase, DNA 
ligase I, and flap endonuclease activities, linked to strong inhibition of DNA synthesis 
(Johansson et al. 2008). The ability to stabilize various cellular and subcellular particles 
may constitute another physiological action of polyamines (Tabor and Tabor 1984; Jellink 
and Perry 1967). Osmotic stress apparently causes an increase in total cellular polyamine 
content with a marked increase in spermidine (Jantaro et al. 2003). Polyamines also inhibit 
(Na+, K+)-ATPase activity in various vertebrate tissues by binding to amino acid residues 
on the enzyme (Heinrich-Hirsch et al. 1977; Robinson et al. 1986; Kuntzweiler et al. 1995; 
Quarfoth et al. 1978; Tashima et al. 1978).

The regulation of crustacean gill (Na+, K+)-ATPase activity is likely controlled by neu-
roendocrine factors (Morris and Edwards 1995). Polyamines affect (Na+, K+)-ATPase 
activity (Silva et al. 2008; Garçon et al. 2011) and are involved in osmotic and ionic regula-
tion by interacting directly with the (Na+, K+)-ATPase (Lovett and Watts 1995). In C. 
sapidus, gill polyamine levels respond differentially to salinity change, each polyamine 
responding differently (Lovett and Watts 1995; Watts et al. 1994). Putrescine  concentration 
in all gills is significantly lower in crabs acclimated to low salinity (10 ‰) than in crabs 
acclimated to high salinity (35 ‰) (Lovett and Watts 1995), in contrast to increased 
putrescine concentrations in Artemia franciscana after hypo-osmotic exposure (12 ‰) 
(Watts et al. 1994). The induction in A. franciscana of ornithine decarboxylase, an enzyme 
that converts L-ornithine to putrescine, represents one of the first enzyme systems acti-
vated in euryhaline organisms during hypo-osmotic stress (Watts et al. 1996).

Polyamine titers, particularly putrescine, are inversely proportional to (Na+, K+)-
ATPase activity in Artemia nauplii acclimated to different salinities (Lee 1992). In C. 
sapidus and A. franciscana, spermidine concentration does not differ significantly 
among acclimation salinities or gills (Lovett and Watts 1995; Watts et al. 1994). In con-
trast, spermine concentration in gills six and seven of crabs acclimated to low salinity is 
significantly greater than in crabs acclimated to high salinity, with no changes in gills 
three and four, regardless of acclimation (Lovett and Watts 1995). This may result from 
stimulation of cell differentiation in osmoregulatory gills six and seven (Lovett and 
Watts 1995), since the role of polyamines in cellular differentiation is well known (Heby 
1989). Anterior and posterior gills from E. sinensis show differences in polyamine con-
centration (Péqueux et al. 2002). Under optimal Na+ (100 mmol L−1) and K+ (10 mmol 
L−1) concentrations, increasing concentrations of putrescine, spermine, and spermidine 
inhibit C. danae gill (Na+, K+)-ATPase by 20 % (Silva et al. 2008). At tenfold lower ion 
concentrations, spermine, and spermidine, but not putrescine, cause 40 % inhibition 
(Silva et al. 2008). Inhibition of C. ornatus gill (Na+, K+)-ATPase activity by spermidine 
and spermine is concentration dependent (Garçon et al. 2011) in contrast to C. danae 
(Silva et al. 2008). K0.5 values for Na+, K+, and NH4

+ in C. ornatus gill (Na+, K+)-ATPase 
activity are markedly affected by spermine and spermidine (Garçon et al. 2011) in con-
trast to the C. danae enzyme where spermidine affects the K0.5 for Na+ only (Silva et al. 
2008). Putrescine has a negligible effect on C. ornatus gill (Na+, K+)-ATPase (Garçon 
et  al. 2011) compared to the 20 % inhibition seen for C. danae (Silva et  al. 2008). 
Putrescine inhibits the C. sapidus (Na+, K+)-ATPase by increasing the apparent K0.5 for 
Na+ (Lovett and Watts 1995). For 15 ‰- and 28 ‰-acclimated C. danae, the efficiency 
of spermidine inhibition was greater than spermine (Garçon unpublished data) as seen 
for the C. ornatus gill enzyme (Garçon et al. 2011); in 40 ‰-acclimated C. danae, sperm-
ine inhibition is greater than spermidine (Garçon unpublished data). The effect of 
spermine and spermidine on the Na+ and K+ sites on the C. ornatus enzyme (Garçon 
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et al. 2011) differs considerably from that for the C. danae enzyme, where spermidine 
inhibits pumping activity by competing with Na+ at the Na+-binding site, also inhibiting 
enzyme dephosphorylation (Silva et al. 2008). Apparently, the effect of spermine and 
spermidine concentration on inhibition of C. danae gill (Na+, K+)-ATPase activity is a 
consequence of both size and charge since, at physiological pH, spermine has a greater 
charge density (Silva et al. 2008). Based on the availability of positive charges within its 
structure, the polyamine showing the greatest charge density should exhibit greater 
interaction with the cation-binding domain of the (Na+, K+)-ATPase. However, for the 
C. ornatus enzyme, the fact that spermidine was a stronger inhibitor than spermine sug-
gests that polyamine inhibition of (Na+, K+)-ATPase activity is dependent on both the 
ionic charge radius of the molecule and the aliphatic chain length (Garçon et al. 2011). 
Both spermidine and putrescine, but not spermine, show important effects on the for-
mation, stability, and dephosphorylation of the phosphoenzyme in juvenile and adult 
M. amazonicum and on KI values for spermidine inhibition of (Na+, K+)-ATPase activ-
ity (Lucena et  al. 2016). The time course of phospho-intermediate (EP) formation 
(. Fig. 3.8) is greater in adult than juvenile M. amazonicum with spermidine but similar 
with putrescine (Lucena et al. 2016).

Maximal EP formation for (Na+, K+)-ATPase from juvenile shrimp decreased 46 % 
and 32 % in the presence of 10 mmol L−1 spermidine or 25 mmol L−1 putrescine, respec-
tively (Lucena et al. 2016). In adults, maximal EP levels decreased 50 % and 8 % in the 
presence of 20 mmol L−1 spermidine or 50 mmol L−1 putrescine, respectively. With both 
spermidine and putrescine, dephosphorylation rates were higher for adults than juveniles 
and were always higher than controls (Lucena et al. 2016).

Concluding, polyamines appear to influence osmotic and ionic regulation in crusta-
ceans during acclimation to different salinities. It is difficult to envisage a physiologically 
important role for spermine in modulating the (Na+, K+)-ATPase present in the ionocyte 
plasma membranes given that this polyamine is restricted to the cell nucleus (Tabor and 
Tabor 1984). Spermine may function as a salvage compound and may provide a reserve 
pool to be converted back to putrescine, as seen in vertebrates (Jänne et al. 1991). Thus, 
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 . Fig. 3.8 Effect of spermidine and putrescine on [γ-32P]ATP phosphorylation of the gill (Na+, 
K+)-ATPase from juvenile and adult M. amazonicum. Juvenile: (●) control; (○) 10 mmol L−1 spermidine; 
(□) 25 mmol L−1 putrescine. Adult: (●) control; (○) 20 mmol L−1 spermidine; (□) 50 mmol L−1 putrescine 
(Reproduced from Lucena et al. (2016) with permission)
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like the species-specific differences seen in ouabain affinity for the (Na+, K+)-ATPase 
(Pressley 1992), the kinetic modulation of crustacean Na,K-ATPase activity by polyamines 
also seems to be species specific (Lucena et al. 2016).

3.8  Crustacean Ontogeny and the (Na+, K+)-ATPase: 
The Freshwater Shrimp Macrobrachium amazonicum 
as a Model

The establishment of a species in a given niche depends on the ability of each of its devel-
opmental stages to adapt to their respective environments. The occupation of fresh water 
from more concentrated media requires the ability to maintain an elevated hemolymph 
osmolality and that a species be able to complete its life cycle independently of access to 
marine or brackish waters (Charmantier 1998). Many species may still be actively invad-
ing fresh water, since some of their ontogenetic stages still depend on brackish or marine 
waters to develop or reproduce (Tan and Choong 1981; Dugger and Dobkin 1975; Read 
1982; Moreira et al. 1983; Péqueux 1995).

Crustacean embryos are enveloped by the embryonic yolk membrane and the corium 
(Stronberg 1972). During early embryogenesis, the eggs may be incubated on the female’s 
pleiopods in sealed pouches and are osmotically protected (Charmantier 1998; 
Charmantier and Charmantier-Daures 2001). Osmoregulatory capacity then develops 
gradually and persists throughout the life cycle. However, in some species the eggs are 
exposed to the external environment, and the egg membranes osmotically protect the 
embryo. In this case, the embryos osmoconform during embryogenesis and acquire 
osmoregulatory capacity during the postembryonic stages (Charmantier 1998).

Ontogenetic differences in osmoregulatory capacity result from differential salt toler-
ances and involve morphological changes that determine the capability of each develop-
mental stage to adjust physiologically and to occupy niches of different salinities 
(Charmantier 1998; Anger 2003; Boudour-Boucheker et al. 2013). Three basic osmoregu-
latory patterns are encountered during crustacean ontogenesis: (i) osmoregulatory ability 
is weak, varies little with development and is not altered by metamorphosis; (ii) adult 
osmoregulatory ability is established in the first postembryonic stage; and (iii) metamor-
phosis marks the appearance of adult osmoregulatory ability (Charmantier 1998).

The ontogeny of osmoregulation has been examined in many different crustaceans 
including A. franciscana (Conte et al. 1977; Peterson et al. 1978; Escalante et al. 1995), 
Callianassa jamaicense (Felder et  al. 1986), Penaeus japonicus (Bouaricha et  al. 1994), 
Palaemonetes argentinus (Charmantier and Anger 1999; Ituarte et  al. 2005, 2008), M. 
rosenbergii (Wilder et al. 2001), Crangon crangon (Cieluch et al. 2005), M. olfersii and M. 
amazonicum (Augusto et al. 2007), Rhithropanopeus harrisii (Kalber and Costlow 1966), 
Hemigrapsus sexdentatus (Seneviratna and Taylor 2006), H. crenulatus (Taylor and 
Seneviratna 2005; Seneviratna and Taylor 2006) and H. edwardsii (Taylor and Seneviratna 
2005), Homarus gammarus (Haond et  al. 1999; Lignot and Charmantier 2001; 
Khodabandeh et  al. 2006), and Astacus leptodactylus (Susanto and Charmantier 2000, 
2001). The relationship between survival and salinity (0.16–44.3 ‰) in different develop-
mental stages (zoeae, megalopae, juveniles and adults) has been examined in Eriocheir 
sinensis (Cieluch et al. 2007). The adult pattern of osmoregulation develops in E. sinensis 
through two molts: (i) from a moderately hyper-isoregulating zoea l to the moderately 
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hyper-/hypo- regulating megalopa and (ii) from the megalopa to a strongly euryhaline, 
hyper-/hypo-regulating first juvenile crab stage.

One of the best-studied species is the palaemonid shrimp Macrobrachium amazoni-
cum that exhibits at least two geographically isolated populations, one in the Amazon 
estuary in northern Brazil and the other from the seasonally inundated flood plains of the 
Pantanal in southwestern Brazil (Charmantier and Anger 2011). There are considerable 
differences in salinity tolerance and osmoregulatory ability between such populations. In 
the estuarine population, all ontogenetic stages are strong hyper-osmoregulators in brack-
ish water (1–17 ‰ salinity) and hypo-osmoregulators at higher salinities. Except for the 
first postembryonic stage, hyper-osmoregulation in fresh water is absent in zoea I and 
weak in the other larvae and early juveniles. This complex pattern is consistent with a 
diadromous life cycle: hatching in rivers, rapid larval downstream transport to brackish 
estuarine waters, and active upstream migration of later juveniles and adults (Magalhães 
1985; Moreira et al. 1986; Magalhães and Walker 1988; Odinetz-Collart 1991; Augusto 
et al. 2007; Anger 2013). In contrast, the Pantanal population spends its entire life cycle in 
fresh water (Anger and Hayd 2010; Hayd and Anger 2013). All life cycle stages survive in 
fresh water and hyper-osmoregulate in fresh and brackish waters (0.2–17 ‰ salinity). 
Mortality increases during experimental exposure to higher salinities, and no ontogenetic 
stage is able to survive in seawater. Hypo-osmoregulatory ability is completely absent in 
the Pantanal population. These differences between estuarine and fully limnic inland 
shrimps are suggestive of an initial species diversification attributable to continued genetic 
isolation of the Amazon and Pantanal populations, probably since the Late Miocene or 
Pliocene (Charmantier and Anger 2011; Vergamini et al. 2011; Anger 2013).

Further, gills are absent, and the (Na+, K+)-ATPase is localized along the inner epithe-
lium of the branchiostegite in the newly hatched zoeae I of both populations. There are 
also notable differences in gill development and (Na+, K+)-ATPase expression between the 
intermediate (zoea V) and later larval stages (decapodid) in the two populations. (Na+, 
K+)-ATPase activity is found in the gills and branchiostegites of juveniles, with no differ-
ences between populations. (Na+, K+)-ATPase is found in the antennal glands of all devel-
opmental stages on hatching in both populations. The hypo-osmoregulatory ability of the 
early developmental stages of the Amazon population may be linked to ion transport 
across the inner branchiostegite epithelium, in which the (Na+, K+)-ATPase is absent or 
weak in the Pantanal population. In this population, fully functional gills expressing (Na+, 
K+)-ATPase appear to be essential for efficient hyper-osmoregulation in the late 
 developmental stages (Boudour-Boucheker et  al. 2013). In both fresh water and high 
salinity medium (25 ‰), (Na+, K+)-ATPase labeling is restricted to the gill intralamellar 
septal cells, while immunogold labeling reveals the (Na+, K+)-ATPase along the basal 
infoldings of the membrane as seen in M. olfersii (McNamara and Torres 1999). In the 
branchiostegite, (Na+, K+)-ATPase immunofluorescence is found in the cells of the inter-
nal epithelium, independently of salinity (Boudour-Boucheker et al. 2014).

The relationship between ontogeny and kinetic characteristics of the (Na+, K+)-ATPase 
has been systematically analyzed in microsomal homogenates of whole zoeae I and 
decapodid III (zoea IX) and whole-body and gill homogenates of juvenile and adult M. 
amazonicum reared from the estuarine population (Leone et al. 2012). The considerable 
differences in modulation by Na+ (zoea I), K+ and ATP (decapodid III) of (Na+, K+)-
ATPase activity suggest an important role in the osmoregulatory capability of the larval 
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stages. The NH4
+-stimulated, ouabain-insensitive ATPase activity seen in zoea I and 

decapodid III may reflect a stage-specific means of ammonia excretion since functional 
gills are absent in the early larval stages (Leone et al. 2012).

(Na+, K+)-ATPase activity in zoea I and decapodid III of estuarine M. amazonicum is 
synergistically stimulated by K+ at fixed NH4

+ concentrations (Leone et al. 2014). The ≈ 90 % 
synergistic stimulation of (Na+, K+)-ATPase activity by K+ in the presence of NH4

+ seen in 
zoea I may constitute part of an osmo-protective mechanism since zoea I is strongly euryha-
line and can survive well at salinities ranging from 0 to 28 ‰ salinity (McNamara et al. 1983). 
The modulation of (Na+, K+)-ATPase activity is ontogenetic stage specific (. Fig. 3.9) and 
particularly distinct between juveniles and adults (Leone et al. 2014).

Although both gill enzymes exhibit two different sites for K+ and NH4
+ binding, in the 

juvenile enzyme these two sites are equivalent: binding by both ions results in slightly 
stimulated activity compared to that of a single ionic species. In the adult enzyme, the sites 
are not equivalent: when one ion occupies its specific binding site, (Na+, K+)-ATPase 
activity is stimulated synergistically by ≈ 50 % on binding of the complementary ion 
(Leone et al. 2014). These data suggest that the gill enzyme may be regulated by NH4

+ dur-
ing ontogenetic development in M. amazonicum.
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 . Fig. 3.9 Modulation by K+ plus NH4
+ of microsomal (Na+, K+)-ATPase activity in gill tissue from 

juvenile and adult M. amazonicum. (a) Juveniles. (b) adults. NH4
+ concentration: (●) none, (○) 0.3 mmol 

L−1, (■) 1 mmol L−1, (□) 2 mmol L−1, (∆) 3 mmol L−1, (▲) 5 mmol L−1, (▷) 10 mmol L−1, (►) 30 mmol L−1. 
(c) Juveniles. (d) Adults. K+ concentration: (●) none, (○) 0.4 mmol L−1, (□) 0.5 mmol L−1, (■) 2 mmol L−1, 
(∆) 5 mmol L−1, (▲) 10 mmol L−1, (▷) 20 mmol L−1 (Reproduced from Leone et al. (2014) with 
permission)

Chapter 3 · Gill Ion Transport ATPases and Ammonia Excretion in Aquatic Crustaceans



3

90

3.9  Conclusions and Perspectives

Since its discovery in 1954, the (Na+, K+)-ATPase has been investigated intensively. While 
the vertebrate enzyme is one of the most studied P-ATPases, various aspects of its struc-
ture and catalytic activity still require elucidation. The participation of the (Na+, K+)-
ATPase and other ATPases in crustacean osmoregulation also has attracted attention, 
requiring comprehension of their regulatory processes. However, the low concentration of 
the (Na+, K+)-ATPase in crustacean gills, representing less than 5 % total protein, consti-
tutes a technical limitation that has hindered progress regarding its structural features.

We show that while sharing some characteristics in common with the mammalian 
enzyme, modulation of crustacean gill (Na+, K+)-ATPase activity is unique in many 
aspects, including features not yet reported for the mammalian enzyme, such as the 
appearance of high-affinity ATP-binding sites at a specific K+ concentration; a propor-
tional increase in (Na+, K+)-ATPase activity at elevated NH4

+ concentrations; “extra- 
pumping” (Na+, K+)-ATPase activity at high NH4

+ concentrations; and species specific, 
synergistic stimulation of (Na+, K+)-ATPase activity by K+ and NH4

+. Further, (Na+, K+)-
ATPase hydrolytic activity is inhibited by polyamines both by competition with Na+ at the 
Na+-binding site and by inhibiting enzyme dephosphorylation. These effects on the 
 crustacean gill (Na+, K+)-ATPase may be both species- and ontogenetic stage specific, 
possibly correlating with the biochemical adjustment of each developmental stage or spe-
cies to the ammonia concentration found in its natural environment. Whether alterations 
in gill (Na+, K+)-ATPase activity reflect different regulatory mechanisms and/or transport- 
regulating factors needs to be investigated. Future studies also should focus on the expres-
sion of (Na+, K+)-ATPase isoforms during ontogenesis and their role in active ammonia 
excretion.
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4.1  Introduction

Metabolism of proteins and nucleic acids results in the production of nitrogen-containing 
compounds. Deamination of amino acids, for example, yields α-keto acids that can be 
oxidized to carbon dioxide and water, but also ammonia. Ammonia may also be derived 
from the metabolism of urea or uric acid. Some of the resulting ammonia can be recycled 
through transamination reactions, by which glutamate is formed from α-ketoglutarate 
and glutamine is formed from glutamate. Any excess ammonia, however, is toxic; NH4

+ 
may interfere with neuronal activity because it can pass through K+ channels, whereas 
NH3 may perturb the pH of cells and organelles, including mitochondria. Although some 
insects, such as the larvae of the sheep blowfly, tolerate high levels (10–20 mM) of ammo-
nia in their hemolymph (Marshall and Wood 1990), in general, the excretory system func-
tions to prevent accumulation of toxic levels of ammonia. A few species, discussed below, 
excrete much of their nitrogenous waste as ammonia, but insects generally are viewed as 
uricotelic, in keeping with the Baldwin–Needham hypothesis that terrestrial animals 
excrete nitrogenous excretion products with low solubility, such as urea, uric acid, or 
allantoin, as a means of conserving water (Baldwin and Needham 1934).

4.2  Uric Acid

4.2.1  Transport of Uric Acid by the Malpighian Tubules of Insects

Although uric acid is synthesized from either amino acid nitrogen or nucleic acid nitrogen, 
the former source is more important because insects generally ingest more protein than 
nucleic acids. The amino acids Gln, Glu, Asp, and Gly donate the four N-groups to the 
purine ring during uric acid biosynthesis in the fat body (. Fig. 4.1) (Barrett and Friend 
1970; Bursell 1967). Uric acid, in spite of the metabolic cost of its synthesis (8 mols ATP/mol 
uric acid), is an ideal compound for elimination of excess nitrogen because it is only slightly 
soluble at physiological pH. The low solubility both reduces the toxicity of uric acid and also 
allows it to be excreted without the loss of much water. Blood-feeding insects must eliminate 
large amounts of nitrogenous waste produced as the protein-rich meal is metabolized. The 
tsetse fly, Glossina morsitans, for example, eliminates surplus nitrogen by excreting ~ 50 % of 
the dry weight of the ingested blood in the form of nitrogen-containing compounds (mainly 
uric acid, but also arginine and histidine) (Bursell 1965). In another blood feeder, Rhodnius 

 . Fig. 4.1 Sources (dashed 
lines) of N and C atoms in the 
purine ring of uric acid
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prolixus, urate is excreted at a rate equivalent to more than 15 % of the unfed body weight per 
day (O’Donnell et  al. 1983). Urate transport has been described for the isolated lower 
Malpighian tubules of Rhodnius, as well as tubules of locusts, butterfly larvae, and mantids, 
suggesting that the mechanism is widespread (O’Donnell et al. 1983). Calculations of the 
electrochemical gradients for urate in the lower tubule cells versus the hemolymph and the 
lumen versus the cells indicate that urate secretion is likely to be an active process across 
both the basolateral and apical membranes (O’Donnell et al. 1983). Although most studies 
have dealt with nymphs or adult insects, uric acid deposition in the tubule lumen has been 
demonstrated in the embryo in Drosophila, prior to emergence of the first instar larva 
(Ainsworth et al. 2000). In Calliphora, urate oxidase activity in the Malpighian tubules con-
verts uric acid to a related nitrogenous compound, allantoin, which is then excreted.

Most cockroaches excrete ammonia rather than uric acid, as described below, but a few 
species in subfamilies Blatellinae and Plecopterinae, as well as the wood cockroach Cryptocercus, 
excrete urates in the form of spherules that are found in the lumen of the Malpighian tubules 
(Lembke and Cochran 1988). Birefringent materials occur in vacuoles within the tubule cells of 
these species, suggesting a vesicular transport mechanism for urates.

4.2.2  Contrasts with Mechanisms of Urate Transport  
in Vertebrate Kidney

The mechanism of urate transport in insects is distinct from that seen in vertebrates; trans-
port of urate by the Malpighian tubules is ouabain-insensitive and results in the precipita-
tion of free uric acid instead of urate salts (Na+, K+). In the mammalian kidney, a 
sodium-dependent phosphate transporter (NPT1) acts as a membrane potential-driven 
urate exporter across the apical membrane of the kidney (Miyaji et al. 2013). Uptake of 
urate into the kidney cell may involve organic anion transporters OAT1 and OAT3, which 
exchange cellular dicarboxylates that are recycled through a Na+-dependent transporter 
(Eraly et  al. 2008). The transporters responsible for urate secretion by the Malpighian 
tubules are unknown, but members of the ABCG family are possible candidates. The ABCG 
family proteins are known as “half-type” ABC transporters comprising a single nucleotide-
binding domain in the amino terminus and a single transmembrane domain in the car-
boxyl terminus. It has been proposed that a heterodimer of two ABCG members, Bm-ok 
and Bmwh3, are responsible for urate transport by the epidermal cells of the silkworm 
Bombyx mori (Wang et al. 2013). Bm-ok encodes a protein belonging to the ABCG family 
of ABC transporters, which includes Brown, Scarlet, and White. In Drosophila, White 
encodes an ABCG transporter that is responsible for secretion of cGMP into the Malpighian 
tubule lumen (Evans et al. 2008). Given the role of ABCG transporters in urate transport in 
B. mori, it will be of interest in future studies to determine the possible role of White and 
other ABCG transporters in urate secretion by insect Malpighian tubules.

4.2.3  Urate Salts as “Ion Sinks” During Dehydration/ 
Rehydration in Cockroaches

Cockroaches can be considered as internally uricotelic but externally ammonotelic and 
uricotelic (Cochran et al. 1985; Mullins 2015). Although ammonium is the final form of 
nitrogenous waste in the excreta in many species, such as Periplaneta americana  
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(see below), urate salts play a central role in ionoregulatory and N-balance physiology in 
these insects. Both K+ and Na+ are sequestered in the fat bodies during dehydration and 
then released during rehydration (Hyatt and Marshall 1977, 1985a). Measurements using 
X-ray microanalysis confirmed that urate crystals within the urocytes sequester both K+ 
and Na+ in water-deprived P. americana (Hyatt and Marshall 1985b). Storage of Na+ and 
K+ thus provides the insect with the ions needed to maintain hemolymph osmolality and 
ion balance when hemolymph volume increases after rehydration with fresh water.

In some species, insertion of the spermatophore may be accompanied by urates stored 
in specialized male accessory glands, forming a genital plug (Graves 1969; Roth and Dateo 
1965). After the spermatophore is emptied, the female may consume the discarded sper-
matophore and associated urates, thus contributing to nitrogen balance.

4.2.4  Storage Excretion of Uric Acid in Larval Lepidoptera  
(Fat Body and Epidermis)

The excretory system is nonfunctional during larval–pupal metamorphosis of holome-
tabolous insects, and uric acid is sequestered during this stage of the life cycle. 
Lepidopterans accumulate uric acid in the fat body during metamorphosis (Buckner 
1982), whereas fly pupae store it in the fat body, intestine, and the Malpighian tubules in 
response to the cessation of excretion (Schwantes 1990). The switch from excretion to 
storage during the transition from the feeding to the wandering stage in larval tobacco 
hornworms (Manduca sexta) is hormonally controlled and requires an increase in the 
titer of 20-hydroxyecdysone and a decrease in the titer of juvenile hormone I (Buckner 
1982). Fat body urate levels increase and hemolymph urate concentration declines at 
this time. Staining with reduced silver has demonstrated that urate is stored as discrete 
membrane- bound vacuoles in the fat body of M. sexta pupae. Electron micrographs 
reveal that the vacuoles contain tightly coiled fibers of crystalline uric acid or urate salts 
and that each fiber is enveloped with protein (Buckner et  al. 1990). Uric acid is also 
stored in wings or larval cuticle in Lepidoptera, presumably to provide pigmentation 
(Tojo and Yushima 1972).

4.2.5  Uric Acid as a Protectant Against Oxidative Stress

Blood-feeding arthropods utilize several mechanisms to minimize the impact of multiple 
reactive oxygen species produced from reactions involving both the iron and the heme 
group that are released during digestion of hemoglobin (Graça-Souza et al. 2006). One of 
these mechanisms involves production of antioxidants of low molecular mass, such as 
urate. Although the Malpighian tubules of the blood-feeding hemipteran Rhodnius pro-
lixus secrete urate at high levels after the blood meal, rates of synthesis and excretion are 
balanced so that high concentrations of urate (up to 5 mM) are retained in the hemo-
lymph. Urate accounts for almost all of the scavenging of free radicals in the hemolymph 
(Souza et al. 1997). The synthesis of urate by the fat body increases in response to hemin 
injection but also when the insects are exposed to hyperoxia, confirming that urate release 
into the hemolymph is an antioxidant response. The signaling pathway leading to stimula-
tion of urate synthesis by hemin in R. prolixus involves activation of protein kinase C 
(Graça-Souza et al. 1999).
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4.3  Nitrogen Recycling

Insects feeding on wood, phloem, plant sap, and other nitrogen-deficient diets make use 
of microbial symbionts to recycle nitrogen, using ammonia as a substrate for the synthesis 
of essential amino acids (EAAs) which are then available to the host (Macdonald et al. 
2012). In addition, the symbionts may also be capable of nitrogen fixation. At least 60 spe-
cies of wood-feeding insects from three orders (Blattodea, Coleoptera, and Hymenoptera) 
harbor symbiotic prokaryotes which fix N2 (Ulyshen 2015). Screening for the nifH gene, 
which encodes a major component of nitrogenase, suggests that multiple types of N-fixing 
bacteria and Archaea are present in the guts of wood-eating insects (Ulyshen 2015). 
Symbiont contributions to the N economies of their hosts thus represent a common solu-
tion to the problem of surviving on a diet of wood. The insect host benefits from the 
metabolic capabilities of the bacteria to fix N and obtains N-containing organic com-
pounds from the endobacteria. The endosymbionts, in return, obtain a stable and pro-
tected habitat and a reliable supply of the required nutrients for their reproduction 
(Orona-Tamayo and Heil 2015). These symbioses not only contribute to insect biomass, 
but may also make a significant contribution to N-cycling in particular ecosystems 
(Orona-Tamayo and Heil 2015). As an alternative to bacterial endosymbionts, some 
insects which feed on wood augment their nitrogen balance by ingesting cord-forming 
fungi which translocate soil nitrogen into the decomposing wood.

Cockroaches accumulate uric acid in the fat body, especially on protein-rich diets. The 
deposits of uric acid are then depleted when the insects are transferred to a low-protein 
diet (Cochran et al. 1985). Increased gene expression for urate oxidase and glutamine syn-
thetase in cockroaches deprived of dietary nitrogen is consistent with a role for uric acid 
as a reservoir of nitrogen that is mobilized when dietary nitrogen intake is limited (Patiño- 
Navarrete et al. 2014). Much of the diet of primitive cockroaches was low in nitrogen and, 
as a consequence, mechanisms to store excess nitrogen in the fat bodies were probably an 
adaptive response to exploit occasional nitrogen-rich food sources (Mullins 2015).

Cockroaches benefit from the contributions of two distinct systems of microbial sym-
bionts to their N economy: mycetocytes in the fat body and microbes in the hindgut. The 
symbionts provide the insects with the capacity to recycle stored urates (Mullins 2015). 
Three cell types are present in the fat body: whereas the trophocytes function as centers of 
intermediary metabolism and storage, the mycetocytes contain symbiotic bacteroids 
implicated in synthesis of essential amino acids, and the urocytes store urates as distinct 
crystalline spherules. The bacterial symbiont Blattabacterium in the mycetocytes pro-
duces vitamins and metabolizes sulfur and sulfur-containing amino acids for the host. The 
bacterium, in turn, relies upon the host’s tissues for production of the amino acids Gln, 
Asp, Pro, and Gly (Patiño-Navarrete et al. 2014). These amino acids are produced through 
a chimeric metabolic pathway in which enzymes are supplied by both the host and the 
endosymbiont. Uric acid is degraded to allantoin, allantoic acid and then urea using the 
host’s enzymes in the fat body. The urea is then broken down by urease in the endosymbi-
ont, and the resulting ammonia is synthesized into glutamine using glutamine synthetase 
supplied by the host.

In the brown planthopper Nilaparvata lugens (Hongoh and Ishikawa 1997), endosym-
bionts enable the host to use uric acid as a nitrogen source during starvation periods, as 
for cockroaches, but with the difference that the uricolytic activities are supplied by the 
symbionts. Homopterans such as N. lugens feed on plant saps which are characterized by 

 M.J. O’Donnell and A. Donini



115 4

low levels of N and unbalanced amino acid compositions. They utilize uric acid not just as 
a nitrogenous waste, but as an N-storage product when they ingest more nitrogen than 
they need. Uricolysis in the yeast-like fungal endosymbionts can then provide the host 
with the ammonia needed for amino acid synthesis. In the shield bug Parastrachia japo-
nensis, uric acid is excreted by nymphs and reproductive adults but is retained by diapaus-
ing adults which survive without feeding for 10 months to 2 years. Uric acid is recycled as 
an amino acid source with the aid of Erwinia-like bacteria found only in the cecum of the 
midgut, and the uricase functions as a key enzyme during recycling (Kashima et al. 2006).

Endosymbiotic bacteria are also implicated in synthesis of some of the essential amino 
acids (EAAs) in aphids (Douglas 2006, 2015; Sasaki and Ishikawa 1995); symbionts essen-
tially hydrolyze glutamine and asparagine into glutamic acid and aspartic acid, respec-
tively (Leroy et al. 2011). Bacteria of the genus Buchnera, for example, contribute up to 
90 % of the essential amino acids required by the pea aphid (Douglas 2006). It is worth 
noting the ratio of essential amino acids: nonessential amino acids in plant phloem sap are 
1:4–1:20, considerably lower than the ratio of 1:1 in animal protein (Douglas 2006). The 
high levels of free proline and alanine in whiteflies are consistent with known roles for 
proline as a fuel, via oxidation to alanine, for flight (Gäde 1992). Glutamine metabolism 
appears to play a pivotal role as aphids adjust to changes in plant nitrogen status. Decreases 
in the pool of glutamine may allow the maintenance of the proline and alanine pools used 
for flight muscle metabolism (Crafts-Brandner 2002).

Recent studies have also revealed nitrogen recycling and host–symbiont sharing of 
biosynthetic pathways for synthesis of EAAs in the pea aphid Acyrthosiphon pisum 
(Macdonald et al. 2012). The bacterial symbiont Buchnera aphidicola is restricted to the 
cytoplasm of the bacteriocyte “host cell” and it supplies the host cell cytoplasm with car-
bon skeletons derived from the host’s nonessential amino acids. Aphid transaminases then 
combine nitrogen derived from ammonia produced by the host cell metabolism with the 
carbon skeletons from the symbiont to synthesize essential amino acids. As in mosquitoes, 
glutamine synthetase/glutamine oxoglutarate aminotransferase (also known as glutamate 
synthase) (GS/GOGAT) plays an essential role in EAA synthesis.

Gut microbes also make important contributions to metabolic nitrogen utilization in 
the Asian long-horned beetle Anoplophora glabripennis (Motschulsky) (Coleoptera: 
Cerambycidae: Lamiini). The endosymbionts are important both in nitrogenous waste 
product (urea) recycling and in nitrogen fixation (Ayayee et al. 2014).

4.4  Ammonia Excretion in Terrestrial Insects

4.4.1  Locusts

Ammonium, in the excreta of the desert locust Schistocerca gregaria, is present in the form 
of a precipitate, so its elimination is compatible with conservation of water. It appears that 
most NH4

+ is precipitated with organic anions because the concentration of ammonium 
in the excreta exceeds that of urate threefold (Harrison and Phillips 1992). The advantage 
of ammonium urate excretion is twofold; ammonium urate is less soluble than uric acid, 
and it also provides for the elimination of an additional N relative to uric acid. Whereas 
urate and organic ions are secreted by the Malpighian tubules, most of the NH4

+ is  
transported across the ileum and into the hindgut lumen through amiloride-sensitive 
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Na+/NH4
+ exchange. Although the Malpighian tubules secrete fluids containing as much 

as 5 mM ammonia, the amount excreted by the tubules is less than 10 % of total NH4
+ 

excreted. The ileum is also a major site of acid excretion through H+ trapped by NH3 as 
NH4

+ (Lechleitner et al. 1989).

4.4.2  Cockroaches

Although 90 % of nitrogenous waste in the fecal pellets of some species of cockroaches 
consists of ammonia, much of the excreted ammonia appears to be derived from the 
actions of hindgut microflora on urate salts or other N compounds. Ammonium ions are 
the major cations contained in the feces and are excreted in increasing amounts as the 
dietary nitrogen levels increase. As a consequence of the relative toxicity of ammonia, 
water excretion and hence water uptake are increased on N-rich diets. In P. americana, for 
example, a threefold increase in dietary nitrogen is correlated with a 92 % increase in 
water intake. Ammonia may be secreted by the Malpighian tubules and released into the 
anterior end of the hindgut, where some of it may be recycled into metabolic nitrogen by 
gut microbial systems before excretion in the feces. Although the predominance of ammo-
nia as a nitrogenous waste in cockroaches such as P. americana has been known since 
1972, the means by which ammonia is transported into the hindgut, or is produced therein 
by microflora, is still unclear. Relative to our understanding of mycetocytes in nitrogen 
metabolism in the fat body, much less is known of the involvement of gut microbial sys-
tems in ammonia metabolism and subsequent absorption of potentially useful materials 
in the hindgut. Some of the bacteria in the hindgut are involved in nitrogen fixation, and 
their abundance increases in cockroaches on nitrogen poor diets, suggesting that the gut 
microbiota complement the activities of Blattabacterium in the fat body (Pérez-Cobas 
et al. 2015). Gut microbes may also be involved in synthesis of acetate and butyrate which 
may be absorbed across the hindgut wall (Mullins 2015). However, as the latter author 
noted: “The involvement of gut microbial systems in ammonia metabolism, coupled with 
subsequent absorption of potentially useful materials achieved by processes within the 
hindgut, is a much needed area of investigation”.

4.4.3  Flesh Fly Larvae

It has been known since the early years of the last century that ammonia constitutes the 
majority of the nitrogenous waste of the blowfly Calliphora vomitoria (Weinland 1906). 
Subsequent work revealed that larvae reared on sterile media also excrete ammonia result-
ing from their own metabolism, but that ammonifying bacteria normally present on rot-
ting meat are an additional source of ammonia in the larval environment (Hobson 1932). 
Larvae of the flesh fly Sarcophaga bullata also ingest ammonia as they burrow into and 
feed upon rotting flesh. Ammonia is absorbed across from the midgut and excreted across 
the hindgut epithelium. The larvae are also exposed to excess ammonia resulting from 
protein metabolism. Using an isolated hindgut preparation, Prusch showed that ammonia 
can be secreted against a lumen–alkaline pH gradient which would oppose NH3 diffusion 
(Prusch 1972). NH4

+ secretion is independent of that for K+, which is also actively secreted 
into the lumen. Ammonium secretion is reduced ~ 60 % when either K+ or Na+ is removed, 
consistent with a link between alkali cation transport and NH4

+ secretion.
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4.4.4  Drosophila

Ammonia may accumulate to high levels in the medium ingested by larvae of the fruit fly 
Drosophila melanogaster, and the larvae must therefore have means to either detoxify or 
excrete ammonia. Active secretion of ammonium into the Malpighian tubule lumen is 
sufficient to maintain concentrations of ~1 mM ammonium in the hemolymph of larvae 
reared on diets containing 100 mM ammonium chloride (Browne and O’Donnell 2013). 
The rates of NH4

+ transport by the Malpighian tubules are sufficient to clear the hemo-
lymph content of NH4

+ in ~3.5 h suggesting that the tubules play an important role in 
clearance of ammonia from the hemolymph, although other epithelia such as the hindgut 
may also contribute.

4.4.5  Mosquitoes

More than 70 % of the amino acids derived from the digestion of blood meal by adult 
female mosquitoes (Aedes aegypti) is catabolized to provide energy and only 10 % is used 
for egg protein production (Isoe and Scaraffia 2013; Zhou et al. 2004). Potentially toxic 
loads of ammonia resulting from high rates of amino acid catabolism are avoided through 
two mechanisms: 1) sequestration of ammonia through synthesis of glutamine and pro-
line and 2) high rates of ammonia excretion in the feces (Goldstrohm et al. 2003; Scaraffia 
et al. 2005). Ammonia released by subsequent proline catabolism can be excreted, whereas 
the carbon skeleton is used for synthesis of other compounds or for energy production. 
Measurements of mRNA expression and the activity of several enzymes implicated in 
ammonia metabolism suggest that the fat body is the main tissue involved in ammonia 
detoxification and that both glutamine synthetase and glutamate synthase are important 
in the process of ammonia storage. Experimental inhibition of glutamine synthetase activ-
ity reduces hemolymph glutamine concentration and causes a corresponding increase in 
proline concentration. Inhibition of glutamate synthase, which contributes to the produc-
tion of glutamate for proline synthesis, results in an increase in glutamine concentration 
and a corresponding decrease in proline concentration after feeding. Mosquitoes also syn-
thesize urea through argininolysis and uricolysis. Detailed studies of the metabolic regula-
tion of urea synthesis indicate links to the fixation, assimilation, and excretion of ammonia. 
For example, glutamine acts as a precursor in uric acid synthesis; measurements using the 
stable isotope 15N indicate that N from the amide group of two glutamine molecules pro-
duces one molecule of uric acid labeled at two positions (Isoe and Scaraffia 2013; Scaraffia 
et al. 2008). Uric acid is either excreted or degraded by uricolysis to produce allantoin, 
allantoic acid, and then urea. Proline is used to sequester ammonia and is also linked to 
arginine metabolism; arginase cleaves arginine into urea and ornithine, which is then used 
to synthesize proline and several other amino acids (Isoe and Scaraffia 2013).

4.4.6  Lepidoptera

Analyses of ingestion and excretion of nitrogen by larvae of the lepidopteran Mamestra 
brassicae, an agricultural pest, have shown that high levels of nitrogen in host plants (e.g., 
after fertilizer application) enhances N metabolism in the larvae and leads to increased 
excretion of NH4

+ (Kagata and Ohgushi 2011). The increase in NH4
+-N in the frass 
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 originates from N metabolism of the insect, rather than from ammonia in the diet. 
Ammonia is a common component of the excreta of many terrestrial insects, comprising 
from ~9 % to ~27 % of total N in the frass. Insect herbivores can thus alter nitrogen 
dynamics in soil by transforming organic nitrogen into inorganic nitrogen and vice 
versa. For example, soil quality is enhanced by ammonium release during frass decom-
position. Ammonium can then be taken up directly and utilized by plants without the lag 
associated with the normal breakdown and release of nitrogen from leaf litter (Kagata 
and Ohgushi 2011).

4.5  Uptake of N-Rich Compounds by Insects

4.5.1  Manduca

Two studies have described the uptake of ammonia by the midgut of Manduca sexta 
(Blaesse et al. 2010; Weihrauch 2006). It is proposed that ammonia uptake across the mid-
gut and into the hemolymph provides an additional nitrogen source for rapidly growing 
larvae as they consume a diet low in protein. A model of active ammonia uptake across the 
columnar cell epithelium in the median midgut proposes that ammonia enters the colum-
nar cell through one or both of two pathways (. Fig. 4.2). Firstly, NH4

+ may enter via an 
apical H+/cation exchanger, driven by the steep pH gradient across this membrane (Dow 
1992). Manduca sexta Na+/H+ exchanger 7, 9 (MsNHE7, 9) is a candidate transporter for 
this pathway because it exhibits an amiloride binding motif, consistent with observed 
amiloride sensitivity of ammonia uptake, and it may be localized to the apical membrane. 
The second pathway involves diffusion of gaseous ammonia along a gradient of PNH3 
across the plasma membrane, possibly via one of the two identified (Rhesus) Rh proteins 
in the midgut tissue (GenBank accession nos. AY954627 and DQ864985). Dissociation of 
 cytosolic NH4

+ to H+ and NH3 would then allow diffusion of NH3 into vesicles acidified 
by a V-type H+-ATPase. Alternatively, a NHE capable of H+/NH4

+ exchange could seques-
ter NH4

+ in intracellular vesicles. NHE8, which has been identified as a subapical/vesicular 
transporter (Piermarini et al. 2009), is a potential candidate for such a role. Rhesus pro-
teins (RhMS) are also richly expressed in the Malpighian tubules and hindgut, suggesting 
that these tissues contribute to elimination of any excess ammonia (. Fig. 4.3).

4.5.2  “Mud-Puddling”

Multiple species of butterflies, moths, and homopterans and at least one orthopteran 
engage in a behavior known as “mud-puddling” in which they ingest fluids from sources 
such as moist ground or puddles, sea water, tears, excreta of other animals, or rotting car-
casses. Although generally viewed as means of supplementing water intake or lowering 
body temperature, mud-puddling is also a means to augment the intake of sodium or 
nitrogen in species whose diet is deficient in these elements. The yellow-spined bamboo 
locust, Ceracris kiangsu, has been observed to visit puddles of human urine on hot sum-
mer days. Although the main N compound in human urine is urea, decomposition in high 
ambient temperatures produces ammonium bicarbonate. Behavioral studies revealed that 
urea is a repellent to C. kiangsu, whereas ammonium bicarbonate is an attractant (Shen 
et al. 2009). It appears that urine puddles or urine-soaked ground served as a source of 
both sodium and nitrogen in this species. Thus, although ammonia is generally  considered 
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to be a highly toxic waste product for most animals, species of beetle, moth, and mosquito 
recycle body ammonia as a resource for synthesis of amino acids, which in turn are used 
for protein biosynthesis (Honda et al. 2012). Both sexes of the swallowtail butterfly Papilio 
polytes utilize ammonia taken in at puddling sites such as surface water, dung, and carrion. 
Experiments following the fate of 15N taken in during puddling shows that females incor-
porate the nitrogen into eggs, whereas males use it for protein replenishment in sperma-
tozoa, seminal fluids, and thoracic muscle (Honda et al. 2012).

4.6  Ammonia Excretion in Aquatic Insects

In general, aquatic animals excrete nitrogenous waste primarily in the form of ammonia 
(NH3/NH4

+) (Weihrauch et al. 2012; Wright and Wood 2009; Larsen et al. 2014). This is 
because ammonia is highly soluble and thus aquatic animals take advantage of the abun-
dance of water in their habitat to excrete nitrogenous waste in the form that requires the 

 . Fig. 4.2 Hypothetical model of active ammonia uptake across the columnar cell epithelium in the 
median midgut of the tobacco hornworm Manduca sexta. On the apical side, ammonia is transported as 
NH4

+ via an apical amiloride-sensitive H+/cation exchanger (possibly NHE7/9) and/or diffuses as gaseous 
ammonia through an Rh-like protein along an inwardly directed PNH3 across the plasma membrane. In 
the cytoplasm NH4

+ dissociates into H+ and NH3 and gaseous ammonia diffuses into vesicles acidified by 
a V-type H+-ATPase. The NH4

+-loaded vesicles are transported along the microtubules network to the 
basal membrane, where they fuse with the membrane, releasing NH4

+ into the hemolymph space. A 
participation of the basal NHE3 in the ammonia uptake process is unclear. Goblet cells, which are 
responsible for K+ excretion, create a high luminal pH and are thereby indirectly involved in ammonia 
transport. NHE8 was found to be expressed apically/subapically in the goblet, but not in the columnar 
cells (personal communication, D. Weihrauch). Ammonia may also diffuse paracellularly (not shown). 
Pharmacological inhibitors of particular components in the ammonia transport mechanism are given 
with flash symbols pointing at sites of inhibition (Modified from Weihrauch et al. 2012)
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least expenditure of metabolic energy. Insects appear no different; however, this is based 
on measurements of excretory products from a few select aquatic insects in orders 
Coleoptera, Odonata, Hemiptera, Trichoptera, and Diptera (Delaunay 1930; Staddon 
1955, Donini and O’Donnell 2005). In species where specific life stages are aquatic (e.g., 
larvae) and others terrestrial (e.g., adult), the larvae excrete primarily ammonia, while the 
terrestrial stages excrete nitrogen waste in other forms such as uric acid (Staddon 1955). 
An exception is the adult, terrestrial blood-fed female mosquito, Aedes aegypti, where the 
molar ratios of uric acid, urea, and ammonia in the excreta are equal (Briegel 1986). In 
experiments in which adult females were fed NH4Cl-rich fluids (80 mM), ammonia was 
the predominant (>80 %) N waste in the excreta (Scaraffia et al. 2005).

4.6.1  Anal Papillae of Larval Mosquitoes

Excretion in insects is accomplished through the combined actions of the Malpighian 
tubules and hindgut. In freshwater inhabiting mosquito larvae, the combined actions of 
these organs produces dilute urine thereby eliminating excess water while conserving 
ions. The larvae of many mosquito species also possess external organs called anal papil-
lae. These are finger-like projections formed from the eversion of hindgut tissue and they 
surround the anus. The anal papillae are typically composed of a single cell layer thick 
syncytial epithelium that is covered by a thin cuticle that faces the aquatic environment 
(Edwards and Harrison 1983; Sohal and Copeland 1966). In freshwater species like Aedes 
aegypti, the apical membrane of the epithelial syncytium contains very regular and exten-
sive infoldings that give rise to microvilli that project deep inside the cytoplasm, while the 
basolateral (lumen facing) membrane is also infolded but forms a dense network of 

 . Fig. 4.3 Predicted ammonia flow in the tobacco hornworm Manduca sexta. Ammonia is actively 
transported from the midgut lumen into the hemolymph. Ammonia not utilized for amino acid synthesis 
is secreted into the Malpighian tubules and transported into the hindgut for final secretion. It is 
predicted that Rh-proteins are involved in ammonia secretion process and in maintenance of high 
ammonia concentrations in the hindgut lumen. Concentrations of ammonia in midgut lumen, 
hemolymph, Malpighian tubules, and hindgut are shown (Modified from (Weihrauch et al. 2012))
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 channels that are continuous with the papilla hemocoel and extend into the epithelium. 
The cytoplasm contains numerous mitochondria which are densely packed near the 
microvilli of the apical membrane. This ultrastructure is consistent with ion transporting 
epithelia and functions to increase the surface area of the membranes available for solute 
exchange. The lumen of the anal papillae contains hemolymph and is continuous with the 
hemocoel of the body.

The ultrastructure of freshwater mosquito anal papillae matches their physiological 
function. The anal papillae play an important role in osmotic and ionic regulation by 
actively transporting ions into the hemolymph from the dilute freshwater environment 
(Stobbart 1971; Donini and O’Donnell 2005), and this function is regulated in response to 
salinity changes in the water in which the larvae reside (Donini et al. 2007). In addition to 
substantial measureable influx of Na+, Cl−, and K+, relatively large effluxes of NH4

+ and H+ 
were detected at the anal papillae (Donini and O’Donnell 2005). The NH4

+ efflux amounted 
to an estimated 360 nmol cm−2 h−1 which compares with 580 nmol cm−2 h−1 detected at 
the isolated locust hindgut (Thomson et al. 1988) and 220 nmol cm−2 h−1 for the cock-
roach (Mullins 1974). Therefore, the anal papillae of mosquito larvae play an important 
role in nitrogen waste excretion and are functionally similar to the gills of fish and crusta-
ceans (Henry et al. 2012; Evans et al. 2005).

There are two families of ammonia transporters, the Rhesus glycoproteins (RhGP) 
which are found in all animals and implicated in ammonia excretion, and the methylam-
monium/ammonium transporters (MEP/Amt) found in unicellular prokaryotes, eukary-
otic cells, plants, and invertebrate animals. The mosquito Aedes aegypti has two RhGPs 
(AeRh50-1, AeRh50-2) and at least one Amt (AeAmt1) (Weihrauch et al. 2012; Chasiotis 
et  al. 2016). The AeAmt1 protein is expressed in the anal papillae and localized to the 
lumen-side membrane along with Na+/K+-ATPase. Although the transcripts of the RhGPs 
have been detected in the anal papillae (Weihrauch et al. 2012), the proteins have not been 
localized. Knockdown of AeAmt1 protein expression reduces ammonia excretion at the 
anal papillae (Chasiotis et al. 2016). It is suggested that NH4

+ is driven into the cytoplasm 
through the AeAmt1 protein by the negative electrical gradient established by Na+/K+-
ATPase (. Fig. 4.4). The NH4

+ may then exit the apical side through the NHE3 or, if dis-
sociated into NH3 and H+, through one of the RhGPs (Chasiotis et  al. 2016). This is 
facilitated by the H+ transporting functions of an apical V-type H+-ATPase (VA) which 
pumps H+ out of the cytoplasm creating an acidified boundary layer. This ensures that NH3, 
exiting the anal papillae, is converted into NH4

+ thereby maintaining a favorable partial 
pressure gradient for NH3 to exit (Chasiotis et al. 2016). Both scenarios are supported by 
pharmacological inhibition of NHE3 and VA which results in reduced ammonia excretion 
by the anal papillae. Furthermore, pharmacological inhibition of carbonic anhydrase (CA) 
also reduces ammonia excretion suggesting that CA provides H+ for the VA.

4.6.2  Ammonia Excretion by Larval Alderflies, Dragonflies, 
Stoneflies and Backswimmers

Although ammonia excretion in some aquatic insects has been measured, there are only a 
few studies that have gone beyond this to begin examining the physiology of ammonia 
excretion. The alderfly nymph, Sialis lutaria, excretes ~86 % of nitrogen waste as ammonia 
(Staddon 1955). The fluid in the hindgut contains relatively high amounts of ammonia 
(~136  mg  N/100  mL), whereas fluid in the foregut had no measureable ammonia. 
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Although fluid from the Malpighian tubules was not measured, it was suggested that the 
tubules were the source of ammonia excretion where the fluid would then pass into the 
hindgut for periodic expulsion (Staddon 1955). No ammonia excretion occurs across the 
body surface of the nymph. Furthermore, if excretion is prevented, there is no accumula-
tion of ammonia in either the hemolymph or tissues, suggesting that S. lutaria nymphs 
can store ammonia in another form (e.g., glutamine) if excretion is not feasible. This is 
significant in that alderfly nymphs leave the water for some time prior to pupation.

Ammonia accounts for ~87 % of the nitrogenous waste excreted by the dragonfly nymph 
Aeshna cyanea and uric acid makes up 8 % (Staddon 1959). Exposure to aluminum or low 
pH results in a large reduction in ammonia excretion in another dragonfly nymph 
Somatochlora cingulata, resulting in the accumulation of ammonia and glutamate levels in 
tissues (Correa et al. 1985b). In contrast, exposure to trichloroacetic acid at environmentally 

 . Fig. 4.4 Proposed mechanism of ammonia excretion by anal papillae of larval Aedes aegypti. Na+/
K+-ATPase (NKA) provides a cytosol negative voltage potential which serves to drive NH4

+ from the 
hemolymph to the cytosol through AeAmt1 (Amt). NH4

+ could also cross from hemolymph to cytosol 
directly through NKA substituting for K+. CO2 and NH3 may enter the cytosol through one of the two 
RhGP-like proteins, AeRh50-1 and/or AeRh50-2 (Rh), if one or both are expressed in the basal membrane 
(not yet determined). NH4

+ in the cytosol exits from the apical side to the water through the NHE3 in 
exchange for a cation (e.g., Na+). NH3 in the cytosol exits the apical side via one of the two RhGP-like 
proteins (Rh) (localization not yet determined) with the aid of an ammonia trapping mechanism, 
whereby apical V-type H+ ATPase (VA) acidifies the papilla boundary layer. NHE3 may also participate in 
this mechanism by moving H+ into the water. This would sustain the outward directed NH3 gradient by 
converting NH3 to NH4

+. A cytoplasmic carbonic anhydrase (CA) can supply H+ to the VA which is also 
likely participating in generating the cytosol negative potential that drives NH4

+ into the cytosol on the 
basal side (Proposed model from Chasiotis et al. 2016)
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relevant levels doubles the ammonia excretion rates (Correa et al. 1985a). The underlying 
physiological mechanisms behind these observations remain unstudied. The stonefly larva 
Klaptopteryx kuscheli is a leaf-litter shredder and shown to regulate internal carbon/nitrogen 
(C:N) at a level of ~5.5 regardless of the C:N ratio of the food (Balseiro and Albariño 2006). 
It was shown that as the C:N ratio decreases, the larvae excrete more ammonia.

In a study examining the regulation of water balance of a backswimmer Notonecta 
glauca, a carnivore, the relationship of water output and ammonia output exhibited a linear 
trend (Staddon 1963). This might be expected since ammonia is highly soluble and aquatic 
insects exploit the abundance of water in their habitat to excrete ammonia. The ammonia 
levels in the rectal fluid were ~75 mmol l−1 and contributed to ~75 % of total nitrogen in 
the fluid. In contrast, a similar study in another species of backswimmer Corixa dentipes, 
it was noted that the rectal fluid contained very variable and in some cases relatively low 
amounts of ammonia ranging from 21 to 85 mmol l−1 with an average of ~ 50 mmol l−1 
(Staddon 1964). Little difference in ammonia levels were observed whether the fluid was 
forced out or allowed to be expelled naturally by the insect leading to the suggestion that 
the rectum plays no role in modification of the rectal fluid. Although it might be expected 
that water output, is at least in part, dependent on ammonia output, this was not the case 
in Corixa dentipes. Furthermore, the rate of water output far exceeded the volume required 
for the observed rate of ammonia output. The independence of water and ammonia out-
put could be due to the fact that this insect is omnivorous and ingests mainly a liquid diet 
resulting in a copious amount of water ingestion which needs to be expelled regardless of 
ammonia levels; however, the results of the study on water intake of the insect were incon-
clusive (Staddon 1964). If this were the case, it could explain the relatively low concentra-
tions of ammonia in rectal fluid of this species.

4.7  Excretion of Free Amino Acids

Silverleaf whiteflies (Bemisia tabaci Gennadius) and other phloem-feeding insects such as 
aphids excrete amino acids, especially nonessential amino acids such as glutamine, aspar-
agine, glutamate, and aspartate (Douglas 2006). Whiteflies reared on well-fertilized cotton 
plants excrete an amount of amino nitrogen that exceeds by nearly twofold the total amino 
acid pool in the body. However, when flies are fed plants with low nitrogen levels, pools of 
individual amino acids in the body are adjusted and amino nitrogen is no longer excreted 
at significant rates (Crafts-Brandner 2002). Total nitrogen content of whiteflies reared on 
plants with reduced nitrogen content does not decline significantly, relative to whiteflies 
reared on plants with higher levels of nitrogen. However, the free amino acid content of 
whiteflies feeding on low nitrogen plants declines ~90 % relative to controls. It is impor-
tant to note that the amino acid pools in tissues of whiteflies feeding on high nitrogen 
cotton plants are not closely related to the amino acid composition of the phloem sap. 
Whereas the predominant amino acids in whiteflies are glutamine (26 % of the total), ala-
nine (19 %), proline (13 %), and glutamate (10 %), the predominant amino acids in phloem 
sap from high nitrogen cotton plants are aspartate, glutamate, and arginine, with relatively 
large amounts of glutamine and asparagine, and the excreted honeydew contains mostly 
asparagine (46 % of total amino acid content) and glutamine (12 %). These differences 
indicate that dietary amino nitrogen is rapidly assimilated into metabolites or protein.
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5.1  Introduction

Maintenance of body fluid ion homeostasis is of extreme importance when inhabiting 
harsh environments, where organisms may experience either very ion-poor environments 
(i.e., freshwater and water film of soil particles) or constant fluctuations in environmental 
salinity as seen in estuaries and intertidal zones. Organisms inhabiting these environ-
ments typically actively osmoregulate through well-ventilated and vascularized tissues, 
which have a large surface area. Tissues important for osmoregulation such as the gills, the 
skin, and the digestive system have also been suggested to play a critical role in various 
other physiological and biochemical processes such as nitrogen balance, gas exchange, 
and acid-base regulation (Anderson et al. 2015; Cruz et al. 2013; Hwang 2009; Hwang 
et al. 2011; Larsen et al. 2014; Rubino et al. 2014; Shih et al. 2008; Weihrauch et al. 2009; 
Wilson et  al. 2013; Wright and Wood 2009). The multifunctional role of these tissues 
implicates that many of these ionoregulatory processes may be directly linked, since some 
functions require the same transporter, channel, or ion pump, for instance, the Na+/K+-
ATPase (Larsen et al. 2014). This means that environmental challenges affecting one pro-
cess (e.g., NaCl uptake) will likely directly impact the ability of the tissue to regulate other 
physiological processes (e.g., acid-base regulation, nitrogen excretion). In this chapter we 
will summarize how the challenges posed by freshwater environments and the water film 
of soil particles influence nitrogen excretion strategies in the phyla Nematoda, 
Platyhelminthes, and Annelida.

5.1.1  Challenges of Inhabiting Freshwater Environments

Freshwater environments are characteristically known for having very low concentrations 
of dissolved ions. Due to the low ion concentration in freshwater, organisms inhabiting 
these environments face the problem of a large osmotic gradient between the body fluids 
and the environment, which drives a water influx by diffusion. As such, freshwater organ-
isms secrete large amounts of hypoosmotic urine to maintain water balance while mini-
mizing ion losses (Riegel 1968; Zerbst-Boroffka et  al. 1997). Although freshwater 
vertebrates and invertebrates have kidneys or analogous structures for ion retention and 
very tight epithelia to reduce the paracellular loss of ions, the strong outwardly directed 
ion gradients faced by freshwater organisms still results in a passive loss of ions from the 
body fluids (Larsen et al. 2014). Consequently, freshwater organisms must maintain ion 
homeostasis through active NaCl uptake from the environment and consumption of food. 
In freshwater fish, uptake of ions through food has been shown to be essential for compen-
sation of diffusive ion loss, as ion gradients across the intestine facilitate ion uptake rela-
tive to ion uptake from the environment (reviewed in Wood and Bucking 2011).

Investigations regarding osmoregulation in freshwater organisms have mainly been 
focused on fish with some studies also looking at crustaceans and amphibians (Bianchini 
and Wood 2008; Kirschner 2004; Kumai and Perry 2012; Marshall 2002; Onken and 
Mcnamara 2002; Onken and Putzenlechner 1995; Onken et  al. 2000; Parks et  al. 2008; 
Weihrauch et al. 2004a). Based on studies of these organisms, general hypothetical models 
for sodium and chloride uptake have been proposed (. Fig. 5.1). In terms of sodium trans-
port, the Na+/K+-ATPase, which is present in most animal cells, has been established as one 
of the driving forces for Na+ uptake in freshwater organisms. This transporter, which is 
discussed more thoroughly in 7 Chap. 3, is localized on the basolateral membrane, where it 
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 . Fig. 5.1 Hypothetical models for Na+ and Cl− uptake in freshwater fish. (a) V-ATPase and Na+/
K+-ATPase driven Na+ uptake model via Na+ channels. (b) Rh-NHE metabolon model for sodium uptake. 
Here the transport of NH3 by Rh proteins creates an apical alkalization which drives a proton secretion 
and sodium uptake via NHEs. (c) Cl− uptake model by Cl−/HCO3

− exchanger coupled with basolateral 
H+-ATPase. (d) Na+ and Cl− uptake model by NCC coupled with Na+/K+-ATPase, Cl− channel, and Na+/
HCO3

− cotransporter. Models are adapted after Hwang et al. (2011), Kumai and Perry (2012), Parks et al. 
(2008), and Tresguerres et al. (2006)
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transports 3 Na+ out of the cell and 2 K+ into the cytoplasm. This active transport of Na+ out 
of the cell generates a low intracellular Na+ concentration to facilitate apical Na+ uptake 
from the ion-poor environment in the case of a freshwater scenario. While early work by 
Krogh (1938) and Kerstetter et al. (1970) established that a Na+/H+ or NH4

+ exchange is 
occurring across the apical membrane of the osmoregulating tissues, the transporters 
responsible for this exchange remain unsolved. The current debate of which transporters 
are responsible for apical Na+ uptake revolves around whether an electroneutral Na+/H+ 
exchanger (. Fig. 5.1a) or Na+ channel electrically coupled with a H+-ATPase (. Fig. 5.1b) 
is driving the apical transport of sodium. Throughout the years, various studies have pro-
vided some evidences for both mechanisms (Boisen et  al. 2003; Bury and Wood 1999; 
Dymowska et al. 2014; Edwards et al. 1999; Hirata et al. 2003; Horng et al. 2007; Shih et al. 
2012; Wilson et al. 2000). However, the main arguments against these models lie in that a 
freshwater environment generates a condition where electroneutral Na+/H+ exchangers are 
thermodynamically unfavorable (Avella and Bornancin 1989; Parks et al. 2008). Further, 
until the recent demonstration of the potential role for acid-sensing ion channels (ASICs) 
as a pathway for sodium uptake in trout gills, there had been no apical epithelial sodium 
channel (ENaC) identified in fish, which are the more widely studied freshwater organisms 
(Dymowska et al. 2014). In terms of Cl− uptake, the mechanism remains relatively unclear; 
however, it is evident that a Cl−/HCO3

− exchange is occurring in at least some organisms, 
which has also been suggested to be coupled with a H+-ATPase (. Fig. 5.1c) (Tresguerres 
et  al. 2006). Another potential mechanism for Na+ and Cl− uptake has emerged more 
recently with the identification of Na+/Cl− cotransporters (NCCs) being identified in the 
apical membrane of tilapia (Oreochromis mossambicus) type II ionocytes (. Fig.  5.1d) 
(Hiroi et al. 2008; Inokuchi et al. 2008). Various studies have provided evidence for NCC in 
Na+/Cl− uptake not just in tilapia but also in zebrafish through scanning ion-selective elec-
trode technique (SIET) studies coupled with inhibitors, knockdown studies, ionocyte den-
sity measurements, and mRNA expression during low ion acclimations (Horng et al. 2009; 
Inokuchi et al. 2008, 2009; Wang et al. 2009). However, the most important study for justi-
fying this mechanism’s ability to function in ion-poor environments such as freshwater 
may be an electrophysiological study by Horng and colleagues demonstrating that Na+/
Cl− fluxes from adjacent cells are likely providing a microenvironment, which allows NCC-
containing cells to uptake Na+/Cl− from the environment (Horng et al. 2009). For a more 
detailed review on sodium and chloride uptake in freshwater organisms, particularly in 
fish, refer to Hwang et  al. (2011), Kirschner (2004), Kumai and Perry (2012), Marshall 
(2002), Parks et al. (2008) and Tresguerres et al. (2006).

5.1.2  Challenges of Inhabiting Soil

Under moist soil conditions, soil-inhabiting organisms such as nematodes and annelids 
face similar challenges to that occurring in freshwater environments. In soil, the concen-
tration of ions relative to the body fluids of organisms inhabiting these environments is 
relatively low. For example, a study by Tavakkoli et al. (2011) measured soil Na+ and Cl− 
concentrations of 1.9 mmol l−1, which is approximately 40- and 25-fold lower than the 
coelomic fluid Na+ and Cl− concentration of the earthworm (Lumbricus terrestris) (Diets 
and Alvarado 1970). Therefore, like in freshwater organisms, soil-dwelling nematodes and 
annelids would face strong outwardly directed ion gradients driving a loss of ions from the 
body fluids. In order to compensate for these passive losses, soil dwellers must actively 
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uptake ions from the water film of soil particles and/or consume food. Further challenges 
to ion homeostasis of soil dwellers are experienced following rainfall; as the soil becomes 
flooded, a dilution of environmental ion concentration occurs generating even greater 
outwardly directed ion gradients. This dilution of environmental ion concentration would 
increase osmotic pressure driving water into the organisms similar to what is seen in 
freshwater organisms. One can assume that soil-dwelling nematodes and annelids likely 
counter this water uptake through excretion of very dilute urine to conserve ions and 
excrete water. However, unlike freshwater organisms, soil-dwelling organisms do not 
always have a high abundance of water present and may, in fact, encounter periods of 
desiccation. During desiccation, the water content of the soil decreases and therefore ion 
concentrations increase, which results in osmotic pressure driving water out of the organ-
isms, thereby dehydrating the organisms (Roots 1955). In terms of ion balance, these 
organisms would still have the need to actively osmoregulate in order to maintain homeo-
stasis as the decrease in body water would result in elevated body fluid ion concentration.

Unlike typically seen in freshwater environments, soil can have relatively high amounts 
of ammonia ranging from micromolar to millimolar concentrations (Nesdoly and Van 
Rees 1998). This high presence of ammonia typically serves as a major source of nitrogen 
for plant cells but can also be highly toxic to plants in abundance (Britto and Kronzucker 
2002). For soil-inhabiting invertebrates such as nematodes and annelids, this high envi-
ronmental ammonia provides a challenge as ammonia is highly toxic to animals (7 see 
Sect. 5.1.3). In order to survive these high-ammonia environments, soil-dwelling inverte-
brates must either be very ammonia tolerant or have developed extremely efficient mech-
anisms to prevent influxes while excreting or detoxifying ammonia.

5.1.3  Nitrogenous Waste Excretion in Aquatic Invertebrates

While some exceptions may exist, the primary nitrogenous waste product of aquatic 
invertebrates is ammonia (Larsen et al. 2014; Wright 1995). For the purpose of this chapter, 
NH3 refers to nonionic ammonia, NH4

+ or ammonium to the ionic ammonia, and ammo-
nia to the sum of both. In aquatic invertebrates, ammonia is formed through amino acid 
catabolism, where most amino acids are first transaminated into glutamate and subse-
quently deaminated into α-ketoglutarate and ammonia (Wright 1995). While primarily 
formed through transdeamination, other pathways for ammonia synthesis are seen in 
aquatic invertebrates and described for crustaceans in 7 Chap. 1. In addition to ammonia, 
some aquatic invertebrates also excrete urea, although to a lesser extent (Adlimoghaddam 
et al. 2015; Hoeger et al. 1987; Martin et al. 2011; Quijada-Rodriguez et al. 2015). Urea 
production in aquatic invertebrates typically occurs through uricolysis or argininolysis 
(Wright 1995), while dietary urea may also comprise a portion of urea excreted.

Metabolic ammonia production within the body fluids can be highly toxic; therefore 
an effective excretion or detoxification of ammonia into molecules such as urea and uric 
acid is critical to prevent physiological distress. At least in mammals, the mode of ammo-
nia toxicity to the central nervous system has been thoroughly studied (reviewed in 
Braissant et al. 2013). In aquatic invertebrates, the majority of studies on ammonia toxicity 
have been focused on crustaceans (7 see Chap. 1). However, with invertebrates being such 
a large and diverse group, a paucity of data on the toxic effects of ammonia in the remain-
ing invertebrate phyla exists. There are some general effects of ammonia that likely apply 
across all animals. For example, the uncoupling of proton gradients across the inner 
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 mitochondrial membrane can disrupt oxidative phosphorylation (O’Donnell 1997). 
Further, ammonia is capable of altering intracellular and/or intraorganelle pH, thereby 
disrupting the optimal pH required for proper function of proteins and organelles. In 
order to minimize the risk of accumulation of toxic ammonia, animals have specialized 
tissues capable of excreting nitrogenous wastes from the body (Cruz et al. 2013; Glover 
et al. 2013; Larsen et al. 2014; Quijada-Rodriguez et al. 2015; Rubino et al. 2014; Shih et al. 
2008; Weihrauch et al. 2009; Wilson et al. 2013; Wright and Wood 2009).

As previously mentioned, tissues responsible for osmoregulation usually also play a 
role in other processes such as excretion of nitrogenous wastes and acid-base balance. In 
freshwater organism, the link between sodium uptake and ammonia excretion have been 
mainly focused on teleost fish (Kumai and Perry 2011; Shih et al. 2008, 2012; Tsui et al. 
2009; Wright and Wood 2009; Wu et al. 2010; Zimmer et al. 2010). In freshwater organ-
isms four key transporters are generally suggested to link sodium uptake and ammonia 
excretion; these include the basolateral Na+/K+-ATPase, apical V-type H+-ATPase, Rhesus 
glycoproteins, and apical Na+/H+ exchanger. The functional role of these transporters with 
the exception of the Rhesus glycoprotein and Na+/H+ exchanger in ammonia excretion 
and sodium uptake will be covered in 7 Chap. 3. For a review of the role of Rhesus proteins 
and Na+/H+ exchangers in linking ammonia excretion and sodium uptake, see Wright and 
Wood (2009), Weihrauch and colleagues (2009), and Kumai and Perry (2012).

5.2  Nitrogen Excretion in Annelids, Planarians, and Nematodes

5.2.1  Nitrogenous Waste Products of Planarians, Nematodes, 
and Annelids

Members of the phyla Annelida, Nematoda, and Platyhelminthes inhabit a variety of ecologi-
cal niches including freshwater environments, marine systems, and terrestrial habitats, in 
addition to parasitizing both vertebrate and invertebrate hosts. Their success in these wide-
ranging habitats is likely in part dependent on their adaptive ability to regulate ion homeostasis 
and eliminate toxic waste products (Adlimoghaddam et al. 2014, 2015; Diets and Alvarado 
1970; Quijada-Rodriguez et al. 2015; Rothstein 1963; Weber et al. 1995; Weihrauch et al. 2012; 
Zerbst-Boroffka et al. 1997). Aquatic invertebrates primarily excrete their nitrogenous waste 
as ammonia (. Table 5.1, for crustaceans 7 see Chap. 1). Thus far, aquatic annelids are no 
exception with both carnivorous and sanguivorous leeches exhibiting greater rates of ammo-
nia excretion than urea (Quijada-Rodriguez et al. 2015; Tschoerner and Zebe 1989). In fact in 
an unfed state, the carnivorous ribbon leech (Nephelopsis obscura) excretes approximately 
92 % of its measured nitrogenous waste as ammonia. After feeding, nitrogenous excretion 
rates rapidly increased in both the carnivorous leech (N. obscura) and sanguivorous leech 
(Hirudo medicinalis), likely as a result to elevated protein catabolism and elimination of con-
sumed nitrogenous wastes, i.e., ammonia and urea (Quijada-Rodriguez et al. 2015; Tscho-
erner and Zebe 1989). In H. medicinalis, feeding resulted in an elevated urea excretion rates 
from nearly undetectable levels to about 14 μmol individual−1 day−1. While H. medicinalis 
experienced elevated urea excretion, in N. obscura urea excretion rates remain unaltered after 
feeding (A.R. Quijada-Rodriguez personal communication). It is noteworthy that in the 
aforementioned studies, excretion of other less commonly excreted (in aquatic organisms) 
nitrogenous products such as uric acid, amino acids, guanine, allantoin, etc., have not been 
measured and may contribute to a portion of nitrogenous waste excretion. In terms of 
 members of the  platyhelminthes, the excretion capabilities of nitrogenous wastes remain rela-
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 . Table 5.1 Ammonia and urea excretion rates in a number of aquatic invertebrates excluding 
crustaceans

Species Salinity Ammonia 
(μmol/g/h)

Urea (μmol/g/h) Source

Nematoda

Caenorhabditis 
elegans

~350 mOsm 1.25 0.125 Adlimoghaddam 
et al. (2015)

Annelida

Arenicola marina SW 1.6 NM Reitze and Schottler 
(1989)

Arenicola marina BW 5 NM Reitze and Schottler 
(1989)

Hirudo medicinalis FW (fed) 1.25 0.58 μmol/
individual/h

Tschoerner and 
Zebe (1989)

Nephelopsis obscura FW 0.166 0.014 Quijada- Rodriguez 
et al. (2015)

Platyhelminthes

Schmidtea 
mediterranea

FW 0.70 NM Weihrauch et al. 
(2012)

Echinodermata

Tripneustes gratilla SW 1.45 NM Dy and Yap (2000)

Protoreaster 
nodosus

SW 0.492 NM Dy and Yap (2000)

Ophiorachna 
incrassata

SW 0.361 NM Dy and Yap (2000)

Eupentacta 
quinquesemita

BW 1.16 0.07 Sabourin and 
Stickle (1981)

Eupentacta 
quinquesemita

SW 2.12 0.03 Sabourin and 
Stickle (1981)

Strongylocentrotus 
droebachiensis

SW 1.75 0.05 Sabourin and 
Stickle (1981)

Strongylocentrotus 
droebachiensis

BW 1.95 0.09 Sabourin and 
Stickle (1981)

Mollusca

Illex illecebrosus SW 1.43 0.23 Hoeger et al. (1987)

Loligo forbesii SW 10.9 0.42 Boucher-Rodoni 
and Mangold (1989)

(continued)
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tively unknown with the exception of relatively high levels of ammonia excreted by the pla-
narian (Schmidtea mediterranea) (Weihrauch et al. 2012).

Similar to aquatic leeches and planarians, soil nematodes and annelids such as 
Caenorhabditis elegans and Lumbricus terrestris are predominantly ammonotelic 
(Adlimoghaddam et al. 2015; Cohen and Lewis 1949; Tillinghast et al. 1969). However, 
unlike leeches and planarians, soil-dwelling invertebrates have been shown to switch from 
ammonotelism to ureotelism based on feeding status and water availability. For example, 
in L. terrestris a switch to ureotelism has been reported when starved and water supply is 
limited (Tillinghast et al. 1969). Presumably this change to ureotelism may act as a counter 
measure to conserve water while maintaining an excretion of nitrogenous wastes. However, 
unlike in L. terrestris, all the enzymes of the urea cycle are not present in C. elegans (7 see 
www.wormbase.org), so a similar change to ureotelism is less conceivable and remains to 
be investigated. During starvation, C. elegans experiences an approximately threefold 
decrease in ammonia excretion due to decreased protein metabolism but unchanged urea 
excretion (Adlimoghaddam et al. 2015). During starvation ammonia and urea excretion 
rates in C. elegans are about the same, while in L. terrestris, there is a marked change as 
rates of urea excretion increase (Adlimoghaddam et al. 2015; Tillinghast et al. 1969).

5.2.2  Tissues Potentially Involved in Excretion of Ammonia 
in Planarians, Nematodes, and Annelids

 Epidermis/Hypodermis
In fish and crustaceans, oxygen exchange occurs through well-ventilated gills; however, in 
worm-type organisms like platyhelminthes, nematodes, and annelids, specialized gill-like 
structures are not always present. In these instances, these organisms tend to use their 

 . Table 5.1 (continued)

Species Salinity Ammonia 
(μmol/g/h)

Urea (μmol/g/h) Source

Octopus rubescens SW 0.25 0.052 Hoeger et al. (1987)

Acmaea scutum SW 1.28 ND Duerr (1968)

Acmaea digitalis SW 0.112 ND Duerr (1968)

Calliostoma ligatum SW 2.53 ND Duerr (1968)

Littorina sitkana SW 1.78 ND Duerr (1968)

Fusitriton 
oregonensis

SW 0.625 ND Duerr (1968)

Thais lima SW 0.119 ND Duerr (1968)

Thais lamellosa SW 0.208 ND Duerr (1968)

7 See Chap. 1 for crustaceans
SW is seawater, BW is brackish water, FW is freshwater, NM means not measured, and ND means  
measured but nothing significantly detected
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outer dermal layer for enhanced oxygen exchange across the body wall. In annelids and 
planarians, the outer dermal layer is termed the epidermis while in nematodes it is known 
as the hypodermis, which is covered in a multilayered cuticle. The epidermis of planarians 
contains specialized cells called rhabdites, which are rod-shaped structures that secrete 
mucous onto the epithelial layer (Martin 1978). Similarly, annelids also contain a special-
ized cell known as gland cells that also secrete mucous. However, unlike in other annelids, 
leeches contain the gland cells within the subepidermal layer with openings leading to the 
epithelial surface (. Fig. 5.2) (Ahmed and Rahemo 2013). The mucous-secreting cells of 
planarians and annelids could potentially play a critical role in ammonia excretion by 
creating a microenvironment for acid trapping of ammonia, a mechanism described in 
various freshwater organisms (Larsen et al. 2014). While annelids and planarians likely 
rely on secretion of mucous for the generation of an unstirred boundary layer, nematodes 
may utilize the subcuticular layer between the hypodermis and secreted cuticle or the 
multilayered cuticle itself (Peixoto and De Souza 1995) to form a microenvironment for 
ammonia trapping.

As previously mentioned, the epidermis/hypodermis of wormlike organisms likely 
plays a major role in ammonia excretion. SIET studies in Caenorhabditis elegans have 
revealed that the hypodermis of this nematode is involved in secretion of protons (. see 
Fig. 5.3a) (Adlimoghaddam et al. 2015). Further, the hypodermis of C. elegans expresses 
both Rhr-1 and Rhr-2 proteins (. Fig. 5.4) (Adlimoghaddam et al. 2016; Ji et al. 2006); 
therefore it is likely that the secretion of protons could drive an ammonia excretion by acid 
trapping. In leeches, elevated mRNA expression levels of the “primitive” Rhesus glycopro-
tein (Rh protein) in the skin relative to the rest of the body of Nephelopsis obscura  implicate 
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 . Fig. 5.2 Hirudo body wall diagram demonstrating organization of the epidermis with epithelial cells 
at the surface and mucous glands in the subepidermal layer (This image is taken from Brusca and Brusca 
(2003) with permission)
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the skin as a site of ammonia excretion (Quijada-Rodriguez et al. 2015). Further, employ-
ing the isolated of the skin from N. obscura in Ussing chamber experiments provided 
direct evidence that the skin does indeed have a high capacity for ammonia transport, 
especially when compared to rates of ammonia transport by frog skin (Cruz et al. 2013; 
Quijada-Rodriguez et  al. 2015). As in leeches, in situ hybridization in the planarian 
(Schmidtea mediterranea) suggests a high expression of an Rh protein in the epidermis 
(. Fig. 5.5a, Weihrauch et al. 2012). Further, immunolocalization of the V-ATPase in the 
epidermis of S. mediterranea revealed a high abundance of the V-ATPase in the 
 mucous- secreting rhabdites and in the epithelial cells indicating that the unstirred bound-
ary layer is likely acidified (. Fig. 5.5b).

 . Fig. 5.3 Representative scans of area related to transport rates of H+ over the hypodermis (a) and 
voltage changes indicating H+ excretion by the excretory pore (b) of Caenorhabditis elegans recorded by 
SIET using H+-specific electrodes (This image is taken from Adlimoghaddam et al. (2016) and 
Adlimoghaddam et al. (2014) with permission)

Hypodermisa

b

 . Fig. 5.4 Caenorhabditis elegans Rhr-2 tissue localization achieved through Rhr-2 promoter activated 
GFP expression. (a) GFP expression indicates Rhr-2 expression in the hypodermis and in the ventral nerve 
cord (white arrow). Scale bar = 50 μm. (b) Higher magnification image demonstrating single cells where * 
indicates cell nuclei. Open arrows show GFP expression concentrated at the apical membrane of the cell 
and cytoplasmic indicating localization of Rhr-2 in the hypodermis of C. elegans (This image is taken from 
Adlimoghaddam et al. (2016) with permission)
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Taken together, the abundance of Rhesus glycoproteins, evidence for potential ammo-
nia trapping by V-ATPase, and direct measurement of ammonia transport at least in leech 
skin provide compelling evidence that the outer dermal layer of annelids, nematodes, and 
platyhelminthes play a role in the excretion of ammonia.

 Intestine
In annelids, platyhelminthes, and nematodes, studies on the role of the intestine in nitro-
gen transport are very scarce. In many organisms, the intestine is typically separated into 
anatomically different sections leading to functional transport differences across the intes-
tine. For example, in terms of nitrogen handling, the anterior, posterior, and mid-intestine 
of the rainbow trout (Oncorhynchus mykiss) exhibit different transport capacities and 
mechanisms (Rubino et al. 2014). The very small size of wormlike organisms and difficulty 
to obtain reliable preparations make a direct study of nitrogen transport across the 
 intestine extremely difficult. However, few in vivo studies on the terrestrial earthworm 
(Lumbricus terrestris) have provided evidence for intestinal ammonia excretion at least in 

a b

 . Fig. 5.5 (a) Tissue expression of Rh-like protein in Schmidtea mediterranea by in situ hybridization. 
Application of the antisense riboprobe revealed staining over the entire whole animal mount. At 250× 
magnification, the strongest signal is seen at the edges on the epidermis. At 100× magnification the dark 
arrow indicates staining of what is likely the epidermis. (b) Immunolocalization of the V-ATPase B subunit 
in S. mediterranea whole body cross sections. Antibodies utilized were raised against the V-ATPase 
subunit B from Manduca sexta and demonstrated a distinct band of 56 kDa in western blot confirming 
functionality of the antibody. Fluorescence imaging demonstrates that the antiserum detected a signal 
in the epidermis with strong signals in rod-shaped structures, which are presumably the rhabdites (white 
arrows). Magnifications for images in a are from top to bottom 30×, 250×, and 100×. Magnifications for 
images in b are 100× for the top and 400× for the bottom image (These images are taken from 
Weihrauch et al. (2012) with permission)
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fed-state earthworms (Tillinghast 1967; Tillinghast et al. 2001). In this oligochaete, high 
ammonia concentrations can be detected in the intestine (11–104  mmol l−1), with the 
highest intestinal ammonia concentration in the two posterior regions (Tillinghast 1967; 
Tillinghast et al. 2001). Early work by Tillinghast (1967) revealed that following defecation 
ammonia excretion rates increased while urea excretion rates were unaltered. Here it was 
suggested that in the fed earthworm, ammonia excretion must occur at least partly 
through the intestine. However, this study fails to account for the possibility of cutaneous 
transport of nitrogenous wastes, which as discussed above is a highly probable site for 
ammonia excretion.

 Excretory System
In mammals, the kidney has been accepted to not only be essential for acid-base regula-
tion and salt balance but also critical for ammonia handling (Weiner and Verlander 2014). 
While classical kidneys are not present in the annelids, platyhelminthes, and nematodes, 
analogous structures to the mammalian kidney can be found. In the annelids and platy-
helminthes, these structures are called the metanephridia and protonephridia, respec-
tively. On the other hand, in nematodes the entire excretory structure posses only 3 cells: 
the excretory cell, pore cell, and duct cell, which comprise the excretory system. The excre-
tory cell has two channels that run down the length of the nematode and feeds through the 
duct cell to the pore cell which empties just anterior to the pharynx (Nelson et al. 1983).

The proto- and metanephridial system of platyhelminthes and annelids can be thought 
of as precursors to the mammalian nephron, which generally work through ultrafiltration 
(O’Donnell 1997; Zerbst-Boroffka et al. 1997). In annelids ultrafiltration occurs from the 
blood vessels into the coelom. Here the ciliated nephrostome opens into the coelom and 
funnels coelomic fluid into the metanephridia where the extracellular fluids are filtered 
resulting in the removal of solutes. Subsequently urine is formed, which is then altered by 
removal of water and solutes as it passes through the nephridia and eventually being 
excreted (O’Donnell 1997). The leech metanephridial system is slightly different in that 
coelomic vessels transfer coelomic fluid to the nephrostome, where funneling of the fluids 
occurs as would be seen in oligochaetes (. Fig. 5.6).

The basic structure of the metanephridia (. Fig. 5.6) consists of a nephridiopore that 
leads directly to the environment and a ciliated funnel called the nephrostome, which acts 
as a connection from the extracellular fluids to the metanephridia (Zerbst-Boroffka et al. 
1997). In addition to these structures, the metanephridia have various lobes where urine 
is filtered and a urinary bladder that holds the final urine. For a more detailed look at the 
structure of the metanephridia, see Zerbst-Boroffka et  al. (1997). Unlike the metane-
phridia, the protonephridia is a blind-ended tube that sits in the extracellular fluid and 
utilizes cilia to create a difference in pressure that drives fluid into the lumen of the proto-
nephridia (O’Donnell 1997). Here, as the fluid passes through the protonephridia, solutes 
and water are removed from the filtrate and then secreted into the environment.

While no direct mechanistic studies investigating ammonia or urea transport in the 
nephridial systems of platyhelminthes or annelids have been performed, studies by Zerbst- 
Boroffka and colleagues have investigated the mechanism of chloride secretion in the san-
guivorous leech (Hirudo medicinalis) (Zerbst-Boroffka et  al. 1997). The hypothesized 
model of chloride secretion in this leech suggests the Na+/K+-ATPase, Na+/K+/2Cl−, and 
anion/Cl− exchanger are involved in basolateral transport of chloride. With NH4

+ being 
able to substitute for K+ in transporters due to similarity in hydrated ionic radius and 
charge, it is plausible that these transporters in the metanephridia could also mediate an 
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ammonia transport (Knepper et al. 1989). The most prominent evidence for the involve-
ment of the proto- and metanephridia in nitrogenous waste excretion are studies 
 demonstrating direct measurement of both ammonia and urea in nephridial extracts from 
various platyhelminthes and annelids (Kulkarni et al. 1989; Lutz and Siddiq 1971; Webster 
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 . Fig. 5.6 Structure of the leech metanephridia specifically from the genus Erpobdella. This figure 
shows the association between the coelomic channels and the metanephridia (This image is taken from 
Brusca and Brusca (2003) with permission)
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and Wilson 1970). In the cestode (Hymenolepis diminuta), the urea content of the 
 protonephridia was approximately tenfold greater than ammonia, while in the sanguivo-
rous leech (Poecilobdella viridis), the ammonia content in the metanephridial extract was 
threefold greater than urea content (Kulkarni et  al. 1989; Webster and Wilson 1970). 
Regardless of which nitrogenous waste product is more abundantly present in the nephrid-
ial fluid, it is evident that both the proto- and metanephridia are capable and important for 
excretion of nitrogenous wastes.

The excretory system in nematodes is composed of three cells: the excretory cell, the 
pore cell, and the duct cell. These cells are located at the anterior end of the worm with the 
excretory cell containing two canals, which run down the length of the nematode. The out 
route of the excretory cell has been shown to run through the duct cell into the pore cell, 
which leads directly to the excretory pore of the nematode (Nelson et al. 1983). Through 
laser ablation studies, it has been shown that the excretory system of the soil nematode 
(Caenorhabditis elegans) is critical for water balance, as ablation of any of the three cells 
results in swelling of the worms (Nelson and Riddle 1984). In addition to its role in water 
balance, through the scanning ion-selective electrode technique (SIET), Adlimoghaddam 
and colleagues (2014) demonstrated that the excretory cell is involved in ion regulation of 
Na+, K+, H+, and Ca2+. While NH4

+ excretion through the excretory pore could not be 
measured by SIET due to interference with the K+ background (Adlimoghaddam et al. 
2014), it is likely that the excretory pore contributes to a portion of ammonia excreted. In 
fact, the high proton excretion measured at the excretory pore (. Fig. 5.3b) does indicate 
that ammonia trapping occurs within the canal of the excretory cell, a mechanism that has 
been suggested in various freshwater organisms (Larsen et al. 2014). Furthermore, expres-
sion of Rhr-1 in the excretory cell of C. elegans (McKay et al. 2003) suggests an ammonia 
excretory capability through the excretory pore.

5.3  Mechanisms of Ammonia Excretion in Nematodes, 
Platyhelminthes, and Annelids Inhabiting Ion-Poor 
Environments

5.3.1  Mechanism of Cutaneous Ammonia Excretion in Freshwater 
Leeches and Planarians

Until recently, comprehensive mechanistic studies of ammonia excretion in freshwater 
invertebrates were nonexistent. With increasing studies and the availability of modern 
molecular and histological techniques, it is becoming more evident that excretion of 
nitrogenous wastes in platyhelminthes and annelids is not merely occurring through their 
specialized intestinal and nephridial systems (Kulkarni et al. 1989; Lutz and Siddiq 1971; 
Tillinghast 1967; Tillinghast et al. 2001; Webster and Wilson 1970) but also through the 
epidermal tissues (Quijada-Rodriguez et  al. 2015; Weihrauch et  al. 2012). Thorough 
mechanistic studies of ammonia excretion in the platyhelminthes and annelids have been 
limited to two studies on the freshwater planarian (Schmidtea mediterranea) and freshwa-
ter carnivorous leech (Nephelopsis obscura) (Quijada-Rodriguez et al. 2015; Weihrauch 
et al. 2012). These two organisms provide ideal models for investigating ammonia excre-
tion in freshwater organisms as the small size and easy maintenance of these organisms 
make them readily usable for various molecular and physiological techniques. Further, at 
least for leeches, the skin can be easily dissected and mounted in Ussing chambers for 
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studies investigating ammonia flux capabilities directly across this tissue. This section will 
summarize the currently hypothesized mechanism of the cutaneous ammonia excretion 
in the freshwater planarian (S. mediterranea) and ribbon leech (N. obscura).

The Na+/K+-ATPase known to be the driving force for sodium uptake in freshwater 
organisms has also been shown to play a major role in cutaneous ammonia excretion for 
both N. obscura and S. mediterranea (Quijada-Rodriguez et  al. 2015; Weihrauch et  al. 
2012). Here it is suggested to be localized to the basolateral membrane as shown for the 
ammonia-transporting tissues of various vertebrates and invertebrates (Braun et al. 2009; 
Nakada et al. 2007; Patrick et al. 2006; Towle et al. 2001; Tresguerres et al. 2008). Whole 
animal studies on S. mediterranea demonstrated that blocking this pump with ouabain, a 
specific inhibitor of the Na+/K+-ATPase, effectively reduces ammonia excretion by about 
50 % (Weihrauch et al. 2012). Similarly, isolation of N. obscura skin in a modified Ussing 
chamber demonstrated that application of ouabain directly to the basolateral membrane 
reduces ammonia excretion by 39 % (Quijada-Rodriguez et al. 2015). In leeches and vari-
ous other organisms, this pump has been shown to accept ammonium as a substrate in 
place of potassium and thereby likely acting as a direct transporter of ammonia across the 
basolateral membrane (Mallery 1983; Masui et al. 2002; Quijada-Rodriguez et al. 2015; 
Skou 1965; Wall and Koger 1994). Further, mRNA expression of the Na+/K+-ATPase 
α-subunit in S. mediterranea has been shown to increase following a high environmental 
ammonia exposure (1 mmol l−1 NH4Cl, 48 h) (Weihrauch et al. 2012).

Having first been suggested in mammals to transport ammonia, the Rhesus glyco-
proteins are now recognized as of key importance in ammonia excretion (Marini et al. 
2000). Early work by Weihrauch and colleagues revealed that this ammonia transporter 
of mammals was also expressed in the ionoregulatory tissue (e.g., gills) of aquatic crus-
taceans (Weihrauch et  al. 2004b). Recently, X-ray crystallography suggested that the 
human RhCG promotes passage of gaseous ammonia and not ionic ammonia due to the 
hydrophobicity of the permeation pathway (Gruswitz et al. 2010). Since the initial dis-
covery of Rh proteins as gaseous ammonia channels, subsequent studies have implied 
that these proteins also allow the transport of CO2 (Endeward et  al. 2007; Musa-aziz 
et al. 2009; Perry et al. 2010; Soupene et al. 2004). In the leech N. obscura, a single Rh 
protein has been identified (NoRhp) and studies employing yeast-based complementa-
tion assays demonstrated that this invertebrate Rh protein is indeed capable of trans-
porting ammonia (Quijada- Rodriguez et  al. 2015). While not yet characterized as an 
ammonia transporter, the Rh protein of S. mediterranea also likely transports ammonia 
as phylogenetic analysis of various invertebrate Rh proteins shows that they group 
within the Rhp1 cluster, where now three members of this cluster have been shown to 
transport ammonia (7 see also Chap. 1) (Adlimoghaddam et al. 2015; Huang and Peng 
2005; Pitts et  al. 2014; Quijada-Rodriguez et  al. 2015). Further, high environmental 
ammonia exposure to both S. mediterranea and N. obscura resulted in differential mRNA 
expression of the Rh protein, with an upregulation following a 2-day exposure and 
downregulation following a 7-day exposure in the planarian and leech, respectively 
(Adlimoghaddam et al. 2015; Quijada-Rodriguez et al. 2015). In vertebrates, both baso-
lateral and apical localized Rh proteins have been confirmed (Larsen et  al. 2014). 
Therefore, in the leech and planarian, Rh proteins may potentially provide both apical 
and basolateral routes for ammonia excretion; however, the subcellular localization of 
the ammonia transporter is not known to date.

Unlike the Na+/K+-ATPase and Rh proteins, the V-type H+-ATPase (V-ATPase) is not 
capable of directly transporting ammonia but still plays a major role in apical ammonia 
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excretion in freshwater organisms (Kumai and Perry 2011; Nawata et al. 2007; Shih et al. 
2008; Tsui et al. 2009; Weihrauch et al. 2012). Diffusion of NH3 across a membrane is heav-
ily dependent on the partial pressure gradient of NH3 (∆PNH3). Thus, the V-ATPase can 
promote ammonia excretion by creating a pH gradient across a membrane to generate a 
∆PNH3 driving NH3 across the membrane. Once transported across the membrane, NH3 
combines with free protons forming NH4

+ which is incapable of freely diffusing across 
membranes effectively trapping ammonia. This mechanism of transporting ammonia 
known as “ammonia or acid trapping” and is likely facilitated by the NH3 transport capa-
bility of Rh proteins (Larsen et al. 2014; Weihrauch et al. 2009; Wilson et al. 1994; Wright 
and Wood 2009). Ammonia trapping across the apical membrane has been extensively 
studied in freshwater fish and likely occurs in the majority of freshwater organisms (Cruz 
et al. 2013; Larsen et al. 2014; Shih et al. 2008; Weihrauch et al. 2009; Wilkie 2002; Wilson 
et  al. 1994; Wright and Wood 2009). Blocking the V-ATPase in both planarians and 
leeches with concanamycin C effectively reduced cutaneous ammonia excretion (Quijada- 
Rodriguez et al. 2015; Weihrauch et al. 2012). Further, exposure to an acidic environment 
was shown to promote ammonia excretion suggesting an ammonia trapping mechanism 
similar to that seen in freshwater fish, where protons are actively pumped into the unstirred 
boundary layer creating an acidified microenvironment to promote an outwardly directed 
∆PNH3 (Quijada-Rodriguez et al. 2015; Weihrauch et al. 2012). However, unlike in planar-
ians and fish, acidification of the unstirred boundary layer in leeches was proposed to 
occur within the crypt of mucous-secreting cells (Quijada-Rodriguez et al. 2015). In this 
study, the presence of a buffer in the environment did not affect the ammonia excretion 
capability of N. obscura demonstrating that this organism was likely not manipulating its 
unstirred boundary layer at the epidermal surface but possibly elsewhere such as within 
the mucous-secreting cells. While in S. mediterranea, it has been shown that the V-ATPase 
is localized in both mucous-secreting rhabdites and apical membrane of epithelial cells 
(. Fig. 5.5b); it remains to be shown whether the crypts of mucous-secreting cells in the 
leech are truly acidified and whether the transport proteins necessary for ammonia excre-
tion by mucous-secreting cells are present.

Similar to the V-ATPase, Na+/H+ exchangers (NHEs) can also promote ammonia 
excretion by generation of ΔPNH3 across a membrane. This group of exchangers is typically 
thought to be electroneutral transporters driven by the Na+/K+-ATPase. In freshwater 
organisms, the efficacy of these electroneutral exchangers has come into question due to 
thermodynamic constraints posed by the presence of low Na+ concentration in freshwater 
(Avella and Bornancin 1989). One explanation for this thermodynamic enigma is the Rh- 
NHE functional metabolon (Wright and Wood 2009; Wu et al. 2010). Here it is proposed 
that the unstirred boundary layer on the apical surface of the membrane is alkalinized by 
excretion of NH3 through Rh proteins that bind free protons, thereby generating a proton 
gradient to drive Na+ uptake and H+ excretion by NHEs. Based on the inhibitory effects of 
amiloride, an inhibitor of NHEs (Kleyman and Cragoe 1988), it has been suggested that 
NHEs may play a role in ammonia excretion in S. mediterranea (Weihrauch et al. 2012). 
However, unlike in the planarian and some fish, ammonia excretion in the leech (N. 
obscura) is unaffected by EIPA (0.1  mmol l−1), an amiloride analog that inhibits NHEs 
(Kleyman and Cragoe 1988; Quijada-Rodriguez et al. 2015). While the permeability of the 
inhibitor during whole animal exposures may be in question, this same inhibitor 
(0.1 mmol l−1) has been shown to decrease sodium uptake in N. obscura, so one can assume 
that the drug is likely inhibiting NHEs but at the same time that NHEs are rather not 
involved in ammonia excretion (A.R. Quijada-Rodriguez personal communication).
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5.3.2  Mechanism of Ammonia Excretion in Soil Nematodes

 Similarities to Freshwater Leeches and Planarians
As highlighted above, soil nematodes share many similarities to freshwater organisms in 
terms of the ionoregulatory challenges faced in their environment. Therefore it is conceivable 
that soil nematodes have adapted similar mechanisms to freshwater organism for ammonia 
excretion as well. As in freshwater leeches, the Na+/K+-ATPase in C. elegans is capable of 
accepting ammonium as a substrate, and the nematode likely utilizes this pump for basolat-
eral transport of ammonia (Adlimoghaddam et al. 2015). Further, following high environ-
mental ammonia exposure (2 day 1 mmol l−1 NH4Cl), both mRNA expression of the α-subunit 
of this pump and Na+/K+-ATPase activity level increased (Adlimoghaddam et al. 2015).

In addition to the Na+/K+-ATPase, Rh proteins may serve as a route for basolateral and 
apical ammonia transport as C. elegans expresses two Rh proteins, Rhr-1 and Rhr-2, both of 
which are expressed in the hypodermis (. Fig. 5.4) (Ji et al. 2006; Adlimoghaddam unpub-
lished). Following high environmental ammonia exposure, increased mRNA expression of 
Rhr-1 and Rhr-2 are seen in conjunction with an increased ammonia excretion suggesting a 
role for both of these transporters in ammonia excretion (Adlimoghaddam et al. 2015). Further, 
studies employing yeast-based functional complementation assays demonstrated that like the 
Rh protein of N. obscura, Rhr-1 is capable of transporting ammonia when expressed in yeast 
(Adlimoghaddam et al. 2015). While not yet functionally characterized, Rhr-2 also likely trans-
ports ammonia as it contains a set of conserved amino acid residues essential for ammonia 
conductance, while also having a high sequence similarity to the ammonia-transporting Rhr-1 
(Zidi-Yahiaoui et al. 2009). In C. elegans, basolateral localization of the Rhr-1 protein is pre-
dicted due to its high expression level in the hypodermis relative to Rhr-2 and its broad expres-
sion across various tissues (Adlimoghaddam et al. 2015; Ji et al. 2006). These characteristics of 
Rhr-1 resemble that previously shown for the basolaterally localized Rhbg/RhBG of verte-
brates (Cruz et al. 2013; Handlogten et al. 2005; Nawata et al. 2007).

As seen in the freshwater leeches and planarians, ammonia is believed to be transported 
across the apical membrane of the hypodermis via ammonia trapping. Through studies on 
wild-type C. elegans, a dependence on ammonia trapping across the hypodermis was 
hypothesized, as exposure to an acidic environment (buffered pH 5) promoted an enhanced 
ammonia excretion (Adlimoghaddam et  al. 2015). In Rhr-2 knockout studies, Rhr-2 
mutants were unable to promote an enhanced ammonia excretion following exposure to a 
low pH environment (buffered pH 5) as was seen in wild-type C. elegans, suggesting that 
the Rhr-2 protein is essential for ammonia trapping across the hypodermis and thus likely 
apically localized (Adlimoghaddam et al. 2016). The V-ATPase is also believed to be cou-
pled with the Rhr-2 protein to promote ammonia trapping, as ammonia excretion is 
decreased by approximately 28 % following inhibition of this pump with concanamycin C, 
an inhibitor of the V-ATPase (Adlimoghaddam et al. 2015). Additionally, mRNA expression 
of the V-ATPase increases following exposure to 1 mmol l−1 NH4Cl after 2 days.

Another contributor to apical acidification for ammonia trapping could be the NHXs 
(Na+/H+ exchangers, cation proton antiporter 1 subfamily) and NHAs (Na+/H+-antiporter, 
cation proton antiporter 2 subfamily) of which C. elegans expresses 9 different NHXs 
(Nehrke and Melvin 2002) and 3 different NHAs (GB accession nos.: NP_509724, 
NP_509723, NP_507130). The hypodermis is known to express 3 NHXs, the NHXs 1, 3, 
and 4, of which NHX3 is localized in intracellular membranes and NHX4 to the basolat-
eral membrane. Unlike the NHXs, tissue expression of the NHAs in C. elegans remains 
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unknown. Further studies are necessary to determine the potential role of the NHXs and 
extremely understudied NHAs in the ammonia excretion mechanism of C. elegans.

 Vesicular Transport of Ammonia
As an alternative mechanism to ammonia trapping across the apical membrane of the hypoder-
mis, it is believed that vesicular transport of ammonia also occurs in C. elegans (Adlimoghaddam 
et al. 2015). Having first been suggested as mechanism of ammonia excretion in the gills of the 
green shore crab (Carcinus maenas) (7 see Chap. 1, Weihrauch et al. 2002) and subsequently in 
the Chinese mitten crab (Eriocheir sinensis) (7 Chap. 1) as well as in the midgut of the tobacco 
hornworm (Manduca sexta) (Weihrauch 2006), some ammonia could potentially also in C. 
elegans be excreted by exocytosis. Here the V-ATPase is proposed to generate a ΔPNH3 driving 
ammonia into acidified vesicles, which would act as an acidic microenvironment for ammonia 
trapping that would facilitate ammonia excretion independently of environmental conditions. 
In C. elegans, inhibition of the microtubule network by colchicine decreased ammonia excre-
tion by 26 % implicating that at least a portion of the animals ammonia load is excreted via a 
vesicular transport of ammonia and subsequent exocytosis (Adlimoghaddam et al. 2015). In 
addition to vesicular acidification by the V-ATPase, the hypodermal expressed NHX3 which is 
localized to intracellular membranes (Nehrke and Melvin 2002) and may also facilitate ammo-
nia trapping in vesicles. Ammonia trapping by the NHE orthologue NHX3 may either occur 
through diffusion or if co-localized with one of the Rh proteins may form a functional Rh-NHE 
metabolon as proposed by Wright and Wood for fish gills (Wright and Wood 2009).

 Role of AMTs
Recent evidence has shown that ammonium transporters (AMTs) found in plants and bacteria 
to transport NH4

+ and NH3 (Gu et al. 2013; Khademi et al. 2004; Ludewig et al. 2002; Musa-aziz 
et al. 2009), respectively, are also found in the genomes and transcriptomes of invertebrates 
(Huang and Peng 2005). This discovery has opened the potential for another route of ammonia 
transport potentially independent of Rh proteins. Recently, expression of the mosquito 
(Anopheles gambiae) AMT in Xenopus oocytes demonstrated that the AMTs of invertebrates 
also transport ammonia and likely in the ionic form (Pitts et al. 2014). In C. elegans, 4 AMTs 
are expressed: AMT-1, AMT-2, AMT-3, and AMT-4; of these AMTs tissue expression is only 
known for AMT-3 which is found in the head nerves, tail nerves, ring nerves, and intestine 
(McKay et al. 2003). There remains the potential that the remaining 3 AMTs could be expressed 
in the hypodermis and promote either basolateral or apical transport of ammonia; however, 
tissue distribution and cellular localization of these AMTs remain to be performed.

5.4  Conclusion

Since the mid-1900s, some studies have investigated nitrogenous waste excretion in 
nematodes, platyhelminthes, and annelids. We now know that the epidermis, hypoder-
mis, intestine, nephridial system, and nematode-specific excretory system are all poten-
tial sites for the excretion of nitrogenous waste products, which are predominantly either 
ammonia or urea. Based on the few comprehensive mechanistic studies in Caenorhabditis 
elegans, Schmidtea mediterranea, and Nephelopsis obscura preliminary models for the 
excretion of ammonia in invertebrates other than the decapod crustaceans and cephalo-
pods are now being established (. Fig.  5.7). From these models, it is evident that the 
V-ATPase, Na+/K+-ATPase, and Rh proteins are crucial for ammonia excretion whether 
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 . Fig. 5.7 Hypothetical models for ammonia excretion in soil nematodes, freshwater planarians, and 
freshwater leeches. (a) Hypodermal ammonia excretion mechanism in the soil nematode (Caenorhabditis 
elegans). (b) Cutaneous ammonia excretion mechanism in the freshwater planarian (Schmidtea mediterranea) 
and freshwater leech (Nephelopsis obscura). The ? indicates potential involvement of NHEs in S. mediterranea. It 
is important to note that NHEs are suggested to not play a role in the N. obscura ammonia excretion model but 
present in the skin. Currently the role of each cell type, epithelial cell or mucous-secreting cell, in transepithelial 
ammonia excretion is unknown (The transport mechanisms are adapted from (Adlimoghaddam et al. 2015; 
Quijada-Rodriguez et al. 2015; Weihrauch et al. 2012) and described in the text above)
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it is by ammonia trapping across the apical membrane or in acidified vesicles. With the 
broadening of studies across various phyla, it is becoming more and more evident that 
common mechanisms of ammonia excretion currently seen in vertebrates likely evolved 
early on in the invertebrates.
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6.1  Summary

Aquatic decapod crustaceans live in a highly variable and constantly changing environ-
ment, permanently challenging their physiological homeostasis. One of the key processes 
considered ensuring physiological performance and function is the maintenance of acid–
base balance. This chapter aims to provide a comprehensive overview of the challenges for 
aquatic decapod crustaceans’ acid–base homeostasis, as well as the current knowledge 
regarding the respective mechanisms for acid–base regulation. Like many other marine 
organisms including fish and cephalopods, aquatic decapod crustaceans are capable of 
counteracting an acidosis or alkalosis of their bodily fluids mainly by modulating their 
hemolymph bicarbonate levels in order to buffer the pH.  In addition, they adjust the 
excretion of acid and/or base equivalents, respectively. It is evident that ion transport 
mechanisms at the level of the gill epithelium contribute substantially to these acid–base 
regulatory processes, including the modulation of gene (mRNA) expression levels of dis-
tinct gill epithelial transcripts like carbonic anhydrase, Rhesus-like protein, Na+/K+-
ATPase, V-(H+)-ATPase and Cl−/HCO3

−-exchanger. As a result of recently generated data 
mainly from gill perfusion experiments, a novel hypothetical working model for branchial 
acid–base regulation is put forward. It ties in general ion as well as ammonia regulatory 
mechanisms and accounts for the obvious linkage between these three processes.

6.2  The Importance of Acid–Base Homeostasis in Aquatic 
Decapod Crustaceans

Maintaining acid–base balance is fundamental for all living organisms, including decapod 
crustaceans (Henry and Wheatly 1992). Only slight disturbances in the concentration of 
acid–base equivalents resulting in shifts of pH in the intra- or extracellular fluids may 
impair properties of essential proteins and their regulation (i.e. enzymes, Somero 1986; 
respiratory proteins, Riggs 1988; Truchot 1975a) and ultimately lead to a disruption of 
basic physiological functions. Consequently, securing whole animal acid–base homeosta-
sis not only includes the maintenance of a constant intra- and extracellular pH but also 
needs mechanisms in place for its re-adjustments after an acid–base disturbance. Factors 
to disrupt acid–base homeostasis in decapod crustaceans might include a variety of intrin-
sic as well extrinsic parameters like the internal acid load due to exercise (e.g. Booth et al. 
1984; Rose et  al. 1998), shifts in CaCO3 handling during the moulting process (e.g. 
Mangum et  al. 1985) and fluctuations of environmental parameters like salinity (e.g. 
Whiteley et al. 2001), temperature (e.g. McMahon et al. 1978; Whiteley and Taylor 1990), 
pO2/pCO2 (e.g. De Fur et al. 1983; Urbina et al. 2013) and ammonia (e.g. Cheng et al. 2013; 
Martin et al. 2011). The regulation of acid–base balance in aquatic decapod crustaceans 
therefore is a complex interaction of physiological and biochemical processes including 
respiratory gas exchange, ion regulation and overall adjustments of metabolism (Henry 
and Wheatly 1992).

Most studies on acid–base regulation in decapod crustaceans to date concentrate on 
whole animal extracellular acid–base status and its responses upon disturbances (7 see 
Sect. 6.3). Few studies investigated acid–base regulation on a cellular level, and therefore, 
little is known about direct trans-branchial transport of acid–base equivalents in decapod 
crustaceans (7 see Sect. 6.4). While most available acid–base related data has been col-
lected on brachyuran hyper-regulating crabs (e.g. the green crab Carcinus maenas, the 
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blue crab Callinectes sapidus and the Chinese mitten crab Eriocheir sinensis), this chapter 
aims to provide a broader review of the currently available literature on acid–base regula-
tion also in the other major members of decapod crustaceans, namely, prawns (in this 
chapter referred to as synonym for penaeoid and sergestoid shrimp), Anomura, shrimp 
(caridean shrimp), lobster and crayfish (De Grave et al. 2009; . Fig. 6.1).

6.2.1  Tissues Involved in Acid–Base Regulation

In crustaceans, anisosmotic extracellular regulation (AER), or the osmotic and ionic buff-
ering of the extracellular fluid in order to maintain (acid–base) homeostasis, is believed to 
be mainly driven by the gills, antennal glands and gut (McNamara and Faria 2012).  
A tissue-specific inventory of epithelial membrane transporters then translates the changes 
of extracellular adjustments into the cell to ensure the intracellular maintenance of acid–
base balance (Freire et al. 2008).

kGills
Similar to fish and cephalopods (7 see Chap. 11), the majority of the acid–base-relevant 
ion regulatory apparatus of decapod crustaceans is located in their gill epithelia (Henry 
et al. 2012; Larsen et al. 2014, and references therein). Not only are the gills involved in 
respiratory and acid–base physiology, but they are the major organs also for ion regulation 

Order

DECAPODA

PRAWNS

Suborder

Dendrobranchiata

Pleocyemata

Anomura

Brachyura

CRABS

Caridae

SHRIMPS

Nephropoidea

LOBSTER

Astacoidea

Parastacoidea

CRAYFISH

Dendrobranchiate gills Phyllobranchiate gills Trichobranchiate gills

Astacidea

Infraorder (Super) Family

 . Fig. 6.1 Overview of the different subgroups of decapod crustaceans discussed in this chapter.  
The nomenclature follows De Grave et al. (2009). To avoid confusion, members of the suborder 
Dendrobranchiata are referred to as “prawns” throughout the text, while “shrimps” solely refers to the 
infraorder Caridae
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and ammonia excretion, therefore linking all of these regulatory processes (Freire et al. 
2008; Henry et al. 2012).

All decapod crustaceans possess paired gills that are covered by a fine chitinous cuti-
cle, lined by a single-layered epithelium and attached to a basal lamina (Freire et al. 2008). 
Depending on taxa, the number of paired gills, their location of attachment and the 
arrangement of the gill lamellae (phyllobranchiate, trichobranchiate, dendrobranchiate, as 
indicated in . Fig. 6.1) vary substantially, providing more or less gill surface amplification 
for ion and gas exchange processes between the external (environment) and the internal 
medium (hemolymph). For further details, the reader is referred to the extensive descrip-
tions by Taylor and Taylor (1992).

According to their different life strategies (i.e. primary habitat/habitat changes), gill epithe-
lia of decapod crustaceans exhibit specific characteristics that can vary even within the respec-
tive sub-/infraorder or (super) family. Acid–base status and regulation in decapod crustaceans 
have been shown to be linked to external salinity and NaCl regulation (i.e. in the freshwater 
crayfish Astacus leptodactylus (Ehrenfeld 1974), C. sapidus (Henry and Cameron 1982) and E. 
sinensis (Whiteley et al. 2001), and therefore the tightness of the gill epithelium consequently 
might also affect the animals’ capability for acid–base regulation. While the gill epithelia of 
strong hyper-regulators like E. sinensis (Weihrauch et  al. 1999) and freshwater crayfish 
(Wheatly and Gannon 1995) represent a tight epithelium (conductance for ions <5 mS cm−2), 
the epithelium of weak hyper-regulators like C. maenas (Weihrauch et  al. 1999) and the 
American lobster Homarus americanus (Lucu and Towle 2010) is much leakier and allows for 
increased intercellular transport of ions (conductance 40–60 mS cm−2). Gills of osmocon-
forming crustaceans like M. magister (Hunter and Rudy 1975) or Cancer pagurus (Weihrauch 
et al. 1999) in contrast are highly permeable for ions (conductance > 200 mS cm−2), and there-
fore these species are very limited in their capability to osmoregulate (Larsen et al. 2014).

Furthermore, specializations of gill epithelia can be seen at the ultrastructural level. Of 
the five different cell types found in decapod crustacean gill epithelia (thin cells, thick cells, 
flange cells, attenuated cells and pilaster cells; Freire et  al. 2008), thin cells are generally 
believed to be associated with respiratory epithelia due to their low height (1–5 μM), a lack 
of extensive membrane folding and low number of mitochondria. Consequently, they have 
been considered to play an increased role in acid–base regulation rather than osmoregula-
tion (Freire et al. 2008). Thin cells are found in all gills of osmoconforming crabs as well as 
the most anterior four to six pairs of gills of hyper-regulating crabs like C. maenas (Compere 
et al. 1989), C. sapidus (Copeland and Fitzjarrell 1968) and E. sinensis (Barra et al. 1983). 
Some thin cells were also observed in the gill epithelium of lobsters (Haond et al. 1998). In 
some hyper-regulating crabs like C. maenas (Compere et al. 1989) and C. sapidus (Copeland 
and Fitzjarrell 1968), thin cells are found to surround thick cells (also called ionocytes due to 
their supposed major role in ion transport) in the most posterior (osmoregulatory) pairs of 
gills, therefore indicating that acid–base regulatory properties might not be solely associated 
with the anterior gills in these species. To date, however, the direct site for acid–base regula-
tion in euryhaline Brachyuran gills has not been confirmed, while osmoregulation has been 
demonstrated to be associated predominantly with the posterior gills (Henry et al. 2012) and 
ammonia with both anterior and posterior gills (Weihrauch et al. 1999; 7 see Chap. 1).

The gill epithelia of lobsters (Haond et al. 1998), prawns (Bouaricha et al. 1994), shrimp 
(Freire and McNamara 1995) and freshwater crayfish (Morse et  al. 1970) on the other 
hand are more homogeneous and possess so-called flange cells that exhibit features of 
both thin and thick cells of crabs and are therefore believed to incorporate both respira-
tory/acid–base and ion regulatory functions (Freire et al. 2008).
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Even though most pilaster cells (resembling thin or thick cell criteria depending on 
their localization in the gill, Compere et al. 1989) in the epithelia of crabs and crayfish 
seem to inherit a mainly stabilizing function for the intra-lamellar septum, they are the 
exclusive sites for the vacuolar-type H+-ATPase (V-(H+)-ATPase) in E. sinensis, indicating 
an additional role for these cells in acid–base regulation in this species (Freire et al. 2008).

kAntennal Glands
Situated at the anterior end of the body at the base of the eyestalks, the paired antennal 
glands are mainly involved in the production (ultrafiltration) and ionic regulation of the 
urine to maintain extracellular water balance (Larsen et al. 2014). Therefore, they can be 
regarded as analogues of the nephron of the vertebrate kidney, the major acid–base regu-
latory organ in mammals and other terrestrial vertebrates (Weiner and Verlander 2013). 
Even though urine [Na+], [K+] and [Cl−] are adjusted upon disturbance of (acid–base) 
homeostasis, antennal glands are believed to rather contribute to the regulation of divalent 
cations like Ca2+ and Mg2+ based on the respective clearance ratios (Wheatly 1985).

Only a few studies have investigated the role of antennal glands in acid–base regula-
tion in decapod crustaceans. In freshwater-acclimated blue crabs C. sapidus, net urinary 
acid–base and ammonia efflux were negligible and did not change significantly when ani-
mals were exposed to hypercapnia (2 % pCO2; Cameron and Batterton 1978a). In the 
Dungeness crab Metacarcinus magister acclimated to dilute salinity (~20 ppt), the increase 
in antennal gland-mediated HCO3

− efflux resulted in an increased alkalinization of the 
urine, but was accompanied by an increase in HCO3

− reabsorption over time, likely to 
assist in HCO3

− accumulation in the hemolymph (Wheatly 1985). However, in respect to 
the overall base output in response to dilute salinity acclimation, the antennal gland of  
M. magister contributed to only 10 % at best (Wheatly 1985). Also in the freshwater- 
acclimated euryhaline crayfish Pacifastacus leniusculus exposed to hyperoxia, an initial 
extracellular acidosis resulted in an increase in HCO3

− reabsorption from the urine to 
buffer hemolymph pH, but in parallel, an acidification of the urine was observed mainly 
due to increased ammonia (NH4

+) excretion (Wheatly and Toop 1989). Similar to the 
observations of hyposaline-acclimated M. magister, however, net H+ efflux accounted for 
only 10 % of the whole animal response in this crayfish. Interestingly, antennal glands of  
P. leniusculus show a significantly higher activity of carbonic anhydrase (CA), the enzyme 
involved in the hydration of CO2 to form H2CO3 and subsequently dissociate to H+ and 
HCO3

−, compared to the gills (Wheatly and Henry 1987). When acclimated to hypersaline 
conditions, however, CA activity was progressively reduced with increased salinity (up to 
80 % at ~25 ppt).

In conclusion, the existing data suggest an overall negligible involvement of antennal 
glands in acid–base regulation in decapod crustaceans.

kGut and Gut Diverticula
Besides the respective adjustment of urine flow, gut-mediated fluid absorption and secre-
tion of digestive fluid have been shown to be ion dependent in both hypo- and hyper- 
regulating crustaceans and likely help in the regulation of the hemolymph composition 
(Mantel and Farmer 1983). Accordingly, crustacean gut epithelia have been shown to pos-
sess Na+/K+-ATPase that in addition to their function in ion regulation might also pro-
mote the uptake of nutrients (Chu 1987; Chung and Lin 2006; Mantel and Farmer 1983). 
Even though being directly exposed to the environment and showing evidence for the 
capability to take up/excrete small ions like Na+, Cl−, K+, Ca2+ and SO4

− (Ahearn 1978; 
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Mantel and Farmer 1983), a potential role of the gut in acid–base regulation has not been 
investigated to date.

In addition to the gut, the presence of an electrogenic, likely apically situated 2Na+:1H+-
exchanger in the hepatopancreas of lobster and freshwater prawns (Ahearn et al. 1990, 
1994) would provide an important key player for acid–base regulation in this tissue. 
Similar as for the gut, however, a direct involvement for the hepatopancreas in maintain-
ing acid–base homeostasis has not been investigated to date. Clearly, future studies need 
to be performed in order to characterize the potential roles of gut and hepatopancreas in 
crustacean acid–base regulation.

6.2.2  Preadaptation Through Life Strategies?

The estimated 14,000 species of aquatic decapod crustaceans can be found in nearly all water 
bodies of the world. As described earlier, the capability of inhabiting specific water bodies 
mainly depends on the crustaceans’ regulatory capacity due to the characteristics of the gill 
epithelium as well as the general permeability of their carapace. Acid–base regulatory capa-
bilities are therefore likely correlated with life history, genetic predisposition and physiological 
plasticity (Melzner et al. 2009). As metazoans with a relatively high metabolic rate and level of 
activity, a high capacity to adjust body fluid pH (also dependent on the relatively large fluid 
volume) and relatively little expressed calcified structures compared to other marine calcifiers 
like corals, echinoderms and molluscs (decapod), crustaceans are believed to cope better with 
changes in their environment than other marine invertebrates (Wittmann and Pörtner 2013).

The following sections are intended to roughly characterize the basic life strategies for 
key species of the major decapod crustacean groups that will be discussed in more detail 
concerning their acid–base regulatory capabilities in the subsequent chapters.

kPrawns
While most Dendrobranchiata (Penaeidae) are euryhaline hyper-/hypo-osmoregulators 
and found in the marine environment (e.g. (Marsu)Penaeus japonicus (Cheng et al. 2013); 
(Lito)Penaeus vannamei (Liu et al. 2015)), some species of Sergestidae are found in fresh-
water. Many species inhabit deep (offshore) waters, while most Penaeidae are mainly 
found in shallow inshore tropical and subtropical waters and estuaries. Some prawn spe-
cies are known to bury in mud substrates during the daytime (Tavares and Martin 2010), 
challenging their acid–base homeostasis as described below.

kAnomura
While king crabs (Lithodidea) like the southern king crab Lithodes santolla are subtidal 
species that can be found between 5 and 700 m depth in temperate waters (Urbina et al. 
2013), hermit crabs (Paguroidea) like Pagurus bernhardus (De la Haye et al. 2011) and 
Porcelain crabs (Galatheoidea) like Petrolisthes cinctipes (Carter et al. 2013) are commonly 
found in the intertidal zone, potentially being trapped in rocky tide pools experiencing 
large spatial and temporal changes in abiotic parameters as discussed below.

kCrabs
With over 6700 species in 93 families, brachyuran crabs constitute to ca. 50 % of all deca-
pod crustaceans (Ng et al. 2008). Accordingly, all imaginable life strategies and habitat 
uses are exhibited by this infraorder, including terrestrial species. Some of the most 
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 thoroughly investigated crabs are the osmoconforming Dungeness crab M. magister, the 
weak hyper-osmoregulating green crab C. maenas and the closely related blue crab  
C. sapidus, as well as the strong hyper-osmoregulating Chinese mitten crab E. sinensis. 
Like prawns and Anomura, they are oftentimes trapped in tide pools (Truchot and 
Duhamel-Jouve 1980) and some species bury in the sediment (Bellwood 2002).

kShrimp
Besides brachyuran crabs (palaemonid), shrimps are the most diverse of the decapod groups 
with a great inter- and intraspecific variability in osmoregulatory capabilities. While most 
species can be found in freshwater and are strong hyper-regulators (i.e. genus Macrobrachium), 
some species inhabit estuarine (brackish) and even marine waters (i.e. genus Palaemon, 
Palaemonetes) and are hyper-/hypo-osmoregulators (Freire et al. 2003; McNamara and Faria 
2012). Some shrimp species are associated with the intertidal zones and therefore more shal-
low waters (i.e. Crangon crangon, Almut and Bamber 2013) or are amphidromous and 
occupy those habitats during their early life stages (e.g. Pandalus borealis, Hammer and 
Pedersen 2013; Macrobrachium olfersii, Freire and McNamara 1995; McNamara and Lima 
1997). Other shrimps are deep-water dwellers (e.g. P. borealis, Hammer and Pedersen 2013).

kLobster
For the longest time, lobsters, especially the commercially important lobsters of the genus 
Homarus and the Norway lobster Nephros norvegicus, have traditionally been considered 
to be osmoconforming, stenohaline (salinity > 25 ppt) and limited to coastal and offshore 
habitats down to 700 m depth (Chapman 1980; Cooper and Uzmann 1980; Dall 1970). 
More recent research, however, identified them to be present also in estuarine and inter-
tidal regions where they experience short-term fluctuation in salinity and other abiotic 
parameters (Charmantier et al. 2001). Additionally, the reproduction of lobsters seems to 
be dependent on higher water temperatures that lead to the animals’ migration into differ-
ent habitats and consequently, their exposure to different environmental conditions that 
potentially challenge acid–base homeostasis (Charmantier et al. 2001).

kCrayfish
Crayfish belong to the only decapod superfamily that is almost entirely found in freshwa-
ter (Reynolds et al. 2013). However, many crayfish species depend on the connection to 
the ocean in order to breed and therefore have a limited capability to osmo- and ion- 
regulate (Pequeux 1995). A remarkable number of crayfish build complex burrows in 
which they spend most of their life (Crandall and Buhay 2008; Guiasu 2002). Others are 
defined as stream or lake/pond/large river dwellers or are obligated cave dwellers (Crandall 
and Buhay 2008). Due to the very different chemistry of freshwater (low total osmolarity 
of ~4 mOsm/mainly CaCO3 vs. 1000 mOsm/mainly NaCl in marine environments), ion 
regulation in crayfish is challenged and they maintain a lower, yet still hyper-osmotic 
extracellular ionic concentration and a lower carapace permeability for ions and water 
compared to marine decapod crustaceans (Wheatly and Gannon 1995).

6.2.3  Challenging Acid–Base Homeostasis

There are several factors that can challenge the acid–base regulatory machinery of ani-
mals. As (opportunistic) omnivores, all decapod crustaceans experience regular internal 

Chapter 6 · Acid–Base Regulation in Aquatic Decapod Crustaceans



6

158

acid loads due to the catabolism of proteins and the resulting build-up of extracellular 
ammonia (mostly NH4

+ at physiological pH, Weiner and Verlander 2013) that can affect 
extra- as well as intracellular acid–base homeostasis (Larsen et al. 2014). The response of 
decapod crustaceans upon exercise (functional/internal hypoxia) on the other hand results 
in a build-up of lactate and CO2 in the hemolymph, therefore delivering H+ and challeng-
ing extracellular acid–base regulation (Henry et al. 1994; see below).

Besides these intrinsic sources of acid–base disturbances, many of the mainly ben-
thic aquatic decapods experience regular fluctuations of the abiotic parameters pH, 
pCO2/pO2, salinity and temperature in their surrounding environment. In intertidal 
zones, estuaries and water bodies like the Baltic Sea with restricted connection to the 
well-buffered open ocean, naturally recurrent elevated pCO2 (hypercapnia, ~234 Pa vs. 
normal levels of 39 Pa) and changes in pH (7.5–8.2) and temperature (3.3–18.7 °C), as 
well as salinity (14.5–21.5  ppt), challenge acid–base homeostasis on a regular basis. 
Additionally, decapods in these shallow water environments are prone to be trapped in 
tide pools, where they experience even more drastic changes in all abiotic parameters 
(Truchot 1988), including extremely low levels of oxygen (hypoxia; Truchot and 
Duhamel-Jouve 1980). In extreme cases, these tide pools fall dry so that decapods are 
exposed to air. As mentioned above, many decapod crustacean species hide in burrows 
and caves or bury in the sediment to avoid predators (Larsen et al. 2014). With only 
limited water circulation around them, metabolic ammonia builds up around the ani-
mals, consequently exposing them to high environmental ammonia (HEA, Weihrauch 
et al. 2004a, b), another challenging factor for acid–base homeostasis mainly for osmo-
conforming crabs like M. magister (Martin et  al. 2011). Furthermore, pH has been 
shown to decrease to as low as 6.5 already within the first few centimetres of sand and 
mud substrates, accompanied by elevated CO2 levels of up to 1,600 Pa (Widdicombe 
et al. 2011).

Besides these naturally occurring challenges for acid–base homeostasis, global climate 
change and its impacts on acid–base regulation of decapod crustaceans and other inverte-
brates have become of greatest concern (Whiteley 2011). On the one hand, the anthropo-
genic increase of atmospheric pCO2 and its oceanic uptake will result in a decrease of the 
surface ocean pH of up to 0.3 units by the year 2100 (corresponding to pCO2 of 1000 ppm; 
IPCC 2013) and up to 1.4 units by the year 2300 (corresponding to a pCO2 of 8000 ppm; 
Caldeira and Wickett 2005), a process termed ocean acidification (IPCC 2013). Even 
though crustaceans are predicted to be less sensitive to ocean acidification than other 
invertebrates, still one third of all investigated species in a current meta-analysis by 
Wittmann and Pörtner (2013) were negatively affected at an environmental pCO2 of 851 
and 1,370 μatm (scenario RCP8.5., Meinshausen et  al. 2011). On the other hand, the 
increase of ocean surface temperature of up to 3 °C by the year 2100 as predicted by the 
Intergovernmental Panel on Climate Change (Collins et  al. 2013) might pose an addi-
tional challenge for acid–base homeostasis in decapod crustaceans and even to shifts in 
whole ecosystem ecology and animal distributions (Walther et al. 2002). As a result, so-
called dead zones and oxygen minimum zones (zones of depleted or low oxygen) are 
markedly increasing due to the anthropogenic pollution and the resulting increase in algal 
blooms and likely also due to a decrease in water circulation resulting from global warm-
ing (Mora et  al. 2013). In combination, ocean acidification and warming negatively 
affected crustacean growth and potentially survival, but had no severe effects on calcifica-
tion (Harvey et al. 2013).
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6.3  Whole Animal Acid–Base Homeostasis and Regulation

6.3.1  Hemolymph Acid–Base Status

In decapod crustaceans, acid–base homeostasis on the whole animal level is described best 
by the carbonate system characteristics of the extracellular fluid. A disturbance of acid–base 
homeostasis can be of metabolic (shifts in aerobic/anaerobic metabolism and production of 
organic acids) or respiratory (shifts in respiratory CO2) origin and leads to a decrease (aci-
dosis) or increase (alkalosis) in hemolymph pH if not compensated for. Typically, these fluc-
tuations are depicted in a Davenport diagram as shown in . Fig. 6.2 (Davenport 1974).

Besides a small contribution of non-carbonate buffers like the respiratory pigments 
and other hemolymph proteins, adjustments in the hemolymph carbonate speciation 
allows for the buffering of the extracellular fluid upon an acid–base disturbance, accord-
ing to following equation:

CO H O H CO H HCO2 2 2 3 3+ « « ++ -

Due to the low solubility of O2 in water, aquatic animals need to establish a high flow rate of the 
external medium over their major gas exchange surfaces in order to ensure sufficient oxygen-
ation. Aquatic decapod crustaceans are therefore very restricted in adjusting ventilation rates in 
order to regulate CO2 flow. With a pK value of 6.2, extracellular CO2 is mainly dissociated into 
H+ and HCO3

− at average physiological pH. Therefore, acid–base disturbances may be counter-
acted using primarily ion regulatory mechanisms at the gills (Henry et al. 2012; Truchot 1988).

. Tables 6.1, 6.2, 6.3, 6.4, 6.5, 6.6 and 6.7 give an overview of hemolymph acid–base 
characteristics of decapod crustaceans under control conditions, as well as changes 
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 . Fig. 6.2 Davenport diagram for disturbances in acid–base homeostasis. (a) Metabolic and (b) 
respiratory components of acid–base disturbance. Indicated values are fitted roughly to represent an 
average decapod crustacean as listed in . Tables 6.1, 6.2, 6.3, 6.4, 6.5, 6.6 and 6.7. Diagrams are 
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curved lines indicate CO2 isopleths. The grey circle indicates a potential partial compensation by 
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− (see text for details)
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 . Table 6.4 Physiological, whole animal response of decapod crustaceans upon changes in 
 environmental temperature

Species References Condition Water  
T [°C]

Water 
salinity  
[ppt]

Hemo- 
lymph  
pH

Hemo- 
lymph  
pCO2  
[Pa]

Hemo- 
lymph 
HCO3

−  
[mM]

Lactate  
[mM]

Carcinus 
maenas

Truchot 
(1973)

Control 15 20 7.75 335 6.6 –

4 days 5 20 7.90 225 7.3 –

4 days 10 20 7.75 280 6.5 –

4 days 21 20 7.63 425 5.9 –

4 days 26 20 7.53 545 5.5 –

Carcinus 
maenas

Howell 
et al.  
(1973)

Control 15 32 7.79 625 13.2 –

7 days 5 32 8.07 305 16.7 –

7 days 10 32 7.86 590 16.0 –

7 days 20 32 7.77 560 10.2 –

Callinectes 
sapidus

Howell 
et al.  
(1973)

Control 15 32 7.77 320 5.9 –

7 days 5 32 8.03 465 18.8 –

7 days 10 32 7.80 425 9.2 –

Callinectes 
sapidus

Cameron 
and 
Batterton 
(1978a)

Control 10 0 7.94 280 10.35a –

7–14 
days

27 0 7.74 400 7.60a

Metacarcinus 
magister

McMahon 
et al.  
(1978)

Control 12 32 7.84 225 5.83 1.5

10 days 7 32 7.91 235 7.42 1.4

10 days 17 32 7.73 250 4.47 1.5

All studies have been conducted on brachyuran crabs
aValues are for total carbon
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induced by various stressors as described in 7 Sect. 6.2.3 and below. Due to the vast num-
ber of publications on acid–base disturbances, we do not claim for the list to be complete, 
but rather tried to give representative examples for as many different species as possible. 
In case multiple studies were available for the same species, we attempted to include the 
most relevant publication(s) that was (were) comparable to the other studies. Data was 
partly extracted from graphs and values transformed into the units as depicted in the 
tables where applicable. If significantly different, values are given for the time point of 
maximum effect as well as from the end of the incubation period.

Under control conditions, all decapod crustaceans maintain their hemolymph pH 
typically between 7.7 and 8.0. Hemolymph pCO2 levels, however, can vary quite substan-
tially between crustacean species and are typically low (ca. 200–500 Pa) due to the almost 
complete dissociation to H+ and HCO3

− at physiological pH, but high enough likely to 
enable diffusion out of the body along the gradient between the extracellular fluid and the 
environment (ca. 40 Pa; Henry et al. 2012; Melzner et al. 2009). Prawns like the Japanese 
tiger prawn Penaeus japonicus seem to be an exception: These decapod crustaceans have a 
slightly lower than average hemolymph pH (7.5) and, accordingly, a higher pCO2 (ca. 
600 Pa; Cheng et al. 2013). Similar to hemolymph pCO2, levels of hemolymph HCO3

− have 
also been observed to vary between species and typically average between 4 and 9 mmol 
L−1. As indicated in . Tables 6.1, 6.2, 6.3, 6.4, 6.5, 6.6 and 6.7, control levels for hemolymph 
[HCO3

−] as high as 14 mmol L−1 have been observed in some studies, but these values 
have to be treated with caution as they may indicate that animals were in premoult rather 
than intermoult stages (7 see Sect. 6.3.2).

kExposure to Air (. Table 6.1)
The primary consequence for most aquatic decapod crustaceans of emerging from water 
is the collapse of their gills, physically impairing gas exchange processes. Many crabs are 
therefore retaining branchial water in their gill chambers likely to facilitate CO2 diffusion 
(Burnett and McMahon 1987). Due to the higher solubility of O2 in air compared to water, 
however, some decapod crustaceans like Pachygrapsus crassipes (Burnett and McMahon 
1987) or C. maenas (Simonik and Henry 2014) are capable of extracting O2 from the air 
and voluntarily move out of the water to offset acid–base disturbances resulting from 
other stressors like hypoxia (Wheatly and Taylor 1979).

Generally, exposure to air results in a pronounced respiratory acidosis with a pH drop 
of 0.1–0.2 units (in crabs) up to 0.5–0.7 units (in Anomura and crayfish), a two- to fivefold 
increase in hemolymph pCO2 and a significant two- to threefold elevation of hemolymph 
HCO3

− in all investigated decapod crustaceans (. Table 6.1).
It seems, however, that there are marked species-specific differences in compensating 

for the experienced acidosis. While some crabs (De Fur and McMahon 1984; Simonik and 
Henry 2014), lobsters (Taylor and Whiteley 1989; Whiteley and Taylor 1990) and crayfish 
(Taylor and Wheatly 1981) seem to switch partly to anaerobic metabolism and therefore 
experience an additional metabolic acidosis with a pronounced increase in hemolymph 
lactate levels, other crabs like Eurytium albidigitum (Luquet and Ansaldo 1997) and 
Pachygrapsus crassipes (Burnett and McMahon 1987) seem to undergo a metabolic depres-
sion (E. albidigitum) or maintain or even increase their aerobic metabolism (P. crassipes). 
Additionally, some crab species were observed to increase their strong ion difference 
(SID) likely via ion exchange processes at the gill in response to emersion (Burnett and 
McMahon 1987; Luquet and Ansaldo 1997; Truchot 1979), which is interpreted to help 
offset the experienced acidosis (Stewart 1978). Consequently, C. maenas (Truchot 1975b), 
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S. serrata (Varley and Greenaway 1992), H. gammarus (Whiteley and Taylor 1990), A. pal-
lipes (Taylor and Wheatly 1981), P. crassipes and H. nudus (Burnett and McMahon 1987) 
are capable of fully compensating for the pH drop resulting from the experienced acidosis, 
while E. albidigitum is not (Burnett and McMahon 1987).

kHyper-/Hypoxia (. Table 6.2)
Due to its low solubility in water compared to air, oxygen has to be considered one of the 
limiting factors in the aquatic environment (Dejours 1975). Hence, only subtle changes 
in water pO2 result in immediate alterations of ventilation rates in aquatic decapod crus-
taceans in order to be able to maintain aerobic metabolism (Jouve-Duhamel and Truchot 
1983; Truchot 1988). Consequently, hyperventilation as observed in moderate hypoxic 
conditions simultaneously leads to an increase in branchial CO2 excretion and therefore 
respiratory alkalosis (elevated pH and lower HCO3

−), while reduced ventilation in a 
(moderate) hyperoxic environment ultimately leads to accumulation of hemolymph 
pCO2 and hence a respiratory acidosis (lower pH and higher HCO3

−), as can be seen in 
. Table 6.2. In shrimp and C. maenas, the increase in hemolymph lactate during moder-
ate hypoxia and anoxia, respectively, indicates that in these decapod crustaceans, a meta-
bolic component seems to be present that might explain the reduced levels of total 
carbon/HCO3

−, but did not affect the actual increase in hemolymph pH (Taylor and 
Spicer 1991). Interestingly, when the same shrimp species P. elegans and P. serratus were 
exposed to a severe hypoxia (<2 Pa), lactate levels stayed constant and total carbon was 
not affected (Taylor and Spicer 1991).

kHypercapnia (. Table 6.3)
In contrast to hypoxia, exposure to elevated environmental pCO2 does not drive a ventila-
tion response in decapod crustaceans due to its very similar solubility in air and water 
(Henry et al. 2012; Jouve-Duhamel and Truchot 1983). Nonetheless, exposure to hyper-
capnia leads to a respiratory acidosis marked by a rapid drop in hemolymph pH of up to 
0.4 units and substantial increases in pCO2 (two- to fourfold) in all investigated decapod 
crustaceans (. Table 6.3). Elevated extracellular pCO2 is believed to be maintained in 
order to ensure an outwardly directed CO2 gradient for the diffusion-based excretion of 
metabolic CO2 (Melzner et al. 2009). Most decapod crustaceans are capable of fully com-
pensating for the respiratory acidosis by accumulating HCO3

− in their hemolymph to 
buffer excess protons, likely via active ion regulatory processes at the gill. While some spe-
cies are capable of maintaining or even increasing their metabolic rate in response to 
hypercapnia (C. maenas, Appelhans pers. communication), others experience a metabolic 
depression (e.g. M. magister, Hans et al. 2014; P. borealis, Hammer and Pedersen 2013). 
Interestingly, green crabs C. maenas that are acclimated to full-strength seawater (32–
35  ppt; Truchot 1975c; Fehsenfeld and Weihrauch 2016a) seemed to accumulate more 
CO2 in their hemolymph than brackish-water acclimated specimen (Appelhans et  al. 
2012; Fehsenfeld and Weihrauch 2013). In contrast to brackish-water crabs, the resulting 
respiratory acidosis in the seawater-acclimated crabs was not fully compensated for after 
24 h, and hemolymph pH decreased. This example indicates that acid–base and osmo-
regulation might indeed be closely linked in this species.

kTemperature (. Table 6.4)
It has been shown for poikilotherm animals such as decapod crustaceans that temperature 
correlates inversely with hemolymph pH in order to maintain extracellular H+/OH− ratios 
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to ensure a constant net charge of proteins (Howell et al. 1973; Truchot 1973). In parallel, 
hemolymph pCO2 seems to generally stay constant/increase only slightly with increasing 
temperature, while [HCO3

-] and/or total carbon (CT) decreases more drastically. The 
authors of the respective studies (Cameron and Batterton 1978b; Truchot 1973) attributed 
the changes in CT to active regulation of HCO3

− via ion exchanges at the gills in order to 
compensate for the acidosis, rather than solution of the carapace or passive processes 
alone (Henry et al. 2012).

kSalinity (. Table 6.5)
Generally, acclimation to low salinity results in a metabolic alkalosis in all investigated 
decapod crustaceans, characterized by an increase in hemolymph pH at relatively stable 
pCO2 and a significant increase in [HCO3

−]. Conversely, when freshwater crayfish 
(Wheatly and McMahon 1982), freshwater E. sinensis (Truchot 1992) or brackish-water 
acclimated C. maenas (Truchot 1981) were acclimated to full-strength seawater, they 
developed a metabolic acidosis characterized by a decrease in hemolymph pH and HCO3

−. 
In this case, however, an additional slight respiratory alkalosis (decrease in pCO2) was 
observed in parallel, likely compensating for the respiratory acidosis. Throughout the time 
course of different salinity acclimations, species can exhibit specific alterations to this gen-
eral pattern. An initial respiratory acidosis, for example, was observed in C. maenas upon 
acclimation to dilute salinity before switching into the expected metabolic alkalosis 
(Truchot 1981), and in E. sinensis a transient respiratory acidosis marked by a spontane-
ous drop in pH was only present at days 6 (Truchot 1992).

While Henry and Cameron (1982) attributed the observed increase in hemolymph 
[HCO3

-] following acclimation of C. sapidus to dilute salinity to the additionally observed 
change in the strong ion difference (SID), no equivalent observation was made in brackish- 
water acclimated E. sinensis in the study by Whiteley et al. (2001). In contrast, Truchot 
(1981, 1992) suggested metabolic adjustments correlated to isosmotic intracellular regula-
tion in the cells to be responsible, resulting in either a measureable efflux of base or acid 
into the environment. These observations reveal the complex nature of acid–base distur-
bances upon different salinity acclimations, and consequently, the reasons for the observed 
metabolic alkalosis and acidosis are not yet fully understood.

kExercise (. Table 6.6)
Hemolymph lactate levels are typically held lower than 1  mmol L−1 and negligible in 
undisturbed decapod crustaceans, but can increase more than tenfold in crabs that experi-
ence a metabolic acidosis due to exercise (forced movement). Furthermore, the experi-
enced acidosis is characterized by an immediate drop in pH of up to 0.4 units and a 
twofold increase in hemolymph pCO2, therefore also resembling characteristics of a respi-
ratory acidosis. Interestingly, exercised lobsters seem to be able to avoid anaerobic metab-
olism during exercise for the most part and experience primarily a respiratory acidosis 
without the substantial rises in hemolymph lactate observed in other crustaceans (Rose 
et al. 1998).

In M. magister (McDonald et al. 1979), C. maenas and C. sapidus (Booth et al. 1984), 
the proton concentration in the hemolymph was observed to be lower than could be 
expected from the accumulated lactate, given that both are produced in equimolar 
 quantities during glycolysis (Hochachka and Mommsen 1983). Due to the observed dras-
tic increase in ammonia excretion, Booth et al. (1984) concluded that at least part of the 
protons are excreted as NH4

+ via ion exchange processes at the gill epithelium.
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kCombined Stressors (. Table 6.7)
As is clear by the previous sections, extracellular acid–base regulation in response to envi-
ronmental disturbances can be quite complex despite some common principles. While the 
discussed studies isolated one stressor at a time and investigated its effects on the respec-
tive species’ acid–base characteristics, environments are rarely that “simple” and a combi-
nation of simultaneous stressors seems much more likely, especially in tide pools (Truchot 
1988) or in the face of ongoing global climate change (IPCC 2013).

For example, when combined with an increase in water temperature, hypercapnia 
resulted in a respiratory alkalosis in N. puber that was not observed when crabs were 
exposed to either one of the stressors alone (Rastrick et al. 2014). Even though the increase 
in HCO3

− upon hypercapnia and high-temperature acclimation rendered the crabs more 
resistant to short periods of subsequent emersion, they still experienced the same magni-
tude of acidosis, and recovery from these stressors was significantly attenuated. In a differ-
ent example, prior acclimation of green crabs to hypercapnia enabled them to avoid an 
uncompensated hypercapnic acidosis that was induced by low environmental alkalinity in 
normocapnic-acclimated animals (Truchot 1984). In C. productus, the respiratory acido-
sis usually observed following exposure to hyperoxia was not observed in crabs that were 
first exposed to air (De Fur et al. 1980). Finally, P. joyneri exposed to a combination of 
elevated temperature and hypercapnia no longer experienced an acidosis as to be expected 
by studies on other decapod crustaceans, but exhibited an alkalosis (Dissanayake and 
Ishimatsu 2011).

Even though studies on combined environmental stressors are rare, the existing data 
indicates alarming differences in the acid–base responses of decapod crustaceans in com-
parison to single-stressor studies. Therefore, it would be desirable for future research to 
focus on a more holistic and realistic approach.

6.3.2  Calcification, CaCO3 and Moulting

Interestingly, as one of the most important physiological processes, growth in crustaceans 
is closely linked to the whole animal acid–base status and regulation. Due to their hard 
and inflexible exoskeleton, decapod crustaceans depend on a series of moults in order to 
grow. During the different pre-, post- and intermoult stages that compose the complex 
moult cycle (Mangum et al. 1985), the connectives between the living tissue and the extra-
cellular cuticle are loosened and water uptake ensures the shedding of the old and the 
expansion of the new carapace. The exoskeleton contains the majority of the organismal 
CaCO3 that is mobilized during the moult in order to soften this structure and either 
excreted into the environment or stored in gastroliths for the new exoskeleton (Ahearn 
et al. 2004). Generally, decapod crustaceans experience a pronounced premoult alkalosis 
(increase in hemolymph HCO3

−) in order to compensate for a concomitant acidosis of 
mainly metabolic origin (increase in hemolymph lactate) after successful exuviation 
(Mangum et al. 1985). Interestingly, this HCO3

− seems not to originate from mobilization 
of the exoskeletal stores. Even though an early study by Robertson (1960) detected a seem-
ingly HCO3

−-correlated increase in hemolymph [Ca2+] and [Mg2+] in premoult C.  maenas, 
later studies on the blue crab C. sapidus did not detect a change in hemolymph [Ca2+] but 
observed a decrease in [Cl−] instead, indicating a direct Cl-/HCO3

−-exchange with the 
environment as the source of the extracellular HCO3

− (Cameron and Wood 1985; 
Cameron 1978; Henry et al. 1981; Mangum et al. 1985). As a response to air exposure, 
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however, crayfish (Wheatly and Gannon 1995), the anomuran porcelain crabs Petrolisthes 
laevigatus (Lagos and Cáceres 2008) and Petrolisthes violaceus (Vargas et  al. 2010) and 
subpopulations of the brachyuran crab Cyclograpsus cinereus (Lagos et  al. 2014) and  
N. granulata (Luquet and Ansaldo 1997) were able to mobilize exoskeletal Ca2+/HCO3

− 
stores in response to the acid–base disturbance.

Interestingly and in contrast to other invertebrate marine calcifiers like mussels 
(Beniash et al. 2010; Michaelidis et al. 2005) and corals (Langdon et al. 2000; 7 Chap. 7), 
calcification of the carapace in response to hypercapnia (ocean acidification) seems to 
increase in the red rock cleaner shrimp Lysmata californica (Taylor et al. 2015), the prawns 
(Lito)Penaeus occidentalis and P. monodon (Wickins 1984), female Anomuran red king 
crab Paralithodes camtschaticus (Long et al. 2013), as well as the crab C. sapidus, the lob-
ster H. americanus and the prawn P. plebejus (Ries et al. 2009). The robustness of the crus-
tacean carapace is believed to be due to its increased amount of calcite, the less soluble 
form of CaCO3 (Taylor et al. 2015), as well as its complete coverage with a relatively thick 
organic epicuticle (Ries et  al. 2009), and the crustaceans’ generally high capability for 
acid–base regulation. While an increase in calcification might sound advantageous, it 
potentially has negative effects on the crustaceans’ moulting frequency (Wickins 1984) 
and crypsis/predator defence (Taylor et al. 2015). The metabolic investment and possible 
allocation of energy resources due to an increased calcification might also lead to other 
negative impacts in these crustaceans that might reduce the overall fitness (i.e. metabolic 
depression and reduced growth; Taylor et al. 2015). An increase in calcification as well as 
an increase in metabolic costs in premoult was already observed in very early life stages 
(zoea I larval stage) of the Anomuran red king crab P. camtschaticus (Long et al. 2013) and 
the brachyuran great spider crab Hyas araneus (Schiffer et al. 2013).

Only few decapod crustaceans like the velvet swimming crab N. puber, however, might 
also exhibit a dissolution of their exoskeleton in response to high levels of ocean acidifica-
tion (Spicer et al. 2007). Also in late European lobster larvae, exposure to hypercapnia 
resulted in significantly lower carapace mass as well as less mineralization in response to 
hypercapnia (Arnold et al. 2009), as well as a delay in the first moult cycles (Keppel et al. 
2012).

6.4  Gill Epithelial Acid–Base Regulation

6.4.1  Gill Epithelial Transporters Involved in Acid–Base 
Regulation

While the numerous studies on acid–base homeostasis in aquatic decapod crustaceans 
mainly have focussed on describing the whole animal acid–base status in response to 
diverse environmental stressors as described above, to date only a few investigations have 
commented on the actual regulatory mechanisms involved in these processes. These few 
studies indicate that the high acclimation potential of decapod crustaceans in response to 
environmental changes can be attributed mainly to ion exchange processes in the gill epi-
thelium (see above). As the major site for osmoregulation and ammonia excretion 
(reviewed by Henry et al. 2012; Larsen et al. 2014; Weihrauch et al. 2004b), the gills pos-
sess many epithelial membrane transporters that are likely also involved in acid–base 
regulation. Indirect evidence was drawn from the observation that changes in hemolymph 
acid–base equivalents (H+/HCO3

−) were accompanied by changes in the strong ion 
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 difference (Na+/Cl−), when decapod crustaceans were exposed to air and dilute salinity 
(Burnett and McMahon 1987; Ehrenfeld 1974; Henry and Cameron 1982; Luquet and 
Ansaldo 1997; Truchot 1979) or when carbonic anhydrase, the enzyme responsible for the 
conversion of CO2 into H2CO3 and subsequent dissociation to H+ and HCO3

-, was blocked 
(Burnett et al. 1981; Henry and Cameron 1983; Henry et al. 2003). While the crustacean 
gill epithelium has been subject to many investigations of membrane transporters involved 
in osmoregulation and ammonia excretion (for reviews see Henry et al. 2012; Larsen et al. 
2014; Weihrauch et al. 2004a, b), hardly anything is known about the respective mecha-
nisms for acid–base regulation. A recent set of gill perfusion experiments on anterior gills 
of seawater-acclimated C. maenas, however, shed some light on the gill transporter inven-
tory potentially involved in branchial acid–base regulation and its linkage to ammonia 
regulation (see also section above) in this species (Fehsenfeld and Weihrauch 2016a).

. Figure 6.3a–d represents the current working models for osmoregulation, ammonia 
excretion and general acid–base regulation, as well as a new, more specific model for acid–
base regulation and its overlap/link to ammonia excretion in the model organism C. maenas.

Trans-branchial active NaCl transport in moderate hyper-osmoregulators such as  
C. maenas (Riestenpatt et al. 1996) and N. granulata (Lucu and Siebers 1987; Onken et al. 
2003) is fairly well characterized. As can be seen in . Fig. 6.3a, basolateral Na+/K+-ATPase 
and Cl−-channels, as well as apical Na+/K+/2Cl−-cotransporter supported by apical and 
basolateral K+-channels, are key players in this osmoregulatory mechanism. A number of 
studies also indicated an alternative pathway for NaCl uptake via apical Na+/H+- and 
HCO3

−/Cl− -exchangers, linked to the actions of a carbonic anhydrase (Henry et al. 2003; 
Lucu 1990; Onken et al. 2003; Tresguerres et  al. 2008), therefore directly linking NaCl 
transport to the transport of acid–base equivalents. In N. granulata, however, a basolateral 
Na+/H+-exchanger seems to promote intracellular Na+ uptake in exchange for H+ rather 
than being situated apically (Tresguerres et al. 2008).

Overlapping with the model for NaCl transport, basolateral Na+/K+-ATPase and  
Cs+/Ba2+-sensitive K+-channels have also been shown to be involved in ammonia excre-
tion through the gills of C. maenas (Weihrauch et al. 1998, 2004a, b; . Fig. 6.3b). In addi-
tion to the general Ba2+-sensitive K+-channels, a ZD7288-sensitive K+-channel of the 
hyperpolarization activated cyclic nucleotide-gated potassium channel family (HCN) has 
recently been identified to contribute to NH4

+ regulation over the gill epithelium of C. 
maenas (Fehsenfeld and Weihrauch 2016b).

Additionally, a cytoplasmic V-(H+)-ATPase and a functional microtubule network 
have been hypothesized to promote ammonia excretion over the apical membrane via 
NH3 trapping and transport in acidified vesicles in this species (Weihrauch et al. 2002), 
potentially linking ammonia excretion with acid–base regulation.

In comparison to the models for osmoregulation and ammonia excretion, the hypo-
thetical model for general crustacean acid–base regulation after Freire et al. (2008) as seen 
in . Fig. 6.3c is much more speculative. When considered in correlation with ammonia 
excretion as seen in . Fig. 6.3d, however (7 see also Sect. 6.5), potential pathways become 
more comprehensive. The most significant key player in C. maenas’ branchial acid–base 
regulation (although not affecting ammonia excretion), as identified in a recent gill 
 perfusion study applying pharmaceuticals to block specific transporters in C. maenas gills, 
was a potential basolateral Na+/HCO3

−-cotransporter (Fehsenfeld and Weihrauch 2016a). 
A recently identified basolateral Na+/HCO3

−-exchanger in the squid Sepioteuthis lessoni-
ana (Hu et al. 2014, 7 Chap. 11) has also been postulated to be important for acid–base 
regulation in the euryhaline crab N. granulata (Tresguerres et al. 2008).
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A strictly apical distribution of V-(H+)-ATPase as hypothesized in the model of Freire 
et al. (2008) and depicted in . Fig. 6.3c has only been identified in freshwater (and terres-
trial) crustaceans (Tsai and Lin 2007), including the red crab Dilocarcinus pagei (Weihrauch 
et al. 2004a, b) and E. sinensis (Onken and Putzenlechner 1995; Tsai and Lin 2007), as well 
as many freshwater fish (Gilmour and Perry 2009), to generate an electrochemical gradi-
ent over the apical membrane to drive Na+ uptake (Larsen et al. 2014; Weihrauch et al. 
2001). While an apical V-(H+)-ATPase seems unlikely to be present in sea- and brackish-
water acclimated decapod crustaceans for osmoregulatory purposes, an apical presence 
cannot be excluded to be involved in acid–base regulation. The pharmacological studies 
by Fehsenfeld and Weihrauch (2016a) on the isolated perfused gill and the immunohisto-
chemical localization (Weihrauch et al. 2001), however, indicated a significant  contribution 
of a cytoplasmic V-(H+)-ATPase that – together with the Rhesus-like protein – has been 
hypothesized to be involved in ammonia trapping in acidified vesicles as suggested by 
Weihrauch et al. (2002), therefore promoting the excretion of both, NH3 and H+.

Supporting the findings of the above-mentioned gill perfusion study in C. maenas 
gills (Fehsenfeld and Weihrauch 2016a), a study by Siebers et al. (1994), identified baso-
lateral Na+/K+-ATPase (NKA) to be involved in branchial acid–base regulation. K+-
channels on the other hand provide a backflow of K+ into the hemolymph. As mentioned 
earlier, both structures provide additional transport of NH4

+ due to its similar size and 
charge compared to K+ (Skou 1960; Lignon 1987; Weihrauch et  al. 1998; Choe et  al. 
2000). Additionally, the HCN-like potassium channel recently identified to be involved 
in NH4

+ movements over the gill epithelium of C. maenas as mentioned above has also 
been shown to be involved in branchial acid–base regulation in the respective study 
(Fehsenfeld and Weihrauch 2016b).

In fish, the Na+/K+-ATPase generates the electrochemical gradient over the basolateral 
membrane that is then the major driving force for the excretion of H+ via apical Na+/H+-
exchanger (NHE) in acid excretory epithelial cells (Choe et al. 2005; Edwards et al. 2002). 
While a potential electrogenic NHE (2Na+/1H+) has been identified to be present in crus-
tacean gills (Shetlar and Towle 1989), an apical localization as suggested by studies on 
Cancer antennarius and P. cinctipes (Hunter and Kirschner 1986) and C. maenas 
(Weihrauch et al. 1998) is not clear to date due to the interference of the employed phar-
maceuticals (amiloride) with the cuticle (Onken and Riestenpatt 2002; Weihrauch et al. 
2002). A basolateral NHE that promotes H+ excretion into the hemolymph, however, has 
been observed in N. granulata (Tresguerres et al. 2008). An additional cytoplasmic distri-
bution of NHE that is potentially involved in both ammonia and proton excretion via 
vesicles is supported by phylogenetic analysis of diverse NHEs as conducted by Fehsenfeld 
and Weihrauch (2016a). Also in gills of N. granulata, Tresguerres et al. (2008) identified 
an apical Cl−/HCO3

−-exchanger that would provide an apical exit of HCO3
− as indicated 

in the proposed model (. Fig. 6.3d). In the gills of C. maenas, two isoforms of branchial 
carbonic anhydrase have been identified, a cytoplasmic and a membrane bound isoform 
(Boettcher et al. 1990; Serrano and Henry 2008). Supported by findings of the study of 
Siebers et al. (1994), carbonic anhydrase played a role in branchial acid–base regulation as 
observed in the inhibitor study by Fehsenfeld and Weihrauch (2016a).

The described epithelial transport processes closely resemble mechanisms that are 
observed in the mammalian kidney. While the crustacean epithelial ion regulatory mecha-
nisms based on . Fig. 6.3a has been compared to the thick ascending limb of the mamma-
lian kidney in the past (Riestenpatt et  al. 1996), the proposed new model for branchial 
acid–base regulation and its link to ammonia regulation as seen in . Fig. 6.3d additionally 
resembles features of the mammalian kidney collecting duct (Weiner and Verlander 2013).
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6.4.2  Genetic Responses to Acid–Base Disturbance

Two microarray and transcriptomic studies have identified changes in (mRNA) expres-
sion levels of gill epithelial transporters upon environmental disturbances that helped 
identify some of the candidate genes involved in acid–base regulation.

Interestingly, exposure to hypercapnia (400 Pa for 7 days) did not seem to elucidate a 
typical stress response in posterior gills of osmoregulating green crabs. Applying microarray 
and quantitative real-time experiments, Fehsenfeld et  al. (2011) observed generally only 
subtle changes in mRNA expression levels among over 4400 genes in C. maenas and did not 
identify any changes in heat-shock proteins resembling direct indicators for stress. Instead, 
the data suggested an increased contribution of vesicular membrane transport, indicating 
that the proposed vesicular transport for active ammonia excretion (Weihrauch et al. 2002; 
. Fig. 6.3b) might indeed contribute to H+(NH4

+) excretion and therefore acid–base regula-
tion in this species. Additionally, most of the annotated common ion transporters of the gill 
epithelium were not differentially expressed with the exception of a significant upregulated 
calcium-activated chloride channel and the downregulated Cl−/HCO3

− exchanger of the 
SLC 4 family, as well as a downregulated glycosyl- phosphatidylinositol- linked carbonic 
anhydrase VII. Interestingly, these genes were also affected by acclimation of green crabs to 
dilute salinity (Towle et al. 2011). One of the most downregulated transcripts in the hyper-
capnia/microarray study, the hippocampus abundant gene transcript or 1 (initially falsely 
annotated as a hyperpolarization activated nucleotide-gated potassium channel), has been 
confirmed to have significantly reduced mRNA expression levels in posterior gill 7 after 7 
days of hypercapnia, as well as HEA- acclimation (Fehsenfeld and Weihrauch, unpublished 
data). A very similar response (downregulation) was observed in HCN as identified in the 
recent study of Fehsenfeld and Weihrauch (2016b). Both genes are therefore interesting 
novel candidate genes for further studies in respect to branchial acid–base regulation.

In a different study, changes in branchial mRNA expression levels of a number of impor-
tant epithelial transporters were monitored by quantitative real-time PCR after acclimation 
of C. maenas to hypercapnia (Fehsenfeld and Weihrauch 2013). Similar to the results of the 
microarray study mentioned above, only subtle changes in mRNA expression were observed 
in individual gills, but the experiments indicated a role for the Rhesus- like protein, Na+-K+-
ATPase and glycosyl-phosphatidylinositol-linked carbonic anhydrase VII in branchial acid–
base regulation, as well as potentially the Na+/H+-exchanger and anion exchanger.

A different picture is generated in the branchial response of the great spider crab Hyas 
araneus upon exposure to different levels of environmental pCO2 combined with varying tem-
peratures (Harms et al. 2014). While Na+/K+-ATPase was upregulated following hypercapnia 
alone and hypercapnia in combination with temperature, mRNA levels of V-(H+)-ATPase and 
carbonic anhydrase were only significantly elevated upon moderate and severe hypercapnia 
(Harms et  al. 2014). Additionally, changes in genes involved in metabolism indicated an 
enhanced aerobic metabolism in response to moderate hypercapnia, while severe hypercapnia 
induced a metabolic depression. Specifically, decreased trehalose metabolism of the gills seems 
to be a common response of hypercapnia as well as temperature acclimation in H. araneus.

Similar to the response of C. maenas (Fehsenfeld et  al. 2011), analysis of the Gene 
Ontology terms (GO-terms) indicated a restructuring of the gill epithelium and/or the 
cytoskeleton upon hypercapnia in H. araneus (Harms et al. 2014), a phenomenon that can 
also be observed upon acclimation to dilute salinity in posterior gills of C. maenas 
(Compere et al. 1989). In contrast to C. maenas, however, gill epithelia of H. araneus seem 
to undergo a pronounced stress response that includes the elevation of genes involved in 
intracellular oxidative stress defence, including a number of peroxidases.
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6.5  Linking Acid–Base to Ammonia Regulation

Even though ammonia excretion in decapod crustaceans has been the focus of many stud-
ies, the potential importance of ammonia regulatory patterns in respect to acid–base reg-
ulation has not been acknowledged to date. Generally, ammonia exists in a pH-dependent 
equilibrium between the weak base NH3 and its acidic form NH4

+. With a pKa of 9.15, 
most ammonia is present as NH4

+ at physiological pH (Weiner and Verlander 2013). Due 
to its physical properties, ammonia (and therefore ammonia excretion) might therefore 
very well contribute to acid–base homeostasis as an additional hemolymph buffer beside 
the carbonate system. Being the primary waste product of protein catabolism, NH3/NH4

+ 
levels are ultimately linked to the overall metabolic rate of the organism. As mentioned 
earlier, metabolic rates of decapod crustaceans are individually adjusted when experienc-
ing external stressors that simultaneously also affect acid–base homeostasis. In response 
to hypoxia, for example, metabolism and hemolymph ammonia decreased significantly in 
N. norvegicus (Hagerman et al. 1990). A similar response was seen in M. magister when 
exposed to hypercapnia and included also a significant decrease in ammonia excretion 
rates (Hans et al. 2014). In C. maenas on the other hand, hemolymph ammonia as well as 
whole animal ammonia excretion increased significantly upon exposure to hypercapnia in 
both full-strength seawater and brackish-water acclimated specimen (Fehsenfeld and 
Weihrauch 2013; Fehsenfeld and Weihrauch 2016a). Interestingly, NH4

+ excretion by indi-
vidual gills of brackish-water acclimated C. maenas closely mirrored their H+ excretion, 
indicating that acid excretion over the gill epithelium was mainly accomplished by NH4

+ 
excretion (Fehsenfeld and Weihrauch 2013). Blocking basolateral V-(H+)-ATPase, Na+/
K+-ATPase and general K+-channels (Fehsenfeld and Weihrauch 2016a), as well as the 
recently identified transporter HCN (Fehsenfeld and Weihrauch 2016b) by transporter- 
specific pharmaceuticals, simultaneously affected branchial NH3/NH4

+ excretion as well 
as the excretion of acid–base equivalents in this decapod crustacean.

Furthermore, as an identified key player in branchial ammonia excretion in crusta-
ceans (Weihrauch et al. 2004b; Martin et al. 2011), Rhesus proteins have recently been 
strongly suggested to not only mediate NH3 but to also act as CO2 channels in human red 
blood cells (Endeward et al. 2008; Kustu and Inwood 2006; Musa-Aziz et al. 2009; Soupene 
et al. 2002, 2004) and fish gills (Perry et al. 2010). Interestingly, this protein is significantly 
downregulated in C. maenas in anterior gill 4 in response to hypercapnia (Fehsenfeld and 
Weihrauch 2013), as well as in posterior gills in response to both hypercapnia and high 
environmental ammonia (HEA; Fehsenfeld, pers. communication), but is significantly 
upregulated in HEA-acclimated M. magister (Martin et al. 2011), clearly indicating its role 
in acid–base regulation and providing a link to ammonia regulation in these decapod 
crustaceans.

6.6  Conclusion

Thanks to the numerous descriptive studies, we presently have a very good understanding 
of how various environmental factors influence acid–base homeostasis in aquatic deca-
pod crustaceans. Accomplished mainly via adjustments of extracellular HCO3

− concen-
trations and the correlated excretion of acid- and/or base equivalents, possibly connected 
to changes in the strong ion difference, crustaceans are capable of efficiently counter-
acting acid–base disturbances. Even though the collected data support a major role for 
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the gill epithelium and the respective ion exchange processes in this organ in acid–base 
 homeostasis, information on the actual mechanisms contributing its regulation are sparse. 
Studies on gill epithelial transporters involved in branchial acid–base regulation, how-
ever, deliver strong indications for a close link between ion and especially ammonia and 
acid–base regulation in the crustacean gill. The proposed mechanisms therefore resemble 
closely what is observed in the mammalian kidney, specifically in the thick ascending limb 
and the collecting duct. Future work needs to verify the localization of most of the respec-
tive proposed transporters in the crustacean gill epithelium and possibly other organs.
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7.1  Summary

Coral reefs are built by colonial cnidarians that establish a symbiotic relationship with 
dinoflagellate algae of the genus Symbiodinium. The processes of photosynthesis, calcifi-
cation, and general metabolism require the transport of diverse ions across several cellu-
lar membranes and generate waste products that induce acid/base and oxidative stress. 
This chapter reviews the current knowledge on coral cell biology with a focus on ion 
transport and acid/base regulation while also discussing related aspects of coral energy 
metabolism.

7.2  Introduction

Reef-building corals, also known as hermatypic or stony corals, are marine invertebrates 
from the phylum Cnidaria (Class Anthozoa, Subclass Hexacorallia, Order Scleractinia) 
(Bourne 1900) that build external calcium carbonate skeletons beneath their tissues. 
The reefs they build provide homes for a variety of other organisms, resulting in one of 
the most biodiverse ecosystems in the world, that provide ecosystem and economic 
 services for hundreds of millions of people in tropical and subtropical areas (Burke et al. 
2011).

Reef-building corals are colonial and establish an endosymbiotic relationship with 
dinoflagellates of the genus Symbiodinium. Reef-building corals fall into one of two clades, 
robust and complex, which diverged from each other between ~300 and ~400 million 
years ago (Romano and Cairns 2000; Romano and Palumbi 1996; Stolarski et al. 2011). 
Species belonging to the robust clade (e.g., Stylophora, Pocillopora, Orbicella) tend to have 
heavier calcified skeletons, while those from the complex clade (e.g., Acropora, Porites, 
Siderastrea) tend to have a more porous and less calcified skeleton. Another difference is 
the type of asexual growth mode used. Robust corals use intratentacular budding, when a 
parent corallite splits in the middle of the existing corallite into two daughter corallites. 
However, complex corals use extratentacular budding, when a parent corallite produces a 
daughter corallite external to the corallite wall (Wijsman-Best 1975). These differences in 
colony growth modes likely account for some of the skeletal differences between these two 
major clades of corals.

As the divergence between robust and complex clades occurred before corals devel-
oped skeletons, calcification likely evolved multiple independent times and therefore 
likely resulted in clade-specific or even species-specific mechanisms. This concept may 
well apply to other physiological processes, having important implications for coral biol-
ogy and coral’s responses to environmental stress, as not all coral species may respond 
similarly to the same stresses. Whenever possible, this book chapter will mention species- 
or clade-specific mechanisms. We advise the reader to consult the primary literature for 
specific details and to keep in mind that many of the mechanisms discussed may vary 
depending on species or clade, life history, geographic location, and local environmental 
conditions.
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7.3  Coral Anatomy, Histology, and Cytology

A coral colony is comprised of multiple anemone-like polyps that are interconnected by a 
tissue layer overlying the skeletal plates that join the individual corallites, called the coeno-
sarc, and internally by their gastrovascular cavity, called the coelenteron (. Fig.  7.1). 
Although the paradigm is that all polyps from a given coral colony are genetically identical 
clones, recent research has found that up to 50 % of coral colonies may be mosaics of  different 
genotypes (Schweinsberg et al. 2015). Like all cnidarians, corals are diploblastic, meaning 
they have two germ layers, the ectoderm and the endoderm. During embryonic develop-
ment, the blastula undergoes gastrulation and turns into a larva known as planulae, which 
result in the subdivision of both the ectoderm and endoderm into oral and aboral tissue 
layers (Babcock and Heyward 1986). This tissue organization is maintained after larval set-
tlement and growth into juvenile and adult forms, with the oral ectoderm being in contact 
with seawater, the oral and aboral endoderm “sandwiched” in between and separated from 
each other by the coelenteron, and the aboral ectoderm (calicoblastic epithelium) sitting on 
top of the subcalicoblastic medium (SCM) and the skeleton (. Fig. 7.1b, c). The oral ecto-
derm and gastroderm, as well as their aboral counterparts, are interconnected by the meso-
glea, an extracellular matrix comprised of connective protein fibers (mostly collagen), water, 
and some wandering amebocytes (Phillips 1963). . Figure 7.1 shows a simplified diagram of 
coral anatomy. An example of some of the complexity that is not shown is that the polyp 
gastrodermal layers form mesenterial filaments with cells specialized for food digestion and 
reproduction (gonads), and the oral layers surrounding the polyp’s mouth are modified into 
tentacles with abundant nematocysts for predatory food capture and defense (Galloway 
et al. 2006; Veron 1993). Additionally, areas of rapid growth and calcification may only have 
the oral and aboral ectodermal layers, with no gastrodermal tissue in between (Jokiel 2011a).

Each of the coral’s tissue layers has several cell subtypes; however, the specific physio-
logical function(s) of each cell subtype is not completely characterized. A “generic” coral 
oral ectoderm contains at least six cell subtypes: ciliated support cells with abundant 
microvilli, nematocysts, mucocytes, pigment cells, neurons, and epitheliomuscular cells 
(Goldberg 2002a) (. Fig. 7.1c). Ciliated cells are in direct contact with seawater and inter-
act with the diverse microbiota present in the mucus and boundary layer immediately on 
top of the coral, with which they may exchange diverse substances including nitrogenous 
compounds, amino acids, and organic acids such as sulfur (Chimetto et al. 2008; Krediet 
et al. 2013; Raina et al. 2010). Corals may also have endosymbiotic cyanobacteria through-
out the oral ectoderm and endoderm, some of which presumably aid in nitrogen fixation 
(Lesser et al. 2014). It has been argued that this interaction between coral and microbes is 
as essential as the symbiosis between coral and Symbiodinium, and the term “coral holobi-
ont” has been coined to refer to the assemblage of diverse organisms living in close asso-
ciation with a coral colony (the cnidarian animal, Symbiodinium endosymbionts, microbes 
and viruses, endolithic algae, as well as fungi that might be present in between and under-
neath the coral tissues) (Rohwer et al. 2002). Since these microorganisms are fast evolving, 
they may provide at least some phenotypic plasticity for the coral holobiont to adapt to 
rapid environmental change (Rosenberg et al. 2007). However, like most other aspects of 
coral cell biology, the mechanisms behind these complex processes are largely unknown.

The most prominent cells in the oral gastroderm are the Symbiodinium algae and the 
cnidarian cells that host them; here we will use the term “symbiocyte” to refer to this host 
cell–symbiont cellular complex. The host cell tightly surrounds the endosymbiont, so its 
cytoplasm and organelles are only visible using high-magnification microscopy techniques. 
While most symbiocytes host a single Symbiodinium, they may occasionally host two or even 
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three, which becomes more readily apparent in cell isolates (Barott et al. 2015b; Venn et al. 
2009). Symbiocytes are morphologically and physiologically complex. Symbiodinium reside 
inside within the symbiosome, an intracellular space delimited by the host-derived symbio-
some membrane that originates when algae are phagocytized from the gastrovascular cavity, 
which is later modified to sustain the various metabolic exchanges that make the symbiosis 
possible (Davy et al. 2012) (discussed in 7 Sects. 7.6 and 7.7). Of particular importance, the 
symbiosome membrane must mediate the fluxes of dissolved inorganic carbon (DIC), 
nitrogenous compounds, and PO4

3− from host cells to Symbiodinium and of photosynthates 
(e.g., organic compounds such as glycerol and glucose) in the opposite direction.

A given coral colony can host different strains or clades of Symbiodinium, and the 
specific strains and their relative abundances can dynamically change over time, poten-
tially resulting in altered physiology and susceptibility or resistance to stress (Cunning 
et al. 2015a, b; Little et al. 2004). Symbiodinium give corals their typical brown/greenish 
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 . Fig. 7.1 Coral anatomy, histology, and cytology. (a) General view of a coral reef in Bocas del Toro, 
Panama. The areas enclosed in the red boxes are shown magnified as cartoons in b and c. (b) Diagram 
showing the different parts of a coral colony as well as the various coral tissue layers (aboral 
ectoderm = calicoblastic epithelium). (c) Coral cytology. (1) Symbiotic Symbiodinium in the symbiosome 
of a gastrodermal cell; (2) free-living Symbiodinium, with flagellum; (3) epitheliomuscular cells; (4) 
cnidocyte; (5) ciliated support cells; (6) gastrodermal cell in the process of phagocytize Symbiodinium; 
(7) calicoblastic cell; (8) desmocyte; (9) dead Symbiodinium encrusted in old skeleton; (10) neuron; (11) 
mucocyte; (12) pigment cell. SCM subcalicoblastic medium. Note: these are artistic renditions that do 
not necessarily reflect real cell sizes, morphology, relative proportion of the different cell types, or coral 
species-specific differences (Based on Allemand et al. (1998, 2011); Barott et al. (2015a), Goldberg 
(2001a, b, 2002a, b), Johnston (1980), Veron (1993))
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color, but some corals are also biofluorescent under appropriate illumination conditions 
(Catala-Stucki 1959) due to fluorescent proteins (FPs). These FPs are produced in pigment 
cells in the oral layers and stored in granules, and they may also be transported to other 
cell types. FPs are present throughout the coral colony, including polyp tentacles, polyp 
wall, and in the coenosarc (FPs are discussed in 7 Sect. 7.13).

The coral oral and aboral layers are separated by the gastrovascular cavity (“coelenteron”), 
which internally connects polyps within a colony. The fluid in the coelenteron is circulated 
throughout the colony by the action of flagella and/or cilia in gastrodermal cells, likely aided by 
peristaltic muscular contractions (Gladfelter 1983). Although the coelenteron opens to seawa-
ter via the polyps’ mouths, the composition of the coelenteron fluid is quite different from that 
of seawater. For example, the concentrations of vitamin B12 (riboflavin), NO3

−, NO2
−, NH4

+, 
and PO4

3− can be between 30- and 2000-fold higher in the coelenteron, while bacterial counts 
can be 100-fold lower (Agostini et al. 2011). Similarly, the fluid in the coelenteron has distinct 
levels of dissolved oxygen, as well as CO2, pH [HCO3

−], and [CO3
2−], which are different from 

both the surrounding seawater and the coral cells (Agostini et  al. 2011; Furla et  al. 2000). 
Furthermore, these parameters change dramatically due to photosynthesis, calcification, and 
food digestion, with pH fluctuations from 8.5 to 7.5 in S. pistillata (Furla et al. 2000) and 7.25 to 
6.6 in Galaxea fascicularis (Agostini et al. 2011), with the higher values being in the light and 
the lower values in the dark. Due to the logarithmic nature of the pH scale, these pH values 
represent fluctuation in [H+] from ~3 to 30 nM in S. pistillata and from ~56 to 250 nM in  
G. fascicularis. The composition and chemistry of the coelenteron fluid is critical when consid-
ering calcification mechanisms and other aspects of coral physiology, including the effects of 
environmental stress such as ocean acidification on coral biology.

The aboral gastroderm is immediately below the coelenteron. This cell layer also con-
tains symbiocytes, which may reach large numbers depending on the position on the coral 
colony (e.g., base vs. tip of a coral branch), the metabolic status, and the environmental 
conditions. The cytology and physiology of the aboral gastroderm is the least studied 
among all coral tissue layers. However, since this tissue layer lies in between the calicoblas-
tic cells and the coelenteron, it likely serves essential functions in the exchange of DIC, 
Ca2+, and H+ for calcification. Similarly, the aboral gastroderm must be involved in mech-
anisms to transport sugars, fatty acids, and other molecules from the symbiocytes to the 
calicoblastic cells; however, these putative mechanisms remain unknown.

The aboral ectoderm is below the aboral gastroderm and immediately above the skel-
eton. This tissue layer contains calicoblastic cells and desmocytes. Both cell types seem to 
be responsible for building and maintaining the skeleton, and desmocytes additionally 
anchor the coral to the skeleton (described in detail in 7 Sects. 7.8 and 7.9). The interface 
between calicoblastic cells and skeleton forms pockets filled with SCM, a gel-like fluid 
that is highly alkaline, hypersaturated with respect to aragonite, and contains a variety of 
 proteins secreted by the coral (7 see Sect. 7.10). The skeleton lies at the base of the coral 
colony and is made up of CaCO3. The skeletal crystal structure of adult corals is almost 
exclusively aragonite (Wainwright 1964), but some of the first-formed elements in larval 
coral skeletons can be calcite (Vandermeulen and Watabe 1973). Traditionally, skeletal 
morphology was used for coral identification and classification. However, skeleton 
 morphology is not a reliable indicator of coral evolutionarily history, as it can vary greatly 
due to environmental conditions. Current models on coral evolution are instead based 
on molecular phylogenetic analyses, which often do not match skeleton morphology 
(Fukami et  al. 2004; Romano and Cairns 2000; Romano and Palumbi 1996; Stolarski 
et al. 2011). In addition, coral hybridization, especially during mass spawning events, 
makes molecular taxonomy challenging (van Oppen et al. 2001; Willis et al. 1997) and 
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even raises the possibility of reticulate evolution (Diekmann et al. 2001; Odorico and 
Miller 1997).

Coral skeletons also include organic components, although these are much less abun-
dant compared to aragonite (~0.1 % of the total skeletal dry weight), much more hetero-
geneous, and show vast species-specific differences (reviewed in Johnston (1980)). Organic 
components of the skeletal organic matrix (SOM) include proteins, lipids, and polysac-
charides. Coral skeletons also have embedded dead host tissue and Symbiodinium, as well 
as micro- and macrosopic endolithic organisms such as cyanobacteria, bacteria, filamen-
tous green algae, fungi, boring mollusks, and sponges. This diversity often complicates 
determining the various components of coral skeletons and their functions (reviewed in 
Johnston (1980)).

7.4  Physiological Challenges Associated with Photosynthesis 
and Calcification

The following chemical equilibrium equations are especially relevant for coral biology and 
are essential for understanding some of the concepts discussed in this chapter:

 i CO2 + H2O ⇔ H2CO3⇔ HCO3
− + H+⇔ CO3

2− + 2H+ (DIC equilibria, important  
for A/B balance, movement of across biological membranes, and OA, among 
other processes)

 ii Ca2++ 2HCO3
−⇔ CaCO3+ 2H+ (relevant for calcification)

  iii 6CO2 + 12 H2O+ Light ⇔ C6H12O6 + 6O2 (photosynthesis equation)

The symbiosis between the coral host and Symbiodinium endosymbionts drives the 
productivity of reef ecosystems. Light-driven photosynthesis by Symbiodinium can pro-
vide the majority of the coral’s energy needs (Muscatine 1990), allowing coral reefs to 
thrive in otherwise oligotrophic waters. The external skeleton is another hallmark of coral 
reefs, which requires the transport of both Ca2+ and DIC to the site of calcification. 
Photosynthesis and calcification have unique acid/base (A/B) requirements, and meeting 
these requirements can greatly disturb the A/B status of coral’s internal and external 
microenvironments. However, the A/B requirements of photosynthesis and calcification 
are at odds, as photosynthesis requires an acidic pH to favor the speciation of DIC into 
CO2 (the substrate for carbon fixation for ribulose-1,5-bisphosphate carboxylase/oxygen-
ase (RuBisCo)), while calcification requires an alkaline pH to favor CO3

2− formation  
(the “building blocks” for the skeleton). Similarly, photosynthesis consumes H+, but calci-
fication generates H+, which, respectively, alkalize and acidify the surrounding microen-
vironment. In fact, diel and seasonal cycles of photosynthesis/respiration and calcification/
dissolution of corals and associated reefs organisms can result in large swings in pH in the 
surrounding seawater, especially on shallow reef flats with long residence times where diel 
pH ranges can be 0.5–0.6 units and seasonal changes can be 0.7–0.8 pH units (Kline et al. 
2015; Shaw et al. 2012; Silverman et al. 2012).

The sources of DIC for photosynthesis and calcification are the surrounding seawater 
and metabolically produced CO2. However, once again there is no unifying concept on the 
relative contribution of each source, as available estimates depend on the coral  species, envi-
ronmental conditions, and experimental techniques utilized. All of the Ca2+ necessary for 
skeleton deposition is of external origin and therefore has to pass through four  
(if Ca2+ is taken up from seawater) or two (if it is taken up from the coelenteron or in the 
rapidly calcifying areas mentioned above) cell layers. Based on 45Ca2+ influx and efflux 

Chapter 7 · Cell Biology of Reef-Building Corals



7

200

kinetics, it has been suggested that all skeletal Ca2+ passes transcellularly through at least one 
coral tissue layer, presumably the calicoblastic epithelium (Tambutté et al. 1996). The pro-
posed transcellular mechanisms include Ca+ channels and plasma membrane  Ca+-ATPases 
(PMCA), as well as vesicular transport of DIC, Ca2+, and skeletal organic matrix proteins 
(detailed in 7 Sect. 7.9). An essential point to consider is that Ca2+ plays several crucial roles 
in cell homeostasis such as intracellular signaling and serving as a cofactor for various 
enzymes (e.g., Petersen and Petersen (1994), Friedman and Gasek (1995)). Additionally, 
free cytoplasmic Ca2+ would interact with the intracellular phosphate buffer system. Thus, 
the transcellular transport of Ca2+ likely involves some sort of Ca2+ sequestration within 
coral cells to prevent Ca2+ toxicity. Candidate mechanisms include vesicles or Ca2+-binding 
proteins (cytosolic or intravesicular), which could be directionally trafficked across the cell 
toward the SCM.

Another physiological challenge for corals is that Symbiodinium photosynthesis pro-
duces copious amounts of O2 as an end product. On the contrary, the biota and microbiota 
associated with corals can drive O2 levels to hypoxic (or maybe even anoxic) levels at 
night, depending on density and water flow (Kühl et al. 1995; Ohde and van Woesik 1999; 
Shashar et al. 1993). These pronounced O2 fluctuations have important implications for 
coral physiology in terms of their energy budget (7 see Sect. 7.12).

The lack of coral-specific tools is a major disadvantage for studies on coral cellular 
physiology. For example, many previous studies proposed mechanisms based on the 
effects of pharmacological inhibitors for proteins from mammals, which might not be 
specific for the homologous coral proteins. Additionally, these types of pharmacological 
studies cannot determine the coral cell type or layer where the presumed target proteins 
are located, because drugs are dissolved in the surrounding seawater and therefore can 
reach multiple sites within a coral colony. Another hurdle is that drugs can form com-
plexes with the various salts present in seawater, and therefore demonstrate different 
activity, or require different concentrations, compared to studies using mammalian physi-
ological saline solutions. Recent advances in coral biology are rapidly expanding the 
experimental toolbox. For example, the sequencing of some coral genomes (Drake et al. 
2014; Shinzato et al. 2011) has made it possible to develop coral-specific antibodies and 
perform shotgun transcriptomic and proteomic studies to identify candidate proteins 
involved in various responses based on differential regulation following stress. However, 
there is still the need for coral cell model systems that would allow genetic manipulations 
such as knocking down, silencing, or knocking in genes of interest to study the functions 
of encoded proteins. Elucidating the cellular mechanisms behind essential coral physio-
logical processes is of crucial importance in coral research and will be critical for under-
standing and predicting coral responses to stress.

7.5  Acid/Base (A/B) Regulation

Unlike larger and more active animals such as vertebrate animals, mollusks, and crusta-
ceans, corals do not have specialized organs to regulate the A/B status of their internal 
fluids. Thus, corals seem to rely on intracellular pH regulation (pHi) to achieve A/B 
homeostasis. In addition, corals maintain unique acidic and alkaline environments in the 
symbiosome space (Barott et al. 2015b) and in the SCM (Al-Horani et al. 2003; Venn et al. 
2011), which, respectively, promote photosynthesis and calcification.
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Tight pHi regulation is vital for all organisms as enzymes and most other cellular com-
ponents are highly sensitive to pH. Universal challenges to pHi balance include metabolic 
activity and fluctuations in external pH (pHe). Additionally, photosynthesis and calcifica-
tion in reef-building corals entail unique A/B conditions in microenvironments that are 
located only microns apart. In addition to standard “housekeeping” pHi, symbiocytes and 
calicoblastic cells must have developed specialized mechanisms to maintain extreme pH 
conditions in the symbiosome space and SCM, respectively, and to compensate for the 
pHi stress resulting from photosynthesis and calcification.

Like all cells, coral cells regulate pHi by passive buffering and by active transport of A/B 
relevant ions across cellular membranes. Information about the buffering capacity of cni-
darian cells is limited to one study on isolated gastrodermal cells of Anemonia viridis 
(Laurent et al. 2014); their buffering capacity ranged from 20.8 to 43.8 mM/pH unit, similar 
to cells from other invertebrates. There were few differences between Symbiodinium- 
containing and Symbiodinium-free gastrodermal cells, at least in the dark (Laurent et al. 
2013). Like all other animal cells (Putnam and Roos 1997; Roos and Boron 1981), active pHi 
regulation in corals likely involves Na+/H+ exchangers (NHEs, SLC9 family) and HCO3

− 
transporters (e.g., SLC4 and SLC26 families). Homologous genes are present in the available 
cnidarian genomes, but they have not been functionally characterized yet. A detailed char-
acterization of these transporters in terms of substrate specificity, kinetics, pharmacology, 
regulation, and potential cell-specific expression is an essential area of future research.

7.6  DIC Transport Across the Oral Epithelium

Photosynthesis relies heavily on seawater HCO3
−, which requires ion-transporting proteins 

to transport it across the apical and basolateral membranes of the oral ectoderm cells and 
across the symbiocytes’ membrane (Allemand et al. 1998). In addition, HCO3

− could move 
across the paracellular pathway (i.e., in between cells) from seawater to the symbiocytes or 
be taken up by the symbiocytes from the coelenteron. In any case, DIC still has to move 
across the symbiocyte and symbiosome membranes, as well as across various Symbiodinium 
membranes, before finally reaching RuBisCo in the chloroplast stroma and pyrenoid.

The identity of the HCO3
−-transporter proteins has just begun to be elucidated. A 

recent paper suggests that Slc4-like transporters present in the apical membrane of oral 
ectodermal cells mediate HCO3

− uptake from seawater in A. yongei (Barott et al. 2015a). 
Apically located Na+/K+-ATPase (NKA) might energize the uptake of HCO3

− (and possi-
bly other substances) from seawater (Barott et al. 2015a). However, apical NKA (Barott 
et  al. 2015a) and the SLC4-like transporters present in A. yongei (. Fig.  7.2) were not 
 detectable in S. pistillata. Once again, this highlights potential mechanistic differences 
between coral species and/or coral clades.

7.7  pHi Regulation in Gastrodermal Cells

Symbiodinium photosynthesis has a strong alkalinizing effect on their gastrodermal host 
cells. Exposure of isolated S. pistillata symbiocytes to light for 20 min induced a significant 
increase in pHi from ~7.10 to ~7.40 pH units (Venn et al. 2009). The alkalinizing effect is 
abolished by DCMU (Laurent et al. 2013), a specific blocker of plastoquinone that inhibits 
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photosynthesis, confirming that the alkalinization was caused by Symbiodinium photo-
synthesis. Additionally, alkalinization occurred more quickly and reached higher values 
(maxing out at ~7.46) in cells exposed to irradiance levels of 300 μmol photons m−2s−1 or 
higher (Laurent et al. 2013). Similar effects have been reported in isolated P. damicornis 
cells (Gibbin et  al. 2014). Host cytoplasm alkalinization is caused by CO2 removal by 
Symbiodinium photosynthesis and possibly by OH− secretion by Symbiodinium to the host 
cytoplasm (Allemand et al. 1998; Venn et al. 2009). Indeed, as photosynthesis draws down 
CO2, HCO3

− and H+ are converted to CO2 following the DIC equilibrium reaction, and 
the decline in [H+] leads to alkalization. To prevent pHi from rising further, symbiocytes 
would need to excrete OH− and/or HCO3

− or uptake H+ and/or CO2. For example, anem-
one endoderm cells may excrete OH− into the coelenteron upon light exposure (or uptake 
H+) (Furla et al. 1998), and coral symbiocytes potentially transport HCO3

− into the sym-
biosome as part of a carbon-concentrating mechanism (CCM) for photosynthesis (Barott 
et al. 2015b).

7.7.1  pH of the Symbiosome

In S. pistillata and A. yongei, the host-derived symbiosome membrane abundantly 
expresses vacuolar H+-ATPase (VHA), a proton pump whose activity helps acidify the 
symbiosome to pH ~4 (Barott et  al. 2015b). Acidification of the symbiosome space 
 surrounding the zooxanthellae is part of a coral CCM that promotes Symbiodinium 
 photosynthesis (Barott et al. 2015b). As Stylophora and Acropora belong to different coral 
clades, it is likely that this CCM is universal among coral species. The ultimate goal of the 
proposed CCM is to increase CO2 to high-enough levels to sustain photosynthesis, which 
is required due to the low affinity of dinoflagellate RuBisCo for CO2 over O2 (Rowan et al. 
1996). However, there are no known cellular mechanisms to actively transport gases such 
as CO2, and at a pHi of ~ 7.10 (Venn et al. 2009), the most abundant form of DIC available 
inside coral gastrodermal cells would be in the form of HCO3

−. Thus, DIC transport across 
biological membranes must happen by transporting H+ and HCO3

−, which can then 

a b

 . Fig. 7.2 (a) 320x magnification; (b) m 1000x magnification. Localization of an SLC4-like protein in  
the coral Stylophora pistillata (red). Nuclei are stained in blue. OE oral ectoderm, OG oral gastroderm,  
Co coelenteron, AG aboral gastroderm, CE calicoblastic ectoderm, Sk skeleton (Methods followed those 
described in Barott et al. (2015a))
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 dehydrate into CO2 (and H2O) in a reaction reversibly catalyzed by carbonic anhydrase 
(CA). Experiments using pharmacological drugs support the involvement of CAs, as 
 inhibition of CA by Diamox reduces photosynthetic carbon assimilation by zooxanthellae 
by up to 85 % (Weis et al. 1989). However, CAs alone are not sufficient to transport DIC 
against its concentration gradient, which is a requirement for a CCM. This is where VHA 
becomes relevant by using energy from adenosine triphosphate (ATP) hydrolysis to trans-
port H+ against its electrochemical gradient (“pumping”), which presumably drives the 
transport of HCO3

− into the symbiosome space by yet unidentified transporter proteins. 
Supporting this model, inhibition of VHA by bafilomycin resulted in an increase of the 
symbiosome pH by ~0.6 units (a ~70 % change in [H+]) in S. pistillata isolated symbio-
cytes, as well as a reduction in O2 production by ~30 % in S. pistillata colonies, and as high 
as an 80 % reduction in O2 production in A.yongei colonies (Barott et al. 2015b). A poten-
tial additional source of H+ transport into the symbiosome is the P-type H+-ATPase, 
which is expressed by Symbiodinium only during symbiosis (Bertucci et al. 2010).

Elucidating the mechanisms of HCO3
− transport across the symbiosome membrane is 

an important area of future research. Furthermore, once inside the symbiosome space, 
CO2 still has to move across several other Symbiodinium membranes before reaching 
RuBisCo in the chloroplast stroma and pyrenoid; these mechanisms are also largely 
unknown. Finally, symbiosome acidification could help drive the transport of other mol-
ecules between host cells and Symbiodinium, as hypothesized in Barott et al. (2015b).

7.8  DIC Transport and pH Regulation in Calcifying Cells

The calicoblastic cells play a vital role in skeleton formation by promoting calcification 
through elevating pHe in the SCM, transporting DIC and Ca2+, and excreting SOM pro-
teins that promote CaCO3 precipitation (reviewed in Cohen and McConnaughey (2003), 
Allemand et al. (2004), Johnston (1980)).

The pH of the SCM ranges between 8.1 and 8.4 pH units in the dark and between 8.7 
and 9.3 pH units in the light, depending on the coral species and method used (Al-Horani 
et al. 2003; Venn et al. 2011). At those pH values, the calculated saturation state of aragonite 
is 20–30-fold hypersaturated in the light and 3–11-fold in the dark. However, the pHi of 
calicoblastic cells remains stable at ~7.4 in both light and dark conditions (Venn et al. 2011). 
This indicates that calicoblastic cells are capable of excreting HCO3

− into the SCM against 
a steep electrochemical gradient and removing H+ while also maintaining a stable pHi.

The sources and species of DIC used for calcification are not completely understood 
but may include CO2, HCO3

−, and CO3
2− from seawater or metabolic origin that are ulti-

mately transported and concentrated in the SCM (Allison et al. 2014). Based on immuno-
localization data, members of the SLC4 family of HCO3

− transporters may excrete 
HCO3

− into the SCM both in A. yongei (Barott et al. 2015a) and S. pistillata (Zoccola et al. 
2015). However, convincing functional data is not available due to the issues with drug 
specificity and site of action outlined in 7 Sect. 7.2. The driving force for HCO3

− secretion, 
and most likely many other transport processes, seems to be provided by NKA that is 
abundantly expressed in the basolateral membrane of calicoblastic cells from both  
A. yongei and S. pistillata (Barott et al. 2015a).

The contribution of metabolic CO2 to the skeleton’s aragonite has been estimated to be 
as high as 83 % (Erez 1978; Furla et al. 2000; Hughes et al. 2010). Metabolic CO2 is chiefly 
produced during respiration in mitochondria, which can be abundantly present through-
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out coral tissues including calicoblastic cells (Barott et al. 2015b). This CO2 could be rapidly 
hydrated into HCO3

− by CA in the cell cytosol and exported into the SCM. The resulting H+ 
would then be exported across the basolateral membrane into the mesoglea and eventually 
to the coelenteron. However, other studies have concluded that the respiration rate of corals 
is too low to significantly contribute DIC to the skeleton (e.g., Falkowski et al. (1984)).

7.9  Ca2+ Transport

Despite its central importance in coral biology, the mechanisms for Ca2+ transport in cor-
als remain poorly understood. The route of Ca2+ transport from seawater to the coelen-
teron across the oral epithelium has been proposed to be either paracellular (Furla et al. 
2000; Tambutté et al. 1996) or transcellular (Clode and Marshall 2002). A contribution of 
both routes, as well as of species-specific differences, is possible. Ectodermal cells in the 
oral and calicoblastic layers are connected by septate junctions (Barott et al. 2015a; Clode 
and Marshall 2002; Ganot et al. 2015; Johnston 1980), which limit the passage of ions and 
other molecules across the coral epithelium. Electrophysiology of coral microcolonies 
indicates that the coral epithelium has intermediate resistance, falling on the leaky end of 
vertebrate tight junctions’ continuum but still “tighter” than leaky junctions. However, the 
relative contribution of the different coral tissue layers to coral epithelial resistance could 
not be differentiated due to methodological limitations (Tambutté et al. 2011).

There is evidence that all skeletal Ca2+ passes through at least one coral tissue layer 
(Tambutté et al. 1996). An L-type voltage-dependent Ca2+ channel was immunolocalized 
using heterologous antibodies in both the oral and aboral ectoderm of the coral S. pistil-
lata, suggesting it functions to take up Ca2+ from seawater and export it into the SCM 
(Zoccola et al. 1999). In addition, pharmacological inhibitors of Ca2+ channels reduced 
calcification rates. However, due to their typically slow inactivation time and short mean 
open time, L-type Ca2+ channels are primarily involved in Ca2+ homeostasis and Ca2+ 
signaling in other organisms (Hosey and Lazdunski 1988). Although this does not rule 
out a role for L-type Ca2+ channels in coral calcification, it does highlight the need for 
studies on the kinetics and specificity of coral Ca2+ channels in order to better determine 
their physiological functions.

Plasma membrane Ca2+-ATPases (PMCA) have been proposed to export Ca2+ across 
the apical membrane of calicoblastic cells in exchange for H+ (Zoccola et al. 2004, 
Allemand et al. 2011, Davy et al. 2012, Cohen et al. 2009). Thus, PMCA could both deliver 
the Ca2+ needed for calcification and remove protons produced during CaCO3 precipita-
tion to maintain the alkaline pH of the SCM. However, this model is largely based on 
results from pharmacological inhibition, in this case with ruthenium red (Al-Horani et al. 
2003; Ip et al. 1991; Marshall 1996). Although PMCA messenger RNA (mRNA) is present 
in calicoblastic cells, it is also abundantly expressed throughout other coral cell layers 
(Zoccola et al. 2004). Moreover, a recent immunolocalization study found PMCA protein 
in the cytoplasm and not the membrane of calicoblastic cells in A. yongei and S. pistillata 
(Barott et  al. 2015a), further questioning the role of PMCA in Ca2+ excretion and H+ 
removal. In A. yongei, PMCA protein was present throughout all coral tissue layers, with 
more intense localization in the cytoplasm of calicoblastic cells followed by the apical pole 
of cells in the oral ectoderm. PMCA protein was similarly present throughout all coral 
tissue layers of S. pistillata; however, it was most abundant in gastrodermal cells, more 
specifically in the cytoplasmic area facing the coelenteron.
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Abundant vesicles have been observed in the calicoblastic cells of multiple species of 
corals, in some cases pinching in and out at the basolateral and apical membranes of cali-
coblastic cells (Barott et al. 2015a; Isa 1986; Johnston 1980). Furthermore, inhibitors of 
actin and tubulin polymerization reduced Ca2+ incorporation into the skeleton, suggest-
ing trafficking of intracellular vesicles is required for calcification (Tambutté et al. 1996). 
However, these results could also be explained by effects on the trafficking of HCO3

− or H+ 
transporters (see (Tresguerres et al. 2006) for an example of transepithelial HCO3

− secre-
tion in shark gills).

7.10  Skeletal Organic Matrix (SOM)

In addition to CaCO3 in the form of aragonite, coral skeletons have numerous proteins, 
lipids, and polysaccharides that are collectively referred as the skeletal organic matrix 
(SOM). A majority of the SOM components seem to be synthesized and secreted by cali-
coblastic cells (Puverel et al. 2004), although some precursors of the SOM may be synthe-
sized by Symbiodinium or other coral tissues. Not surprisingly, significant differences in 
SOM composition exist between coral species (Johnston 1980; Puverel et al. 2005).

The SOM has been proposed to be especially important in the early mineralization 
phase, as “substrate, catalyst, or controlling agent in the chemical reactions that culminate in 
the deposition of new skeletal material” (Johnston 1980). Organic components present in 
deeper parts of the skeleton could be remnants from the early calcification process, or they 
could play additional structural roles such as modifying skeletal mechanical properties.

The SOM confers the skeleton with chemical properties that are different from pure 
CaCO3; for example, some coral acid-rich proteins (CARPs) recently identified in the SOM 
of S. pistillata are able to spontaneously catalyze CaCO3 precipitation in vitro, even at a 
seawater pH of 7.6 (Mass et al. 2013). Immunolabeling confirmed that at least four CARPs 
are present in calicoblastic cells and embedded in skeletal aragonite crystals but also in 
noncalcifying coral tissues suggesting roles other than calcification (Mass et al. 2014).

Another interesting protein found in the SOM is a secreted form of CA, hypothesized 
to play roles in calcification and A/B regulation in calicoblastic cells and the SCM (Moya 
et al. 2008). The SCM, which is the microenvironment where calcification occurs, clearly is 
vastly different from bulk seawater due to significant biological control by the coral tissues.

7.11  Light-Enhanced Calcification

The stimulatory effect of light on coral calcification was noted as early as the 1930s 
(Kawaguti 1937), subsequently demonstrated chemically by measuring the disappearance 
of Ca2+ from seawater (Kawaguti and Sakumoto 1948), and later corroborated by 
 radioisotope studies showing incorporation of 45Ca2+ from seawater into the coral skele-
ton (Goreau 1959; Goreau and Goreau 1959). This phenomenon, which was termed 
light- enhanced calcification (Chalker and Taylor 1975), was subsequently confirmed 
across multiple coral species (reviewed in Allemand et al. (1998), Allemand et al. (2011), 
Cohen and Holcomb (2009), Gattuso (1999), Johnston (1980)). Despite a few exceptions 
(e.g., Wijgerde et al. (2012, 2014)) (which might be explained by husbandry and/or illu-
mination conditions), light-enhanced calcification seems to be a universal phenomenon 
among corals.
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The physiological mechanisms supporting light-enhanced calcification are not com-
pletely understood, but all hypotheses proposed over the last 80 years are based on 
Symbiodinium photosynthetic activity facilitating calcification in one or multiple ways. 
Thus, the term “photosynthetically enhanced calcification” (Chalker and Taylor 1975) 
seems more appropriate. Some possible mechanisms for light-enhanced calcification 
include photosynthesis providing (a) carbohydrates as fuel to support the energetic cost of 
transporting DIC to the SCM and maintaining its alkaline pH, (b) O2 to support aerobic 
metabolism, (c) a supply of SOM precursors, and (d) for the removal of calcification waste 
products such as CO2, H+, PO4

3−, and NH4
+ (reviewed in Allemand et al. (2011), Chalker 

and Taylor (1975), Johnston (1980)). Clearly, the ability to study any of these hypotheses 
requires the elucidation of the basic mechanisms for calcification, energy metabolism, and 
metabolic communication between coral host cells and Symbiodinium.

7.12  Coral Energy Metabolism

Symbiodinium translocate the majority of net-fixed carbon to the host, in some cases 
>95 % (Davies 1984; Falkowski et al. 1984; Muscatine et al. 1984). Under high light condi-
tions, autotrophy from Symbiodinium photosynthesis can supply over 100 % of a coral’s 
daily energy requirements (Falkowski et  al. 1984). Most of the translocated carbon is 
immediately respired by the host, but a considerable amount (potentially as high as 50 %) 
is lost in coral mucus secretions (Crossland et al. 1980; Muscatine et al. 1984). The role of 
mucus is unknown but could be related to aiding in feeding; cleaning; staving off epi-
phytic, epizoic, and bacterial growth (Ducklow and Mitchell 1979; Muscatine 1973); pro-
tecting against damage (Benson et al. 1978); and getting rid of excess translocated carbon 
(Davies 1984). In any case, coral mucus release likely represents a significant source- 
dissolved organic carbon for reef microbial communities (Muscatine et  al. 1984; Wild 
et al. 2004).

Originally, glycerol was believed to be the main organic compound supplied by 
Symbiodinium (Muscatine and Cernichiari 1969); however, more recent results indicate it 
is in fact glucose (Burriesci et al. 2012). Either way, both glycerol and glucose are nitrogen 
deficient and can sustain metabolic respiration but cannot be used to build new tissue 
(Davies 1984; Falkowski et al. 1984). Thus, corals must obtain nitrogenous compounds 
from heterotrophic feeding on zooplankton, bacteria, and sessile organisms, which they 
do using cnidocysts, mesenterial filament eversion and extrusion, and mucus trapping 
(Goreau et al. (1971) and references therein). Corals can also absorb PO4

3−, amino acids, 
and other micronutrients directly from seawater (Goreau et al. 1971). The relative contri-
bution of autotrophy and heterotrophy likely varies according to species and dynamic 
changes in environmental conditions such as light, Symbiodinium abundance and type, 
and nutrient availability.

Corals experience large daily variations in O2 levels due to Symbiodinium photosyn-
thesis during the day (which can increase O2 concentrations in coral tissues and their 
diffusive boundary layer to over 4x higher than the surrounding seawater) and to respira-
tion of reef organisms and microorganisms during the night that can result in very low O2 
levels (hypoxia) or even lack thereof (anoxia) (Kühl et al. 1995; Ohde and van Woesik 
1999; Shashar et al. 1993). This implies that corals are able to dynamically switch between 
aerobic and anaerobic respiration; however, virtually nothing is known about coral anaer-
obic metabolic pathways and their relative contribution to the coral energy budget. 
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Because hypoxia and anoxia likely also occur during stressful conditions that reduce 
Symbiodinium abundance, the capacity to generate energy using anaerobic metabolic 
pathways might be especially important in determining a coral species’ ability to survive 
mass- bleaching events.

7.13  Coral Fluorescence

Cnidarians, including corals, display biofluorescence under appropriate illumination con-
ditions (Catala-Stucki 1959). Originally, coral fluorescence was proposed to play roles in 
UV protection and optimization of algal productivity (Ben-Zvi et al. 2015; Dawson 2007; 
Kawaguti 1969; Schlichter et al. 1994). As part of these studies, fluorescent mycosporine- 
like amino acids were discovered; however, these are found in the secreted mucus, and 
their fluorescence is relatively weak and labile. Subsequent research demonstrated that 
coral biofluorescence is largely due to endogenous fluorescent proteins (FPs).

The green fluorescence protein (GFP) was originally found associated with the lumi-
nous jellyfish Aequorea victoria (Shinomura et al. 1962) and was proposed to play a role in 
mimicry by changing the bioluminescence color of luciferase from blue (best for color 
dispersion in deeper waters) to green (best in shallower water) via Förster Resonance 
Energy Transfer (Ohmiya and Hirano 1996; Haddock et al. 2009). More recently, FPs were 
found in corals and sea anemones that do not produce bioluminescence (Matz et al. 1999; 
Wiedenmann et al. 2004). Although FPs are predominantly green, other colors have also 
evolved ranging from blue to red (Labas et al. 2002; Sabine et al. 2004; Alieva et al. 2008), 
and FPs of up to four colors have been found in a single coral (Kelmanson and Matz 2003). 
In addition, some proteins in this family, called chromoproteins, absorb but do not emit 
light (Dove et al. 1995, 2001). Altogether, FPs are one of the main pigments in cnidarians 
and give them a diversity of fluorescent colors (Oswald et al. 2007).

Adult corals express FPs throughout the colony, including in polyp tentacles, body 
wall, and coenosarc. The fluorescence intensity is usually stronger in the growing tips of 
corals, probably because the reduced Symbiodinium abundance in the coral tips results in 
less shading of FP fluorescence. FPs are also expressed in the eggs, larvae, and juveniles of 
many coral species (Kenkel et al. 2011; Roth et al. 2013); however, the specific fluorescence 
color may change throughout the coral life cycle.

The precise cellular localization of FPs remains a challenge (Leal et al. 2015). In many 
cnidarians, FPs occur largely in granules of coral pigments; however, FPs could also be 
transported across tissues in corals, as described in other organisms (Hanson and Kohler 
2001; Schonknecht et al. 2008; McLean and Cooley 2013). FPs can represent up to 14 % of 
the soluble protein content in anthozoans and have slow decay lives with half-lives of 
about 20 days (Leutenegger et al. 2007). Furthermore, FPs can be accumulated at various 
stages of protein maturity, possibly building up as a nonfluorescent premature stage before 
maturing and becoming fluorescent following oxidation of the chromophore (Leutenegger 
et al. 2007). Thus, large amounts of FPs could be produced and stored in pigment cells but 
be readily available readily to other coral tissues where they might play different physio-
logical functions.

Despite abundant information about FPs’ spectral and biochemical properties in vitro, 
FP in vivo functions remain unclear. Since FPs can absorb shorter, potentially damaging 
high-energy wavelengths of light and transform them into longer, lower energy wave-
lengths that are beneficial for photosynthesis, two of the most likely FP functions are pho-
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toprotection (Roth et al. 2010; Salih et al. 2000; Smith et al. 2013) and photoenhancement 
of Symbiodinium photosynthesis (Dove et  al. 2008; Kawaguti 1969; Roth 2014). 
 Additionally, some FPs display antioxidant activity in  vitro (Bou-Abdallah et  al. 2006; 
Bomati et al. 2009), suggesting that they protect corals from reactive oxygen species gen-
erated as by- products of Symbiodinium photosynthesis in vivo and other sources of oxida-
tive stress.

Fluorescence is dynamic in corals, being up- or downregulated as a function of life 
stage (Kenkel et al. 2011), presence of trematode parasites (Palmer et al. 2009), and vari-
ous environmental conditions. For example, corals exposed to different intensities of light 
showed associated changes in FPs, with exposure to higher light levels resulting in larger 
FP abundance and greater fluorescence intensity (Roth et al. 2010). Similarly, a tempera-
ture shock (either cold or warm) induced a rapid decrease in fluorescence, which was 
detectable earlier than a RGB color change (Roth and Deheyn 2013; Roth et al. 2012). 
Fluorescence intensity returned to normal levels after corals adjusted to the cold shock or 
became more intense after continued exposure to warm water that induced bleaching; this 
was due to a loss of light shading by Symbiodinium. Similar declines in fluorescence level 
were observed under other stressors such as anoxia (Haas et al. 2014) and light intensity 
(Roth et al. 2010, 2013). Most likely, the decrease in fluorescence is related to the bio-
chemical antioxidant property of GFP. Indeed, GFP otherwise is a very stable protein with 
a pKa between 5 and 6 that is sheltered from changes in the surrounding biochemical 
environment, except for its susceptibility to free radicals. These studies suggest that 
changes in fluorescence can be used as a proxy for physiological adjustments associated 
with oxidative stress in corals.

7.14  Potential Role of cAMP in Regulating Coral Physiology

The cyclic adenosine 3'5' monophosphate (cAMP) pathway can modulate virtually every 
aspect of cell biology by regulating the activity of target proteins via protein kinase 
A-dependent phosphorylation, exchange proteins activated by cAMP, and cyclic 
nucleotide- gated channels (Wong & Scott, 2004). The cAMP pathway seems to have a 
special significance in corals, as homogenates of A. yongei and P. damicornis have the high-
est cAMP production rates ever recorded for any organism: 17,000 pmol mg−1 min−1 and 
30,000 pmol mg−1 min−1, respectively (Barott et al. 2013). Furthermore, cAMP levels in P. 
damicornis fluctuate with the light/dark cycle, reaching their highest values during the day 
and the lowest at night (Barott et al. 2013). However, the physiological roles of cAMP in 
corals are virtually unknown.

Given the importance of A/B status on coral photosynthesis and calcification and the 
dynamic changes in A/B status corals experience during the diel cycle, corals must be able 
to sense A/B status to adjust and coordinate their physiology accordingly. A potential A/B 
sensor in corals is soluble adenylyl cyclase (sAC), an evolutionarily conserved 
 HCO3

−-sensitive enzyme that produces cAMP (Buck et al., 1999; Chen et al., 2000). In 
vivo, sAC can potentially sense intra- and extracellular CO2, pH, and HCO3

− levels and 
trigger a variety of physiological responses via the cAMP pathway (reviewed in Tresguerres 
(2014), Tresguerres et  al. (2010a, 2011, 2014)). Evidence for sAC presence in corals is 
available in genomic and transcriptomic databases from A. digitifera (Shinzato et al. 2011) 
and S. pistillata (Karako-Lampert et al. 2014); however, these putative sAC sequences have 
not been validated, and the activity of the encoded proteins has not been characterized. 
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This task, which is essential before characterizing sAC physiological roles in corals, is 
greatly complicated by the presence of multiple isoforms and splice variants, as previously 
described for mammals (Farrell et al. 2008; Geng et al. 2005). There is, however, strong 
biochemical evidence for sAC in corals: cAMP production in homogenates is stimulated 
by HCO3

− in a dose–response manner, and the HCO3
−-stimulated cAMP activity is inhib-

ited by KH7 (Barott et al. 2013), a pharmacological inhibitor of sAC in mammals (Hess 
et al. 2005) and sharks (Tresguerres et al. 2010b). Given the A/B physiology of corals, sAC 
is a potential regulator of coral calcification, photosynthesis, pHi and pHe, and metabo-
lism, among other functions. Other potential A/B sensors found in other organisms 
include H+-sensing G-protein-coupled receptors, transient receptor potential channels, 
and acid-sensing ion channels (reviewed in Tresguerres et al. (2010a)).

7.15  Effects of Ocean Acidification (OA) on Coral Biology

The oceans have absorbed over 25 % of the CO2 emitted to the atmosphere since the 
beginning of the industrial revolution (Bindoff et  al. 2007; Millero 2007; Sabine et  al. 
2004). Dissolved CO2 reacts with water to create H2CO3, which in turn dissociates into H+ 
(and HCO3

−), which has resulted in a decline in surface open ocean pH of approximately 
0.1 pH units. In addition to elevated CO2 and reduced pH, OA reduces [CO3

2−] in seawa-
ter when H+ combines with CO3

2− to form HCO3
−. This phenomenon has been termed 

ocean acidification (OA) (Caldeira and Wickett 2003; Feely et al. 2004).
The current atmospheric CO2 concentration of 400 parts per million is the highest 

observed in the last 800,000 years (Lüthi et al. 2008) and possibly since the middle Pliocene 
(~3MYA). This rate of increase is likely 2–3 orders of magnitude faster than most natural 
CO2 excursions known via geohistory (Beerling and Royer 2011; Pagani et al. 2010). The 
rate of OA will match the increase in atmospheric CO2, raising concerns on whether 
marine organisms can cope. Calcifying organisms such as corals are believed to be par-
ticularly vulnerable to OA because reduced seawater [CO3

2−] might mean fewer “building 
blocks” available to build calcium carbonate skeletons (Kleypas and Langdon 2006) and 
reduced pH increases the dissolution of dead skeleton, reef framework, and sediments 
(Andersson and Gledhill 2013; Silverman et al. 2009).

The biological mechanisms described in previous sections of this book chapter  indicate 
that OA impacts on corals are likely much more complex. Five characteristics of coral biol-
ogy are particularly important when predicting the potential effects of OA on corals: (1) 
most of the coral skeleton is not directly exposed to seawater, but instead it is  underneath 
four tissue layers and the coelenteron (7 Sect. 7.2); (2) the DIC source for coral skeletons 
is predominantly CO2 and HCO3

− from seawater and metabolic origin, rather than CO3
2− 

from seawater (7 Sects. 7.5 and 7.8); (3) the actual site of coral calcification (the SCM) is 
highly alkaline, has elevated ΩARG, and SOM proteins that make it extremely different 
chemically from the surrounding seawater (7 Sects. 7.8 and 7.10); (4) as a result of photo-
synthesis, respiration, calcification, and dissolution (7 Sect.  7.3), corals induce daily 
changes in the pH and DIC status of their immediate environment that are much more 
pronounced than those predicted due to OA in the surface open ocean; and (5) elevated 
CO2 levels associated with OA could actually promote Symbiodinium photosynthesis, 
which might mean more energy transferred to the corals (7 Sects. 7.7 and 7.12).

The “proton flux” hypothesis proposes that the negative effect of OA on coral calcifica-
tion is caused by the reduced H+ gradient between coral tissues and seawater, which 
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requires corals to spend more energy to secrete the excess H+ generated during calcifica-
tion (Jokiel 2011a, b, 2013; Ries 2011). This hypothesis could explain reduced calcification 
rates under OA from an energetic point of view. In addition, other studies (e.g., Castillo 
et al. (2014)) have suggested that increased Symbiodinium photosynthesis as a result of 
elevated CO2 and subsequent translocation of carbon compounds to the host could offset 
the increased energetic demand of calcification.

It is also important to consider the experimental challenges and limitations associated 
with OA research on corals. To date, the majority of studies on the effects of OA on coral 
calcification have been manipulative experimental studies in aquarium or mesocosms in 
which the corals were removed from their natural ecosystem and placed under artificial 
light, seawater, nutrition, and flow conditions. Extrapolating these results to the ecosystem 
scale and different future scenarios becomes difficult because many variables impact cor-
als synergistically with elevated CO2 conditions, which often lead to nonlinear effects. For 
example, several studies suggest that a coral’s response to OA is highly dependent on food 
supply (Cohen and Holcomb 2009; Langdon and Atkinson 2005), temperature (Anthony 
et al. 2008), and to natural diel and seasonal variability of the carbonate chemistry (Bates 
et al. 2010; Dufault et al. 2012; Kline et al. 2015; Price et al. 2012). Another limitation of 
aquarium and mesocosm studies is their duration, which typically ranges from days to 
only a few months and therefore cannot investigate long-term impacts. These points help 
explain why OA studies have reported negative, neutral, and even “positive” effects on 
corals depending on the species and experimental setup (reviewed in Kroeker et  al. 
(2010)).

In situ studies are a critical complement to aquarium and mesocosm findings, as 
they can include much more natural conditions such as light, nutrition, and environ-
mental variability. The two main types of in situ experimental methods that are com-
monly used to assess OA impacts are observational studies of natural systems with 
high-CO2 levels such as vent/seep sites and upwelling areas, and semi-enclosed con-
trolled CO2 manipulative experiments. Studies in natural vent/seep and upwelling 
regions are beginning to provide data about the long-term impacts of OA on organisms, 
communities, and ecosystems (Fabricius et al. 2011; Hall-Spencer et al. 2008; Kroeker 
et al. 2013) and are one of the few approaches that can assess multiyear-long and poten-
tially evolutionary responses to OA. However, there is no control over the carbonate 
chemistry, and there may be other unmeasured variables that influence the results 
(Andersson et al. 2015). Fully enclosed in situ studies have been previously used to mea-
sure reef metabolism (Yates and Halley 2003), and results across different coral reef 
zones suggest that reef flats would shift to net dissolution at pCO2 levels between 470 
and 1000 ppm (Yates and Halley 2006). However, the duration of this approach is lim-
ited because the enclosed community has major biogeochemical feedbacks to the sea-
water chemistry and waste products’ buildup after 1–2 days. An emerging and highly 
promising approach is to perform controlled in situ manipulative experiments with 
semi-enclosed replicate Free Ocean Carbon Enrichment (FOCE) flumes (Gattuso et al. 
2014; Kline et al. 2012; Marker et al. 2010). FOCE style experiments allow for controlled 
CO2 manipulations that can be performed as a controlled offset in pH from ambient, 
with natural food, diel and seasonal carbonate chemistry variability and natural envi-
ronmental conditions. Additionally FOCE style experiments make it possible to address 
critical questions that are unanswerable in aquariums or mesocosms such as the study 
of ecological interactions such as herbivory or competition and OA impacts on feeding 
and overall energy budgets.
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In addition to impairing calcification, OA has been suggested to have negative effects 
on many other aspects of coral biology, including sperm flagellar motility (Morita et al. 
2010), fertilization, larvae settlement (Albright et al. 2010) and metamorphosis  (Nakamura 
et al. 2011), and energy metabolism (Kaniewska et al. 2012; Vidal-Dupiol et al. 2013). The 
mechanistic bases behind these effects are unknown but likely are related to A/B distur-
bances in the coral intracellular environment. However, when analyzing the relevance of 
this type of studies, one must carefully analyze the conditions used as commonly the 
experimental CO2/pH levels are too extreme, are administered too rapidly, are applied as 
a constant level even if the corals are from a dynamic environment, or are applied over 
very short periods of time, which do not match realistic OA conditions. Similarly, conclu-
sions based on transcriptomics studies must be taken with caution due to potential mis-
matches between mRNA abundance and protein abundance and enzymatic activity 
(Rocca et al. 2015), posttranslational modifications not detectable by transcriptomics, and 
lack of information about the specific cell types where mRNA changes take place.

7.16  Conclusions

Despite their relatively simple body plan and their basal position within the phylogenetic 
tree, corals are complex at both the cellular and molecular level. Corals possess several 
specialized cell types that achieve unique and essential physiological functions, for exam-
ple, symbiotic metabolic exchanges with Symbiodinium or deposition of massive skeletons 
that provide the foundation for coral reefs. The cellular and molecular mechanisms behind 
these functions are mostly unknown; however, recent technological advances are making 
it possible to study coral cellular and molecular biology at unprecedented levels of detail. 
In addition to being a fascinating area of research in its own right, mechanistic information 
about coral cell biology is essential for better understanding and predicting coral- general 
and species-specific responses to ocean warming, acidification, pollution, and disease.
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8.1  Summary

Insects regulate the acid–base balance of their haemolymph by ventilation, buffering 
and active uptake and excretion of acid–base equivalents with their gut. Haemolymph 
pH varies widely across ontogeny and between species, varying from acidic (~6.4) to 
alkaline (~8.0). Terrestrial and aquatic insects are exposed to different acid–base 
challenges by virtue of their environment and have evolved different mechanisms to 
cope. Terrestrial insects use bicarbonate buffering and changes in ventilation to 
respond to metabolic acid loads, as well as clearing excess acid through excretion into 
the lumen of the hindgut. V-ATPase and Na+/K+-ATPase in the hindgut/Malpighian 
tubule complex generates the transmembrane electrochemical potential necessary to 
drive uptake and excretion of acid–base equivalents and ions. The activity of these 
transport processes is under hormonal control. While aquatic insects also use their 
hindgut for acid–base regulation, they possess additional ion-transporting chloride 
cells on parts of their cuticle that are in contact with the surrounding water. These 
cells provide an extra- renal pathway for regulating haemolymph pH and osmolality, 
relying on ion transport driven directly and indirectly by V- and Na+/K+-ATPases. 
While aquatic insects are among the most pH-tolerant animals on the planet, the 
mechanisms that allow them to tolerate chronic exposure to highly acidic or alkaline 
water across a wide range of ionic strengths are incompletely understood and require 
further investigation.

8.2  Introduction

The acid–base balance of an insect’s body fluids results from the interplay between the 
partial pressure of carbon dioxide (PCO2) in its body fluids, the buffering action of weak 
acids and the active pumping of ions across membranes within the insect as well as 
between the insect and its environment. By actively regulating these variables, insects can 
maintain their internal pH within a physiologically acceptable range. But the extraordi-
nary diversity of insects and their distribution across both terrestrial and aquatic habitats 
make summarising their acid–base regulatory strategies no easy task. This diversity also 
means that the acid–base regulation of only a few insect species have received any particu-
lar attention, by virtue of being either economically important agricultural pests (e.g. 
Schistocerca gregaria, Manduca sexta) or vectors of disease (Aedes and Anopheles). While 
the mechanisms described from among these few exemplars likely apply to most insects, 
many new and surprising acid–base adaptations among the millions of unstudied insect 
species are yet to be discovered.

Insects regulate the acid–base balance of two separate extracellular compartments: the 
lumen of their gut and their haemolymph-filled haemocoel. This chapter reviews the 
acid–base balance within the insect’s haemolymph. It considers the role of respiration and 
ion exchanging regions in the hindgut and Malpighian tubules in terrestrial insect acid–
base balance strategies, comparing these physiological mechanisms with those utilised by 
aquatic insect species.
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8.3  Acid–Base Regulation in Terrestrial Insects

8.3.1  Haemolymph Composition and pH

The two largest reserves of body water in an insect are located in its gut lumen and in its 
haemolymph. After the gut lumen, the haemolymph represents the second largest fraction 
of an insect’s total body water. For example, it accounts for between 17 % and 21 % of the 
total body weight of the American cockroach (Periplaneta americana) (Wheeler 1963) but 
tends to be a higher fraction of the total body weight of larval insects, such as the death’s- 
head hawkmoth caterpillar Acherontia atropos (34 % of body weight) (Wasserthal 1996). 
Haemolymph fills the open circulatory system, the haemocoel, and bathes the insect’s tis-
sues, supplying them with nutrients, hormones and ions, while acting as a sink for meta-
bolic wastes. It also acts as a pH buffer and as a source and sink of acid–base equivalents. 
The acid–base balance of haemolymph is determined by three independent variables, 
namely, the strong ion difference (the difference between the sum of all cations and anions 
present in solution), the concentration and type of weak acids and the partial pressure of 
carbon dioxide (PCO2) (Stewart 1983). Ideally, all three variables should be measured to 
provide a complete picture of the acid–base balance of a fluid. But as pH (or, more pre-
cisely, proton concentration [H+]) is the variable that is regulated by physiological pro-
cesses to maintain enzyme function, pH is the usual starting point for considering the 
acid–base properties of this fluid. An early, and still repeated, assertion is that insect hae-
molymph is acidic (Chapman 2013; Wigglesworth 1972). However, the data collated in 
. Table 8.1 shows this to be incorrect. While lepidopteran and hymenopteran larvae 
appear to possess haemolymph that is uniformly acidic, measurements from other holo-
metabolous insects show alkaline or near-neutral pH, while most of the hemimetabolous 
insects measured thus far maintain a haemolymph higher than pH 7 (. Table 8.1). The 
accuracy of some of the older measurements of insect haemolymph pH is questionable 
because measurements made in  vitro used fluid pooled from several individuals. This 
approach potentially introduces errors due to changes in the composition of haemolymph, 
the clotting of protein and the loss of CO2. More recent measurements of haemolymph 
pH, made in vivo by inserting a pH microelectrode or fibre-optic optode directly into the 
insect’s haemocoel, have recorded pH values within a range that is comparable with 
in  vitro measurements on similar insect species (e.g. Hetz and Wasserthal (1993), 
Matthews and White (2011)). Nonetheless, this data clearly shows that insects regulate 
their haemolymph pH across a very wide range of values. When considering the regula-
tion of acid–base balance in insects, it is pertinent to note that nearly all haemolymph pH 
measurements are point measurements, with a few exceptions (Lettau et al. 1977; Matthews 
and White 2011; Hetz and Wasserthal 1993). Long-term recording from chronically 
implanted pH probes has shown that haemolymph pH often varies from minute to minute 
and may vary by more than 0.3 units across the course of a day (Lettau et al. 1977). Thus, 
at present, it is difficult to say how precisely insects regulate their extracellular pH envi-
ronment, or whether closely defending intracellular pH is a more common strategy.

Since relatively few reliable measurements have been made on insect haemolymph, 
much work remains to be done to evaluate what the ‘normal’ haemolymph pH range is for 
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 . Table 8.1 Summary of measured values of haemolymph pH from across eight orders of 
insects, with an emphasis on more recent measurements

Order Species pH Method References

Orthoptera Melanoplus bivittatus 7.121 Electrode Harrison (1988)

Schistocerca gregaria 7.1 Electrode Phillips et al. (1987)

Paracinema tricolor 7.0 Optode Groenewald et al. 
(2014)

Schistocerca gregaria 7.28 Electrode Stagg et al. (1991)

Teleogryllus commodus 7.48a (fed)
6.76a 
(starved)

Electrode Cooper and Vulcano 
(1997)

Blattodea Nauphoeta cinerea 7.084 Electrode Snyder et al. (1980)

Nauphoeta cinerea 7.30a Optode Matthews and White 
(2011)

Leucophaea maderae 6.9–7.24a Electrode Lettau et al. (1977)

Odonata Libellula juliab, c 7.58a Electrode Rockwood and Coler 
(1991)

Somatochlora  
cingulatab, c

7.60a Electrode Correa et al. (1985)

Uropetala caroveib, c 8.2 Electrode Bedford and Leader 
(1975)

Hemiptera Corixa dentipes 7.04 Electrode? Vangenechten et al. 
(1989)

Corixa punctata 6.97 Electrode?

Lepidoptera Bombyx morid 6.60 Electrode Wyatt et al. (1956)

Manduca sextab 6.64a Electrode Moffett and 
Cummings (1994)

Agapema galbinad 6.45 Electrode Buck and Friedman 
(1958)

Hyalophora cecropiad 6.52 Electrode

Acherontia atroposb 6.9 Electrode Dow (1984)

Lasiocampa quercusb 6.7 Electrode

Lichnoptera felinab 6.4 Electrode

Diptera Gasterophilus 
intestinalisb

6.8 Electrode Levenbook (1950)

Chironomus ripariusb, c 7.2–7.3 Electrode Jernelöv et al. (1981)

Chironomus ripariusb, c 7.7–8.0 ISME Nguyen and Donini 
(2010)

Rhynchosciara 
americanab

7.27 Electrode Terra et al. (1974)
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any given insect. This information is particularly crucial for studies involving isolated or 
cultured insect tissues. For example, while insect physiological saline is used as an artificial 
haemolymph in numerous Drosophila studies, the precise pH of these solutions varies. Some 
saline recipes recommend a pH between 6.6 and 6.9, similar to the pH measured in the third 
instar larvae (Echalier 1997), while other studies on larvae recommend a saline buffered to 
a pH of 7.0–7.2 (Badre et al. 2005; Stewart et al. 1994). Measurements of heartbeat in larva 
have been performed at a pH of 7.0 (Gu and Singh 1995), and adult Drosophila hearts have 
been measured at 7.2 (Papaefthimiou and Theophilidis 2001). While all of these values lie 
close to the values recorded from some other Diptera, the pH of adult Drosophila haemo-
lymph still needs to be investigated. It remains to be seen how successfully these physiologi-
cal salines recreate the normal acid–base environment of the haemolymph in vivo.

8.3.2  Haemolymph Buffering Capacity

Insects can respond to the addition of acid or base into their haemolymph by buffering or 
by active transport/excretion. Transporting acid–base equivalents between body 
 compartments and/or the environment is a slower, long-term solution, while buffering 

 . Table 8.1 (continued)

Order Species pH Method References

Ochlerotatus 
taeniorhynchusb, c

7.7 Electrode Clark et al. (2004)

Aedes aegyptib, c 7.6 Electrode

Aedes dorsalisb, c 7.55–7.70 Electrode Strange et al. (1982)

Coleoptera Leptinotarsa 
decemlineata

6.53–6.74 Electrode Pelletier and Clark 
(1992)

Xylotrupes ulysses 7.0a Optode Matthews and White 
(2009)

Hymenoptera Neodiprion abietisb 6.59 Electrode Heimpel (1955)

Neodiprion americanusb 6.54 Electrode

Neodiprion leconteib 6.88 Electrode

Neodiprion sertiferb 6.81 Electrode

Neodiprion virginianab 6.84 Electrode

Pikonema alaskensisb 6.55 Electrode

Hemichroa croceab 6.69 Electrode

Pristiphora erichsoniib 6.64 Electrode

aIndicates in vivo measurement
bIndicates larval or nymph/naiad stage
cIndicates aquatic habitat
dIndicates pupal stage
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immediately limits the extent of the pH shift. Buffering is achieved by the presence of 
weak acids and their conjugate bases acting as proton donors or accepters. A weak acid 
and its conjugate base buffer most effectively at the pH that coincides with its dissociation 
constant (pKa), the pH at which the concentration of weak acid, [HA], is the same as its 
conjugate base, [A−]. In biological systems, the most commonly occurring pH buffers are 
 bicarbonate ions, proteins and phosphate (Truchot 1987). The importance of these buffers 
in maintaining the pH of an insect’s haemolymph depends on their concentration in the 
haemolymph and the nature of the acid–base disturbance. Non-bicarbonate buffers 
donate and accept protons from non-volatile acids and bases, as well as from carbonic acid 
produced by the hydration of CO2. In contrast, bicarbonate ions can only buffer metabolic 
and non-volatile acid disturbances, as shown by the reversible reaction:

CO H O H CO HCO H2 2 2 3 3+ « « +- +

 (8.1)

An increase in [H+] shifts this reaction from bicarbonate towards the production of CO2. 
The volatile CO2 can then be removed from the blood by gas exchange with the sur-
rounding environment. The concentration of HCO3

− in a fluid is partly determined by 
PCO2 (in addition to [SID] and [HA]). The PCO2 of a terrestrial vertebrate is around 
4.7–6  kPa (Truchot 1987), while the PCO2 of insect haemolymph is generally much 
lower, around 2 kPa in a cockroach (Matthews and White 2011) and between 1.5 and 
2.19 kPa in the desert locust Schistocerca gregaria (Gulinson and Harrison 1996; Harrison 
et al. 1990). As a result, there is generally a lower concentration of bicarbonate available 
to act as a buffer. The bicarbonate buffering properties of insect blood have been most 
thoroughly investigated within the Orthoptera, with concentrations of haemolymph 
bicarbonate levels known from six species, varying between 5 and 13 mmol l−1 (Gulinson 
and Harrison 1996; Harrison et al. 1990, 1995; Harrison 1988, 1989b; Krolikowski and 
Harrison 1996). In the normal physiological range of haemolymph pH, this equates to a 
bicarbonate buffer capacity of 12–28 mmol l−1 pH unit−1 (Harrison 2001). The role of the 
bicarbonate buffer system in insects has been demonstrated in the desert locust 
Schistocerca gregaria, which was injected with hydrochloric acid (HCl) to simulate a 
metabolic acidosis. The insect showed a reduction in haemolymph pH of 0.5 units, which 
caused [HCO3

−] to drop by half and PCO2 to double for the first 15 min following injec-
tion (Harrison et al. 1992). It was calculated that the bicarbonate buffer neutralised half 
of the added acid, liberating CO2 which was completely restored to control levels 1 h after 
the injection. The remainder was buffered by non-bicarbonate buffers, and ultimately by 
transport and excretion processes associated with the gut (Harrison et al. 1992). The total 
buffer capacity of Schistocerca gregaria haemolymph at a pH of 7.31 is 33.6 mmol l−1 pH 
unit−1, attributed to bicarbonate (60 %), protein (30 %), organic and inorganic phosphate 
(9 %), with the remainder citrate and histidine (Harrison et  al. 1990). One of the few 
non-orthopteran insects to have the buffer capacity of its haemolymph determined is the 
larva of the horse bot fly Gasterophilus intestinalis. The horse bot fly maggot is a specialist 
intestinal parasite that lives within the high-CO2 environment of a horse’s stomach, 
where it regularly experiences a PCO2 in excess of 66 kPa (Levenbook 1950). Within this 
unusual environment, the pH buffer capacity of G. intestinalis haemolymph at its usual 
haemolymph pH of 6.8 is 47.0 mmol l−1 pH unit−1. This buffer capacity is again primarily 
due to bicarbonate (57.5 %), as well as proteins (30 %), succinate (6 %) and inorganic 
phosphate (5 %) (Levenbook 1950).
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8.3.3  Regulation of Acid–Base Disturbance

 Role of the Gut and Malpighian Tubules
Adding a strong acid or base into an insect, either from metabolic by-products, food, or, 
in the case of aquatic insects, directly from their environment, alters the acid–base balance 
of its haemolymph. As buffering can only ever limit the change in pH, other mechanisms 
must come into play to restore the original acid–base balance. This can only be achieved 
by the active transport of acid–base equivalents across epithelia, either between body fluid 
compartments within the insect, or between the insect and its environment. In terrestrial 
insects, this transport occurs between the haemolymph and gut lumen, across the walls of 
the gut and Malpighian tubules.

A generalised insect gut is divided into several distinct sections, beginning with  
the foregut, which is made up of the oesophagus, proventriculus, or gizzard, and crop. The 
midgut comprises the gastric caeca and ventriculus; and the hindgut is made up of the 
ileum, colon, rectum and anus (. Fig. 8.1). The pH of the gut lumen differs along most of 
its length from that of the surrounding haemolymph. The Malpighian tubules arise 
between the mid and hindgut regions and extend into the haemolymph, where they take 
up ions, metabolic wastes and water, excreting this primary urine from the haemolymph 
into the hindgut, where it is further modified before excretion. In an insect, this hindgut–
Malpighian tubule complex is the main site of ion and water regulation and performs 
essentially the same functions as the vertebrate kidney, including acid–base regulation 
(Phillips 1981). A series of investigations into the desert locust Schistocerca gregaria pro-
vides the most complete picture of an insect’s acid–base regulation and the central role 
played by the hindgut–Malpighian tubule complex. However, these studies have focused 
on the mechanisms used to remove excess acid, and no studies have yet examined the 
response of the locust to an alkaline challenge. A comprehensive review of this topic can 
be found in Phillips et al. (1994).

The Malpighian tubules produce the primary urine by actively taking up K+ and Na+ 
(but may preferentially secrete one or the other, depending on the insect species) from the 
haemolymph, as well as smaller amounts of Mg2+, Cl−, HCO3

−, NH4
+ and other haemo-

lymph solutes (Maddrell and O’Donnell 1992). The transport of inorganic ions is driven by 
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 . Fig. 8.1 Cross section of the locust. The pH of the haemolymph and the various sections of the gut 
are indicated in bold (Data from Thomson et al. (1988a); image adapted from Phillips (1964))
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an electrogenic V-ATPase (O’Donnell and Maddrell 1995), which pumps protons into the 
tubule, keeping its pH around 0.5 units below that of the haemolymph (Stagg et al. 1991). 
This proton gradient energises the cation/H+ antiporters, driving ion transport into the 
tubule lumen. The reduced pH also causes the PCO2 in the fluid to increase to three times 
the haemolymph levels due to the titration of HCO3

− to CO2 (Phillips et al. 1994). But the 
V-ATPase proton pump is a minor contributor to total acid excretion, as most of the pro-
tons in the Malpighian tubules are recycled through the cation antiport system (Stagg et al. 
1991). The osmotic gradient between the fluid in the tubules and the haemolymph drives 
the movement of water from the haemolymph into the tubules, flushing the primary urine 
into the ileum. Both the ileum and the rectum function to reabsorb Na+, Cl− and K+ ions 
and water while excreting acid or base into the lumen using a range of pathways. In both 
segments, apical V-ATPase proton pumps actively secrete H+ into the lumen, progressively 
lowering the luminal pH from the ileum to the rectum (. Fig. 8.1) (Thomson and Phillips 
1992). The pH in the rectum is further reduced following the injection of a non-volatile 
acid, demonstrating that the increased excretion of acid into the rectum occurs to restore 
the acid–base balance of the haemolymph (Thomson et al. 1988a). Approximately 15 % of 
the injected acid load was accounted for by an increased transport of ammonium ions 
(NH4

+) by the ileum and rectum (Harrison and Phillips 1992). Ammonia (NH3) is pro-
duced primarily from the oxidation of proline, as well as other amino acids, before it is 
excreted into the gut lumen as NH4

+ in exchange for the uptake of Na+ into the haemo-
lymph (Thomson et al. 1988b; Peach and Phillips 1991). It has been estimated that the 
rectum is responsible for approximately 60 % of all acid excretion in the locust, due to its 
large surface area (~0.62 cm2) compared to the ileum, which contributes 30 % (0.4 cm2), 
and the Malpighian tubules (less than 0.09 %) (Phillips et al. 1994).

While the acidification of the hindgut occurs predominantly by excretion of H+ into 
the gut lumen rather than by the selective reabsorption of bicarbonate (Thomson et al. 
1988a), both the ileum and rectum do appear to transport HCO3

− from the gut into the 
haemolymph. Experiments on isolated epithelia have shown that these sections of the 
hindgut secrete a fluid from the gut lumen into the haemolymph that has a HCO3

− con-
centration three times higher than that in lumen (Lechleitner et al. 1989). This absorption 
of bicarbonate by the locust hindgut appears to occur by a process that differs from most 
other animals, in that it does not rely on a Cl−/HCO3

− exchange system. The uptake of Cl− 
from the gut lumen appears to be an active process coupled to the passive uptake of K+ 
(Hanrahan and Phillips 1983; Phillips and Audsley 1995). Thus, the mechanisms used by 
the insect hindgut to transport bicarbonate still have not been conclusively identified. It 
also remains to be seen how the hindgut excretes excess base. Studies on the locust 
Taeniopoda eques has shown that this insect is quite capable of changing from excreting 
excess acid in the form of titratable acid and ammonium to excreting excess base in the 
form of bicarbonate, depending on its diet (Harrison and Kennedy 1994). But, again, the 
mechanisms have yet to be described in detail.

The secretion processes described above are under hormonal control, rather than 
being influenced directly by the acid–base status of the haemolymph, with rates of ion 
transport, secretion of H+ and uptake of HCO3

− responding to neuropeptides extracted 
from the corpus cardiacum and ventral ganglia (Phillips et al. 1998). The active compo-
nent of the corpus cardiacum extract has been identified as a neuropeptide hormone 
called ion transport peptide (ITP). This hormone has been shown to stimulate Na+, Cl−, 
K+ and fluid absorption by the ileum, while inhibiting H+ secretion (Phillips et al. 1998). 
It is likely that ITP controls the Na+, Cl− and K+ ion pumps by stimulating the intracellular 
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production of cAMP (cyclic AMP or cyclic adenosine monophosphate). However, while 
cAMP has been found to inhibit acid secretion in the rectum of S. gregaria, it does not 
appear to have the same effect on the H+ V-ATPase pumps in the ileum (Thomson et al. 
1991), which appear to be inhibited by a different messenger molecule in response to 
ITP. While the V-ATPase transporters in locust rectum are inhibited by cAMP, a stimula-
tory effect has been recorded from other parts of the Malpighian tubule–hindgut complex. 
The V-ATPase in the Malpighian tubules is stimulated by cAMP, with studies on Drosophila 
showing a decrease of 0.4 pH units in the tubule fluid relative to the unstimulated fluid 
secretion (O’Donnell and Maddrell 1995).

 Role of Respiration and Ventilation
The constant production of CO2 by respiration constitutes the largest continuous influx of 
acid that most insects must contend with. Given that many flying insects are capable of 
increasing their rate of CO2 production over 100-fold when they transition from rest to 
active flight, it is clear that they must possess effective mechanisms to deal with CO2 and 
its potential impact on acid–base balance through carbonic acid production. As CO2 is a 
volatile acid, releasing it to the atmosphere is the simplest mechanism to deal with this 
problem. While vertebrates transport CO2 from their tissues to gas exchange organs in 
their blood, insects have a respiratory system that transports O2 and CO2 independently 
from their haemolymph: the tracheal system. Their tracheal system consists of a branch-
ing network of air-filled tubes that open to the atmosphere through spiracles, providing a 
high-conductance conduit between the haemolymph and tissues of the insect and the 
surrounding atmosphere. While the lack of respiratory pigments within the haemolymph 
limits the role it can play in transporting O2 and CO2 within the insect, it still functions as 
a significant buffer for respiratory CO2 and a minor reserve of O2. The high rate of diffu-
sion and convection within the air-filled tracheal system and the large surface area of the 
finely branched tracheoles allow for the rapid removal of CO2 from both tissues and hae-
molymph. By opening and closing their spiracles to regulate gas exchange between the 
atmosphere and their tracheal system, insects at rest maintain an internal PCO2 between 
1.8 and 3 kPa. This PCO2 is considerably lower than that found in an endothermic verte-
brate (4–5 kPa) but is similar to values recorded from terrestrial, air-breathing crabs 
(Wood and Randall 1981; Truchot 1987). Air-breathing vertebrates use their high internal 
PCO2 and bicarbonate levels to rapidly neutralise the addition of a fixed acid. The high 
concentration of bicarbonate reacts with the acid to produce CO2, which is then exhaled. 
The low CO2 and bicarbonate levels reduce the extent to which insects may use ventilation 
to regulate their internal pH by expelling excess CO2. Experiments on locusts partially 
support this view, as the injection of 50 μl of 0.5 mol l−1 hydrochloric acid (HCl) into the 
haemolymph of the locust Romalea guttata did not produce a significant increase in ven-
tilation rate, despite significantly reducing pH (Gulinson and Harrison 1996). However, 
the injection of sodium bicarbonate (NaHCO3) does cause ventilation frequency to 
increase. This increased gas exchange is unlikely to be a response to correct pH, since the 
treatment did not significantly alter the pH of the haemolymph, but it may be explained 
by a significant increase in the average intratracheal PCO2 during the 10 min following the 
injection of NaHCO3 (Gulinson and Harrison 1996).

These experiments examining the effect of haemolymph pH on ventilation raise some 
interesting questions regarding the nature of gas exchange control in insects. If respiratory 
pH regulation is important, then their respiratory chemoreceptors should respond to 
changes in pH as well as PCO2, as they do in air-breathing vertebrates (Milsom 2002). 
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Using acids such as HCl to change pH did not alter the ventilation rate, but the addition of 
bicarbonate, and its liberation from the haemolymph as CO2, did have this effect. Similarly, 
the spiracles of the housefly Musca domestica have been shown to open in response to 
increases in CO2, and not to decreases in pH (Case 1957). However, this is not to say that 
insects do not use gas exchange to regulate the pH of their haemolymph. For example, 
vigorous hopping in the locust Melanoplus bivittatus at 35 °C was sufficient to cause the 
PCO2 of its haemolymph to increase from approximately 2.9–5.2 kPa, and the pH of its 
haemolymph to decrease by 0.14 units (Harrison et al. 1991). While at rest after this exer-
cise, the locust completely reversed the acidification of its haemolymph by employing a 
sustained period of elevated ventilation to remove the accumulated CO2, thereby restoring 
the PCO2. Thus, regulating ventilation to preserve a constant internal PCO2 is sufficient to 
maintain a stable haemolymph pH.

While the stimulatory effect of CO2 on ventilation is well documented, some studies 
have also found evidence that decreased haemolymph pH can produce a similar effect. For 
example, irrigating the central nervous system of the cockroach Nauphoeta cinerea with 
Ringer’s solution, either equilibrated with a PCO2 of 6.2 kPa or acidified to a pH of 6.97 
with HCl, resulted in both cases in an equally significant rise in ventilation frequency 
(Snyder et  al. 1980). Other cockroaches have displayed similar responses. The isolated 
nerve cord of Blaberus craniifer could be reversibly stimulated to produce spiking consis-
tent with respiratory activity by exposing it to any of 13 different weakly dissociated acids 
in saline solution (Case 1961). However, the pH at which the different acids produced an 
effect varied, indicating that pH per se may not be the main stimulus.

Insects often experience microclimates that have CO2 concentrations well above nor-
mal atmospheric levels. Habitats rich in decaying organic matter, such as dung pats, can 
have levels of CO2 up to 20 kPa (Holter and Spangenberg 1997). These environments are 
challenging to acid–base regulation, as they can increase the PCO2 of body fluids to dan-
gerously high levels. By increasing their ventilation rate, Nauphoeta cinerea cockroaches 
are capable of maintaining a stable internal pH while breathing air with a PCO2 of up to 1 
kPa (Matthews and White 2011). Exposure to even higher levels of environmental hyper-
capnia results in a further increase in ventilation frequency. But once the ambient PO2 
exceeds the normal internal PCO2 of the cockroach, their internal PCO2 must necessarily 
increase, associated with a decrease in haemolymph pH. No amount of hyperventilation 
can restore the pH of the cockroach’s haemolymph so long as the PCO2 remains above the 
insect’s normal PCO2. The only way to restore the balance is to move the cockroach to a 
microhabitat with a lower CO2 level. The locust Schistocerca nitens displays the same 
responses to short-term environmental hypercapnia, with both its abdominal ventilation 
rate and the PCO2 of its haemolymph rising as haemolymph pH falls (Harrison 1989a). 
For some insects, escaping a hypercapnic microhabitat in favour of lower atmospheric 
CO2 levels is not an option, and the acid–base effects of chronic hypercapnia must be dealt 
with. Whether insects in this situation are capable of producing a compensated respira-
tory acidosis by increasing bicarbonate reabsorption remains unknown.

In addition to regulating CO2 removal, insects must also maintain O2 uptake. Exposure 
to environmental hypoxia elicits hyperventilation, increasing the clearance rate of CO2 
from the insect’s body fluids above rates of production. This decreases the internal PCO2, 
shifting the bicarbonate/CO2 equilibrium towards CO2, which is then exhaled. The end 
result is a pH increase indicative of respiratory alkalosis. Exposure to a PO2 of 5 kPa 
caused hyperventilation in the cockroach Nauphoeta cinerea, causing a rise in haemo-
lymph pH of 0.34 units (Matthews and White 2011), and the same PO2 caused pH to rise 
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0.15 units in the rhinoceros beetle Xylotrupes ulysses (unpublished data . Fig. 8.2). The 
data from X. ulysses also shows the corrective response when returned to normoxic air. 
Once internal PO2 has been restored, the beetle begins a breath-hold period that allows 
CO2 to accumulate within its body fluids, restoring its haemolymph pH to pre-hyperven-
tilation levels.

 Effects of Discontinuous Gas Exchange
Some insects at rest breathe intermittently, alternately accumulating CO2 while they hold 
their spiracles shut, then expelling the accumulated CO2 in a burst or bout of ventilation. 
This pattern of gas exchange is best known from lepidopteran pupae, but also occurs in 
the Orthoptera, Blattodea, Coleoptera and Hymenoptera (Marais et al. 2005). The acid–
base balance of the insect’s haemolymph fluctuates during these discontinuous gas 
exchange cycles (DGCs), with in vivo measurement of haemolymph pH revealing peri-
odic decreases of around 0.06 pH units below pH  6.74  in a butterfly pupa (Hetz and 
Wasserthal 1993) and 0.11 pH units below ~7.3  in a cockroach (Matthews and White 
2011). In vitro  measurements made on lubber grasshoppers (Taeniopoda eques) display-
ing DGCs by extracting haemolymph samples immediately preceding and following a 
CO2 burst found DGCs caused even smaller changes in haemolymph pH of between 
0.030 and 0.037 units (Harrison et al. 1995). The pH change observed during DGCs is due 
entirely to the accumulation and release of CO2. An example of the relationship between 
intermittent gas exchange and pH fluctuation is shown in . Fig. 8.2. Simultaneous record-
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ing of haemolymph pH, using a fibre-optic pH optode implanted in the haemocoel of a 
rhinoceros beetle (Xylotrupes ulysses) in concert with the rate of CO2 release from the 
insect measured using flow- through respirometry, clearly shows the decrease in haemo-
lymph pH during periods where CO2 is not released. The high intracellular buffering 
capacity estimated from whole body homogenates, relative to that of the haemolymph, 
suggests that pH changes associated with DGCs are insignificant within the insect’s tis-
sues (Bridges and Scheid 1982).

8.4  Acid–Base Regulation in Aquatic Insects

Terrestrial insects have reinvaded the aquatic environment numerous times throughout 
their evolutionary history, evolving either partially or completely aquatic lifecycles 
(Wootton 1988). Aquatic insects spend their lives in intimate contact with an aqueous 
environment with an ionic composition and pH that varies more or less from the internal 
fluids of the insect. This has two important consequences for acid–base regulation: First, it 
means that aquatic insects can excrete or take up acid–base equivalents directly from their 
surrounding environment across ion permeant epithelia. Second, because water has a far 
lower capacitance for O2 than for CO2 when compared with air (Dejours 1981), life in 
water can have a dramatic impact on an insect’s internal PCO2 and bicarbonate concentra-
tion. Aquatic animals must ventilate large volumes of water to extract sufficient O2, and in 
the process, they quickly expel their respiratory CO2 (Dejours 1988). In contrast, terres-
trial animals can easily obtain O2 from the air and so ventilate less and consequently retain 
more CO2. This means that water-breathers have a much lower body fluid PCO2 and 
[HCO3

−] than air-breathers, reducing the importance of the bicarbonate buffer system as 
a mechanism for regulating internal pH (Truchot 1987). Despite the fact that at least seven 
orders of insects have independently evolved tracheal gills with which to breathe water, it 
remains to be seen whether they show the expected reduction in PCO2 and [HCO3

−]. 
There are some evidences that this may not be the case. Measurements of total CO2 in the 
haemolymph of a water-breathing damselfly nymph (Austrolestes sp.) show  concentrations 
similar to those of air-breathing insects and higher than those of vertebrate water- breathers 
(Cooper 1994).

8.4.1  Water-Breathing Aquatic Insects

Acid–base balance and regulation of osmolarity are inextricably linked in aquatic animals. 
This is because ion transporters couple the movement of H+ and HCO3

− with that of Na+ 
and Cl−, respectively. In fish and crustaceans, these Na+/H+ and Cl−/HCO3

− antiporters, in 
addition to H+ V-ATPases, are mainly found on gill epithelia (Claiborne et al. 2002; Henry 
and Wheatly 1992). Water-breathing insects also possess ion-transporting cells on their 
tracheal gills, but they are frequently encountered on other parts of their bodies as well 
(Wichard et al. 1972). The thin epithelia and large surface area of the tracheal gills enable 
them to function as ion exchange organs and to participate in acid–base regulation, in 
addition to their respiratory function. Chloride cells occur over the entire body surface of 
mayflies (Ephemeroptera) and stoneflies (Plecoptera) but occur in higher abundance on 
the surface of the tracheal gills (Komnick 1977). In comparison, the chloride cells of drag-
onflies and damselflies (Odonata) are restricted to the rectum, which is modified into a 
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gas exchange organ (a rectal gill) in dragonflies (Wichard and Komnick 1974; Komnick 
and Achenbach 1979). In order to maintain a hypertonic haemolymph with respect to 
their freshwater environment, aquatic insects rely on the pumping action of chloride cells 
to counteract the constant passive loss of Na+ and Cl− ions into the surrounding water 
across permeable regions of their cuticle and expelled from their gut. However, exposure 
to acidic water has the potential to disrupt osmoregulation by interfering with the func-
tion of V-ATPase proton pumps, thereby preventing the Na+/H+ exchanger from func-
tioning. There is evidence that many aquatic insects exposed to low pH succumb due to 
the disruption of Na+ uptake and subsequent decrease in internal [Na+] due to ion efflux, 
rather than a loss of pH homeostasis. This has been observed in stoneflies (Lechleitner 
et al. 1985) and dragonflies (Rockwood and Coler 1991) which both show a significant 
decrease in haemolymph [Na+] following prolonged exposure to acidic water (pH 3 and 
2.3, respectively). Exposing the stonefly nymph to alkaline water with a pH of 8.0 did not 
significantly change [Na+] (Lechleitner et al. 1985). Given that osmoregulation is a serious 
challenge in acidified water, it follows that an aquatic insect’s ability to withstand highly 
acidic aquatic environments is enhanced by a low cuticular permeability (Havas and 
Advokaat 1995). This can be more easily achieved if the aquatic insect breathes not water, 
but air. Without the need for tracheal gills and the large permeable surface area they rep-
resent, air-breathing aquatic insects can potentially maintain a much lower cuticular per-
meability.

8.4.2  Air-Breathing Aquatic Insects

Many aquatic insects do not possess tracheal gills or breathe water, but remain air- 
breathers, either by maintaining contact with atmospheric air using a snorkel, by intermit-
tently contacting the surface to refresh a bubble of atmospheric air carried on their body 
or by having a layer of air trapped permanently over their spiracles. For example, mos-
quito larva use a respiratory syphon to connect their tracheal system with the atmosphere 
while resting at the surface of the water, while many aquatic bugs (Hemiptera) and beetles 
(Coleoptera) carry a bubble of air on their body while diving. As a result, these insects do 
not bring water into direct contact with their thin respiratory epithelia and are likely to 
possess a PCO2 and [HCO3

−] similar to terrestrial insects. But, again, this assumption 
remains untested. The absence of gills also reduces the degree of contact between the sur-
rounding water and respiratory epithelia, limiting opportunities for both passive and 
active ion movement across the body wall. It is likely that this increases the importance of 
the gut in regulating acid–base balance and osmolality, as has been observed in the larvae 
of diving beetles (Komnick 1977). However, even air-breathing aquatic insects possess 
ion-transporting chloride cells on parts of their cuticle that remain in contact with the 
surrounding water, providing a direct pathway for ionic regulation with the aquatic envi-
ronment in addition to the gut (Komnick 1977; Komnick and Schmitz 1977). Water boat-
men (Corixidae) are aquatic hemipterans that carry a bubble of air on their ventral surface 
while underwater. While they do possess chloride cells on their head and legs (Komnick 
and Schmitz 1977), they lack tracheal gills and have very low rates of sodium efflux 
(Vangenechten et al. 1989; Witters et al. 1984). Consequently, they are highly tolerant of 
life in acidic water, showing insignificant decreases in haemolymph [Na+] in water with a 
pH as low as 3.0 (Needham 1990). Several species of corixids also show a high degree of 
tolerance to alkaline conditions, living in so-called athalassohaline lakes that are rich in 
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carbonates and have very high pH (9–10). While the Malpighian tubules of these insects 
are capable of producing an alkaline primary urine when stimulated by cAMP (Szibbo 
and Scudder 1979), excretion of HCO3

− in exchange for Cl− and Na+ for H+ by the chlo-
ride cells are likely to play a central role in acid–base regulation (Cooper et al. 1987).

Dipteran larvae, including mosquitoes, midges and alkali flies show some of the most 
impressive acid–base regulation abilities in the animal kingdom. Of these insects, mos-
quito larvae are among the most capable pH regulators known. Larvae of both Aedes 
aegypti and Ochlerotatus taeniorhynchus are able to complete their development in water 
with a pH ranging from 4 to 11, and, more impressively, they can maintain the pH of their 
haemolymph to within 0.1 pH units or less across this range (Clark et al. 2004). This con-
stancy of internal pH is reflected by the mosquito larva’s ability to maintain internal osmo-
lality in both very dilute (20 μmol l−1 NaCl) and hypersaline (>300 mmol l−1 NaCl) water 
(Garrett and Bradley 1984; Patrick et al. 2002). Rather than having chloride cells scattered 
over their entire cuticle, many dipteran larvae instead possess dedicated ion exchange 
organs called anal papillae. The anal papillae are finger-like projections of the cuticle that 
lie next to the anus and are involved with ion exchange rather than respiratory gas 
exchange. They are similar to gills in that they are also highly water permeable but afford 
a far smaller surface area for the passive movement of ions and water (Wigglesworth 
1933). Restricting cutaneous ion and water transfer to a dedicated ion exchange organ 
allows the rest of the cuticle to be water and ion impermeable. The transport mechanisms 
used by mosquito larvae to achieve their acid–base and ionoregulatory feats are not yet 
completely understood, but the measurements of ion fluxes across the anal papillae and 
immunolocalization of the ion pumps on the anal papillae (Patrick et al. 2006) and along 
the alimentary canal (Okech et al. 2008) have greatly advanced our understanding of ion 
transport and pH regulation in these insects.

The presence of V-ATPase and Na+/K+ ATPase in the epithelium of anal papillae has 
been confirmed using immunolocalization techniques (Patrick et al. 2006) while the pres-
ence of a Cl−/HCO3

− transporter is currently only inferred from pharmacological experi-
ments (Del Duca et al. 2011). Curiously, though, there is no evidence for the presence of a 
Na+/H+ ATPase on the papillae. The uptake of sodium into the papillae appears to be 
driven primarily by the electrical potential generated by apically located V-ATPase pump-
ing protons into the surrounding water, assisted by a basal Na+/K+-ATPase (Patrick et al. 
2006). It is not yet clear whether this V-ATPase is actively involved in pH regulation, and 
there are some lines of evidence that suggest otherwise. In particular, the observation that 
larvae of A. aegypti do not upregulate mitochondrial density in their papillae when reared 
in high or low pH suggests that this organ does not actively increase acid or base excretion 
in response to ambient conditions (Clark et al. 2007). Mitochondrial density is, however, 
upregulated in response to low salt levels (Sohal and Copeland 1966). Regardless, the 
presence of a V-ATPase demonstrates that the anal papillae are a site of active H+ excre-
tion. The movement of other ions across the anal papillae of A. aegypti have been mea-
sured by recording ion gradients adjacent to the epithelium using ion-selective 
microelectrodes. This has revealed a net influx of Na+, Cl− and K+ and net efflux of acid 
and NH4

+ (Donini and O’Donnell 2005). Unlike other animals that rely on the secretion 
of bicarbonate to drive Cl− uptake, mosquitoes also appear to use a novel Cl− channel that 
is stimulated by exposure to acidic conditions and by the inhibition of the apical V-ATPase. 
This Cl− pathway has only been observed in insects and shows an enhanced rate of Cl− 
uptake during exposure to low pH. It has been suggested that the Cl− transport is driven 
by an electrodiffusive gradient that is enhanced by either a reduction in the rate of H+ 
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excretion increasing the electrical gradient for Cl− entry through a Cl− channel or by a 
steeper H+ gradient driving uptake via a Cl−/H+ co-transporter (Patrick et al. 2002). But 
while the transport of H+ is clearly required for ion uptake, there is little evidence support-
ing the anal papillae as significant organs of pH homeostasis. This leaves the mosquito’s 
hindgut as the next most likely candidate.

The role that the mosquito larvae’s hindgut–Malpighian tubule complex plays in the 
ionic and acid–base regulation of the haemolymph is currently incomplete. Previous stud-
ies examining the responses of A. aegypti to aquatic pH have found that drinking rates 
varied inversely with pH, being highest in acidic water (pH  4) and lowest in alkaline 
(pH 11) (Clark et al. 2007). From this study, it was concluded that acid excretion by the 
Malpighian tubules associated with increased fluid clearance through the hindgut and 
rectum was responsible for maintaining haemolymph pH homeostasis under acid condi-
tions. Low fluid ingestion rates have also been documented for mosquitoes naturally 
adapted to alkaline, high carbonate water (Strange et  al. 1982), indicating that both 
alkaline- tolerant and alkaline-adapted mosquito larvae share a similar response to high 
pH water. But the nature of this response and the associated processes used to maintain 
pH homeostasis in alkaline water are unknown. Immunolocalization of V-ATPases in the 
Malpighian tubules and posterior rectum of A. aegypti and Anopheles gambiae larvae 
(Okech et al. 2008; Patrick et al. 2006) and the observation that the rectum is acidified 
(pH < 6.2) in both acidic and alkaline water (Clark et al. 2007) indicate that acid is excreted 
through the hindgut. However, an acidified rectum raises an interesting issue in regard to 
pH regulation in Aedes dorsalis mosquito larvae inhabiting carbonate-rich hypersaline 
lakes. The first investigations into this species concluded that the rectum was responsible 
for excreting HCO3

− to maintain a haemolymph pH of ~7.7 in alkaline water with a pH 
above 8.85 (Strange et al. 1982, 1984). But if this species is like other Aedes mosquito lar-
vae, then they should maintain an acidic rectal lumen, regardless of their alkaline environ-
ment. Thus, if they were to regulate their internal pH in alkaline water by excreting 
bicarbonate into their acidic rectum, it would react with the acid and be converted to CO2, 
subsequently diffusing into the surrounding water and producing a net loss of acid from 
the insect (Clark et al. 2007). Clearly, a great deal more research is required to produce a 
complete picture of the acid–base regulation of mosquitoes and aquatic insects in general.

8.4.3  A Comment on Mosquitoes and Midges

The non-biting midges (Chironomidae) and mosquitoes (Culicidae) both have aquatic 
larvae that are highly competent iono- and acid–base regulators, as well as being similar 
anatomically. However, they differ in their mode of respiration. Mosquito larvae are pri-
marily air-breathers, using their respiratory syphon to access atmospheric oxygen. This 
abundant source of O2 is further supplemented by the trans-cuticular diffusion of oxygen 
and carbon dioxide between the larvae and surrounding water, particularly across their 
thin anal papillae (Wigglesworth 1933). In contrast, the benthic chironomid larvae are 
exclusively water-breathers, taking up dissolved oxygen across their entire cuticle (Fox 
1921). As chironomids not only lack access to the atmosphere but also live burrowed into 
stagnant sediment, they fill their haemolymph with high oxygen affinity haemoglobins 
(Weber 1980). While these respiratory proteins facilitate oxygen uptake, their ability to 
bind reversibly with protons also allows them to contribute to the pH buffering capacity of 
the haemolymph (Jernelöv et  al. 1981). It has been suggested that populations of 
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Chironomus riparius living in acidic streams have elevated levels of haemoglobin precisely 
for this reason (Jernelöv et al. 1981). Furthermore, the reversible binding of H+ by haemo-
globin alters the oxygen affinity of the protein (i.e. induces a Bohr shift), such that oxygen 
delivery is altered by changes in their internal pH (Weber et al. 1985). As mosquito larvae 
rely on the same air-filled tracheal oxygen delivery system as other insects, their respira-
tion is not linked to pH in this manner nor do they possess this additional pH buffer. 
Beyond this obvious difference, there may be yet more subtle divergences between the 
acid–base and ionoregulatory systems of mosquitoes and chironomids. Experiments 
using carbonic anhydrase inhibitors have revealed a surprising difference between how 
these insects take up Cl−. The currently enigmatic Cl− uptake mechanism observed among 
mosquitoes is insensitive to acetazolamide, indicating that bicarbonate originating from 
the hydration of CO2 in the papillae is not involved in Cl− transport (Patrick et al. 2002). 
In contrast, chironomids exposed to methazolamide show a dose-dependent decrease in 
Cl− uptake, indicating that they couple the uptake of Cl− across their anal papillae with 
HCO3

− excretion (Nguyen and Donini 2010). The significance of these differences is cur-
rently unknown. But future efforts to compare and contrast the respiratory physiology, 
iono- and acid–base regulation of these two insects, and more broadly across the diverse 
infraorder Culicomorpha, have the potential to reveal much about how insects evolve dif-
ferent solutions in response to environmental challenges.

8.5  Future Directions

Our understanding of insect acid–base physiology continues to advance, with studies on 
the location and action of ion transporter proteins in the gut and anal papillae of mosqui-
toes and locusts further refining earlier observations of ion transport made on isolated 
epithelia. However, it is clear that while this research has provided a better framework for 
understanding osmoregulation and pH regulation, much remains to be done to under-
stand how both aquatic and terrestrial insects regulate their extracellular acid–base bal-
ance in response to environmental and dietary challenges. In particular, while the 
processes used to excrete excess acid have been well investigated, there have been very few 
studies that specifically investigate how insects, aquatic or otherwise, eliminate excess 
base. It also remains to be determined why some aquatic insects are capable of regulating 
internal pH homeostasis in the face of highly acid or alkaline water, while other species 
have such a low sensitivity to these conditions.
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9.1  Benefits of Extreme pH in Digestive Systems

Digestive compartments with extremely acidic pH values occur in many vertebrates, 
 generating a luminal pH of 1–3 in the stomach. The low pH denatures protein, facilitating 
its breakdown by digestive enzymes. The proteases secreted in the stomach are adapted to 
function in a low-pH environment. Moreover, extremely acidic pH in vertebrate stomachs 
serves as a barrier to avoid, or at least limit, invasion of the downstream digestive tract by 
possibly harmful microorganisms.

Digestive compartments with extremely alkaline pH values of 10–12 occur in many 
larvae of endopterygote insects of the orders Coleoptera, Diptera, Trichoptera, and 
Lepidoptera (cf. Clark 1999). Again, the extreme pH denatures protein, facilitating its 
breakdown, and digestive enzymes that are active in this midgut region have pH optima 
in the alkaline pH range (Eguchi et al., 1990). The strongly alkaline medium is thought to 
dissociate tannin-protein complexes, resulting in increased ability to assimilate protein 
from a plant-based diet (Berenbaum 1980). Although not yet studied in greater detail, first 
results indicate that the alkaline midgut region may act as a barrier for microorganisms 
(Onken et al. 2014).

9.2  Acid–Base Loops Generate Compartments of Extreme pH

In principle, a digestive compartment with extreme pH is generated by a loop of acid 
and base equivalents. In the epithelium that lines the compartment of extreme pH, 
a  conjugated acid–base pair (HA ⇆ H+ + A−) is generated. Protons and bases are then 
transported together with appropriate counter ions in opposite directions, one into the 
lumen of the digestive tract and the other to the blood or hemolymph. This process can 
generate a region or compartment of extreme pH, if the pair of acid–base plus coun-
ter ion  accumulated in the lumen of the digestive tract is strong (highly dissociated). 
Downstream, another epithelium generates acid–base transport to reunite the acid–base 
pair,  reestablishing a near-neutral pH in the digestive tract.

In vertebrates, parietal cells in gastric glands use carbonic anhydrase to produce 
H+ and HCO3

− from CO2 and H2O. As H+ is pumped by apical K+/H+-ATPases into 
the stomach lumen, HCO3

− is exchanged for Cl− across the basal membrane. The 
overall process results in secretion of the strong acid HCl into the stomach, and 
NaHCO3 alkalinizes the venous blood leaving the stomach. Pancreatic duct cells close 
the acid–base loop by taking up sodium bicarbonate from the blood and actively 
secreting it to the lumen which ultimately neutralizes the acidic gastric chyme in the 
duodenum (. see Fig. 9.1a).

In larval insects an anterior midgut region alkalinizes the midgut content, and a poste-
rior midgut region reestablishes a midgut pH close to neutral (. see Fig. 9.1b). In the fol-
lowing, we will review in greater detail the current knowledge about the acid–base loop 
that generates an extremely alkaline pH in the midgut of larval insects; we will point out 
steps that are not yet uncovered or understood, and we will present possible hypotheses to 
fill these knowledge gaps in future experimental work. If the acid–base loops are not care-
fully balanced, the hemolymph pH may change, requiring adjustment by other systems of 
organismal pH regulation (7 Chap. 8).

 H. Onken and D.F. Moffett
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Larval insect acid-base loop
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 . Fig. 9.1 Acid–base loops in digestive systems of vertebrates (a) and of larval insects with strongly 
alkaline midgut sections (b). Separation and reunification of acid and base are shown. Temporary 
disequilibria may result in pH changes of the blood or hemolymph that are balanced by the organs 
involved in pH regulation: kidneys and lungs in vertebrates and Malpighian tubules and trachea in insects
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9.3  Metabolic Sources of Acid–Base Equivalents in Larval 
Insects

In animals, sources of acid–base equivalents are limited to those that can be generated in 
metabolic processes. However, to generate an extremely alkaline midgut requires base 
equivalents with a very high pH. From a biological point of view, this limits the candidates 
for the secreted alkali to bicarbonate/carbonate and ammonium/ammonia.

9.3.1  Bicarbonate and Carbonate

Cellular respiration produces CO2 which reacts with H2O to form the weak acid H2CO3. 
Dissociation of the acid delivers protons and the conjugated base HCO3

−. Hydration of 
CO2 is rather slow, but can be accelerated by carbonic anhydrase. The pK value for the dis-
sociation of carbonic acid in protons and bicarbonate is 6.35. For the generation of an 
extremely alkaline midgut region, HCO3

− seems not to be ideal, because accumulation of 
HCO3

− can only increase pH to between 8 and 9. However, HCO3
− can further dissociate 

to H+ and CO3
2− with a pK of 10.33.

To increase the pH of the midgut above 10, HCO3
− could be secreted by the epithelial 

cells into the gut lumen. If this was associated with the simultaneous uptake of H+, this 
would generate a high luminal CO3

2− content and a pH above 10. Alternatively, CO3
2− 

could be secreted directly, if the epithelial cells tolerated an alkaline intracellular pH nec-
essary to make reasonable concentrations of CO3

2−available to a transapical transporter.

9.3.2  Ammonium and Ammonia

Deamination of amino acids results in the generation of NH3 which converts to NH4
+ and 

OH− in the presence of water. The pK value of this dissociation is 9.4. As above, NH4
+ 

could be secreted into the midgut lumen, and simultaneous H+ absorption could generate 
a high luminal NH3 content at a luminal pH above 10. Alternatively, NH3 could be directly 
secreted, if the epithelial cells tolerated high intracellular pH at which considerable con-
centrations of NH3 could be present.

9.4  Two Models for Larval Midgut Acid–Base Transport: 
Lepidopterans and Dipterans

Insects can have midgut regions with acidic, neutral, or alkaline pH values, and their 
digestive enzymes have corresponding pH optima. Only the larvae of many endoptery-
gote insects of the orders Coleoptera, Diptera, Trichoptera, and Lepidoptera have 
extremely alkaline midgut pH (cf. Clark 1999). Most studies of acid–base transport in the 
midgut of larval insects have been performed on lepidopterans and dipterans. The tobacco 
hornworm (Manduca sexta) is the major model organism for acid–base transport in lepi-
dopterans, whereas larval yellow-fever mosquitoes (Aedes aegypti) serve the same role 
among dipterans. The results obtained with these two groups indicate marked differences, 
and we will discuss the two groups sequentially in the following sections.

 H. Onken and D.F. Moffett
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9.4.1  Acid–Base Loop in Lepidopterans

The alkaline midgut of a number of lepidopteran larvae was first reported by Waterhouse 
(1949), followed by numerous reports for more lepidopteran species (for a review see 
Berenbaum 1980). The pH profile of the larval midgut of four species of lepidopteran 
larvae was measured in detail by Dow (1984). The pH of the slightly acidic food bolus rises 
sharply in the anterior midgut to 9.5–11, reaches a maximum (pH 10.5–12) in the middle 
of the midgut, and then declines slightly to about pH 10 in the posterior midgut. The gut 
content is reacidified in the hindgut (see Moffett 1994) to produce feces with a pH similar 
to the food.

The structure of the midgut shows macroscopically folding patterns and cytological 
features that allow three regions to be distinguished: anterior, middle, and posterior  
(Cioffi and Harvey 1981). In all three regions, the midgut epithelium consists of two cell 
types (. see Fig. 9.2). Columnar cells are characterized by a brush border. Goblet cells are 
distributed among the columnar cells in a ratio of about 1:3. Unlike the mucus-secreting 
goblet cells from vertebrate intestines, lepidopteran goblet cells are characterized by a 

a b

C
C

C

GC

GC

G

G

C

MV

MV

V

 . Fig. 9.2 Half-schematic representation of anterior-middle (a) and posterior (b) midgut of larval 
lepidopterans. Luminal membranes face upward. C columnar cell cytoplasm, G goblet cell cytoplasm, GC 
goblet cavity, MV columnar cell microvilli, V goblet valve (From Moffett and Koch (1992) after Cioffi (1979))
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 goblet cavity of vacuolar origin that opens to the midgut lumen through a valve. The 
membrane of the goblet cavity shows many microvilli. The goblet cells differ considerably 
along the midgut. In the anterior and middle regions, the goblet cavity is large and stretches 
almost through the entire cell. Each microvillus contains a mitochondrion like a finger in 
a glove. In the posterior midgut, the goblet cavity of the cells is clearly smaller, and mito-
chondria are at the bases of the microvilli rather than inserted into them.

From a transport perspective, the lepidopteran midgut was first explored for its high 
capacity of active potassium secretion. The isolated epithelium generated transepithelial 
voltages above 100  mV (lumen positive), and the short-circuit current almost entirely 
reflected active potassium secretion (rev. by Harvey and Zerahn 1972). The first mecha-
nism proposed for this potassium secretion was passive entry through potassium channels 
into goblet cells from a hemolymph of high potassium concentration and active transport 
across the membrane of the goblet cavity by an electrogenic potassium pump associated 
with portasomes in this membrane (Harvey et al. 1981).

Dow (1984) was the first to propose that potassium secretion and strong alkalinization 
are coupled processes. Active potassium secretion was thought to be accompanied by 
HCO3

− generated from carbon dioxide and water and catalyzed by carbonic anhydrase 
(Turbeck and Foder 1970). Excess luminal protons were thought to be driven from the 
goblet cavity back into the cell by the large voltage generated by the electrogenic potas-
sium pump, resulting in secretion of potassium carbonate and an extremely alkaline 
pH. However, it was later demonstrated (Moffett and Cummings 1994) that the pH gradi-
ent across the epithelium in quasi intact larvae was not matched by the transepithelial 
voltage, demanding an active process of H+ removal from the goblet cavity.

Finally, the portasomes in the membrane of the goblet cavities were identified as 
V-type proton pumps (Klein et al. 1991) that energize K+/H+ exchangers in goblet cavity 
membranes (Wieczorek et al. 1991); and K+/amino acid symporters in apical membranes 
of columnar cells. Based on measurements of electrochemical gradients, Moffett and Koch 
(1992) pointed out that the V-ATPase could only drive the exchanger, if it were electro-
genic, exchanging more than one proton for each K+ ion. Azuma et al. (1995) identified 
the K+:H+ ratio as 1:2. At this stage, luminal alkalinization in lepidopteran midgut is 
thought to be generated by the mechanism shown in . Fig. 9.3 (cf. Wieczorek et al. 1999): 
V-ATPases pump protons into the goblet cavity, charging the membrane to a voltage above 
200  mV (cell negative). This energizes the exchanger to secrete potassium and absorb 
double the number of protons, resulting in deprotonation of carbonic acid to carbonate 
and in net secretion of K2CO3, generating an extremely alkaline luminal pH. In the iso-
lated midgut, it could be shown that bafilomycin and high doses of amiloride inhibit the 
potassium secretion measured as short-circuit current (Schirmanns and Zeiske 1994).

As elegant and as straightforward as this mechanism appears, there are still consider-
able knowledge gaps and inconsistencies that need to be resolved in the future.
 1. Most of the results that lead to the above-described mechanism were obtained with 

isolated midgut epithelia or with membrane vesicles. However, isolated epithelia  
are only capable of generating acid–base fluxes of 8–9 μequiv cm−2 h−1 (Chamberlin 
1990a, b; Coddington and Chamberlin 1999), barely 10–20 % of the acid–base flux 
expected in vivo (Clark et al. 1998). Semi-intact midgut preparations were able to 
generate in vivo-like acid–base fluxes and produce and maintain high luminal pH of 
11 (Clark et al. 1998), whereas isolated midguts generated a luminal pH of only 7.8 in 
the microenvironment of apical folds (Dow and O’Donnell 1990). These observations 
evidently demand a search of a regulatory factor that stimulates acid–base transport 
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to in vivo- like quantities. Moreover, they raise doubt about the above mechanism of 
alkalinization in which acid–base transport and alkalinization are directly coupled. 
How can it then be that isolated midgut preparations maintain very high rates of 
potassium transport, but almost completely lose their capability to transport acid–
base equivalents? Is there a factor that in some way couples/uncouples potassium 
secretion and acid–base transport?

 2. The V-ATPase-driven K+/2H+ exchange has so far only been demonstrated in 
experiments with membrane vesicles (Wieczorek et al. 1991; Azuma et al. 1995), but 
its molecular entity has not been identified.

 3. The lepidopteran midgut contains high carbonic anhydrase activity (Turbeck and 
Foder 1970). In the anterior and middle midgut, carbonic anhydrase is associated 
with goblet cells, whereas the enzyme is associated with columnar cells in the 
posterior midgut (Ridgway and Moffett 1986). If carbonic anhydrase is located inside 
of the goblet cells, HCO3

− would be formed intracellularly, and a transporter would be 
required to secrete it to the goblet cavity. To fill this knowledge gap, carbonic 
anhydrase localization with higher resolution and/or identification of a HCO3

− trans-
porter is required.

 4. How do protons leave the goblet cells to enter the hemolymph? To our knowledge, the 
necessary pathway of protons across the basal membrane to the hemolymph has 
never been explored.

 5. The above model assumes that the valve of the goblet cavity is open to allow transfer 
of K+ and CO3

2− from the goblet cavity to the midgut lumen. However, it seems that 
most valves in the isolated midgut are closed (Moffett et al 1995). Most interestingly, 
valves could be opened with cytochalasin that interferes with actin-based cell 
motility.

Midgut lumen Columnar cell Hemolymph

Goblet cell

H+

K+K+

H+2H+

Cl-Cl-

HCO3-

K2CO3

CO3
2-

?

?

?

 . Fig. 9.3 Current model of alkalinization in the midgut of lepidopteran larvae
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 6. Does ammonia secretion play a role in midgut alkalinization in lepidopteran larvae? 
The hypothesis that it does is supported by a certain amount of circumstantial 
evidence. In a number of tissues, amiloride-sensitive antiporters are not very selective 
among alkali metal ions (Soleiman et al. 1991). They have even been reported to 
transport NH4

+ (Thomson et al. 1988). Moreover, the isolated lepidopteran midgut 
can actively transport all alkali metals and NH4

+ in the absence of Ca2+ and Mg2+ 
(Harvey and Zerahn 1972; Zerahn 1971, 1977). NH4

+ secreted by the antiporter could 
be stripped of its proton in the goblet cavity, resulting in accumulation of NH3 at the 
extremely alkaline pH in the midgut. NH3/NH4

+ concentrations of 2–3 mm were 
determined for fresh midgut contents from the anterior and middle region of the 
midgut, corresponding to an ammonia partial pressure of 80.6 ± 16 mmHg at the pH 
of the contents. Such values are high enough to suggest that an ammonia-based 
mechanism contributes to part of the midgut alkalinization (Koch and Moffett 1996). 
The midgut concentrations of NH3/NH4

+ were confirmed by Weihrauch (2006). 
However, transport studies revealed that all regions of the midgut show a somewhat 
low net absorption, rather than the expected secretion. These findings make it 
unlikely that ammonia plays a significant role in midgut alkalinization. However, it 
must be emphasized that alkali secretion ceases rapidly after the gut is mounted 
between half-chambers (Clark et al. 1998); so measurements of NH3–NH4

+ handling 
by the gut in vitro may not reflect the situation in vivo.

The alkaline midgut contents are moved by peristaltic activity to posterior regions 
within the midgut. The contents reach a maximal pH in the middle midgut, and then the 
pH drops slightly in the posterior midgut. It could be that the somewhat lower pH in the 
posterior midgut is based on a lower rate of alkalinization, or on a higher permeability of 
the epithelium for acid–base equivalents (which would partly collapse the generated gra-
dient). It is noteworthy to mention that carbonic anhydrase is not located in goblet cells 
but on the apical border of columnar cells in the posterior midgut. This location would be 
consistent with the promotion of equilibration of luminal CO3

2− with secreted acid for 
recovery as CO2, even though present evidence from in situ studies supports net alkali 
secretion by all segments of the midgut (Moffett 1994; Moffett et al. 1996).

In contrast to the midgut, the content of the hindgut (ileum and rectum) is slightly 
acidic, indicating that the greater part of reacidification of the gut contents occurs here 
(Moffett 1994). Unfortunately, the lepidopteran hindgut has not yet been intensively 
 studied with respect to acid–base transport, and the best model tissue at present is that of 
the hindgut of Schistocerca gregaria (Thomson et al. 1988; Thomson and Phillips 1992). In 
preliminary studies (Newberry and Moffett, unpublished), the isolated ileum secreted acid 
equivalents at a rate of about 1 nmol cm−2 min−1 and was able to lower the pH of lightly 
buffered saline to 5.5. It can be assumed that either net acid secretion or absorption of K+ 
and/or HCO3

−/CO3
2− is involved. Rates of acid secretion by the isolated ileum appear to 

greatly underestimate that of the ileum in vivo, even with theophylline stimulation.
To close the acid–base loop, either the acid absorbed from the midgut needs to return 

to the hindgut or the base absorbed from the hindgut needs to return to the midgut. In the 
simplest case, this circuit would be completed by the flow of hemolymph. Phenol red dye 
injected into the hemocoel of the penultimate segment of intact Manduca sexta larvae 
reached the anteriormost segment at about the same time as it filled the posteriormost 
segment, indicating a movement of dye in the hemolymph from posterior to anterior 
(Moffett 1994). This would suggest that the acid–base loop is closed, at least in part, by 
hemolymph moving from the hindgut to the midgut.

 H. Onken and D.F. Moffett
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The same study (Moffett 1994) proposed that about 10 % of fluid, K+ ,and acid–base 
equivalents recycled from posterior to anterior would be returned to the vicinity of the 
midgut via the Malpighian tubules. The physical relationship of the Malpighian tubules to 
the gut varies considerably among insect orders, but in lepidopteran larvae the relation-
ship, as first described by Irvine (1969), is so specific and so close that it is impossible not 
to believe that it is of functional importance. The initial segment of the tubule is tightly 
associated with the rectum, forming a cryptonephral complex (Ramsay 1976). The tubules 
then leave this complex anteriorly to form a plexus around the ileum. After leaving the 
ileum, each tubule proceeds anteriorly across the surface of the midgut, turns posteriorly 
at the junction of middle and anterior midgut to form a loop, and proceeds posteriorly to 
drain into the gut at the junction of the midgut and ileum. The anteriorward projection of 
the Malpighian tubules could have only one rationale – to deliver to the midgut something 
collected from the distal gut. Logically, the possibilities are alkali and K+. By the same rea-
soning, the descending segments should operate to take solutes away from the vicinity of 
the midgut, and the logical possibilities are acid equivalents, including uric acid and NH4

+.
Phenol red injected into the hemocoel rapidly passes into both the gut and the 

Malpighian tubules by active processes. Phenol red has two color transitions – from yellow 
to scarlet at 6.7 and from scarlet to magenta at 8.0. Dissection of an animal that had been 
injected with phenol red reveals a comprehensive picture of pH values throughout the 
animal and its gut contents and Malpighian tubular fluid (. Fig. 9.4a). The picture shows 
that initially acidic tubular fluid becomes strongly alkaline as it passes through the ileal 

a

b

Phenol red pH scale

<6.8 6.8-8.0 >8.0

c

 . Fig. 9.4 pH values, acid–base loops, and nitrogen excretion mechanisms in the gut–Malpighian 
tubule complex in Manduca sexta larvae. (a) Phenol red distribution in gut and Malpighian tubules of a 
fifth-instar M. sexta at 30 min postinjection; yellow color indicates pH < 6.8; scarlet indicates 6.8 < pH > 8.0; 
magenta indicates pH > 8.0. (b) Simplified representation of the indicator colors observed in 
experiments like that shown in . Fig. 9.4a. (c) Summary of known and hypothesized solute movements 
in the gut–Malpighian tubule complex, including recycling loops for K+, H+, and base (B−) and excretion 
of NH3 by pH trapping and urate (UR) by precipitation of the protonated acid
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plexus, whereas at the same time, the gut contents become strongly acidic. The alkaline 
tubular fluid arrives in the neighborhood of the gut via the ascending segments. In attenu-
ated tubule segments, some of the K+ of the primary secretion has been replaced by Na+ 
by the time the fluid reaches the end of the ascending segment (Irvine 1969); this K+ could 
be regarded as being delivered to the midgut whether it arrives via the ascending segment 
or has been extracted by an earlier segment of the tubule and arrives by posterior-to-
anterior movement of hemolymph. Acidification of the tubular fluid is measureable by the 
time the urine enters the descending segments (. see Fig. 9.4a, b), and the tubular fluid 
remains acidic for the remainder of its course to the ileum. In principle, this process can 
be expected to remove excess H+ from the vicinity of the midgut, deliver HCO3

− from the 
tubular fluid to the midgut’s basal surface, and remove NH3 from it, in the same way that 
filtered  bicarbonate is recovered by conversion to diffusible CO2 in the mammalian prox-
imal tubule and pH trapping of ammonium is carried out by the mammalian distal tubule.

The midgut and the medial Malpighian tubules both express a transport mechanism 
(termed the type A pump by Nijout 1975) that accepts organic anions, including urate 
and hippurate. The effect of urate secretion by the descending segment of the Malpighian 
tubules with simultaneous acid secretion would be to cause some urate ion to be pre-
cipitated, and indeed this precipitate is seen as a white slurry in the tubular fluid. Urate 
secreted by the midgut would be expected to remain in the anionic form until the gut 
contents mixed with acidic urine in the ileum. In late fifth-instar larvae, the uric acid, pre-
sumably derived from both Malphigian tubule and midgut secretion, appears as a visible 
coating of the fecal pellets (Buckner et al. 1980). The parallel operation of these two organ 
systems scavenge uric acid from the hemolymph and deliver it to the lumen of the distal 
gut, achieving an excretion rate for uric acid of about 16 μmol hour−1 for a fifth- instar 
animal (Buckner et al. 1980). The effectiveness of this process is dependent on recycling 
of acid and base equivalents between the midgut and the ileum and rectum. A summary 
of known and hypothesized solute movements, including recycling loops for K+, H+, and 
base (B−) and trapping of NH3 as NH4

+ and uric acid as precipitate, is shown in . Fig. 9.4c 
(7 Chap. 4).

9.4.2  Acid–Base Loop in Dipterans

Senior-White (1926) and Ramsay (1950) were the first to recognize an alkaline midgut in 
larval mosquitoes. Later, the midgut alkalinity was better quantified (Dadd 1975; Stiles 
and Paschke 1980), and other dipteran larvae with alkaline midguts were described (Lacey 
and Federici 1979; Terra et al. 1979; Undeen 1979; Martin et al. 1980; Espinoza-Fuentes 
et al. 1984; Shanbhag and Tripathi 2005). The more detailed studies of acid–base transport 
in the midgut of dipterans have mainly been performed on larval mosquitoes. According 
to Dadd (1975), the pH of the midgut lumen rises sharply from 7.5 to 10 in the anterior 
ventriculus. In the posterior ventriculus, the pH gradually returns to neutral values.

In larval mosquitoes, the midgut consists of four sections (. see Fig. 9.5). The cardia, a 
short midgut section that is involved in secreting the peritrophic membrane, and the gas-
tric ceca, eight somewhat spherical, lateral extensions, are located in the thorax. From the 
gastric ceca in the thorax to the hindgut in the sixth abdominal segment, the midgut con-
sists of a single tube-like structure, the ventriculus, also called the “stomach” in the mos-
quito literature (Clements 1992). Some authors use “anterior and posterior midgut” when 
referring to the ventriculus. The ventriculus consists of histologically different  anterior 
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and posterior regions (Wigglesworth 1942; Zhuang et al. 1999) separated by a transitional 
region (Clark et al. 2005). The epithelial cells in the anterior ventriculus are characterized 
by many short (0.4 μm; Clark et al. 2005) microvilli and a basal membrane with intensive 
infoldings (Zhuang et al. 1999). In the transitional region, the short microvilli grow con-
tinuously in length (from approximately 1 μm in the anterior part of the transitional 
region to about 4 μm in the posterior transitional region; Clark et al. 2005). The posterior 
ventriculus is characterized by cells with half-dome-like apical membranes and long 
microvilli (3–4 μm; Zhuang et al. 1999; Clark et al. 2005). No goblet cells were detected in 
the midgut of larval mosquitoes.

Isolated anterior ventriculus preparations bathed with mosquito saline alkalinize the 
lumen (Onken et al. 2008). Serotonin stimulates and accelerates this alkalinization. In the 
presence of serotonin, the luminal pH rises from 7 to 10 within a few minutes. When per-
fused and bathed with mosquito saline, such preparations generate a lumen-negative tran-
sepithelial voltage that is also stimulated with submicromolar concentrations of serotonin 
(Clark et  al. 1999). The electrical potential profile of the epithelial cells was measured 
(Clark et al. 2000). After stimulation with serotonin, the average basal membrane voltage 
was above 100 mV (cell negative). In these experiments, the apical membrane was slightly 
depolarized, and the transepithelial voltage was about 8  mV (lumen negative). Much 
higher transepithelial voltages have been recorded (Clark et al. 1999; Onken et al. 2004a, 
2008), indicating that either the basal membrane voltage can be much higher or that the 
apical membrane can depolarize more. The apical membrane was determined to carry 
about 90 % of the transcellular electrical resistance (Clark et al. 2000). In the presence of 
serotonin, the epithelium generated an average short-circuit current of approximately 
450 μA cm−2 (Onken et al. 2006). If this current reflected only acid–base transport, it would 
generate an acid–base transport rate of about 17 μmol cm−2 h−1. The transepithelial con-
ductance amounted to about 20 mS cm−2 at a paracellular leak conductance of 1 mS cm−2. 
These values and the high transepithelial voltages characterize the epithelium as tight. Acid 
and chloride fluxes were also determined from measurements of H+ and Cl− concentration 
gradients at the basal membrane of semi-intact larvae, using ion-selective microelectrodes 
(Boudko et al. 2001a). The highest H+ fluxes in the anterior ventriculus were 0.02 μmol 
cm−2 h−1. Chloride fluxes were significantly higher with an average of about 12 μmol cm−2 

Ant

Post

 . Fig. 9.5 Larval yellow-fever 
mosquito (Aedes aegypti) and 
the isolated gut, showing the 
anterior (Ant) and posterior 
(Post) regions of the ventriculus. 
Cardia and ceca can be seen 
anterior of the ventriculus. 
Malpighian tubules and hindgut 
are posterior of the ventriculus. 
The entire ventriculus is 
approximately 5 mm in length 
(From Clark et al. 1999)
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h−1. These results suggest that the H+ fluxes detected with this technique should not be 
taken as true acid–base fluxes generated by the tissue. It may well be that the hemolymph 
buffering capacity reduces the measurable pH gradients on which the method is based.

Portasomes identified as V-ATPases are located in basal membranes of the anterior 
ventriculus of larval yellow-fever mosquitoes (Zhuang et  al. 1999; Patrick et  al. 2006). 
Evidently, pumping protons from the cytoplasm to the hemolymph is consistent with an 
epithelium that alkalinizes the lumen. Boudko et  al. (2001b) demonstrated that basal 
membranes of the anterior ventriculus of semi-intact yellow-fever mosquitoes generate 
pH gradients that are consistent with H+ absorption in this midgut region. These gradients 
were reduced in the presence of bafilomycin, a specific inhibitor of V-ATPases. The 
lumen- negative transepithelial voltage of isolated and perfused preparations of the ante-
rior ventriculus was completely inhibited with concanamycin, another specific inhibitor of 
V-ATPases (Onken et al. 2004a). Alkalinization to pH values of 10 was also measured with 
isolated and perfused anterior ventriculus preparations (Onken et al. 2008). It was stimu-
lated with submicromolar concentrations of serotonin and inhibited with concanamycin. 
Addition of serotonin raised the intracellular pH from 6.9 to 7.6 (Onken et al. 2009a), 
indicating that serotonin stimulates proton pumping across the basal membrane of 
 epithelial cells in the anterior ventriculus. All these results demonstrate that V-ATPases 
generate the driving force for acid absorption/base secretion in the anterior ventriculus of 
larval Aedes aegypti. V-ATPases were also identified in basal membranes of the anterior 
ventriculus of Anopheles gambiae (Okech et al. 2008), indicating that these proton pumps 
serve the same role in other mosquito species.

Na+/K+-ATPase was localized in basal membranes of the very first part of the anterior 
ventriculus of larval Aedes aegypti (Patrick et al. 2006). This is where this ion pump is usu-
ally expressed in epithelial cells. However, in the major part of the anterior ventriculus, the 
Na+/K+-ATPase was localized in the apical membrane (Patrick et al. 2006). Similar find-
ings were obtained with larval Anopheles gambiae (Okech et al. 2008). The unusual expres-
sion of Na+/K+-ATPase in apical membranes was suspicious and suggested that it may be 
of importance for luminal alkalinization. However, exposing the midgut lumen to oua-
bain, both in intact larvae, and using perfused anterior ventriculus preparations did not 
affect alkalinization (Onken et al. 2009b). Thus, the role of apical Na+/K+-ATPase in this 
tissue remains obscure.

Boudko et al. (2001a) observed Cl− concentration gradients on the hemolymph side of 
basal membranes of the anterior ventriculus epithelial cells. The gradients for H+ (see 
above) and Cl− allow H+ and Cl− fluxes to be calculated. These fluxes were not equimolar, 
but still suggested that the tissue is absorbing HCl. The Cl− fluxes were reduced by addi-
tion of DIDS to the hemolymph-side medium of the semi-intact preparation. On the basis 
of their results, the authors presented a hypothetical model in which V-ATPases and Cl− 
channels generate HCl absorption across the basal membrane of anterior ventriculus cells. 
This interpretation was supported by effects of hemolymph-side DIDS and DPC on the 
transepithelial voltage of isolated anterior ventriculus preparations (Onken et al. 2004a).

In many tissues, carbonic anhydrase (CA) accelerates production of H+ and HCO3
− 

from CO2 and H2O and supports transport of acid–base equivalents. Boudko et al. (2001a) 
and Corena et al. (2002) observed that alkalinization and fluxes of H+ and Cl− in the ante-
rior midgut of living larvae or semi-intact larvae were inhibited with acetazolamide or 
methazolamide, potent inhibitors of CA. On the other hand, CA activity was not at all 
detectable in the anterior ventriculus, and Hansson’s histochemistry for the localization of 
CA stained only the posterior ventriculus, but not the anterior ventriculus (Corena et al. 
2002). Moreover, acetazolamide or methazolamide did neither affect the transepithelial 
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voltage nor alkalinization in isolated anterior ventriculus preparations (Onken et al. 2004a, 
2008), and we are unable to reproduce effects of acetazolamide on living larvae  
(. see Fig. 9.6). Corena et al. (2004) demonstrated that the anterior ventriculus of larval 
anopheline mosquitoes has high CA content, whereas larval culicine mosquitoes, includ-
ing Aedes aegypti, have low or no CA content in the anterior ventriculus. Linser et  al. 
(2009) analyzed different types of CA in the midgut of larval Anopheles gambiae and relate 
them to their potential role in midgut acid–base transport. In summary, the results seem 
to show that CA may play different roles in larval midgut acid–base transport of different 
mosquito species. For larval Aedes aegypti, however, the results seem to indicate that CA is 
not involved in the luminal alkalinization in the anterior ventriculus.

Na+-free solution or amiloride in the hemolymph-side bathing medium of isolated and 
perfused anterior ventriculus preparations resulted in marked reductions of the transepi-
thelial voltage and the blockade of luminal alkalinization (Onken et al. 2004a, 2008). The 
authors interpreted this effect as a primary inhibition of Na+/H+ exchangers in the basal 
membrane that secondarily affects the apical transporters involved in luminal alkaliniza-
tion. Basal Na+/H+ exchangers could contribute to H+ absorption and satisfy a Na+ depen-
dence of transporters in the apical membrane. Basal Na+/H+ exchangers (NHE3) were 
indeed identified in the basal membrane of the anterior ventriculus (Pullikuth et al. 2006).

A number of luminal manipulations were performed with isolated and perfused ante-
rior ventriculus preparations in order to characterize the apical transporters involved in 

Ctrl no dye Ctrl + dye AMI DIDS AMI+DIDS AAA

 . Fig. 9.6 Alkalinization in the anterior ventriculus of larval yellow-fever mosquitoes (Aedes aegypti). 
Larvae were fed with cellulose 2 h before the experiment in order to make the color of the indicator 
better visible. Larvae were then exposed to thymol blue (0.04 %, pH 9.2) and fed with cellulose for at 
least 1 h. During this phase drugs (amiloride, DIDS, amiloride + DIDS, acetazolamide each at a 
concentration of 1 mM) were present or not (control). Larvae (10–15 per group) were inspected under 
the microscope, and some midguts (3-7) were isolated and photographed. The yellow color in ceca and 
posterior ventriculus is consistent with a neutral pH. Midgut alkalinization was detected as dark blue 
color in the anterior ventriculus in all cases, but in the simultaneous presence of amiloride and DIDS
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luminal alkalinization in larval Aedes aegypti (Onken et al. 2008, 2009b; Izeirovski et al. 
2009). As mentioned above, luminal ouabain did not alter transepithelial voltage or alka-
linization (Onken et al. 2009b). Na+-dependent amino acid absorption was suggested by 
voltage changes induced by addition and removal of amino acids in the presence and 
absence of luminal Na+ (Izeirovski et al. 2009). Such amino acid transporters were indeed 
identified in the anterior ventriculus of Anopheles gambiae with immunohistochemical 
techniques (Okech et al. 2008). On the other hand, neither luminal DIDS nor luminal 
amiloride prevented the tissue from alkalinization (Onken et al. 2008). Luminal alkalini-
zation was even observed in the absence of Cl−, which seemed to rule out electroneutral 
Cl−–HCO3

− exchangers as a pathway for base secretion. Only in the presence of luminal 
amiloride and DIDS together was alkalinization stopped in isolated ventriculus prepara-
tions and in living larvae (. see Fig. 9.6). This result indicated that two transporters –one 
sensitive to amiloride and the other sensitive to DIDS – are responsible for apical acid–
base transport. Inhibition of only one of the two transporters apparently does not prevent 
the tissue from alkalinizing the luminal medium.

The best candidate for the amiloride-sensitive transporter is an electrogenic Na+–2H+ 
exchanger (NHA). It could make use of the transmembrane electrical gradient to absorb 
H+ from the lumen. Such a transporter would also benefit from the high intracellular pH 
value of 8.6 in the presence of luminal pH 10 (Onken et al. 2009a). It could also explain the 
Na+ dependence of apical acid–base transport suggested by the results with hemolymph- 
side amiloride or Na+-free saline (see above). Such an NHA was indeed identified in larval 
Anopheles gambiae where it is expressed in intracellular vesicles and in the apical mem-
brane of the anterior ventriculus (Rheault et al. 2007; Okech et al. 2008). The Aedes aegypti 
genome seems to contain an NHA which shows about 75 % identity to the NHA of 
Anopheles gambiae (Rheault et al. 2007).

There are multiple DIDS-sensitive anion transporters. Cl−/HCO3
− exchangers could 

provide a pathway for absorption of Cl− from the lumen that is then transported across the 
basal membrane to the hemolymph (see above). Moreover, this assumption is consistent 
with the measured concentrations of Cl− and HCO3

−/CO3
2− in the lumen (low Cl−, high 

HCO3
−/CO3

2−), tissue (high Cl− and HCO3
−/CO3

2−), and hemolymph (high Cl−, low 
HCO3

−/CO3
2−) of the animals (Boudko et al. 2001a). Such Cl−/HCO3

− exchangers would 
rely on the driving force developed by the HCO3

− concentration gradient, and, therefore, 
on the conversion of HCO3

− to CO3
2− by the H+ absorption via the putative Na+/2H+ 

exchangers. Alternatively, Na+/2HCO3
− symporters could be the DIDS-sensitive apical 

transporters. Such transporters could use the HCO3
− concentration gradient and the 

membrane voltage as driving force. At an intracellular pH of 8.6 (as it was measured when 
the tissue was exposed to a luminal pH of 10; Onken et al. 2009a), it could even be that a 
fraction of base is secreted as CO3

2−. In both assumptions, the stoichiometry is not correct, 
because the system would not secrete enough Na+ for the secreted CO3

2−. However, it is 
very likely that additional Na+ is secreted via the paracellular pathways driven by the 
lumen-negative transepithelial voltage.

The overall mechanism of luminal alkalinization in the anterior ventriculus of larval 
Aedes aegypti based on the above-described findings and considerations is shown in the 
hypothetical model of . Fig. 9.7. Nevertheless, some important questions remain to be 
addressed in the future.
 1. The apical localization of Na+/K+-ATPase has been demonstrated in the largest part of 

the anterior ventriculus (Patrick et  al. 2006). Apical localization of this ATPase is 
unusual in epithelia and could relate to the strong alkalinization. However, alkaliniza-
tion was observed in living larvae and isolated anterior ventriculus in the presence of 

 H. Onken and D.F. Moffett



253 9

ouabain (Onken et al. 2009b). If not required for alkalinization, it is still of interest to 
further investigate the role of Na+/K+-ATPase in this midgut section.

 2. Apical transporters must be verified in molecular and physiological approaches, 
including their influence on apical membrane voltage. Electrogenic Na+/2H+ 
exchange and Na+/2HCO3

− (or Na+/CO3
2−) exchange should depolarize the apical 

membrane, which would be consistent with the electrical potential profile measured 
by Clark et al. (2000). Amiloride and DIDS should result in hyperpolarization of the 
apical membrane voltage and reduction of Vte.

 3. Two findings raise the suspicion that alkalinization in the anterior ventriculus may 
involve secretion of NH3. It was observed that luminal alkalinization requires the 
presence of amino acids in the hemolymph-side bath (Izeirovski et al. 2009). This 
indicates the energy metabolism in the epithelial cells of the anterior ventriculus 
depends on amino acids. At the alkaline intracellular pH, a considerable quantity of 
the produced nitrogenous waste could be present as NH3 and diffuse across the apical 
membrane into the lumen to produce (NH4) 2CO3.

In the midgut, the food is enclosed in the peritrophic membrane. In the laboratory, food 
was observed to pass through the ventriculus from anterior to posterior in about 30 min 
when larvae had access to food (cf. Clements 1992). However, this time may be much longer 
at the lower food supply of a natural environment. Interestingly, the fluid in the ectoperi-
trophic space between the peritrophic membrane and the midgut epithelial cells moves from 
posterior to anterior and is apparently absorbed in the ceca (Ramsay 1950, 1951; Volkmann 
and Peters 1989a, b; Wigglesworth 1933). Consequently, the situation is somewhat more 
complex than shown in . Fig. 9.1b, because alkaline midgut content moves to the posterior 
midgut, whereas alkaline ectoperitrophic fluid moves anterior to the ceca. The luminal pH 
becomes neutral in the midgut sections anterior and posterior of the anterior ventriculus. 
Accordingly, the epithelia of the gastric ceca and the posterior ventriculus must acidify the 
lumen. The two tissues show similarities in the presence of certain transporters. V-ATPase 
has been localized in these tissues in apical membranes (Zhuang et al. 1999; Patrick et al. 
2006), whereas Na+/K+-ATPase and Na+/H+ exchangers (NHE3) were detected in basal 
membranes (Patrick et al. 2006; Pullikuth et al. 2006). Carbonic anhydrase activity is high in 
the posterior ventriculus and in the ceca of Aedes aegypti (Corena et al. 2002).

Midgut lumen Hemolymph
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Na+

2 H+

HCO3
-

CO3
2

2 HCO3
-

Na+

Na+

Na+

 . Fig. 9.7 Current transport 
model for alkalinization in the 
anterior ventriculus of larval 
yellow-fever mosquitoes (Aedes 
aegypti). (For details see text)
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So far, functional studies have been performed only with the posterior ventriculus of 
Aedes aegypti. The transepithelial voltage is lumen positive and can be stimulated with sero-
tonin (Clark et al. 1999). Jagadeshwaran et al. (2010) studied Vte and lumen reacidification in 
the posterior ventriculus. The results demonstrate that Vte and reacidification are stimulated 
with serotonin and depend on functioning apical V-ATPases. Other drugs (DIDS, amiloride, 
acetazolamide, ouabain, and others) reduced the transepithelial voltage, but none of them 
inhibited reacidification. A hypothetical mechanism for acid–base transport in the posterior 
ventriculus was proposed (. see Fig. 9.8), but further experiments are required to uncover 
the complete mechanism and the possible involvement of further transporters.

Not much is known about hemolymph circulation in larval mosquitoes (cf. Clements 1992). 
However, it seems to be clear that the acid–base loop must be closed via the hemolymph. 
Malpighian tubules and the tracheal system may well be involved in hemolymph pH regulation.

9.5  Hormonal Control of Midgut Acid–Base Transport

9.5.1  Lepidopteran Midgut

The midgut of Manduca sexta loses most of its alkalinization capacity after isolation. This 
observation demonstrates that alkalinization is affected by a stimulatory factor in vivo. 
Chamberlin (1989) observed that the transepithelial voltage was significantly stimulated 
by the use of a more complete saline, containing a number of amino acids and metabolites. 
When this saline was used in acid–base flux experiments (Chamberlin 1990a, b; 
Coddington and Chamberlin 1999), the highest flux rate was 8.9 μequiv cm−2 h−1 in the 
isolated anterior midgut. The acid–base fluxes were not different under open-circuit and 
short- circuit conditions. The fluxes were approximately 10 % of the short-circuit current 
(Coddington and Chamberlin 1999) and between 10 and 20 % of the rate in vivo (Clark 
et al. 1998). Using isolated midgut in Ussing chambers, Clark et al. (1998) observed an 
initial rate of 14 μequiv cm−2 h−1, but the rate dropped to about 3 μequiv cm−2 h−1 within 
the first 30 min after removing the midgut from the animals. The transepithelial voltage 
was high during this time, indicating that acid–base flux and voltage (and short-circuit 

Midgut lumen

CO3
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CA
2 H+

H+

Na+

H2O

CO2 CO2+H2O

↓

+

+

Hemolymph

HCO3
-

CA

 . Fig. 9.8 Current transport 
model for reacidification in the 
posterior ventriculus of larval 
yellow-fever mosquitoes (Aedes 
aegypti). (For details see text)
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current) are not correlated in such preparations. Clark et  al. (1998) tried a number of 
manipulations to stabilize or increase acid–base fluxes, including addition of hemolymph, 
KHCO3, macerated or sonicated head, central nervous system, ventral nerve cord, midgut, 
or Malpighian tubules, and use of 5 % CO2 instead of pure oxygen. None of these manipu-
lations reproduced the high acid–base transport rates observed in vivo. Clark et al. (1998) 
also established a cannulated in situ midgut preparation that actually showed high acid–
base fluxes and reached luminal pH values of 11. In order to find the alkalinizing factor, 
body parts were removed step by step. Surprisingly, even the cannulated midgut alone was 
able to generate high acid–base flux rates and alkalinize the midgut lumen, indicating that 
the alkalinizing factor is produced by the midgut itself.

It seems evident that V-ATPase, the only ion-motive ATPase in plasma membranes of 
the midgut, is driving luminal alkalinization in larval Manduca sexta. Therefore, it is of 
importance to mention that mechanisms of V-ATPase regulation have been described and 
reviewed (Merzendorfer et al. 1997; Wieczorek et al. 2000, 2003, 2009).

In order to verify the proposed mechanism of luminal alkalinization in larval lepidopter-
ans (see above), either the stimulating factor must be found and applied to the isolated mid-
gut or the alkalinizing cannulated in situ preparation must be used in future experiments.

Reacidification in the hindgut of lepidopterans has barely been studied at all (see 
above). Consequently, nothing is known about the mechanisms and their regulation.

9.5.2  Dipteran Midgut

Serotonin evidently plays a major role in the regulation of midgut activities in larval 
yellow- fever mosquitoes. Submicromolar concentrations of serotonin stimulate the tran-
sepithelial voltage in anterior and posterior ventriculus (Clark et al. 1999). Serotonin also 
stimulates alkalinization in the anterior ventriculus (Onken et al. 2008) and reacidification 
in the posterior ventriculus (Jagadeshwaran et al. 2010). Finally, the drug also stimulates 
peristaltic activity of the midgut (Onken et al. 2004b). Moffett and Moffett (2005) showed 
that the gut of larval Aedes aegypti receives extensive serotonergic input from central neu-
rons that project through axon terminals and varicosities to all parts of the midgut.

In the anterior ventriculus, serotonin increases the cellular electromotive force, 
 indicating V-ATPase stimulation in the basal membrane (Onken et  al. 2006). 
Simultaneously, serotonin reduces the transcellular resistance (Onken et al. 2006). Because 
about 90 % of the transcellular resistance is associated with the apical membrane (Clark 
et al. 2000), the decrease of the transcellular resistance induced by serotonin is most likely 
based on  activation of transporters in the apical membrane. Serotonin induces an increase 
of intracellular Ca2+ (Moffett et  al. 2012). The effect is not observed in the absence of 
extracellular Ca2+, indicating that the signaling pathway involves Ca2+ channels in the 
basal membrane. Five putative serotonin receptors were identified in the anterior ven-
triculus of larval Aedes aegypti, including 5HT2-like receptors which could be expected to 
initiate the observed Ca2+ signaling pathway (Moffett et al. 2012). Also cyclic AMP stimu-
lated alkalinization in the anterior ventriculus (Moffett et al. 2012). The effect depended 
on the extracellular Ca2+. Cytochalasin inhibited the stimulation by serotonin, indicating 
the involvement of actin-based intracellular motility like vesicle fusion (Moffett et  al. 
2012). It seems that serotonin induces Ca2+- and cyclic AMP-dependent fusion of vesicles 
containing V-ATPase with the basal membrane, while inducing vesicles containing NHA 
(see Rheault et al. 2007; Okech et al. 2008) and anion transporters to fuse with the apical 
membrane. This scenario is summarized in a hypothetical model in . Fig. 9.9a.
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 . Fig. 9.9 Summary and interpretation of results relating to the regulation of alkalinization in the 
anteririor ventriculus (a) and reacidification in the posterior ventriculus (b) by serotonin (Modified after 
Moffett et al. (2012)). PKA protein kinase A, EPAC guanine nucleotide exchange factor
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In the posterior ventriculus, serotonin also causes an increase in intracellular Ca2+ 
(Moffett et al. 2012). However, the source for Ca2+ is the endoplasmic reticulum in this 
tissue. Like in the anterior ventriculus, cyclic AMP also mimicked the effects of serotonin. 
Serotonin receptors have not yet been identified in the posterior ventriculus. Most inter-
estingly, alkalinization of the luminal medium resulted in intracellular acidification and an 
increase of intracellular Ca2+ (Moffett et  al. 2012), indicating that the alkaline midgut 
lumen itself could serve as a signal to stimulate reacidification in the posterior ventriculus. 
The regulatory scenario in the posterior ventriculus is summarized in . Fig. 9.9b.

Whereas serotonin stimulates acid–base transport and peristaltic activity, a number of 
peptides were observed to have inhibitory effects on transport and/or peristalsis (Onken 
et al. 2004b).

9.6  Future Perspectives

Reviewing the current knowledge of acid–base loops in larval insects clearly demonstrates 
that considerable knowledge gaps still exist in the understanding of acid–base transport 
mechanisms, how they are regulated and balanced in the whole animal. A number of such 
points have been highlighted above. Modern molecular and microscopic techniques should 
be able to identify and localize transporters and components of signal transduction cas-
cades. However, a complete understanding of acid–base loops requires to return to the tis-
sue and organism level to verify the presence and importance of the identified components.
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10.1  Adult Echinoderms

10.1.1  Extracellular Acid–Base Regulation

Echinoderms consist of five classes: Crinoidea (sea lilies), Asteroidea (sea stars), 
Ophiuroidea (brittle stars), Echinoidea (sea urchins), and Holothuroidea (sea cucum-
bers). Most of them are key stone species in many marine ecosystems and especially sea 
urchins and sea cucumbers are economically important organisms in many countries.

Adult echinoderms are characterized by their pentameric symmetry and an ambu-
lacrarian vascular system (. see Fig. 10.1 for an echinoid body plan). Some of the classes 
have heavily calcified tests, like sea urchins, brittle stars, and crinoids. Sea stars and sea 
cucumbers have calcified spines or test plates and are not as heavily calcified. All echino-
derms have a so-called coelomic fluid, their blood derivate with coelomic cells that resem-
ble higher animals’ immune cells. The composition of the coelomic fluid is similar to that 
of seawater and is prone to acid–base disturbances when the animals encounter hypercap-
nic conditions or emersion. The coelomic fluid can be relatively easily sampled from the 
animals, and examinations regarding the extracellular acid–base status in echinoderms 
were primarily conducted on this fluid.

Among the five classes of echinoderms, there is data on extracellular acid–base status on 
four of them (no data on crinoids). Of these four classes of echinoderms, only Echinoidea 
and Ophiuroidea were reported to actively compensate for acid–base disturbances indi-
cated by an accumulation of bicarbonate in response to elevated pCO2 (Stumpp et  al. 
2012b; Calosi et al. 2013; Hu et al. 2014). The effects of CO2-induced seawater acidifica-
tion on echinoderms have lately received considerable attention, as calcifying species were 
predicted to be particularly sensitive to ocean acidification. The maintenance of calcifica-
tion is directly linked to acid–base regulatory capacities making this physiological process 
a key candidate to address sensitivities in echinoderms (Ries et al. 2009). Furthermore, 
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 . Fig. 10.1 Body plan of an adult sea urchin (a) and an echinopluteus larvae (b). Aristotle’s lantern (AL); 
mouth (MO); ampullae (AMP); gut (GUT); gonads (GON); anus (AN); madrepore plate (MA); spines (SPI); 
tube feet (TF); extracellular matrix (ECM); spicule (SP); intestine (INT); stomach (ST); esophagus (OES); 
outer epithelium (OEP)
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echinoderms are key stone species in many marine habitats, and  vulnerability of these 
organisms to near-future climate change could have severe repercussions on populations 
and ecosystem stabilities.

 Echinoidea
Sea urchins of the species Strongylocentrotus droebachiensis exposed to 1400 and 3800 μatm 
CO2 were able to fully or partially compensate extracellular pH (pHe) disturbances within 
7–10  days of exposure to elevated pCO2 (Dupont and Thorndyke 2012; Stumpp et  al. 
2012b) and were able to sustain this compensation for over 45 days. The maximum bicar-
bonate accumulation recorded in this species was 2.5 mmol L−1 above their control levels 
of 4.0–5.3 mmol L−1 HCO3

−. Interestingly, the control levels of [HCO3
−]e were already 

higher than that of seawater (around 2 mmol L−1). Sea urchins of the species Arbacia lix-
ula and Paracentrotus lividus also accumulated bicarbonate up to 3.5  mmol  L−1 (from 
2 mmol L−1 control) and 5–5.1 mmol L−1 (3.6–3.8 mmol L−1 control levels) in response to 
1500 μatm and 2500 μatm CO2 (Calosi et al. 2013; Collard et al. 2014b). With this increase 
in bicarbonate, both species were able to fully or partially compensate induced extracel-
lular acid–base disturbances (Catarino et al. 2012). Tripneustes ventricosus accumulated 
up to a [HCO3

-]e of 5.0  mmol  L−1 (from 2.9  mmol  L−1 control levels) in response to 
2000 μatm CO2 (Collard et al. 2014b). Psammechinus miliaris accumulated 0.5 mmol L−1 
HCO3

- from 1.8 mmol L−1 to 2.3 within 7 days of exposure to 2400 μatm CO2 (Miles et al. 
2007). These examples highlight that at least some sea urchins have a higher potential to 
actively regulate their extracellular pH than previously thought.

Nevertheless, there are also examples for sea urchins that do not compensate pHe dis-
turbances: The cidaroid pencil urchin Eucidaris tribuloides was not able to increase extra-
cellular bicarbonate levels within 32 days of exposure to 2000 μatm CO2 (Collard et al. 
2014b). Data on irregular and/or infaunal sea urchins such as sand dollars or sea mice are 
still missing and may offer more conclusive patterns regarding acid–base physiology in 
different groups of echinoids.

In general, it seems that noncidaroid, regular sea urchins are able to accumulate up to 
2.5 mmol L−1 bicarbonate in order to counteract acid–base disturbances. The mechanisms 
underlying bicarbonate accumulation, however, are insufficiently understood. Based on 
coelomic Mg2+ and Ca2+ concentration measurements in response to elevated pCO2, an 
accumulation based on test dissolution was suggested (Miles et al. 2007). Contrary, bicar-
bonate concentrations in the coelomic fluid of control animals is already significantly 
higher than seawater in most studied sea urchins (e.g., 2–3  mmol  L−1 above seawater 
[HCO3

−] SW of 2–3 mmol L−1) and favors the hypothesis, that already under control condi-
tions an active HCO3

− accumulation mechanism is employed. While temporary test dis-
solution may still contribute to the initial compensation phase in sea urchins, it seems 
unlikely that test dissolution is solely responsible for the observed reestablishment of pHe 
homeostasis.

There are two tissues that could contribute to bicarbonate accumulation: the perito-
neal epithelium that separates the sea urchins test from the coelomic fluid and the intesti-
nal tissue. The peritoneal epithelium, though being tight for molecules larger than 0.3 kDa, 
is no barrier for ions and small molecules, such as HCO3

- (Holtmann et al. 2013). Therefore, 
the organ that most likely contributes to the observed bicarbonate accumulation is the 
digestive system. The intestine prevents loss of bicarbonate ions by establishing a tight bar-
rier for HCO3

− ions (Holtmann et al. 2013). However, the mechanisms and a potential 
function of the intestine in acid–base regulation remain unexplored.
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 Ophiuroidea, Asteroidea, and Holothuroidea
There is only one study reporting extracellular acid–base status for an ophiuroid. The 
infaunal brittle star Amphiura filiformis has extracellular bicarbonate levels of 4–6 mmol L−1 
under control conditions (compared to 2 mmol L−1 in seawater) and increased extracel-
lular bicarbonate levels up to 8 mmol L−1 when exposed to 1500 and 3200 μatm CO2 (Hu 
et al. 2014). The compensation reaction happened within 24 h after onset of exposure and 
resulted in a full (1500 μatm) and partial (3200 μatm) recovery of pHe. A. filiformis was 
able to sustain high bicarbonate levels during 14 days along the experimental period (Hu 
et al. 2014). Interestingly, transcript levels for V-type H+-ATPase were elevated in disk tis-
sue, and not in the arm tissue, in response to CO2 stress indicating that proton transport 
might also be an important mechanism for extra- and/or intracellular pH compensation.

The sea star Asterias rubens did neither accumulate bicarbonate in response to elevated 
pCO2 (1200–3500 μatm, (Appelhans et al. 2012)) nor were they demonstrated to compen-
sate acid–base disturbances in their coelomic fluid (Collard et al. 2014b) over an experi-
mental duration ranging from 14 days to 10 weeks. The sea star Leptasterias polaris did 
also not compensate pHe disturbances during 7  days of exposure to 1275  μatm CO2 
(Dupont and Thorndyke 2012).

The sea cucumbers Holothuria scabra and Holothuria parva did not significantly 
accumulate bicarbonate to compensate their pHe in response to hypercapnic conditions 
(2000–3500 μatm) (Collard et  al. 2014a) in the experimental period of 6–12  days that 
may, however, be too short an interval to initiate a compensation reaction. [HCO3

−]e was 
still slightly higher (between 2.7 and 3.0 mmol L−1) than in seawater (between 2.2 and 
2.7 mmol L−1).

These observations indicate that the ability to compensate for acid–base disturbances 
via active accumulation of HCO3

− in body fluids is not a universal feature in all echino-
derms but seems to be restricted to Echinoidea and Ophiuroidea. The fact that most holo-
thurians and asteroids are less calcified than echinoids and ophiuoroids can lead to 
speculations that acid–base regulatory abilities are correlated to the degree of calcification 
in echinoderms, with the exception of the pencil urchin E. tribuloides, which is a heavily 
calcified sea urchin even among sea urchins. In order to test this hypothesis, a comparative 
approach using a larger range of species and a standardized experimental design would be 
needed. Moreover, additional studies on the mechanistic basis of pHe regulation in echi-
noderms will represent an important future task to better understand the mechanisms of 
acid–base transport across gut epithelia in a so far unexplored animal group.

10.1.2  Nitrogen Excretion

It has been proposed that excretion of protons may be facilitated by the excretion of 
ammonia (for mechanistic details on the cellular level, see chapters on crustaceans and 
cephalopods). There are only a few studies examining the ammonia excretion rates in 
response to hypercapnia in echinoderms (Stumpp et al. 2012b; Hu et al. 2014).

It seems that in all studied echinoderm species, the compensation reaction for CO2-
induced acid–base disturbances is accompanied by a significant increase in NH3/NH4

+ 
excretion rates. For example, Strongylocentrotus droebachiensis increased ammonia excre-
tion rates by 70 % in response to 2800 μatm CO2 (Stumpp et al. 2012b). Amphiura filifor-
mis  significantly excreted 65 % more ammonia under elevated pCO2 conditions (3400 and 
6600 μatm CO2) (Hu et al. 2014). Species, e.g., Holothuria scabra and Holothuria parva, 
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with uncompensated perivisceral fluids did not increase their ammonia excretion in 
response to hypercapnic conditions (Collard et al. 2014a).

This observation suggests that pHe regulatory mechanisms are linked to ammonia 
excretion as a mechanism to facilitate bicarbonate formation/accumulation and/or proton 
(equivalent) excretion. A potent mechanism to excrete protons is essential in species that 
are capable of actively accumulating HCO3

− as the formation of HCO3
- from CO2 and 

H2O is ultimately associated with the formation of H+ that needs to be secreted from the 
animals. As the present body of knowledge regarding species-specific NH3/NH4

+ secre-
tion characteristics and mechanisms for echinoderms are scarce, definite conclusions can-
not be drawn from the present literature data.

10.2  Larval Echinoderms

Echinoderms generally reproduce by free-swimming larvae – with very few exceptions of 
brooding species. Larvae are either lecithotrophic or in most of the cases planktotrophic. 
Depending on the class, you find larvae with calcified endoskeletons (sea urchins and brittle 
stars) or larvae that are not calcified until the adult rudiment is formed (sea stars and sea 
cucumbers). The calcified structures, if present, are surrounded by a cytoplasmic sheet of 
primary mesenchyme cells, which is again embedded in a vast extracellular space between 
the epidermis and digestive tract. The extracellular space of echinoderm larvae is character-
ized by extensive almost cell-free gelatinous material occupying the primary body cavity and 
surrounding the calcifying primary mesenchyme cells (PMCs) in echinopluteus larvae 
(Strathmann 1989; Crawford 1990). The gel-like compounds of the primary body cavity are 
extremely flexible and the larval body is able to rebound to its original shape following mus-
cle contraction (e.g., during swallowing of food particles). Thus, it is a highly energy- saving 
system for larval movement, allowing for large larvae with relatively little cellular material, a 
situation not unlike that in many Scyphomedusae (Strathmann 1989; Crawford 1990). The 
larval calcium carbonate structures, if present, combined with the gelatinous material sup-
port the larval morphology and orientation of the larvae in the water column (Pennington 
and Strathmann 1990). . See Fig. 10.1b for a larval body plan of an echinopluteus.

Thus, there are three morphological structures/compartments that are of interest for 
acid–base regulation: intracellular pH regulation in calcifying primary mesenchyme 
cells, the extracellular space between the ectoderm and endoderm, and the extracellular/
luminal space of the digestive system. While there is genetic data available of whole lar-
vae exposed to hypercapnic conditions, mechanistic data on acid–base regulation in 
echinoderms is, again, scarce and is within the echinoderms limited to larvae from sea 
urchins.

10.2.1  Intracellular Acid–Base Regulation in Calcifying  
Primary Mesenchyme Cells

Echinoderm larvae are considered to be particularly sensitive to seawater acidification and 
to the connected changes in calcium carbonate saturation state of seawater (ΩCal) since 
their internal skeleton is composed of high-magnesium calcite, the most soluble form of 
CaCO3 (Beniash et al. 1997; Raz et al. 2003). However, sea urchin larvae are able to main-
tain calcification rates (when corrected for developmental or growth delay) even during 
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exposure to unrealistically high CO2 partial pressures (0.35 kPa CO2, pH  7.25,  
ΩCal 1.02) (Martin et al. 2011). This indicates that the calcification machinery has substan-
tial capacities to compensate for CaCO3 dissolution due to CO2-induced reductions in 
seawater pH. The calcification process in sea urchin larvae has been relatively well inves-
tigated (e.g., Nakano et al. 1963; Sikes et al. 1981; Wilt 2002; Raz et al. 2003; Politi et al. 
2008) and primary mesenchyme cells (PMCs) were identified as the cell type mediating 
calcification in sea urchin larvae. These cells are located within the extracellular matrix of 
the primary body cavity and form a syncytium covering the spicules of the pluteus larvae. 
This syncytial sheath covers the entire surface of the spicules and communicates with the 
extracellular environment of the primary body cavity (Decker et al. 1987; Beniash et al. 
1997). Recent studies using a pharmacological approach demonstrated that several loop 
diuretics including azosemide, bumetanide, and furosemide could significantly inhibit 
spicule formation at concentrations that significantly inhibit the Na+/K+/2Cl- symporter 
(NKCC) (Basse et al. 2015). Using histological analyses it has been concluded that the 
impaired formation of spicules was due to an inhibition of cytoplasmic cord formation 
and maintenance in PMCs.

The high-magnesium calcitic spicules are formed through the production of a tran-
sient amorphous calcium carbonate (ACC) phase within vesicles in PMCs which is subse-
quently released into the spicular cavity (Beniash et al. 1997; Raz et al. 2003; Politi et al. 
2004, 2008). To fuel the calcification process, bicarbonate is absorbed from the seawater 
(40 %) as well as generated from metabolic CO2 (60 %) (Sikes et al. 1981). On the other 
hand, Ca2+ is exclusively obtained directly from the seawater (Nakano et  al. 1963). 
Although the general principle of calcification is well understood, mechanistic informa-
tion regarding transporters that facilitate Ca2+ or HCO3

- uptake in PMCs is still limited. 
Several pharmacological studies suggested that Ca2+ channels and pumps are key players 
in the provision of Ca2+ for spicule formation (Hwang and Lennarz 1993; Gunaratne and 
Vacquier 2007). In order to remove protons generated during CaCO3 precipitation, PMCs 
must possess efficient acid−base regulatory properties (McConnaughey and Whelan 1996; 
Buitenhuis et al. 1999). A recent study applied the intracellular pH dye acid (2,7-bis (2 
carboxyethyl)-5-(and-6)-carboxy fluorescein (BCECF)) in order to investigate pH regula-
tory mechanisms in sea urchin PMCs (Stumpp et al. 2012a). Using pulses of NH3/NH4

+ 
solution, it has been demonstrated that PMCs have significant pHi regulatory abilities. 
PMCs have a control pHi of 6.9 and 20 mmol L−1 NH3/NH4

+ solution induced an intracel-
lular alkalinization leading to an increase of pHi by approximately 0.7 units. Washout of 
the NH3/NH4

+ solution induced an acidosis of approximately 0.7 pH units below the con-
trol value, followed by a pH recovery to control levels within 15 min. Rates of pHi recovery 
after the NH3/NH4

+ pulse were significant but weak compared to recovery times reported 
for strong ion regulatory cells of vertebrates (Boron and De Weer 1976; Bleich et al. 1995; 
Hasselblatt et al. 2000; Boron 2004) and similar to those reported for crayfish neurons 
(~20 min, (Moody 1981)). These experiments indicated that PMCs that are involved in 
skeletogenesis in sea urchins have a significant acid–base regulatory capacity.

The rate of pH compensation following an NH3/NH4
+-induced acidosis was further 

investigated in the presence of low-Na+ and low-HCO3
- artificial seawater solutions in 

order to test the potential role of these ions in mediating pHi. These experiments clearly 
indicated that the compensation reaction after NH3/NH4

+-induced acidosis in PMCs is 
highly dependent on Na+ and HCO3

- transport and suggest the involvement of Na+-
dependent HCO3

- import mechanisms during pH recovery. These are an indirect sink of 
ATP mediated through secondary active transporters (e.g., transporters of the SLC4 
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 family, including Na+/HCO3
− cotransporters and Na+-dependent Cl-/HCO3

- exchangers) 
that are driven through ATP-dependent ion pumps such as the Na+/K+-ATPase or the 
V-type H+-ATPase (Boron 2004). The existence of a pH regulatory machinery in PMCs of 
sea urchins is underlined by the identification of genes coding for ion transporters includ-
ing Na+/K+-ATPase (NKA), Na+/HCO3

- cotransporters (NBC), H+-ATPases (HA), and 
Na+/H+-exchangers (NHE) from the sea urchin PMC transcriptome (Zhu et  al. 2001). 
However, since protons are generated during the intracellular calcification process, the 
identification and characterization of proton secretion mechanisms involving transport-
ers such as the V-type H+-ATPase or Na+/H+ exchangers represent an important future 
task to better understand the mechanisms of calcification in echinoid PMCs.

10.2.2  Extracellular Acid–Base Regulation

 Primary Body Cavity
Microelectrode and microfluorescence measurements of extracellular pH (pHe) within the 
primary body cavity of S. droebachiensis pluteus larvae revealed that the fluid of the pri-
mary body cavity pH conforms to the surrounding seawater (Stumpp et al. 2012a). Given 
that the fluid composition of the primary body cavity is similar to seawater, this indicates 
that the internal pCO2 within the animals is similar to that of seawater pCO2. Usually, 
extracellular pCO2 of adult, heterotrophic metazoans is at least 100 Pa higher than the 
seawater pCO2 in order to establish a CO2 diffusion gradient away from the organism 
(Melzner et al. 2009). The result would imply that sea urchin larvae do not have an outward 
directed CO2 diffusion gradient due to metabolic CO2 production. During acute exposure 
of larvae to elevated seawater pCO2, pHe decreased linearly with pHSW indicating that the 
epidermis is extremely leaky to ions and small molecules. A transepithelial KCl- potential 
of 0 mV of the ectodermal epithelium also suggests that the epithelium is not a specialized 
transporting epithelium (Stumpp et al. 2012a). In fact, diffusion experiments using differ-
ent sizes of BCECF-substituted dextrans demonstrated that the ectodermal epithelium 
forms no barrier for molecules up to 10  kDa if sufficient time for diffusion is allowed 
(60 min). Molecules up to 4 kDa penetrate the epidermis within 15 min (Stumpp et al. 
2012a). Gases and small ions can therefore be expected to be in equilibrium with seawater 
leading to good conditions for calcification at present conditions, but on the other hand 
being sensitive to environmental variability in pH or future ocean acidification.

 Stomach Lumen
Sea urchin larvae have a tripartite gut consisting of a foregut (esophagus), midgut (stom-
ach), and a hindgut (intestine). Food particles (e.g., microalgae) are collected and concen-
trated in the esophagus and then swallowed by opening of the anterior cardiac sphincter. 
Food is processed in the stomach and absorbed in the stomach as well as the intestine. 
While the pH of the primary body cavity is conformed with seawater, the luminal pHe in 
the stomach of S. droebachiensis increased after feeding commenced from pHe 8.9 at 
5 days post fertilization to pHe 9.5 at 9 days post fertilization (Stumpp et al. 2013) and up 
to pH 9.0 in S. purpuratus (Stumpp et al. 2015). Alkaline gastric pHs are known to occur 
in a range of insects and their larvae such as lepidopterans (Dow 1984) and dipteran lar-
vae (Boudko et  al. 2001). Among marine species alkaline digestive conditions were 
 additionally found in the marine copepod Calanus helgolandicus (Pond et al. 1995) as well 
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as in  tornaria larvae of the hemichordate Ptychodera flava – reaching a pH of 10.5 in their 
stomach lumen (Stumpp et al. 2015). Alkaline digestive conditions may represent an evo-
lutionary advantage for marine herbivorous larvae as alkaline conditions may facilitate 
breakdown of plant and algal proteins (Felton and Duffey 1991). Moreover, alkaline condi-
tions higher than pH 9.5 in larval digestive systems can be regarded as an efficient defense 
mechanism against environmental pathogens because most marine protists and viruses 
are killed or growth inhibited by alkaline conditions exceeding pH  9.5 (Pedersen and 
Hansen 2003; Jońezyk et al. 2011). However, these unique digestive features were proposed 
to be a key process that makes these larvae sensitive to climate change and the associated 
reductions in seawater pH (ocean acidification) by impairing digestion and exerting addi-
tional  energetic costs to the larvae in future oceans (Stumpp et al. 2013) (for details, see 
next paragraph).

Chronic exposure of S. droebachiensis larvae to elevated pCO2 resulted in a lower 
stomach lumen pHe at 7 and 9 days post fertilization in two CO2 treatments (1015 and 
2460 μatm pCO2). The data suggest that the environmental CO2 induced acidification is 
exceeding the larval capacity of fully alkalinize the stomach lumen to control levels. The 
drop in stomach pHe of 0.25 and 0.4 pH units at the high pCO2 level (2460 μatm at 7 and 
9 dpf, respectively) is, however, much smaller than the environmental pHSW drop of 0.67 
pH units, possibly indicating an activation of compensatory mechanisms. Acute acidifica-
tion experiments down to pH 7 in S. purpuratus resulted in a partial compensation reac-
tion of the gastric pH within 3 h. This compensation reaction was likely mediated by cells 
of the stomach epithelium.

In contrast to the thin squamous epidermal cell layers, the echinopluteus’ stomach 
epithelium consists of simple columnar cells (of 10–15 μm height) with microvilli extend-
ing into the stomach lumen (Burke 1981). At least two cell types are present in the stom-
ach epithelium. Type I cells are characterized by a variety of different vacuoles and are 
expected to function in absorption and storage of nutrients as well as the secretion of 
digestive enzymes. Type II cells are assumed to phagocytose and digest whole algal cells 
(Burke 1981).

Immunohistochemical and in situ hybridization using antibodies and probes against 
specific ion transporters could demonstrate that ion pumps and transporters including 
Na+/K+-ATPase (NKA) and V-type H+-ATPase (VHA) are highly expressed in specialized 
epidermal cells of the stomach and intestine. The colocalization of NKA, VHA, and Na+H+ 
exchangers revealed the subcellular localization of these proteins in stomach cells. While 
NKA and VHA are localized in the luminal membrane positive Na+/H+ exchanger (NHE), 
immunoreactivity was mainly found in the basolateral membrane (Stumpp et al. 2015). 
The mechanistic basis of gastric alkalization was further examined using H+-selective 
microelectrodes in combination with specific inhibitors for acid–base relevant ion trans-
porters. These studies underlined the histological findings by demonstrating that gastric 
alkalization in sea urchin larvae is inhibited by ouabain and bafilomycin, specific inhibi-
tors for the Na+/K+-ATPase (NKA) and the V-type H+-ATPase (VHA), respectively. In 
addition, gastric alkalization was decreased by treatments with ethyl-isopropyl amiloride 
(EIPA, a specific inhibitor of Na+-dependent H+ exchangers (NHEs)) as well as artificial 
seawater with reduced Na+ (5 mmol L−1) and K+ (0 mmol L−1) concentrations.

Gene expression analyses of genes encoding acid–base relevant transporters in pluteus 
upon challenge of the gastric pH regulatory machinery with acidified seawater identified 
genes coding for the transporters mediating gastric alkalinization. During acute (1–3 h) 
challenge of the gastric pH regulatory machinery by exposing larvae to acidified  conditions 
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(pH 7.0), ion transport genes, including NKA, VHA, NHE3, and a KHE, were significantly 
up-regulated when compared to larvae kept under control conditions. Accordingly a first 
working model for gastric alkalinization in sea urchin larvae has been proposed (Stumpp 
et al. 2015). Gastric alkalinization in the sea urchin stomach is mainly generated through 
cationic exchange processes, leading to a net export of protons from the stomach lumen 
(summarized in . Fig. 10.2). NKA located in luminal membranes creates an electrochem-
ical gradient, and a low intracellular [Na+] that drives basolateral excretion of H+ via NHE 
in the the primary body cavity (PBC). On the luminal side, H+ is imported via a coupling 
of VHA and a putative electrogenic K+/H+ antiporter. A similar cationic-based alkaliniza-
tion mechanism driven by the VHA coupled to secondary active transport processes 
including K+/H+ antiport has been proposed for the midgut alkalinization in lepidopteran 
insect larvae (Wieczorek et al. 1991). The employment of NHE localized in membranes 
facing the PBC that mediate excretion of H+ in exchange for Na+ represents an energeti-
cally favorable mechanism due to high external [Na+] (≈460 mmol L−1) compared to low 
intracellular [Na+] (≈30 mmol L−1) (Robertson 1949).

10.3  Effects of Near-Future Ocean Acidification on Echinoderms

Effects of simulated ocean acidification experiments on adult echinoderms generally 
included reduced growth and feeding rates, decreased fertility (measured as number of 
eggs per female or gonad growth), and occasionally reduced metabolic rates (Appelhans 
et al. 2012; Dupont and Thorndyke 2012; Stumpp et al. 2012b). This most likely leads to 
alterations in the energy budget that may be due to elevated costs for cellular and 
 extracellular pH homeostasis as described in sea urchins and brittle stars. However, most 
studies employed experimental time frames between a few days and a few months,  possibly 
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 . Fig. 10.2 First working model for gastric alkalinization in sea urchin pluteus larvae. The stomach 
epithelium is rich in ion transporters that are capable of regulating gastric pH. The current model suggests 
that gastric alkalinization is achieved by a basolateral (facing the primary body cavity, PBC) NHE that is 
fueled by a Na+/K+-ATPase located in the luminal membrane. Protons that are excreted via NHE derive from 
the hydration of metabolic CO2 via cytosolic carbonic anhydrases (CA) as well as from a luminal K+/H+ 
antiport mechanism energized by luminal V-type H+-ATPase (VHA) (modified after Stumpp et al. 2015).
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not allowing enough time for the animals to acclimate to the future scenario. For example, 
Dupont and colleagues demonstrated in one of the few long-term studies that the green 
sea urchin S. droebachiensis was able to acclimate to elevated pCO2 conditions resulting in 
comparable fertility after 16 months. In contrast, animals that were acclimated for only 
4 months displayed significantly reduced fertility (Dupont et al. 2012). Thus, in order to 
understand how ocean acidification will affect echinoderms in general, long-term studies 
of several months to years would yield valuable results in regard to acclimation and pos-
sibly adaptation potential.

Apart from a few exceptions with nonfeeding echinoderm larvae, i.e., Crossaster pap-
posus, which displayed increased growth rates in response to seawater acidification 
(Dupont et al. 2010b), exposure of echinoderm larvae to elevated pCO2 resulted in reduced 
growth rates (Dupont et al. 2010a) and in some cases high mortalities (Dupont et al. 2008). 
However, most studies were conducted on sea urchin larvae, since pluteus larvae with 
their calcified endoskeleton were readily identified as being especially sensitive to seawa-
ter acidification. Only two studies looked at noncalcifying, feeding marine larvae such as 
bipinnaria larvae of sea stars. Interestingly, despite the lack of calcified structures, expo-
sure of sea star larvae to environmentally realistic increases in CO2 levels could also dem-
onstrate slowed larval growth (Gonzalez-Bernat et al. 2012; Byrne et al. 2013). This clearly 
indicates that other physiological processes than calcification may cause sensitivities to 
seawater acidification in marine larval stages.

Based on the findings of alkaline digestive systems in sea urchin larvae (and also hemi-
chordate larvae (Stumpp et al. 2015)) and their sensitivity to lowered pH (Stumpp et al. 
2013), the hypothesis of gastric pH homeostasis being a dominant factor determining 
sensitivity in echinoderm larvae arises. Apart from potential elevated costs for intracellu-
lar and/or extracellular pH regulation itself (Stumpp et al. 2012a, 2015), a lowered stom-
ach pH might have negative consequences for larval energy acquisition. Digestive enzymes 
secreted into the gut to hydrolyze nutrients usually exhibit specific pH optima at which 
the enzymes are most efficient. Sea urchin larval total protease activity exhibited a pH 
optimum at pH 11 with a steady increase in activity from pH 8. A potential digestive pH 
drop of 0.3 pH units would thus translate into 8 % less digestive efficiency. The digestive 
potential to digest algal cells measured in in vivo digestion assays supports the in vitro total 
protease measurements by demonstrating a significantly lower digestive potential in sea 
urchin larvae raised under future elevated pCO2 conditions (Stumpp et  al. 2013). 
Decreased digestive potential together with increased acid–base regulatory costs would 
inevitably result in modifications of the larval energy budget and could potentially explain 
the observed reduced growth rates in sea urchin plutei, as well as in noncalcifying but 
feeding echinoderm larvae, such as sea star larvae.

10.4  Conclusions

The present body of knowledge regarding pH regulatory abilities in echinoderms demon-
strated that despite their relatively basal position among deuterostomes, these animals 
have evolved significant pH regulatory abilities. Although echinoderms were demon-
strated to exhibit extracellular pH regulatory abilities, the organs and mechanisms 
involved remain unexplored. Few studies indicated that the pH compensatory mechanism 
involves accumulation of buffers (e.g., HCO3

−) as well as the excretion of proton  equivalents 
such as NH4

+. Although extracellular pH regulatory abilities were found in a range of 
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adult echinoids, their larval stages lack extracellular pH regulatory abilities. However, the 
regulation of an alkaline gastric pH homeostasis seems to play an important role in diges-
tive function, which could be identified as an “Achilles’ heel” in the context of CO2-induced 
seawater acidification.

The fact that echinoderms are an evolutionary ancient group, that has also survived 
acidification events during geological timescales, suggests that this animal group has the 
ability to successfully cope with environmental pH/pCO2 fluctuations. In this context spe-
cial attention should be dedicated to the ability of these animals to acclimate and to genet-
ically or epigenetically adapt to changing environmental conditions. As larval stages were 
identified as the weakest ontogenetic link, these pelagic life stages deserve special atten-
tion. Thus, in a first step, a better understanding regarding the physiological processes in 
echinoderm larval stages are needed in order to better understand animal–environment 
interactions in this ecologically and economically important group.
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11.1  Summary

Among invertebrates cephalopods have evolved a high degree of behavioral and physio-
logical complexity that is comparable to that found in vertebrates. This high-performance 
lifestyle, including well-developed sensory and locomotory abilities, is directly associated 
with high energetic costs that require efficient metabolic and regulatory pathways to 
maintain body homeostasis. Amino acid catabolism is the major energy source in cepha-
lopods with ammonia being the major metabolic end product. Furthermore strong fluc-
tuations in extracellular pH during exercise have led to the presence of ion-regulatory 
epithelia that highly express a conserved set of ion transporters to mediate extracellular 
acid–base homeostasis and excretion of nitrogenous waste products.

Cephalopods are oviparous with the embryo developing inside a protective egg  capsule 
that creates an extreme microenvironment in terms of low pH and oxygen concentrations. 
In order to tolerate these environmental stressors already embryonic stages possess 
 specialized ion-regulatory cells located on the yolk epithelium and integument. This 
microenvironment of the developing embryo is particularly interesting in the context of 
CO2-induced seawater acidification as increases in environmental pCO2 (hypercapnia) 
are additive to the already high pCO2 inside the egg. In several cephalopod species envi-
ronmental hypercapnia causes a decrease in developmental rates, probably associated to 
energy reallocations toward compensatory processes (pH regulation) and/or metabolic 
depression.

Adults of important representatives of coleoid cephalopods, including squid cuttlefish 
and octopus, utilize branchial epithelia as a major site for gas exchange, acid–base regula-
tion, and excretion. The multiple functions of the cephalopod gill are achieved by a com-
plex folding pattern, generating a large surface area, beneficial for gas exchange and a 
spatial separation of ion-regulatory epithelia. The concave inner epithelium of the squid 
and cuttlefish gill expresses important ion transporters and pumps and creates a semitu-
bular structure that shows many parallel features to vertebrate excretory organs. The bran-
chial ion-regulatory machinery responses to CO2-incuced pH disturbances by an 
upregulation of ion transporters, followed by a compensation of the extracellular acidosis. 
This compensatory process is accompanied by elevations in blood HCO3

− levels and 
increased proton or proton equivalent excretion. Enhanced NH4

+ excretion and upregula-
tion of the Rhesus protein during acid–base disturbances suggest that excretion of NH4

+ 
as an proton equivalent and acid–base regulation are linked. Based on morphological, 
functional, and molecular studies, an acid-trapping mechanism for NH4

+ is proposed in 
the semitubular environment of the decapod cephalopod gill. Despite effective acid– base- 
regulatory capacities, cephalopods respond with different sensitivities toward sea water 
acidification. While sluggish species like cuttlefish are more tolerant, active pelagic squids 
seem to be more vulnerable during prolonged exposure to strong (pH 7.4) acidification 
levels. Energetic limitations are discussed as a potential factor for higher sensitivities 
toward acid–base disturbances in fast-swimming open water squids. Although cuttlefish 
were demonstrated to be relatively tolerant during long-term exposure to acidified condi-
tions, chronic elevations in blood HCO3

− levels are probably the cause for hypercalcifica-
tion of the internal cuttlebone. This internalized molluscan shell allows the animal to 
control its buoyancy and changes in density may affect swimming behavior and energet-
ics. This chapter summarizes the recent advances in understanding transepithelial acid–
base regulatory and excretory mechanisms in cephalopods and highlights the importance 
to better understand these physiological aspects in an environmental context.
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11.2  Cephalopod Biology: An Introduction to  
Extracellular pH Regulation and Excretion

Cephalopods belong to the phylum Mollusca and evolved during the Cambrian explosion 
500 million years ago (O’Dor and Webber 1986; Smith and Caron 2010). Cephalopods are 
classified into subgroups including extinct Belemnites, Ammonites, and extant subclasses 
like the Coleoidea and Nautiloidea. While the Nautiloidea are represented by Nautilus spp. 
and Allonautilus spp., the coleoid cephalopods can be divided into octopuses, squid, and 
cuttlefish. Cephalopods, and coleoid cephalopods in particular, can be characterized by a 
high degree of mobility and vertebrate-like sensory abilities which are believed to be a result 
from the competition with fish for similar resources in the marine environment. For exam-
ple, cephalopods exhibit a high degree of cephalization and a complex neural system with 
very efficient sensory organs such as lens eyes, chemoreceptors, and balance receptors 
(Budelmann et al. 1997; Hu et al. 2009). However, in contrast to fish, cephalopods, including 
squid, cuttlefish, and octopods, use jet propulsion to generate high swimming speeds. In 
comparison to the undulatory swimming movements of fish, this less efficient swimming 
mode is associated with high energetic costs which constrain energetic capacities in active 
pelagic cephalopods (Wells and O’Dor 1991; O’Dor 2002). Another physiological feature that 
sets energetic limitations in cephalopods is found in oxygen transport efficiencies of the 
extracellular oxygen transporting pigment, hemocyanin. Despite a considerable evolutionary 
refinement of oxygen transport by hemocyanins within the cephalopoda, this respiratory 
pigment can only carry about half the oxygen of the cellular hemoglobin of vertebrates (Brix 
et al. 1989). Thus, in order to optimize the transport efficiency of this pigment, cephalopod 
hemocyanins usually have a large Bohr effect increasing the pigments’ pH sensitivity (Pörtner 
1990). In order to protect highly pH-sensitive gas transport mechanisms, cephalopods, 
including squid and cuttlefish, have evolved efficient mechanisms to regulate extracellular 
acid–base homeostasis (Pörtner 1994; Pörtner and Zielinski 1998). Despite their low osmo-
regulatory abilities which restrict cephalopods to the marine environment, these organisms 
have evolved vertebrate-like epithelia controlling gas exchange and extracellular pH homeo-
stasis and excretion of nitrogenous waste products (Potts 1965; Wells and Wells 1982; Wells 
1990; Hu et al. 2015). A well-developed intra- and extracellular acid–base regulatory machin-
ery is particularly important for active cephalopod species as jetting and fast swimming can 
lead to strong CO2- induced temporal acid–base disturbances (Pörtner et al. 1991).

Active pelagic squids have the highest metabolic rates among all marine species due to 
their less efficient swimming mode, and most cephalopods have a relatively short lifespan 
usually not exceeding 1–2 years (Llpiński 2010). Accordingly, cephalopods have very high 
growth rates and can reach body weights of several kilograms within 1 year. This “live fast 
and die young” lifestyle is predominantly fueled through protein metabolism, and ammo-
nia is the main end product (Boucher-Rodoni and Mangold 1988, 1989, 1994). In principle, 
ammonia in its uncharged gaseous form as NH3 can passively diffuse across biological 
membranes, whereas the charged ionic form, NH4

+, cannot cross cell membranes, and 
transport of this molecule requires active transport mechanisms that facilitate the passage 
across biological membranes (Wright and Wood 2009). At physiological pH of approxi-
mately 7.2–7.8, 95–99 % of the total ammonium occurs in the hydrated form as NH4

+. High 
concentrations of ammonia are toxic for organisms as they can have severe detrimental 
effects on the central nervous system and can lead to intra- as well as extracellular acid–
base disturbances (Albrecht 2007). Studies on ammonia tolerance demonstrated lethal 
concentrations 50 (LC50) values for ammonia in the μM range for most aquatic organisms 

Chapter 11 · Acid–Base Regulation and Ammonia Excretion in Cephalopods



11

278

including fish, crustaceans, and cephalopods (Miller et al. 1990; Randall and Tsui 2002; 
Camargo and Alonso 2006). Pelagic squids were demonstrated to be particularly sensitive 
to elevated seawater NH4

+ concentrations >10 μM (Hanlon 1990). Accordingly, besides 
substantial acid–base regulatory mechanisms, cephalopods have also evolved potent 
ammonia excretion pathways to control intra- and extracellular NH3/NH4

+ homeostasis. 
Some mid-water cephalopods (e.g., Cranchiidae) store NH4

+ in the mM range in coelomic 
chambers, while other ammoniacal species store it in specialized vacuoles within muscle 
tissues to support neutral buoyancy (Seibel et al. 2004). Although exchange of Na+ against 
NH4

+ can serve to improve neutral buoyancy, most shallow-water cephalopods actively 
secrete ammonia via branchial epithelia (Potts 1965; Schipp et al. 1979; Boucher-Rodoni 
and Mangold 1988, 1994). In cephalopods, the paired ctenidia (gills), branchial heart 
appendages, and renal appendages represent the major excretory organs which are con-
nected by blood vessels to create a directed blood flow. Blood returning from the body 
through the vena cava enters the lateral vena cava and is distributed to the renal appendages 
from where the urine is secreted into the renal sac. After passage of the renal appendages, 
the blood flow reaches the branchial heart by passing the branchial heart appendages. From 
here the blood is pumped through the gill via the first-order afferent vessels and leaves the 
gill via the first-order efferent vessels from where it enters the systemic heart (for a sche-
matic overview, see Potts 1965). From here the oxygenated blood is pumped back into the 
body. While the gills are mainly involved in epithelial ion exchange processes and gas 
exchange, the renal appendages and branchial heart appendages are mainly involved in 
urine formation (Schipp and von Boletzky 1976; Donaubauer 1981). The urine of most 
cephalopods was described to be acidic (pH 5–6) and rich in ammonia (NH4

+), whereas 
other nitrogenic compounds like nitrate or nitrite were absent (Emanuel and Martin 1956). 
As cephalopods produce acidic urine, it can be assumed that similar to what is observed in 
the vertebrate and mammalian kidney, ammonia excretion and pH regulation are linked 
processes.

11.3  Early Life Stages

11.3.1  The Oviparous Development

Cephalopods have a direct developmental mode which takes place inside a protective egg 
capsule. Growth and development is fueled through maternally provided yolk reserves pre-
dominantly located in the external yolk sac (Portmann 1926; von Boletzki 1987a). After hatch 
the juvenile often termed “paralarvae” spends the first days in the marine environment by 
using up their internal energy reserves before starting to actively capture prey organisms (e.g., 
crustacean larvae). The embryonic development inside an egg capsule protects the embryo 
from biotic (e.g., predation) and abiotic stressors (e.g., osmo- protection) by creating a physi-
cal barrier between the developing embryo and the external medium (Charmantier and 
Charmantier-Daures 2001). On the opposite site, this protective capsule creates a diffusion 
barrier for gases such as O2, CO2, and NH3 but also ions including NH4

+. This results in steep 
gradients of O2, CO2, and NH4

+ between the perivitelline fluid (PVF) and the surrounding  
seawater, which increase during development as a result of increased metabolic rates of the 
embryo (. Fig. 11.1a). Thus cephalopod early life stages are exposed to low-oxygen (hypoxia), 
high-CO2 (hypercapnia), and high-ammonia concentrations during their early life history that 
have led to the evolution of special physiological adaptations. For example, it has been observed 
that the eggs of many cephalopod species undergo a swelling process during  development, 
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 . Fig. 11.1 Total ammonia and protein concentrations in the perivitelline fluid (PVF) of developing  
squid embryos under control and acidified conditions. NH4

+ levels in the PVF of developing squid  
(ca. 50–70 mg l−1) are significantly higher than those of seawater (<0.05 mg l−1) (a). NH4

+ levels remained 
constant along the developmental period of 120 h and did not significantly differ between CO2 treatments. 
Note: NH4

+ levels in the mM range were detected in the PVF using an Ammonia Assay Kit (Sigma Aldrich) 
based on the reaction of ammonia with α-ketoglutaric acid (KGA) and NADPH in the presence of 
L-glutamate dehydrogenase (GlDH). This reaction forms L-glutamate and oxidized nicotinamide adenine 
dinucleotide phosphate (NADP+). The decrease in absorbance is detected at 340 nm, due to the oxidation  
of NADPH that is proportional to the ammonia concentration. The measured NH4

+ levels are surprisingly 
high (mM range) and we cannot exclude that the reaction is affected by the high concentration of proteins 
in the PVF. Protein levels determined in the PVF of squid embryos ranged between 40 and 55 mM under 
control conditions (b). Animals kept under acidified conditions had elevated PVF protein concentrations  
of 110 mmol l−1 in the PVF at the time point of 3 h. The remaining time points (except for 72 h) did not show 
any differences among different CO2 treatments. Values are presented as mean ± SD. Letters denote 
significant differences along the incubation period of 120 h and asterisks indicate significant differences 
among CO2 treatments (Student’s t-test, p < 0.05, n = 6–8)
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leading to an enlarged egg surface area and a reduced capsule thickness in order to maintain 
sufficient gas (e.g., O2 and CO2) fluxes by diffusion (Seymour and Bradford 1994; Cronin and 
Seymour 2000). It has been speculated that swelling of the egg capsule is achieved by the secre-
tion of osmotically active substances into the PVF by the embryo but the exact mechanisms 
remain unexplored. As the ionic composition of the PVF is similar to that of the seawater  
(De Leersnyder and Lemaire 1972), osmotic gradients are probably established by other 
osmotically active substances such as amino acids or organic acids (e.g., taurine). Preliminary 
experiments demonstrated that exposure to CO2-induced seawater acidification increased 
egg swelling to optimize diffusion permeabilities of the egg capsule. The swelling is accompa-
nied by an accumulation of proteins in the PVF suggesting that amino acids are probably the 
major component involved in PVF osmotic regulation (. Fig. 11.1b). Despite such mecha-
nisms to optimize permeabilities of the egg capsule, cephalopod embryos are still exposed 
to increasing hypercapnic conditions ranging from 0.13 to 0.41 kPa which correspond to a 
pH drop in the PVF from 7.7 to 7.2 during their oviparous phase (Gutowska and Melzner 
2009). These hypercapnic conditions within the PVF may lead to acid–base disturbances that 
require acid–base regulatory mechanisms to counteract this developing respiratory acidosis 
already at an early time point. Additionally, an effective regulation of extracellular pH homeo-
stasis in cephalopod embryos can be considered very important as these early stages already 
rely on oxygen transport by the highly pH-sensitive extracellular hemocyanins (Decleir et al. 
1971). It has been demonstrated that before hatch, cuttlefish embryos highly express a third 
hemocyanin isoform which is less abundant in juveniles and adults (Strobel et al. 2012). It 
has been suggested that these modifications in the composition of hemocyanin isoforms and 
the occurrence of hemocyanin isoform 3 are related to the very different abiotic conditions 
between the egg (PVF) and the marine environment (seawater) (Strobel et al. 2012).

11.3.2  Epidermal Ionocytes: The Embryonic Site of pH Regulation

The external yolk sac of the cephalopod embryo is well perfused, and pulsatory move-
ments of the yolk drive a current of blood through the embryonic circulatory system that 
consists of large blood lacunae mainly in the head region (Portmann 1926; von Boletzki 
1987b). Immunohistological, ultrastructural, electrophysiological, and gene expression 
studies demonstrated that the yolk epithelium represents an ion-regulatory site in cepha-
lopod embryos (Hu et al. 2011a, 2013; Bonnaud et al. 2013). Similar to the situation in 
teleosts, Na+/K+-ATPase (NKA)-rich cells that are scattered over the yolk epithelium are 
equipped with a pH regulatory machinery to mediate extracellular acid–base homeostasis 
(Hu et  al. 2013). Besides the high concentration of basolateral NKA, these epidermal 
ionocytes found in decapod cephalopods including cuttlefish and squid can be character-
ized by basolateral V-type H+-ATPase (VHA) and apical Na+/H+-exchanger3 (NHE3). 
The presence of cation and particularly H+ transporting proteins suggests a central role of 
these ionocytes in mediating pH homeostasis. Furthermore, the epidermal ionocytes of 
cephalopod embryos can be positively stained by Concanavalin A and MitoTracker simi-
lar to epidermal ionocytes in teleost larvae (Hu et al. 2011a). High  concentrations of mito-
chondria close to the basolateral membrane were also confirmed by ultrastructural 
analyses underlining the high-energy turnover of this cell type (Hu et  al. 2013). These 
cellular features are very similar to those found in teleosts and allow the adoption of term 
“mitochondria-rich cells (MRCs)” in the context of epidermal ionocytes of cephalopod 
early life stages.
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Electrophysiological examinations using H+-selective microelectrodes demonstrated 
that cephalopod embryos have outward-directed H+ gradients on their body surface, indi-
cating a net excretion of protons. While the skin, especially in the head and tentacle region, 
is characterized by a strong positive proton gradient (∆[H+] 4 μM) from the animal, the 
cephalopod yolk epithelium is characterized by a comparatively lower outward-directed 
proton gradient (∆[H+] 0.5 μM). Although the yolk sac organ is characterized by a lower 
efflux of protons, one has to consider that this organ exhibits a relatively large surface 
area compared to the head and the mantle. Especially in earlier stages with a decreasing 
body- surface- to-yolk-surface ratio, the yolk will represent an even more significant site 
for proton secretion and thus pH regulation. Pharmacological studies using 5-N-ethyl-N-
isopropyl-amiloride (EIPA), a specific inhibitor for Na+/H+ exchangers, could demonstrate 
that proton gradients decrease in a dose-dependent manner when embryos were treated 
with 10 and 1 μM of this compound (Hu et al. 2011a). These findings demonstrated that 
NHEs are important players in transepithelial H+ secretion of squid embryos.

In vertebrates, the process of epidermal development, including the differentiation of 
ionocytes, relies on tightly regulated signaling pathways controlled by the nonneural 
(bone morphogenetic protein (BMPs)) and the neural ectoderm (including the chordin 
and noggin) and is evolutionarily conserved (De Robertis and Kuroda 2004; Moreau and 
Leclerc 2004). In response to stimulation by BMPs, downstream targets of transcription 
factors, including ΔNp63, are activated in epidermal stem cells, inducing the subsequent 
process of terminal differentiation (Hsiao et al. 2007; Jänicke et al. 2007). Recently a par-
tial sequence of ΔNp63 transcription factor was cloned from the cuttlefish Sepia pharaonis 
indicating that similar regulatory pathways as those found in vertebrates also exist in 
lophotrochozoans. The stem cell marker ΔNp63 is expressed in the integument of 
 embryonic stages of S. pharaonis, indicating a role of this regulatory pathway in the dif-
ferentiation of epidermal cells in cephalopods (Hu et  al. 2015). Thus, future studies 
addressing the regulatory mechanisms of ionocyte differentiation in cephalopods will rep-
resent an important task to explore the regulatory pathways that control the differentia-
tion of epidermal ionocytes in molluscs.

11.3.3  Effects of Seawater Acidification on Early  
Developmental Stages: Acid–Base Regulation,  
Metabolism, and Development

Environmental hypercapnia is a stressor for marine species that has lately received consid-
erable attention in the context of climate change (Pörtner et al. 2004; Fabry et al. 2008; 
Melzner et al. 2009). Anthropogenic CO2 emissions are predicted to lead to a rise in sur-
face ocean pCO2 from 0.04 kPa up to 0.08–0.14 kPa within this century (Cao and Caldeira 
2008). The resulting increased hydration of CO2 to H2CO3 and its subsequent dissociation 
to H+ and HCO3

− changes seawater chemistry causing a drop in ocean pH, a process 
termed ocean acidification (OA). Oftentimes, early life stages have been identified as the 
most vulnerable link when a species is confronted with seawater acidification (Kroeker 
et al. 2013). This has also been demonstrated for several cephalopod species, including 
cuttlefish (S. officinalis) and squid (Sepioteuthis lessoniana, Loligo vulgaris, and Doryteuthis 
pealeii), with larval stages being more sensitive than juveniles and adults (Hu et al. 2011b, 
2013; Kaplan et al. 2013; Rosa et al. 2014). CO2-induced seawater acidification has been 
demonstrated to elicit reductions in developmental rates (indicated by the embryo’s wet 
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mass) in squid and cuttlefish embryonic stages by 16 % (S. officinalis) and 28 % (S. lessoni-
ana) at an ambient pCO2 of 0.4 kPa (pH 7.3–7.4) compared to animals kept under control 
conditions at 0.04 kPa (pH 8.1) (Hu et al. 2011b, 2013). In S. officinalis no effects on growth 
and development were observed for moderate hypercapnia levels of 0.14  kPa pCO2 or 
below (Hu et  al. 2011b; Dorey et  al. 2013). Interestingly, in this species reductions in 
growth and development were less pronounced using the dry or wet mass but were more 
evident when using the mantle length of the developing embryo (Hu et al. 2011b). This 
suggests that elevated pCO2 affects the size, in particular length of the cuttlefish embryo, 
but to a lesser extent the total mass. In this respect it needs to be mentioned that the ara-
gonitic cuttlebone contributes approximately 4 % to the total body mass (Gutowska et al. 
2010b; Dorey et  al. 2013). As hypercalcification (for more details refer to section 
Calcification) of the cuttlebone upon environmental hypercapnia significantly increased 
the weight of this internal calcified structure (Gutowska et  al. 2010b), it is likely that 
reductions in body mass are partly compensated by a heavier cuttlebone.

On the one hand, the higher sensitivity in cephalopod early life stages may be explained 
by lower pH regulatory capacities, but on the other hand, the fact that these organisms 
develop in a naturally acidified environment may exert an additional challenge to early life 
stages. CO2 perturbation experiments demonstrated that environmental hypercapnia is 
additive to the already high pCO2 inside the egg capsule of cuttlefish and squid embryos 
to maintain a sufficient diffusion gradient of CO2 (Hu et al. 2011b, 2013; Dorey et al. 2013; 
Rosa et al. 2013). The maintenance of this diffusion gradient of approximately 0.2–0.3 kPa 
is essential in order to excrete CO2 from the PVF. For example, under control conditions 
(0.04 kPa pCO2), the PVF pCO2 of squid (S. lessoniana) and cuttlefish (S. officinalis) is 
about 0.2–0.3 kPa (pH 7.4) in late-stage embryos and increases to 0.4–0.5 kPa (pH 7.1) 
when exposed to environmental hypercapnia (0.14 kPa) (Hu et  al. 2011b, 2013; Dorey 
et al. 2013; Rosa et al. 2013). As mentioned earlier, besides pH compensatory mechanisms, 
the cuttlefish embryo seems to be capable of actively controlling the swelling process of 
the egg enabling a fine-tuning of the egg capsule’s diffusion permeability. In this respect 
two studies (Lacoue-Labarthe et  al. 2009; Dorey et  al. 2013) have demonstrated an 
increased swelling of S. officinalis eggs exposed to hypercapnic conditions of 0.14 kPa, a 
process that could improve CO2 permeability and reduce partial pressure gradients during 
environmental hypercapnia. In fact, osmolarity of the PVF in squid (S. lessoniana) 
increased upon exposure to acidified conditions (. Fig. 11.2a). However, measurements of 
major ions including Na+, Cl+, and K+ in the PVF of squid exposed to control (pH 8.15) 
and acidified (pH 7.40) conditions could not detect any substantial differences in ionic 
composition (. Fig. 11.1b–d). As mentioned earlier, proteins secreted by the embryo are 
probably the most important compound contributing to PVF osmolarity (. Fig. 11.1b). 
However, besides the modulation of permeabilities across the egg capsule, cephalopod 
embryos can actively compensate for hypercapnia-induced acid–base disturbances by 
activation of their epithelial acid–base regulatory machinery (Hu et  al. 2013). Gene 
expression analysis performed on whole embryos and yolk epithelia demonstrated that 
gene candidates relevant for acid–base regulation including NHE3, VHA, Rhesus protein 
(RhP), and Na+/HCO3

− cotransporter (NBC) significantly increased transcript expression 
levels in response to acidified conditions compared to animals kept under control condi-
tions. This indicates that the acid–base regulatory machinery of squid early life stages 
responds to increased environmental hypercapnia by potentially increasing regulatory 
capacities. Using scanning ion selective electrode technique (SIET), it has been demon-
strated that during environmental hypercapnia an increase in transcript abundance of 
acid–base transporters is accompanied by higher H+ secretion rates in squid (S.  lessoniana) 
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embryonic stages (Hu et al. 2013). These increased H+ secretion rates were sensitive to the 
specific NHE-inhibitor EIPA, indicating that squid embryos utilize Na+/H+ exchange 
pathways to secrete protons during exposure to environmental hypercapnia.

Although the phenomenon of reduced growth and development in response to seawa-
ter acidification is very evident in cuttlefish and squid early life stages, the reasons for this 
phenomenon remain less explored. It has been suggested that hypercapnia-induced 
 developmental delays can be caused by different factors, including (i) metabolic depres-
sion, (ii) energy allocations, or (iii) a combination of both.

On the one hand, an uncompensated acidosis has been suggested to induce metabolic 
depression and, thus, hypercapnia-born reductions in growth and development in aquatic 
organisms (Langenbuch and Pörtner 2002; Pörtner et al. 2004). On the other hand, it was 
proposed that a higher fraction of energy spent on acid–base regulation during environ-
mental hypercapnia can lead to energy allocations leaving less energy for growth and 
developmental processes (Stumpp et al. 2011, 2012; Hu et al. 2013).

A study by Rosa et al. (2013) demonstrated significant reductions in metabolic rate at 
pH 7.5 and 22 °C in S. officinalis late-stage embryos compared to animals kept under con-
trol conditions (pH 8.1). Furthermore, S. officinalis embryos exposed to hypercapnia levels 
of 0.4 kPa for 5 weeks responded with a general downregulation of genes involved in energy 
consuming (e.g., acid–base genes) as well as energy providing (metabolic genes) processes 
in gill tissues (Hu et al. 2011b). Such a reduction of protein synthesis and downregulation 
of energy providing processes has been described as a general feature of organisms under-
going metabolic depression (Guppy and Withers 1999). These observations indicated that 
metabolic depression might be associated with observed reductions in developmental rates 
in response to environmental hypercapnia in S. officinalis. However, upregulation of genes 
involved in primary- (e.g., VHA) and secondary-active (e.g., NHE3) acid-secretion path-
ways as well as a stimulation of H+ excretion rates by acidified conditions (along a period of 
5 days) in squid embryos (S. lessoniana) suggest that a higher fraction of energy must be 
spend on pH regulatory efforts and protein synthesis (Hu et al. 2013).

Although near-future acidification scenarios (−0.3–0.4 pH units) may not severely 
affect embryonic development, stronger acidification by−0.6−0.8 pH units as predicted 
for naturally acidified environments may lead to delayed developmental rates (Hu et al. 
2011b, 2013; Dorey et al. 2013). In this context it has been hypothesized that smaller ceph-
alopod hatchlings would need more time to escape from the “window of vulnerability” 
(Pecl et al. 2004). Thus, a smaller body size in hatchlings due to elevated pCO2 could nega-
tively influence their survival by facilitating predation.

11.4  Adults

11.4.1  The Energetic and Physiological Trade-Offs of Being 
an Invertebrate Athlete

In convergence to teleosts, cephalopods have evolved an active lifestyle to compete for 
similar resources in the marine environment. As a trade-off to their less efficient swim-
ming mode, cephalopods, especially pelagic squids, have the highest metabolic rates 
among marine high-power taxa, including tuna and sharks (Rosa and Seibel 2008). This 
leads to strong temporal fluctuations in body fluid pCO2 between routine swimming and 
exercise, which can lead to an acidosis if not actively compensated for (Heisler 1986). 
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Thus, cephalopods have evolved efficient mechanisms to control extracellular acid–base 
homeostasis and to protect gas transport via highly pH-sensitive hemocyanins. Moreover, 
their active lifestyle is exclusively fueled through amino acid metabolism leading to an 
extensive production of NH4

+ which needs to be secreted across excretory epithelia. In 
convergence to fish (Evans et al. 2005) and crustaceans (Henry et al. 2012), the cephalo-
pod gill constitutes the organ with the largest surface area being in direct exchange with 
the surrounding seawater and thus covers functions of gas exchange, pH regulation, and 
excretion.

11.4.2  Structure and Function of the Cephalopod Gill

Similar to fish (Evans et al. 2005) and decapod crustaceans (Henry et al. 2012), the cepha-
lopod gill is also one of the most important organs for ion-regulatory processes in juve-
niles and adults (Evans et  al. 2005; Henry et  al. 2012; Hu et  al. 2015). During larval 
development of squid and cuttlefish that takes place inside an protective egg capsule, rudi-
mentary gill structures occur at stage 20 (for staging system refer to (Arnold 1965)) and 
significantly differentiate over the course of embryonic development as well as after hatch-
ing (Arnold 1965; Schipp et al. 1979; Hu et al. 2010). These studies demonstrated that the 
cephalopod gill changes morphologically within several days after hatching to become a 
highly folded epithelium with a high density of vesicles and mitochondria and a high con-
centration of a cytosolic type of carbonic anhydrase (cCA) and NKA (Schipp et al. 1979; 
Hu et al. 2010). Furthermore, determinations of enzyme activities and immunohistologi-
cal stainings demonstrated that NKA expression and activity steeply increase toward 
hatching in late-stage (29–30) embryos. This differentiation indicates that gas exchange 
and ion-regulatory capacity might be fully activated only after leaving the protective egg 
capsule (Hu et al. 2011a).

The cephalopod gill is a highly folded epithelium consisting of first- to third-order 
lamellae and vessels. The third-order gill lamellae consist of two epithelial layers lining a 
blood sinus. The lamellae itself is folded and creates inner (concave) and outer (convex) 
foldings which cover different functions including gas exchange and active ion transport. 
While the outer convex epithelium is thin and mainly involved in gas exchange, the inner 
concave epithelium is thicker and rich in mitochondria and has high concentrations of 
proteins that are involved in transepithelial ion transport. In squid and cuttlefish, this 
concave, inner epithelium creates a semitubular space. The gills are attached to the mantle 
wall laterally and are expanded during inhalation, when the mantle expands. The ventila-
tory current goes into the center of the gill and passes the second order gill lamellae in 
countercurrent to the blood flow with oxygen extraction efficiencies ranging between  
50 and 80 % (Wells and Wells 1982; Wells 1990).

Besides its function in regulating ion (e.g., acid–base) homeostasis, the gill has been 
also identified as an important site for the elimination of nitrogenous waste products. For 
example, despite the existence of other potential excretory organs such as branchial hearts 
or renal appendages (equivalent to the vertebrate kidneys), gills were proposed to repre-
sent the most important site for NH4

+ excretion in cephalopods (Potts 1965). High con-
centrations of Na+/K+-ATPase localized in basolateral membranes of branchial epithelia 
of cephalopods underline its predominant role in active ion transport but also excretory 
functions as this enzyme can also accept NH4

+ as a substrate in competition with K+ ions 
(Schipp et al. 1979; Hu et al. 2011b).
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11.4.3  Extracellular Acid–Base Regulation in Cephalopods

In response to environmental acidification, cephalopods can quickly restore blood pH 
involving active regulatory mechanisms. Besides the accumulation of HCO3

− to buffer 
the excess of protons, recent studies demonstrated that this compensation reaction is 
accompanied by an increased excretion of protons as well (Hu et  al. 2011a, 2013). 
Furthermore, acidified conditions stimulate the expression of VHA and NHE3 in bran-
chial epithelia underlining the importance of H+ secretion mechanisms during the com-
pensation of an extracellular acidosis (Hu et al. 2014). The predominant expression of 
acid–base transporters in branchial epithelia reveals this organ to represent a major site 
of acid–base regulation.

Cephalopods have branchial ion-regulatory epithelia, which are equipped with ion 
transporters beneficial for coping with acid–base disturbances (for branchial acid–base 
regulation, see also 7 Chap. 6). Using degenerate primers designed against highly con-
served regions of the NKA, VHA, NHE3, carbonic anhydrase (CA), and Na+/HCO3

− 
cotransporters (NBCe), partial DNA sequences encoding these enzymes were identified in 
squid and cuttlefish (Hu et al. 2011b, 2014). In situ hybridization and immunohistochem-
ical methods with antibodies specifically designed against acid–base transporters (NKA, 
VHA, NHE3, and Rhesus protein (RhP)) of squid could reveal the subcellular localization 
of these enzymes in cephalopod ion-regulatory epithelia (Hu et al. 2011b, 2014). NHE3, 
for example, which is an essential player for proton secretion in vertebrates (Wagner et al. 
2003; Yan et al. 2007; Watanabe et al. 2008; Lin et al. 2012), is also expressed in apical 
membranes of epidermal ionocytes and gill epithelia of squid (S. lessoniana) and cuttlefish 
(S. officinalis) (Hu et al. 2011a, 2013, 2014). Proton selective electrodes in combination 
with the application of the specific inhibitor for NHE proteins, EIPA, demonstrated that at 
least 60 % of H+ secretion across the surface of epidermal ionocytes of embryonic squids 
is mediated through Na+/H+ antiport (Hu et al. 2011a). The involvement of NHEs instead 
of VHA to mediate apical proton secretion in marine species is thermodynamically 
favored by the strong Na+ gradient between cytosol (30  mM) and seawater (470  mM) 
(Robertson 1949; Potts 1994). It was hypothesized that NHE-based proton secretion may 
represent a fundamental pathway in marine organisms which however needs further con-
firmation by testing more marine species including crustaceans, echinoderms, annelids, 
and mollusks. Besides the secretion of protons, cephalopods including squid and cuttlefish 
were demonstrated to actively accumulate extracellular HCO3

− to stabilize blood pH dur-
ing an acidosis (Gutowska et al. 2010a; Hu et al. 2014). In vertebrate systems, the basolat-
eral resorption of HCO3

− into the blood is achieved by various transporters of the SLC4 
family, including anion exchangers, and Na+/HCO3

− cotransporters (Romero et al. 2004; 
Lee et al. 2011). In this context, an electrogenic Na+/HCO3

− cotransporter (NBCe) and a 
Na+-dependent Cl−/HCO3

− exchanger (NDCBE) were cloned from the squid giant axon 
that are two potential candidates for the transport of HCO3

− ions in cephalopod ion- 
regulatory epithelia (Virkki et al. 2002; Piermarini et al. 2006). While NDCBE had low 
expression levels in branchial epithelia but higher RNA levels in neurons, the electrogenic 
NBC was highly expressed in gill epithelia and expression of this gene was stimulated 
upon hypercapnic exposure (Piermarini et  al. 2006; Hu et  al. 2011b, 2014). Another 
important enzyme group in the context of acid–base balance is CAs that catalyze the for-
mation of H2CO3 from water and CO2 and its subsequent dissociation to H+ and HCO3

− 
(Lindskog et  al. 1971). Besides their function in vertebrate systems (Evans et  al. 2005; 
Hwang and Lee 2007; Gilmour and Perry 2009), CAs were also demonstrated to play an 
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important role in the acid–base regulatory mechanisms of aquatic invertebrates (e.g., 
crustaceans) (Henry 1984, 1988). To date, studies addressing the role of CAs in mediating 
acid–base homeostasis in cephalopods are still scarce. Earlier studies by Schipp and col-
leagues (Schipp et al. 1979) located a cytosolic carbonic anhydrase (cCA) in the transport-
ing epithelium of the cuttlefish gill using histochemical methods. Using degenerate 
primers, a partial sequence of a cCA isoform was cloned from cuttlefish and squid gills 
(Hu et al. 2011b). This gene also responded with increased transcript levels in gill epithelia 
of squid (S. lessoniana) upon acute (<24  h) exposure to moderate hypercapnia 
(pCO2 = 0.14 kPa, pH 7.7) (Hu et al. 2014). According to results of this study, a first  working 
model for the cephalopod branchial acid–base regulatory machinery during hypercapnic 
acclimation was suggested (Hu et al. 2014). As shown by Hu et al. (2014), in response to a 
hypercapnia-induced acidosis, the drop in blood pH is accompanied by an increase in 
pCO2 in order to maintain a sufficient outward-directed CO2 gradient. CO2 can easily dif-
fuse across biological membranes, and its subsequent hydration in the cytosol, catalyzed 
by a cytosolic CA, leads to the formation of HCO3

− ions and protons. The protons gener-
ated in this process are exported across the apical membrane via NHE3, while the bicar-
bonate absorbed across the basolateral membrane, to buffer the excess of protons. The 
secretion of protons via apical NHE3 is driven by the high environmental [Na+], while 
basolateral HCO3

− absorption has been suggested to be achieved by an electrogenic  Na+/
HCO3

− cotransporter driven by the intracellular formation of HCO3
− catalyzed by CA 

and a negative membrane potential created by the basolateral NKA.

11.4.4  Branchial Ammonia Excretion Mechanisms

Gill epithelia of cephalopods including cuttlefish and octopods were also suggested to repre-
sent the major site for the excretion of nitrogenous waste products (Potts 1965; Schipp et al. 
1979). An efficient NH4

+ regulatory machinery is probably very important for cephalopods 
as these animals are highly ammonotelic, exclusively fueling their active lifestyle through 
protein metabolism (Boucher-Rodoni and Mangold 1988, 1994). In vertebrate systems, 
Rhesus glycoproteins including Rhbg and Rhcg were identified as central players to facilitate 
the export of ammonia (NH3) in concert with proton secretion mechanisms leading to a 
NH4

+ trapping mechanism in the acidified boundary layer of excretory cells (Shih et al. 2008; 
Wright and Wood 2009; Gruswitz et al. 2010; Larsen et al. 2014). Just lately Rhesus proteins 
(RhP) were also found and characterized in a range of invertebrates including crustaceans 
and insects (Weihrauch 2006; Weihrauch et al. 2009; Martin et al. 2011). Also in cephalo-
pods one RhP has been cloned, which has the highest degree of identity to RhPs from the 
decapod crustaceans Carcinus maenas (50 %) (AAK50057.2) and Metacarcinus magister 
(56 %) (AEA41159.1). Phylogenetic analyses based on amino acid identities demonstrated 
that the invertebrate specific RhP1 clade clearly separates from vertebrate Rh proteins 
including RhBG, RhCG, RhAG clades, as well as RhP2 and Rh30 clades (Hu et al. 2013).

In various cephalopod species, the largest fraction of ammonia is produced by amino 
acid metabolism. Some mid-water cephalopods (e.g., cranchiidae) store NH4

+ in the mM 
range in coelomic chambers (e.g., cranchiidae), while other ammoniacal species store 
it in specialized vacuoles within muscle tissues to support neutral buoyancy via unex-
plored transport mechanisms (Seibel et  al. 2004). Although exchange of Na+ against 
NH4

+ in specialized body compartments can serve to improve neutral buoyancy, most 
shallow- water cephalopods actively secrete ammonia via branchial epithelia (Potts 1965; 
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 Boucher- Rodoni and Mangold 1994). For shallow-water octopods, it was hypothesized 
that ammonia is excreted as ammonia (NH3) accompanied with an excretion of protons 
to form the ammonium ion (NH4

+) (Potts 1965). The apical localization of RhP in cepha-
lopod gill epithelia (Hu et al. 2014) supports earlier studies suggesting that the cephalopod 
gill is the major site for NH4

+ excretion. Moreover, colocalization of NHE3 and RhP and 
a coordinated upregulation of these genes during a hypercapnic challenge strongly sug-
gests an interplay of these two proteins, supporting the hypothesis of an acid-trapping 
 mechanism of NH4

+ in the semitubular space of the third-order gill lamellae similar to 
that demonstrated for diverse vertebrate excretory organs including skin, gill, and kid-
neys (Wright and Wood 2009; Liu et al. 2013; Weiner and Verlander 2013). For example, 
in acid- secreting intercalated cells of the collecting duct of the mammalian kidney, acid 
secretion is coupled to the export of NH3 that is trapped as ammonium ions (NH4

+) in the 
acidic urine (Gruswitz et al. 2010). Here, the basolateral localization of Rhbg and Rhcg is 
believed to facilitate the entry of the de-protonized ammonia (NH3) from the blood into 
the cell where the majority of NH3 is protonized to the ammonium ion at a physiological 
pH of approximately 7.2. Apical excretion and subsequent trapping of NH4

+ in the urinary 
space of the collecting duct are achieved by apical Rhcg and proton pumps like the VHA 
and the H+/K+-ATPase (Wagner et al. 2011). Interestingly, the gills of coleoid cephalo-
pods show striking morphological and functional similarities to the collecting duct of the 
mammalian kidney. The third-order lamellae of the cephalopod gill form a semitubular 
structure creating a luminal space into which NH4

+ is secreted by the interplay of RhP 
and NHE3 (Hu et al. 2014). At the basolateral membrane, the entry of the ammonium 
ion (NH4

+) is achieved by the NKA that can also accept NH4
+ as a substrate (Skou 1957). 

Here it remains to be investigated if the microenvironment within the semitubular space 
of the third- order lamellae is also acidified, similar to the mammalian collecting duct. 
Accordingly, a coupling of NH3/NH4

+ excretion and pH regulatory mechanism can be 
proposed for cephalopods, which also represents a fundamental pathway of acid–base 
regulation in vertebrate systems (Boron 2006; Wu et al. 2010).

Recent studies using perfused gills of Octopus vulgaris opened new venues to study 
epithelial transport in cephalopod gill epithelia. These studies provided the first direct 
evidence for the coupling of NH4

+ excretion and acid–base regulation in the cephalopod 
gill. A simulated acidosis by lowering the pH by addition of HCL in perfusion solutions to 
pH 7.2 (bath solution same ionic composition as perfusion solution, pH 8.1) led to an 
increase in apical NH4

+ release into the bath by the gill, accompanied by a restoration of 
the perfusate pH to 7.6 after gill passage (Hu et al., personal communication). These 
experiments further demonstrated that the perfused cephalopod gill is not only capable of 
active NH4

+ secretion but also involved in maintaining blood NH4
+ levels at a concentra-

tion of approximately 250–300 μM. For example, when the octopus gill was perfused with 
a 150 μM NH4

+ solution, the perfusate after gill passage had elevated NH4
+ concentration 

of approximately 260 μM. In contrast to terrestrial vertebrates that have blood NH4
+ con-

centrations of approximately 30 μM (Meijer et  al. 1990), aquatic species are generally 
characterized by extracellular NH4

+ concentrations in the range of 100–600 μM (Potts 
1965; Wright 1995; Fehsenfeld and Weihrauch 2013). In the light of these, first insights 
demonstrated a direct link between pH regulation and NH4

+ excretion in a marine mol-
lusk. This is particularly important, as ammonia-based proton secretion mechanisms are 
found in a wide range of aquatic organisms and may represent an evolutionary ancient 
mechanism to cope with CO2 induced acid–base disturbances.
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11.4.5  Effects of CO2-Induced Seawater Acidification 
on Cephalopods

 Energetics and Acid–Base Regulation
Environmental hypercapnia alters positive diffusion gradients of CO2 from the animal to 
the seawater and consequently affects the acid–base physiology of all water breathing ani-
mals, as intra- and extracellular CO2 concentrations must increase to maintain a sufficient 
diffusion gradient to excrete metabolic CO2 (Melzner et  al. 2009). Among a range of 
marine species, some have been identified as more sensitive (e.g., less active calcifying 
species such as corals or echinoderms), whereas others (many active species such as adult 
fish and cephalopods (Fabry et al. 2008; Gutowska et al. 2008; Dupont et al. 2010)) can 
tolerate relatively high CO2 concentrations over long exposure times. It was hypothesized 
that the degree of sensitivity is directly linked to a species’ ability to compensate for acid–
base disturbances by actively accumulating bicarbonate and eliminating protons from 
their body fluids (Melzner et al. 2009).

Initially, different hypotheses regarding the tolerance of cephalopods towards hyper-
capnia have been proposed based on their physiological features. On the one hand, high 
Bohr coefficients of the cephalopod hemocyanins were suggested to be a critical physiolog-
ical factor that would make cephalopods particularly sensitive to environmental pH fluc-
tuations (Pörtner et  al. 2004). On the other hand, substantial extracellular acid–base 
regulatory capabilities as found in most cephalopod species represent a common feature 
that was hypothesized to make ectothermic marine animals robust to seawater acidification 
(Melzner et al. 2009). However, metabolic data from the cuttlefish S. officinalis (acute, 24 h 
exposure to 0.6 kPa pCO2) and the squids Dosidicus gigas (acute, 1 h exposure to 0.1 kPa 
pCO2) and S. lessoniana (acute; 20 h medium term; 168 h 0.16 and 0.41 kPa pCO2) indi-
cated that these animals respond very differently towards environmental hypercapnia 
(Gutowska et al. 2008; Rosa and Seibel 2008; Hu et al. 2014). Although these studies partly 
used unrealistically high pCO2 levels that are beyond those predicted for the coming cen-
tury (usually < 0.1 kPa), they indicated a higher sensitivity in active pelagic squids com-
pared to cuttlefish that have a benthic lifestyle. Accordingly, it has been suggested that 
different lifestyles and energetic limitations can limit the ability to mobilize energy resources 
to fuel acid–base compensatory processes in different cephalopod species (Hu et al. 2014). 
Different physiological responses towards seawater acidification among different cephalo-
pod species are also reflected in extracellular acid–base regulatory features. S. officinalis has 
control blood HCO3

− levels of 3.4 mM and a partial compensation of pHe via HCO3
− accu-

mulation during exposure to environmental hypercapnia (0.6 kPa pCO2; pH 7.1) (Gutowska 
et al. 2010a). In the same study, it was suggested that a partial compensation of 0.2 pH units 
below control levels is sufficient to achieve sufficient gas transport via the blood pigment 
hemocyanin under acidified conditions in this less active cephalopod species. However, for 
the squid S. lessoniana, a full compensation of extracellular pH was evident after 20 h expo-
sure to acidified conditions (pH 7.3) (Hu et al. 2014). It has been suggested that more slug-
gish cephalopod species like cuttlefish and octopods may not rely on pH-dependent oxygen 
transport to the same extent as more active pelagic squid species (Pörtner 1990, 1994). If 
this is the case, different pH sensitivities of hemocyanins may represent a key factor that 
can lead to differential sensitivities to seawater acidification among cephalopod species. 
Interestingly, blood HCO3

− levels in the cuttlefish S. officinalis increased by approximately 
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7.5 mM within 48 h in response to 0.6 kPa CO2 exposure, whereas those in squid were only 
increased by 2 mM when exposed to a similar acidification level (Gutowska et al. 2010a; Hu 
et al. 2014). This indicates that different pH buffering/regulatory mechanisms, including 
nonbicarbonate buffering and H+ extrusion mechanisms, exist among cephalopods. 
Nonbicarbonate buffer values determined for squid species ranged between 4.7 mmol l−1 
pH unit−1 (S. lessoniana), 5 mmol l−1 pH unit−1 (Illex illecebrosus), and 5.8 mmol l−1 pH 
unit−1 (Loligo pealei), whereas those determined for cuttlefish, S. officinalis, were 10 mmol l−1 
pH unit−1 (Lykkeboe and Johansen 1982; Pörtner 1990) indicating an even lower HCO3

−-
independent buffering potential in squid species. According to these observations, it can be 
suggested that control of extracellular pH in squids is dominated by efficient H+ extrusion 
mechanisms and to a lesser extent to HCO3

− buffering mechanisms. This stands in contrast 
to the very pronounced HCO3

− buffer reaction in cuttlefish, which also depends on H+ 
secretion to a certain degree, but allows for a energetically less-expensive long-term 
 acclimation (maintenance of elevated blood HCO3

− levels vs. continuous elimination of 
protons) to acidified  conditions.

The evolution of these different physiological features may be a result from the long- 
term selection pressure exerted on these organisms to occupy different (e.g., benthic vs. 
pelagic) ecological niches in the marine environment. In contrast to most pelagic squids, 
the cuttlefish S. officinalis is preadapted to environmental fluctuations in environmental 
pH as well as moderate hypercapnia which naturally occur in many coastal habitats (Feely 
et al. 2008; Melzner et al. 2013). However, more studies using cephalopod species with 
different lifestyles and energetic requirements are needed in order to provide more con-
clusive answers regarding the energetics of acid–base regulation in cephalopods that may 
strongly determine the degree of sensitivity towards CO2-induced sea water acidification.

 Calcification
Although many cephalopods including squid and octopuses have lost their molluscan 
shell, cuttlefish like S. officinalis have retained and internalized their shell, which forms the 
cuttlebone in the Sepiidae. This gas-filled cuttlebone serves these animals to control their 
buoyancy by actively pumping water in or out of the aragonitic chambers through the gen-
eration of osmotic gradients (Denton and Gilpin-Brown 1961). These features enable  
S. officinalis to have an energetically favorable swimming mode compared to most pelagic 
squids which are negatively buoyant, but restricts their life to shallow, benthic habitats 
(O’Dor 2002). This gas-filled chamber limits the vertical distribution range of sepiids due 
to the potential implosion of the cuttlebone when exceeding the tolerable hydrostatic pres-
sure (Sherrard 2000). Several studies conducted in the context of ocean acidification dem-
onstrated that calcification of the cuttlebone was impacted by environmental hypercapnia. 
45Ca uptake increased and lamellar spacing decreased in response to environmental hyper-
capnia leading to a higher density of the chambered aragonitic cuttlebone in CO2-treated 
animals (Gutowska et al. 2010b; Dorey et al. 2013). The phenomenon of hypercalcification 
of internal CaCO3 structures in response to environmental hypercapnia has also been 
observed for fish otoliths, cuttlefish statoliths, and crustacean carapaces (Checkley et al. 
2009; Lacoue-Labarthe et al. 2009; Ries et al. 2009) and was speculated to be the conse-
quence of a chronic elevation of HCO3

− levels in body fluids (Checkley et al. 2009; Gutowska 
et al. 2010b). The aragonitic statoliths of cephalopods are paired organs located in the stato-
cysts, a structure which is filled with endolymph and located inside the head cartilage. The 
statocysts serve as gravitation, balance, and acceleration receptors by using the denser 
statolith attached to mechano-sensitive hair cells that transduce nanometer scale displace-
ments into neuronal signal (Budelmann 1988). It has been demonstrated that exposure to 
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environmentally relevant pCO2 elevations induced malformed statolith with a significantly 
reduced surface area and altered crystal structure in squid (Doryteuthis pealeii) paralarvae 
(Kaplan et al. 2013). The reasons for these malformations remain unclear, but may also be 
related to chronically altered acid–base equilibria in cephalopod early life stages.

Abnormally formed cuttlebones and statoliths may negatively influence swimming 
behavior, prey capture, and metabolism. Preliminary studies demonstrated that  embryonic 
development under hypercapnic conditions (63 days,0.4 kPa CO2) evoked a reduced abil-
ity to catch prey and to launch attacks against prey organisms (Maneja et al. 2011). Thus, 
future studies addressing the complex behavioral patterns of cephalopods raised under 
different seawater acidification scenarios will represent a fruitful research field in order to 
clarify the question regarding hypercalcification-born behavioral defects under acidified 
conditions.

11.5  Conclusion and Future Research Perspectives

Recent advances in understanding transepithelial ion transport in epithelia of cephalopods 
demonstrated that these organisms evolved sophisticated pH regulatory mechanisms to 
control extracellular pH homeostasis. However, although acid–base regulatory abilities were 
investigated in great detail during the last 40 years, the mechanistic basis for acid–base regu-
lation remained relatively unclear. Substantial acid–base regulatory capabilities as found in 
other active marine ectotherms including fish and crustaceans are also a physiological fea-
ture of many cephalopod species. In convergence to fish and crustaceans, the gill of cepha-
lopods has been identified as a central organ mediating acid–base balance. However, 
excretory organs including renal appendages and branchial heart appendages need to be 
considered as additional sites that are contributing to the overall acid–base homeostasis in 
these animals. Accordingly, it can be hypothesized that there must be a certain coordination 
of excretory and pH regulatory functions between different organs that are probably con-
trolled by endocrine mechanisms. Thus, future studies using recently established perfusion 
techniques in different cephalopod excretory organs in combination with recently identified 
hormones (e.g., octapressin) will help to better understand the regulatory pathways that 
control excretion and pH homeostasis in cephalopods. Furthermore, preliminary studies 
indicated that similar to the situation in vertebrates also cephalopods have evolved sophisti-
cated regulatory pathways that control the differentiation of epidermal cells, including iono-
cytes. Future studies using histological and functional markers for epidermal ionocytes will 
allow a precise and efficient identification of key regulatory pathways that control cellular 
differentiation in cephalopods. The comparison of evolutionary distant groups, such as 
lophotrochozoans, arthropods, basal deuterostomes, and chordates, will create an exciting 
research direction to better understand the evolution of regulatory pathways responsible for 
the proper differentiation of ion-regulatory epithelia.

Even though many evolutionary conserved features similar to ion-regulatory epithelia 
in vertebrates and mammals are also present in cephalopods, certain differences do exist 
largely due to an exclusively marine and highly ammonotelic lifestyle of cephalopods. For 
example, the predominant role of NHEs in apical H+ secretion can be regarded as an adap-
tation to marine conditions as the utilization of Na+/H+ exchange mechanisms is thermo-
dynamically favored by the strong Na+ gradient between cytosol (30 mM) and seawater 
(470  mM) (. Fig. 11.3). Interestingly, the V-type H+-ATPase (VHA) as a predominant 
player of H+ secretion in apical membranes of regulatory epithelia in vertebrate systems 
seems to have an alternative function in acid–base regulatory processes in cephalopods. 
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The VHA in ion-regulatory epithelia (gills and yolk epithelium) of cephalopods can be 
found in the basolateral membrane and is additionally expressed in pillar cells spanning 
through the blood space of the gill. Branchial VHA mRNA and protein expression is stim-
ulated by acidified conditions, indicating that despite its unusual basolateral localization, 
it serves the animals to cope with acid–base disturbances. The exact mechanisms associ-
ated with the basolateral localization of the VHA remain unclear and represent an inter-
esting and important future task to better understand the manifold functions of the VHA 
in marine animals.

Similar to the situation in crustaceans, fish, and mammals, Rhesus proteins were identi-
fied to be an important component of ion-regulatory epithelia of cephalopods. Although 
only one primitive form of Rhesus proteins (RhP) has been identified for invertebrates to 
date (e.g., crustacean (Weihrauch et  al. 2004) and cephalopods (Hu et  al. 2013)), their 
involvement in acid–base regulatory processes has been confirmed using CO2 perturbation 
experiments (Hu et al. 2013, 2014). It has been suggested that apical RhP work in concert 
with NHEs to achieve an acid-trapping mechanism for ammonia and thus contribute to a 
net excretion of acid equivalents. Here acid trapping of NH3 in branchial epithelia of squid 
and cuttlefish would be supported by the semitubular third-order gill lamellae which may 
provide an acidified compartment. In order to provide more definitive answers regarding 
the mechanisms and compartmentation of acid trapping in branchial epithelia, future stud-
ies need to investigate pH gradients within the microstructure of the cephalopod gill. In the 
context of NH4

+ trapping, special attention should also be dedicated to excretory mecha-
nisms in cephalopod early life stages as they typically develop in a naturally acidified and 
NH4

+ enriched environment. In these early life stages, RhP was found to be upregulated 
upon exposure to acidified conditions and positive RhP immunoreactivity was detected in 
epidermal ionocytes scattered over the yolk epithelium of squid (S. lessoniana) (. Fig. 11.4a). 
Ammonia excretion in oviparous organisms like cephalopods is particularly interesting as 
like NH3/NH4

+ has to be excreted against a steep concentration gradient (. Fig. 11.4b). 
Finally, the stimulation of RhP during environmental hypercapnia may also be associated to 
the ability of these channels to facilitate CO2 diffusion across membranes. Rh proteins were 
suggested to have a dual CO2 and NH3 transport function (Soupene et al. 2002, 2004; Kustu 
and Inwood 2006; Endeward et al. 2008) and thus may represent key players during acclima-
tion to environmental hypercapnia. Functional expression experiments of RhPs in oocytes 
in combination with CO2-sensitive microelectrodes (Hanstein et al. 2001) are an important 
task in order to functionally characterize these proteins in marine organisms.

Research addressing the effects of CO2-driven seawater acidification on cephalopods 
highlights the large difference in terms of sensitivity between ontogenetic stages but also 
among species. While adults seem to be relatively tolerant towards CO2-induced seawater 
acidification, early life stages were demonstrated to be more vulnerable. Low pH, hyper-
capnia, and high ammonia inside the egg capsule amplified by CO2-driven seawater acid-
ification are probably the major abiotic stressors that negatively affect the development of 
early life stages. Here it should be noted that the abiotic conditions of the PVF are con-
trolled by environmental factors as well as the embryo itself. Thus, future studies are 
needed to better understand the interplay of exogenous (by the environment) vs. endog-
enous (by the embryo) processes that affect the PVF chemistry. In particular, the research 
on physiological responses of the embryo during exposure to hypercapnia, high-ammonia 
concentrations, and low pH represent important future tasks to fill gaps in current knowl-
edge. Although the recent advances in understanding the physiological responses of S. 
officinalis and other cephalopod species towards environmental hypercapnia shed light on 
some major questions, even more remains to be discovered.
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NKA VHA pH: 7.4

NH3/NH4
+: 50-200 µM

pCO2: 0.2-0.5 kPa

pH: 7.4

NH3/NH4
+: 2.8-3.6 mM

Proteins: 50 µg ml-1

pCO2: 0.2-0.3 kPa
pO2: 5-8 kPa

PVF

Blood

NHE3 RhP

Na+

Na+

H+

H+

K+/NH4
+

NH4
+ CO2

CO2

NH3

a

b

 . Fig. 11.4 Epidermal ammonia excretion in cephalopod embryos. (a) Immunohistological detection 
of the Rhesus protein (RhP) using an antibody specifically designed against the RhP of squid 
(Sepioteuthis lessoniana). RhP-positive cells are scattered over the surface of the yolk epithelium and 
immunoreactivity appears in a spotted pattern associated with ionocytes. (b) Hypothetical model of 
NH4

+ excretion in epidermal ionocytes of squid embryos. Basolateral import of NH4
+ is achieved by the 

Na+/K+ ATPase (NKA) that can accept NH4
+ as an alternative substrate to K+. Apical excretion is mediated 

through an interplay of Na+/H+ exchanger 3 (NHE3) and RhP, leading to a trapping of the charged 
ammonium ion in the naturally acidified perivitelline fluid (PVF). Blood abiotic parameters were assumed 
to be similar to those found in adults (Hu et al. 2014). The role of the basolateral V-type H+ ATPase (VHA) 
remains unclear and is suggested to be involved in NH4

+ formation and/or facilitation of CO2 formation 
and excretion
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