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Summary

The mangrove Kkillifish Rivulus marmoratuscan tolerate
prolonged periods of air-exposure (>1month). During
these periods of emersion, we hypothesized thaR.
marmoratuswould convert potentially toxic ammonia into
urea and free amino acids (FAASs). In air-exposed fish,
both ammonia @amm) and urea (urea) excretion
continued at approximately 57 % and 39 %, respectively,
of submerged rates. Remarkably, approximately 42% of
the total ammonia excreted during air-exposure was
through NH3 volatilization. Ammonia did not accumulate

in amino acid and oxidative metabolism were not
significantly different between control and air-exposed
fish. Partitioning of the anterior and posterior ends of
immersed fish revealed that just over half (57 %) of the
total nitrogen (ammonia+urea) was excreted through the
anterior end of the fish, presumablyvia the branchial

tissues, while emersed fish increased excretiovia the

posterior end (kidney+skin). R. marmoratus do not

undergo a shift towards ureotelism during air-exposure.
Rather, we propose thatR. marmoratusare able to survive

in whole-body tissues of air-exposed fish, but levels of both
urea and some FAAs (primarily alanine and glutamine)
were up to twofold higher after 10 days. The activities of
the ornithine—urea cycle enzymes carbamoyl phosphate
synthetase Il and ornithine transcarbamylase increased
(by approximately 30% and 36 %, respectively) in whole-
body tissues of air-exposed fish, while levels of arginase
remained unchanged. The activities of enzymes involved

on land for extended periods without significant ammonia
accumulation because they continuously release ammonia,
partially by NH 3 volatilization.

Key words: urea, air-tolerant teleost, amino acid, glutamine,
glutamate, alanine, urea cycle enzyme, gaseousg &bdretion,
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Introduction

Rivulus marmoratusthe mangrove Killifish, is a small amphibious blenny Alticus kirk) (Rozemeijer and Plaut,
cyprinodont fish that can tolerate prolonged periods 01993) and the African lungfistiP(otopterussp.) (Forster and
emersion (>1 month), living amongst moist leaf litter, detritusGoldstein, 1966; Janssens and Cohen, 1968) increase urea
or in hollowed logs. This ability to survive and remain activetissue levels and/or the percentage of urea excreted [urea-N
for extended periods out of water is remarkable because mastcretion/(urea-N excretion+ammonia-N excretion)] on land.
other species of ‘amphibious’ or ‘air-breathing’ fishes ardn some fishes, a shift towards ureotelism is accompanied by
unable to tolerate more than a few days completely out dhcreased synthesis of urgia the ornithine—urea cycle (OUC).
water, e.gHeteropneustes fossilis4 days (Saha and Ratha, Air-exposure induces the activity of several OUC enzymes,
1989),0xyeleotris marmoratyspproximately 7 days (Jow et including the key enzyme carbamoyl phosphate synthetase llI
al., 1999). Fish that do remain on land for weeks or month&PSase IIl) irH. fossilis(Saha and Ratha, 1998).
often undergo a profound metabolic depression (e.g. African Not all air-breathing fish become ureotelic during air-
lungfish) (Smith, 1930; Hochachka and Guppy, 198Y¥). exposure. It appears that some air-tolerant fishes, such
marmoratusdo not aestivate when emersed, and it has beess the mudskippersPeriophthalmodon schlosseriand
suggested that they respire cutaneousig a highly  Boleophthalmus boddaertieduce proteolysis and amino acid
vascularized epidermis (Grizzle and Thiyagarajah, 1987). catabolism on land, particularly when held under constant

Many air-tolerant fishes shift from ammoniotelism todarkness (Lim et al., 2001). When terrestrial conditions are
ureotelism during air-exposure. For example, the climbingaccompanied by a natural photoperiod, however, ad®ive
perch Anabas scandehpsand the snakeheadClianna schlosserhave elevated free amino acid (FAA) concentrations
gachug (Ramaswamy and Reddy, 1983), the mudskippeimn their muscle tissue (Ip et al., 1993, 2001). Ip and coworkers
(Periophthalmus cantonen¥is(Gordon et al., 1978), the propose that activity on land is fuelled by partial amino acid
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catabolism  (glutamate+pyruvatei-ketoglutarate+alanine, consumption of both individual tissues and whole organisms
catalysed by alanine aminotransferaseiKetoglutarate enters (Simon and Robin, 1971; Somero and Childress, 1980; Smith
the Krebs cycle, undergoes partial oxidation to malate andnd Chong, 1982).
is subsequently converted to pyruvate, catalysed by malic A divided chamber was used to partition the anterior
enzyme (ME). This metabolic scenario was supported by th@epresenting primarily branchial excretion) and posterior
observation that alanine levels were elevated in the tissues (@utaneous, kidney and intestinal excretion) portionsRof
air-exposed active. schlosserflp et al., 1993, 2001). The key marmoratusandJamm andJureawere measured in air-exposed
advantage of partial amino acid catabolism is that ATP isnd submerged fish. Finally, the pattern of nitrogen excretion
produced without the net release of ammonia (Ip et al., 2001i) response to air-exposure was compared in laboratory-reared
A few species of fish continue to excrete primarily ammoniand wild-caught R. marmoratus This experiment was
when out of water, e.d@lennius pholigDavenport and Sayer, important to establish that the physiological responses of a
1986). In the terrestrial environment, the absence of gilkolony of laboratory-reared fish were essentially the same as
ventilation will presumably result in a decreased reliance othose of wild fish (Frick and Wright, 2002).
the gills and an increased reliance on the skin or kidneys
for nitrogen excretion. Ammonia eliminatiovia NH3
volatilization has been documentedBnpholis but accounts
for only a small percentage (approximately 8%) of the total Experimental animals
nitrogen excreted (Davenport and Sayer, 1986). Laboratory-reared Rivulus marmoratus Poey were
In the accompanying study, we discovered that mangrovmaintained as described previously (Frick and Wright, 2002).
killifish do not elevate tissue ammonia, urea or FAA leveldVild-caught fish were collected from Twin Cays and Little
following 4 days of exposure to high external ammonia levelkagoon Cay, near Dangriga, Belize, and held as described
(223umol -1 NH3) (Frick and Wright, 2002). RatheR.  previously (Frick and Wright, 2002).
marmoratugnay continue to excrete ammonia actively. In this
study, we propose that, f&. marmoratugo survive out of Experimental protocol
water for extended periods, they must have evolved verkxcretion during emersion
efficient strategies for eliminating or detoxifying the nitrogen Two separate experiments were performed on laboratory-
end-product, ammonia. We tested the following fourreared fish. (i) Fish were exposed in air for 12k18) and
hypotheses: (i) that prolonged air-exposure will elevate tissugen returned to water; excretion rates were measured every 2h
ammonia, urea and FAA levels, with a corresponding inductiofollowing emersion and compared with rates measured ‘pre-
of the enzymes involved in their synthesis; (i) that, duringemersion’. (i) Fish were exposed in air for 11 days€), and
emersion, a significant proportion of nitrogen will be excretion rates were measured during emersion and compared
eliminated from the fish as gaseousd\Kii) that, following  with rates measured in fish under control conditions
emersion, accumulated ammonia and urea will diffuse out qfmmersion).
the fish, resulting in higher rates of nitrogen excretion during uUnder air-exposed conditions, the fish were removed from
the initial part of the recovery period; and (iv) that the site ofyater and placed onto a moist substratum (filter paper and
ammonia excretion during emersion will switch from primarily cotton batting saturated with approximately 2ml of 16 %o sea
branchial to primarily renal and/or cutaneous. water). In experiment ii, the amount of urea and ammonia
To test these hypotheses, the rates of ammdpianf and  excreted over a 24 h period was measured after 1, 3, 5, 7, 9 and
urea (ureg excretion were measured together with tissuell days of air-exposure and under control conditions.
ammonia and urea levels in air-exposed and submerged fisfechnical control experiments were performed in which a
The activities of three enzymes in the OUC, CPSase Illlknown amount of ammonia and urea were placed on the filter
ornithine transcarbamylase (OTCase) and arginase (ARG), ap@per and left for 24 h to determine whether there was any loss
of an accessory enzyme, glutamine synthetase (GS), were afg® gain) due to bacterial contamination or other factors. The

measured to assess the role of the OU®.irmarmoratus filter paper and cotton were collected after 24 h, and the water
Changes in tissue FAA levels and in the activities of severalas carefully extracted.

enzymes involved in amino acid metabolism were also

determined. Alanine aminotransferase (Ala-AT), aspartatémmonia volatilization

aminotransferase (Asp-AT) and glutamate dehydrogenase To measure the amount of ammonia excreted through
(GDH) catalyze the reactions that synthesize or degrade thelatilization, an apparatus was constructed similar to that used
amino acids alanine, aspartate and glutamate, respectivelyy Davenport and Sayer (1986). Air was first bubbled through
Malic enzyme (ME) replenishes the pyruvate supply byacidified distilled water (ADW) (pH 6) to remove any ammonia
converting malate to pyruvate (see above). In addition, citrat@ the air supply. The air was then passed into a second
synthase (CS) and cytochroro@xidase (CCO) (enzymes of chamber containing the fish on filter paper saturated with 16 %o
oxidative metabolism) activities were measured in control andea water at pH6. The air exiting the second chamber was
air-exposed fish. These enzymes are indicators of metabokwbbled through a third chamber containing 0.5 MdkIOH,

rate because their activities reflect the rates of oxygewhich removed C@ Air from the third chamber was bubbled

Materials and methods
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through five separate acid traps each containing ADW to ‘fixexperiment were determined using the method of Verdouw et
any ammonia present in the air. Preliminary studies showeal. (1978).
that five acid traps were necessary to ensure maximal recoveryTissue ammonia and urea levels of whole fish were
of the volatilized ammonia. Control trials were run in whichdetermined as described previously (Frick and Wright,
filter paper was saturated (i) with ammonia-free, pH6, 16 %2002) and were expressed as mmothNgetmass. All
sea water or (i) with a known amount of ammoniaspectrophotometric measurements were performed using a
(100umol Y in 16%. sea water, pH6. These control trialsPerkin Elmer UV/VIS spectrophotometer (Lambda 2) (Perkin
established that no ammonia volatilization was measured in ti&mer Corp., Norwalk, CT, USA).
absence of a fish.
Tissue amino acid analysis

Routes of excretion Tissue FAA levels were measured using high-performance

To determine the sites 3fmm andJureain laboratory-reared liquid chromatography (HPLC) (Hewlett-Packard series I
R. marmoratusa Plexiglas chamber (see Wells and Pinder1090 liquid chromatograph), as described previously (Frick
1996) was used to separate the anterior (representing primardynd Wright, 2002).
branchial excretion) and posterior (cutaneous, kidney and
intestinal excretion) of the fish. Fish were lightly anaesthetize§nzyme analysis
in 2-phenoxy-ethanol (1.2mf) to reduce stress during the  Frozen tissues (whole fish) were ground to a fine powder
restraining period. The head end of the fish was then positioneahder liquid nitrogen. The powdered tissue was then diluted
through a small hole (approximately 5mm in diameter) in @3-fold with extract buffer (50 mmot} Hepes buffer, pH 7.5,
3cnmx3cm piece of dental dam, forming a tight seal around th60 mmol 2 KCI, 1 mmolt? dithiothreitol and 0.5 mmott
fish just posterior to the operculum. Under control condition€DTA), homogenized on ice (Euro Turrax T20b homogenizer)
(N=7), 4ml of 16 % sea water was placed into both the frontor three bursts of 10s and then sonicated (Vibracell CV18
and back ends of the chamber. In a separate group of fish, m®@&68) for three bursts of 10s. The homogenate was centrifuged
pieces of cotton were placed in the front and back ends ¢14000g, 4 °C) for 10 min, and the resulting supernatant was
the chamber during air-exposurl=(7). After 1h, water or used to measure the activities of the enzymes Ala-AT, Asp-
cotton/filter samples were collected for later determinatiorAT, GDH, ME, CCO and CS. For the OUC enzymes (CPSase,
of ammonia and urea concentrations. In a preliminan®OTCase and ARG) and the accessory enzyme GS, an
experiment, to test for leakage across the dental dam barrieradditional step was carried out. The resulting supernatant was
dye was placed in one half of the chamber and distilled watgrassed through a Sephadex G-25 column (10 ml) equilibrated
in the other half. Absorbance at 660 nm was used to quantifyith extract buffer to remove low-molecular mass
leakage. There was negligible (<1%) leakage between tHg5000g matl) substrates and effectors (Felskie et al., 1998).

anterior and posterior portions of the chamber. The protein concentration of the extract was measured before
_ _ and after filtration to calculate the dilution factor of the column.
Nitrogen metabolism The activities of OUC enzymes were measured as described

Laboratory-reared fish held under air-exposed and contrgreviously: OTCase by Wright et al. (1995), ARG by Felskie
conditions were killed after 1, 4 and 10 days. Tissue samplex al. (1998) and GS by Shankar and Anderson (1985). CPSase
were stored at —80°C and analysed within 3 weeks. Tisswativity was determined using the reaction mixture described
ammonia, urea and FAA levels and enzyme activities werby Chadwick and Wright (1999), and“C]carbamoyl
measured in whole-body sampl@$=6) as adequate amounts phosphate production was measured using the technique
of individual tissues were not available because of the smallescribed by Anderson et al. (1970). OTCase, ARG, GS and
size of the fish and the limited number of fish availableCPSase activities were measured at 27°C for consistency
Although whole-animal samples include both intracellular andvith methods in the literature. The limits of detection for
extracellular fluid, values represent mostly tissue intracellulathese assays were estimated to be 0.04 ntholig? for
concentrations (approximately 95 % of volume). CPSase, 0.0dmolgtminl for OTCase and ARG and

Amphibious fish typically experience water loss during0.08umolg-tmin-1for GS (Chadwick and Wright, 1999).
emersion, which could concentrate tissue solutes (e.g. The activities of both CPSase Il and Il were measured.
ammonia, urea or FAAs). Wet mass measurements were tak€®Sase Il requires glutamine as a substrate, does not require
in laboratory-reared fish after 1, 3 and 10 days of air-exposuié-acetylglutamate, AGA (nor is it affected by the addition of
(N=7) and under control conditions£7) to test for significant AGA) and is inhibited by UTP. CPSase Il requires glutamine
mass loss. and AGA as substrates, and is not inhibited by UTP. Thus,

) . to differentiate between CPSase Il and Ill, activities were
Analytical techniques measured in the presence of glutamine alone (CPSase Il),
Ammonia and urea analyses glutamine+AGA (CPSase Il and Ill) and glutamine+

The concentrations of ammonia and urea levels in the wat&fGA+UTP (CPSase IIl). To assess the ability of these fish to
were determined as described previously (Frick and Wrighytilize ammonia as a substrate in the OUC rather than
2002). Ammonia levels in the acid traps of the volatilizationglutamine (as reported if. fossili§ (Saha et al., 1997),
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preliminary tests were run using 5mmaINH4Cl in place of 14, A
glutamine. As activities in the presence of ammonia wer 12 l Jamm
relatively low compared with activities in the presence ol~ = 1
glutamine, only glutamine was used as a substrate it
subsequent experiments. L, 08
GDH, Ala-AT, Asp-AT, CS and ME were measured atz 06
25°C, as described by Singer and Ballantyne (1991). COE 04
activity was measured at 25°C using the assay of Blier ar& g2 Emersion
Guderley (1988). The protein concentrations of extracts wer § 0
measured using the method of Bradford (1976) with bovin«g

serum albumin as a standard. % 035 B J
isti U
Statistical analyses g 03 rea
= 025

All data are presented as means * standard error of the me <

(s.e.m.). Single-factor analyses of variance (ANOVAS) Were:‘i’_J 001'5

used to examine the differences between control and ai§ 61

exposed values for tissue analysis (levels of urea and ammot : Emersion

and enzyme activities) and excretion rates. Amino acid dai

were analyzed using a General Linear models procedure usi 12:00-18:00 18:00-00:00 2 4 6 8 10
the SAS system (version 6.12; SAS Institute Inc., Cary, NC Pre-emersion (h) Post-emersion t)

USA). The Tukey test was used to determine where _ _ _

differences were significanP&0.05) between treatment and Fig. 1. Ammonia excretionJgmm) (A) and urea excretiorlres) (B)
control fish. Assumptions for normality were verified byin laboratory-reare®ivulus marmoratudefore emersion and at 2h
generating appropriate residual plots. Data transformatiorintervals following 12h of emersion. Statistical comparisons were

(logarithmic, square root and inverse square root) were US(performed between pre- and post-emersion excretion rateduksr
when appro,priate to meet the above assumptions (B), comparisons were made at the appropriate time periods to take

into consideration the diurnal patternJofea(i.e. filled columns pre-
emersion were compared with filled columns post-emersion). No
significant differences were found between pre- and post-emersion

Results
Jamm Or Jurea Values are expressed as measEm. (N=18).

Ammonia and urea excretion following emersion

Following 12h of emersion, there were no significant
changes ildlamm compared with pre-emersion rates (Fig. 1A). Wild-caught fish
Urea excretion rates were found to vary according to the time Under conditions of air-exposure, wild-caughtmarmoratus
of day (Frick and Wright, 2002), and statistical analysis wagitered their nitrogen excretion patterns in a manner similar
therefore performed between pre- and post-emersion excretigf that of laboratory-reared fish. There were no significant
rates at the appropriate time periods. For example, 2, 4 and @iliferences between excretion rates in laboratory-reared
post-emersion sampling occurred between 12:00 and 18:00¥amm=0.22+0.03umol-N g-thL; Jurea=0.0620.03umol-
and these values were therefore compared with pre-emersigg-1h-1, N=6) and wild-caught Jamm=0.28+0.03umol-
excretion rates for the same time period. Using this method of g-1h-L; Jyres=0.05+0.0umol-N g2h-1, N=14) fish following
analysis, no significant differences were found between pre- day of air-exposure.
and post-emersiodurea (Fig. 1B).

_ _ _ _ Tissue ammonia and urea levels
Ammonia and urea excretion during emersion Ammonia did not accumulate in the tissudRoinarmoratus

Laboratory-reared fish during air-exposure (Fig. 3A). After 4 and 10 days of air-

During long-term air-exposure (11 days), bdiinm and  exposure, tissue urea levels were significantly higher (twofold)
Jurea Were significantly lower in air-exposed fish than inthan corresponding control values (Fig. 3B).
controls, but continued at approximately 57% and 39 %,
respectively, of submerged rates (Fig. 2). In water, ammonia Tissue amino acid levels
excretion was significantly higher on day 1 but remained The total individual tissue FAA levels following 1, 4 and 10
unchanged throughout the following 10 days (Fig. 2A). In airdays of air-exposure did not change significantly Rn
the rate of ammonia excretion did not change with the duratiomarmoratus (Table 1). Of the essential amino acids,
of exposure (Fig. 2A). Approximately 42% of the total phenylalanine and lysine levels were significantly higher after
ammonia excreted during air-exposure wag| NHz 4 and 10 days of air-exposure, while leucine levels were higher
volatilization (Fig. 2A). In water, urea excretion remainedon day 4 only. Of the non-essential amino acids, alanine levels
unchanged over the 11 days, but in air urea excretion wagere significantly higher (an approximately 1.5-fold increase)
significantly lower on day 7 compared with day 1 (Fig. 2B). after 1, 4 and 10 days of air-exposure compared with control
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fish. Glutamine levels were significantly higher on days 1 (1.8-
fold) and 10 (twofold), but not on day 4, whereas glutamate
levels were significantly lower on days 1 and 4, but returned
to control values by day 10.

Both air-exposed and submergd’l marmoratuslost
approximately 4, 6.5 and 13 % of their body mass following 1,
3 and 10 days of experimentation, respectively. There were no
significant differences in mass loss between air-exposed and
submerged fish at any time period.

Enzyme activities

All three enzymes of the OUC (CPSase, OTCase and ARG)
and the accessory enzyme GS were detect®d mamoratus
(Tables 2, 3). The presence of CPSase IR.imarmoratuss
indicated by activation with AGA (10-42%) and little
inhibition in the presence of the CPSase Il inhibitor UTP
(Table 2). After 4 days of air-exposure, significant increases in
activity were found under all assay conditions (Table 2).
Following 10 days of air-exposure, increased activity was
observed with glutamine alone (CPSase II) and with
glutamine+tAGA+UTP (CPSase Ill) in the assay mixture
(Table 2); however, these increases were relatively modest

Fig. 3. Whole-body ammonia (A) and urea (B) levels in air-exposed@Pproximately 30%). OTCase activity was significantly

and submerged laboratory-rearBivulus marmoratusValues are

higher (approximately 36 %) after 4 days of air-exposure when

expressed as means£M. (N=6). An asterisk denotes a significant activity was expressed per gram wet mass (Table 3); however,

difference from the corresponding control value.

when expressed per milligram of protein, there was no
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Table 1.Whole-body levels of free amino acids in laboratory-reared mangrove Killifish after 1, 4 and 10 days of air-exposure and
under control (immersed) conditions

Day 1 Day 4 Day 10
Control Air-exposure Control Air-exposure Control Air-exposure
Essential amino acids
His 300159 297429 234437 271436 212426 283143
Thr 415445 411+24 402+39 378140 373438 386450
Val 138+10 147410 125410 175+18 142411 155+18
Met 195+10 220+11 197+16 221423 17619 216+13
Trp 506+47 529+39 582+22 537162 564+22 571+35
Phe 337 33+2 315 65+11* 25+2 40+6*
lle 79411 8416 7010 122421 7216 83+11
Leu 116114 124+10 103+13 181+30* 109+11 127+17
Lys 217422 22642 230437 370+68* 267432 412+59*
Total 1999+161 207147 1973+119 2321+228 1940+112 22761221
Non-essential amino acids
Asp 1470+142 1508177 1651+240 14344250 17561140 2047+251
Glu 1235443 938+95* 1291458 837+67* 1079452 1099478
Asn 233455 252432 175+19 132429 158423 308451
Ser 240+34 301+25 253+28 324+36 230431 293141
GIn 592+39 1039+97* 535455 692+114 481442 984+106*
Gly 19424232 2172+118 2245+324 1975490 2952+201 3112+206
Ala 621493 857+46* 571445 828+73* 565174 810+53*
Tau 12561+633 12500+666 14022+417 13653+886 140974481 15737+1003
Arg 118+9 159+43 160+60 147+16 116428 147410
Tyr 108+18 7913 55+8 73123 62+12 72 19
Hpr 1731+342 1450+116 17224226 1456+399 1875+355 15704550
Pro 293+44 184+45 301164 287164 295186 249175
Total 2114641241  21439+776 229814582 21838+1257 23665+419 26429+1315
Total 23145+1391 235101802 249531684 2415941422 256041474  28704+1475

Values are expressed in nmolget mass. Values are means.em. (N=6).
*A significant difference from the corresponding control val€Q.05).

Table 2.Whole-body carbamoyl phosphate synthetase activity in laboratory-reared mangrove Killifish after 4 and 10 days of air-
exposure and under control (immersed) conditions

Day 4 Day 10

Substrate and/or effector present Control Air-exposure Control Air-exposed
Glutamine 0.26+0.02 0.36+0.04* 0.32+0.02 0.42+0.05*
AGA 0.26+0.02 0.35+0.03* 0.35+0.02 0.42+0.05
Glutamine+AGA 0.31+0.02 0.51+0.03* 0.38+0.01 0.46+0.06

% Activation +19 +42 +19 +10
Glutamine+AGA+UTP 0.29+0.02 0.45+0.03* 0.35+0.01 0.46+0.06*

% Inhibition -6 -11 -8 -0

Values are expressed in nmotwget mass mirt. Values are meansste.m. (N=6).
*A significant difference from the corresponding control val€(.05).
AGA, N-acetylglutamate.

significant difference (data not shown). No significant changesignificant difference (data not shown). There were no
were detected in ARG or GS activity (Table 3). changes in the activities of GDH, Ala-AT, Asp-AT, ME or

There was a small, but significant, increase (approximatelCO during air-exposure. It should be noted that expression
18%) in CS activity after 10 days of air-exposure (Table 3pf enzyme activity per milligram of protein did not change the
but, when expressed per milligram of protein, there was neesults, except as noted above.
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Table 3.Whole-body enzyme activities in laboratory-reared mangrove killifish after 4 and 10 days of air-exposure and under
control (immersed) conditions

Day 4 Day 10

Enzyme Control Air-exposed Control Air-exposed
Arginase 0.65+0.09 0.75+0.08 0.57+0.01 0.61+0.03
Ornithine transcarbamylase 0.29+0.04 0.39+0.03* 0.32+0.04 0.34+0.02
Glutamine synthetase 2.95+0.13 3.28+0.35 2.81+0.19 3.15+0.24
Alanine aminotransferase 1.87+0.17 1.71+0.22 1.79+0.12 1.86+0.07
Aspartate aminotransferase 16.62+1.75 18.15+1.42 14.62+1.18 17.24+0.64
Glutamate dehydrogenase 2.68+0.21 3.09+0.19 2.34+0.30 2.49+0.26
Malic enzyme 0.25+0.06 0.28+0.02 0.21+0.03 0.27+0.02
Citrate synthase 2.43+0.15 2.84+0.17 2.34+0.10 2.75+0.16*
Cytochromec oxidase 0.13+0.03 0.10+0.02 0.08+0.02 0.09+0.01

Values are expressedjimol g-lwet mass mint. Values are meansste.m. (N=6).
*A significant difference from the corresponding control vak€{.05).

50, A qualitative rather than a quantitative view of the routes of
40 Water = Anterior excretion.
o Posterior
30 1
20 | * Discussion
E 10. Nitrogen metabolism and excretion during emersion
g R. marmoratusire remarkable in their ability to survive out
X 0 . .. 2
o of water for extended periods. Our findings indicate that they
g are ammoniotelic both in water and on land and that the
e 501 B * physiological responses to emersion are consistent between
Z 4] Air captively bred and wild fish. To our knowledge, this is the first
S published report of a teleost fish that releases a substantial
30 proportion (approximately 42 %) dhmm as gaseous ammonia
20 (approximately 40% of total nitrogen excretion in air).
10 Furthermore, ammonia volatilization continues unabated for
prolonged periods, at least 11 days and presumably longer.
0 The amphibious blennyB(ennius pholiy also remains
Urea Ammonia

ammoniotelic following 24h of air-exposure and is capable
Fig. 4. Percentage of ammonia and urea excretion through tH&f ammonia volatilization, but to a lesser degree
anterior and posterior regions of laboratory-rear®vulus  (approximately 8% of ammonia is excreted through
marmoratusin water (A) and in air (B). Values are expressed asvolatilization) (Davenport and Sayer, 1986). The weather loach
means +sEM. (N=7). An asterisk denotes a significant difference Misgurnus anguillicaudatusias been observed to volatilize
between the anterior and posterior regions. NH3 from alkaline (pH7.9-8.1) surfaces of the body during
air-exposure (Tsui et al., 2002). Miolatilization has been
documented in terrestrial crustaceans (Greenaway and
Routes of excretion Nakamura, 1991; Wright et al., 1994; Varley and Greenaway,
When R. marmoratuswere immersed, the majority of 1994) and gastropods (Speege and Campbell, 1968).
nitrogenous wastes (approximately 57 %) were excratetie Mechanisms of ammonia volatilization are poorly
anterior end of the fish, primarily as ammonia (Fig. 4A).understood, but it has been suggested that an elevation of
Immersed fish excreted urea relatively equally through thberanchial fluid pH is critical in raising the partial pressure of
anterior and posterior regions (Fig. 4A); however, in emerselHs (PnH;) (Wieser and Schweizer, 1970; Wieser, 1984;
fish, a higher percentage of urea was excreted posteriorWyarley and Greenaway, 1994). Wright and O’Donnell (1993),
(Fig. 4B). The amount of ammonia excreted onto the filtehowever, found no evidence for the involvement of
paper was relatively equal through the front and back ends aikalization in NH volatilization in the isopodPorcellio
air-exposed fish, but it should be noted that these values do remaber Rather, periodic Nkl volatilization was correlated
consider NH volatilization. In addition, the high level of stress with a large rise in ammonia levels in the haemolymph and
associated with confinement probably affected the absoluf@eon fluid. InR. marmoratusthe rate of NH volatilization
values ofJamm and Jurea and, thus, these results provide a(Fig. 2A) was not correlated with a rise in tissue ammonia
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Table 4.Immersed and emersed values of the accumulation ~ Table 5.Relative importance of carbamoyl phosphate
and excretion of nitrogen equivalents in laboratory-reared synthetase Il in the production of urea in immersed and

mangrove killifish over 10 days of air-exposure emersed laboratory-reared mangrove killifish
Nitrogen equivalentgumol-N g-lwet mass) CPSase Il Rate of
Immersed Emersed Difference activity urea production
. (umol ) (umol hrY) % of total
Excretiorf N
Ammonia 226.20 126.24 -99.96 Immersed 0.002 0.109 18
Urea 26.26 10.22 _16.04 Emersed 0.004 0.045 8.8
Total -116.00 )
Accumulatiort *Calculated using the average rate of urea excrefigiga of
Gln 0.96 1.97 +1.01 immersed fish over the 10 day sampling period.
Glu _ _ _ TCalculated using averaglrea over the 10 day sampling pedio
Urea 383 8.33 +4.50 plus urea accumulated in the tissues of emersed fish.
Ammonia - - -
Total +5.51
Total 257.25 146.76 -110.49 of the urea production in immerseld. marmoratusand

approximately 9% in emersed fish (Table 5). However, the
*Calculated using the average part of ammonia excreligir  absolute levels of CPSase Il can be difficult to evaluate
(Fig. 2A) and urea excretiodurea (Fig. 2B) @mol-Ng*h™) in  pecause there are often relatively high activities of the
immersed and emersed fish over the 11 day sampling period, agyrimidine-pathway-related CPSase Il in most fish tissues
mLiItlpIymg this valut_a by 24.0h' . (Felskie et al., 1998). This is typically evident by a small
Amount present in the tissues on day 10 of the experiment. activation in the presence of AGA and a large inhibition in the
— No significant change between immersed and emersed fish. .
presence of UTP. The data in the present study are somewhat
perplexing because neither activation (+AGA) nor inhibition
(+UTP) was substantial. Recently, halibutligpoglossus
levels during emersion (Fig. 3A). Further work is necessary thippoglossuslarval CPSase 11l was shown to have significant
determine whetheR. marmoratuslkalize and volatilize Ngl ~ activity in the absence of AGA (Terjesen et al., 2000).
across the mucus covering the external body surface, gillBurification and further characterization Bf marmoratus
buccal cavity or possibly other surfaces. CPSase lll is necessary to establish whether the enzyme has
Beyond NR volatilization, we hypothesized that prolonged similar properties to the halibut larval CPSase lll, but it is clear
air-exposure would result in a shift towards ureogenesis (i.¢hat induction of the OUC is not a major strategy in surviving
an increase in tissue urea concentrations, OUC enzynprolonged air-exposure. These findings are consistent with our
activities andlureafollowing emersion) to combat rising tissue accompanying study, in which exposure to elevated levels of
ammonia levels. First, there was no evidence of a ‘washout’ @xternal ammonia (238noll-1 NH3) for 7 days did not
urea (or ammonia) following 12 h of emersion (Fig. 1), and thisubstantially alter the rates of urea synthesis and excretion
is consistent with the absence of elevation in urea (ofFrick and Wright, 2002).
ammonia) tissue levels after 24h of emersion (Fig. 3B). Ammonia detoxification may also be accomplished through
Although this experiment was not conducted after chroni@alterations in amino acid metabolism. After 1 and 10 days of
emersion (10 days), one might expect a slightly higlhefa  air-exposure, whole-body glutamine levelsRn marmoratus
(but notJamm) on the basis of the twofold higher tissue ureaincreased by twofold, similar to the increase found in the
level at day 10. muscle of marble gobpPxyeleotris marmoratuglow et al.,
Does this increase in tissue urea levels signify a substantia®99) and liver ofP. schlosseri(lp et al., 2001). InR.
shift to ureogenesis? A nitrogen budget can be estimated Imyarmoratus glutamate levels were significantly lower
comparing the rates of ammonia and urea excretion ifollowing 1 day of emersion, possibly because of increased
immersedversusemersed fish, plus the total accumulation ofglutamine synthesis depleting the glutamate pool. Jow et al.
nitrogenous compounds in the whole body after 10 days qf999) found a positive correlation between glutamine levels
emersion (Table 4). Using this strategy, the relatively largand liver GS and GDH activities in air-exposed.
decrease in nitrogen excretion rates in air-exposed fish was moarmoratus Increases in GS and GDH activities i
accounted for by the small accumulation of urea in the tissueshlosserivere localized primarily in the brain upon exposure
(Table 4). Furthermore, the OUC does not play a significartb NH4Cl (Peng et al., 1998). No increase in either GS or GDH
role in the synthesis of urea R marmoratusAlthough the  activity was found in whole-body air-exposRd marmoratus
four OUC-related enzymes measured were detectable, leveldich would mostly reflect enzyme activities of white muscle.
of CPSase lll, OTCase and ARG were low compared withn any case, the elevations of glutamine levels during emersion
those in other ureogenic fish (for a review, see Saha and Ratheere quantitatively small compared with the total nitrogen
1998). budget (Table 4).
CPSase Il activity was responsible for approximately 2% The significant increase in tissue alanine levels (1.5-fold) in
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air-exposedR. marmoratusmay reflect metabolic changes excretion are sparse (for a review, see Wood, 1993). However,
aimed at down-regulating ammonia production. Ip et al. (1993n two species of mudskipperP. cantonensisand B.
2001) suggested that partial amino acid catabolism (leading fectinorostris(Morii et al., 1978), and in.imanda limanda
alanine accumulation) would yield ATP without producing(Sayer and Davenport, 1987), the skin may account for a
significant amounts of ammonia in air-expogedschlosseri  significant proportion of urea excretion.
(see Introduction). However, the increase in tissue alanine Jamm in the divided-chamber experiment was potentially
levels inR. marmoratugan account for only less than 1% of underestimated because pl¥blatilization was not assessed.
the reduction inJamm and, thus, would not contribute If gaseous NH were lost by the emersed fish, th&mm
substantially to the reduction of ammonia production in thisvould have been higher either in the front end (i.e. branchial
study. or buccal excretion) or, more likely, the back end of the
Typically, amphibious fish experience a significant masghamber (i.e. kidney or cutaneous excretion). If we assume
loss during air-exposure as a result of dehydration (Gordon #iat all NH; volatilization occursvia the back end of the
al., 1969, 1978; Rozemeijer and Plaut, 1993). Air-expésed fish (at the same proportion as previously determined,
marmoratusdid not lose more mass over time compared withapproximately 42 % of total ammonia) (Fig. 2A), then the
submerged fish, so significant dehydration did not occuipercentage of ammonia excreted through the posterior would
Presumably, the observed approximately 13% loss of bodycrease from approximately 26 % (Fig. 4B) to approximately
mass (in both groups) was due to fasting. Unfortunately, nat5% of total nitrogen excretion, strengthening the
all studies in the literature have considered this, and some mhportance of the posterior of the fish for waste elimination
the reported increases in tissue FAA, ammonia and/or urehuring air-exposure.
levels may, in fact, be overestimated as a result of dehydration.In conclusionR. marmoratusire primarily ammoniotelic in
Total nitrogen excretion was significantly lower in air- both air and water. Although air-exposed fish accumulate some
exposed than in immerseR. marmoratus as has been urea and FAAs in their tissues, quantitatively these increases
observed in other air-breathing fish (Morii et al., 1978; lwatavere of minor importance. Rather, it is the continued excretion
et al.,, 1981; Davenport and Sayer, 1986; Rozemeijer amaf ammonia, particularly the ability to volatilize a significant
Plaut, 1993; Jow et al., 1999; Ip et al., 2001; Lim et al., 2001 )amount of NH, plus the lower rate of ammonia production that
The increases in nitrogen stores during air-exposure are aflows this species to survive and remain active out of water
minor importance, cumulatively accounting for less than 2 %or extended periods. This study adds to the growing body of
of the difference in nitrogen excretion between emersed arliderature indicating that amphibious fish species have evolved
immersed fish (Table 4). One possibility is that there was eany different strategies to deal with nitrogenous wastes when
decrease in standard metabolic rate under terrestrial conditioor land.
and, consequently, a decrease in nitrogen production.
Although R. marmoratuslo not aestivate when on land, they The authors wish to thank Dr David Noakes for supplying
are more quiescent, tending to remain motionless unless, marmoratusand for his advice and interest in this study.
prompted to move (N. T. Frick, personal observation)We also wish to thank Dr Allan Pinder for his kind donation
Emersed fish were found to consume 24 % less oxygen thafi the divided chamber and Dr Jim Ballantyne for his helpful
immersed fish (Abel et al., 1987), but in the present study thesdmments and suggestions. Funding for this study was
were no corresponding reductions in whole-body CCO or CHrovided to N.T.F. from Sigma Xi and a Journal of
activities. Nevertheless, the observed changes in nitrogeFxperimental Biology Travel fellowship and from NSERC to
excretion in the absence of significant accumulation of A.W.
nitrogenous end-products suggest a reduction in hepatic
nitrogen production.
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