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Abstract

The acute toxicity and sublethal effects of ammonia and nitrite on the air-beathing Siamese fighting fish, betta
(Betta splendens) was studied for 96 h. The LC50 (50% Lethal Concentration) for 96 h for adult bettas to ammonia-N
and nitrite-N was 123.4 mM (1.7 g/L, 95% confidence limits: 114.7-130.0 mM) and 24.6 mM (343.6 mg/L, 95%
confidence limits: 22.7-26.4 mM) respectively. Exposure to 90 mM ammonia did not affect ammonia and urea
excretion rates in bettas. There was no significant difference in values between control and ammonia-loaded (90
mM ammonia) individuals in either brain or liver activities of glutamine synthase, while plasma ammonia levels
slightly increased. It appears unlikely that ammonia was converted to urea or amino acids for detoxification.
Sublethal nitrite (24.6 mM nitrite) affected plasma nitrite, methemoglobin and hemoglobin. Plasma nitrite values
remained much lower than ambient concentrations. Betta has a labyrinth organ and can breathe air. Bettas may
temporarily reduce the entry of ammonia and nitrite into the body by increasing the rate of air respiration and

reducing the contribution of the gill epithelium, which is highly permeable to these nitrogenous pollutants.
Keywords Ammonia, Nitrite, Betta splendens, LC50, Acute toxicity

Introduction

The Siamese fighting fish, betta (Betta splendens), native
to Thailand, is an ornamental fish with a multicolored
body and long, ribbon-like fins. Over the centuries, bet-
tas have been bred for gambling purposes by making two
males fight against each other, and to make their appear-
ance more attractive, resulting in a variety of bettas [1,
2]. Today, it is one of the most widely exported ornamen-
tal fish in Thailand [2]. In addition to their beauty, their
popularity as an ornamental fish is likely due in part to
the ease at which they can be kept. Bettas are hardy and
can be kept in small aquariums [1]. In fact, they are sold
in retail stores in small glasses or glass bottles without
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filtration or aeration [3]. It has been reported that bet-
tas grow better in 150 ml of water than in 300 ml [4].
In general, fish rearing requires an adequate amount of
water. When fish are kept in a small amount of water, the
dissolved oxygen content of the water in the container
is reduced by the fish’s respiration, resulting in a lack of
oxygen. However, bettas have a special organ called the
labyrinth organ, a deformed and developed epithelium
of the gills, which allows them to breathe air when the
amount of dissolved oxygen is low. Dissolved oxygen is
not the only reason fish cannot be kept in small contain-
ers for long periods of time. Nitrogen compounds in the
water, especially ammonia and nitrite (NO,7), are toxic to
fish.

Ammonia is mainly produced when animals break
down proteins and amino acids. Ammonia is ionized
in water and exists in two forms: un-ionized ammonia
(NH;) and ammonium ions (NH,*). In this paper, we dis-
tinguish between NH; and NH," and refer to the sum of
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NH, and NH,* as ammonia. The rate at which ammonia
is ionized is highly dependent on temperature and pH.
The pKa value, which indicates the pH at which half of
the ammonia is NH," and half is NH,, is about 9-10.
Their toxicities differ, with NH; being 300-400 times
more toxic compared to NH,* [5]. Most teleost fish are
ammoniotelic. Ammonia accounts for about 70-90%
of total nitrogenous waste, and most of the remainder
is excreted in the form of urea, which results from the
breakdown of nucleic acids and arginine [6]. Fish excrete
ammonia into the water by diffusion through their gills
mainly in the form of NHj;, and they keep ammonia levels
in the body low [7-10]. However, when kept in small con-
tainers, the ammonia they excrete accumulates in high
concentrations in the containers. In addition, ammonia is
also produced from the decomposition of feces and left-
over food. As the concentration of ammonia in the water
increases, NH; flows into the body and accumulates due
to an inverse diffusion gradient [11], in some cases to
lethal levels. However, some fish are known to synthesize
urea and excrete it from the body under conditions that
restrict the excretion of ammonia, such as in air or under
ammonia exposure, by converting ammonia into glu-
tamine through the action of glutamine synthetase and
introducing it into the urea cycle [12-15].

In addition, through the nitrification process, ammo-
nia in the water is oxidized to nitrite and then to nitric
acid. Nitrite is known to be highly toxic to fish. Nitrite
that enters the body oxidizes the hemoglobin in red
blood cells, converting it to methemoglobin, which has
no oxygen-carrying capacity, leading to hypoxia [16—19].
Normally, nitrite concentrations are low, but in closed
environments such as aquaculture, the nitrification pro-
cess can be imbalanced and nitrite concentrations can
increase.

Although rearing bettas in a closed environment with-
out filtration equipment and in small amounts of water
is likely to increase the concentrations of ammonia and
nitrite in the water, there have been no reports on the tol-
erance to these substances in bettas. The objective of this
study was to determine if bettas have a high tolerance to
ammonia and nitrite.

Materials and methods

Fish

Male Betta splendens (1.1-2.4 g) were obtained from a
local pet store in Wakayama Prefecture, Japan. The fish
were held individually in 1000 mL glass beakers with 600
mL of aerated Wakayama tap water (hardness 65 mg/L as
CaCOg,, pH 6.8, [Ca,™] 21.5 mg/L, [Mg,*] 2.7 mg/L, [Na"]
9.7 mg/L, [CI"] 11.1 mg/L) at 25+ 0.5°C in for at least two
weeks prior to experimentation under a constant pho-
toperiod of 12:12 L:D. Water was changed twice a week.
Fish were supplied a commercial diet (Hikari betta, 38%
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protein, Kyorin, Japan) once every day to satiation. Food
was withheld for 2 days before and during the experi-
ments. Because bettas are air-breathing fish, no aeration
was used during the acclimation and experiment period.
White paper partitions were placed between the contain-
ers so that no other fish could be seen.

LC50 for ammonia and nitrite

Fish (n=144) were subjected to different concentrations
of ammonia or nitrite for 96 h to determine the lethal
concentrations (LC50). For each treatment, eight fish
were placed in clean containers individually with 600 mL
test water under the constant photoperiod. A clear plas-
tic sheet was placed over the container to prevent evapo-
ration during processing.

For ammonia tolerance, fish were exposed to nine con-
centrations of NH,ClI: 60, 80, 90, 100, 110, 120, 130, 140,
and 150 mM. In the ammonia tolerance experiment,
water and containers were changed every 24 h by gen-
tly transferring fish with a fish net to prevent significant
decrease in ammonia concentration due to volatilization.
For nitrite tolerance, fish were exposed to nine concen-
trations of NaNO,: 10, 15, 20, 22, 24, 25, 26, 28, and 30
mM. During the experiment, the same water in the con-
tainer was used for 96 h.

Fish were monitored for mortality at least 3 times daily.
Water samples (3 mL) were withdrawn with a pipette to
determine the concentrations of ammonia/nitrite. All
water samples were frozen at -20°C until analysis. The
fish were weighed after the experiment.

Ammonia exposure on nitrogen excretion, plasma
ammonia, glutamine synthetase

In the present study, ammonia was measured as total
ammonia (NH;+NH,"). The corresponding fractions of
un-ionized ammonia (NH;) and ammonium (NH,*) were
calculated in accordance with the Henderson—Hassel-
balch equation:

pH = pKAmm + log[NH3] /[NH, "]

where pKAmm is based on temperature [20].

Fish were placed individually in the containers with
400 mL of fresh water (FW) or 90 mM ammonia dis-
solved in FW for 96 h. Water pH was measured at 0, 24,
48, 72, and 96 h. External water was collected and frozen
for ammonia and urea analysis at 0, 24, 48, 72, and 96 h.
After measuring pH and taking water samples, the exter-
nal water and the containers were changed daily. After
96 h exposure, the fish were anesthetized by immersion
in tricaine methanesulphonate (MS-222; 200 mg/L),
rinsed with clean water, dried with a clean paper towel to
removed water on the body surface, and weighed. Blood
samples were collected by tail ablation with a scalpel and
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hematocrit tubes, then transferred into centrifuge tubes
and plasma samples were obtained by centrifugation
at 9000 g for 2 min. The liver and brain were removed.
The plasma and tissues were immediately frozen in liquid
nitrogen and stored at -80°C until further analyses.

Ammonia in water samples was determined by the
indophenol blue method [21]. Plasma ammonia was
measured enzymatically on the first thaw of nondeprot-
einized plasma using glutamate dehydrogenase (Sigma-
Aldrich, ammonia assay kit, product AA0100). Urea-N
concentrations in water and plasma were measured using
the diacetyl-monoxime method [22].

For determination of activity of glutamine synthe-
tase (GS; EC 6.3.1.2), tissues were homogenized on ice
in 20-50 volumes of homogenization buffer (20 mM
K,HPO,, 10 mM HEPES, 0.5 mM EDTA, 1 mM dithio-
threitol, 50% glycerol adjusted with NaOH to pH 7.5 at
24°C) using a BioMasher (Nippi,Tokyo, Japan). Homog-
enates were centrifuged at 8,000 g for 20 min at 4°C. The
supernatant was used for assaying the activity of GS by
previously described methods [23-25].

Nitrite exposure on plasma nitrite, methemoglobin,
hematocrit, hemoglobin level

Fish were placed individually in containers with 600 mL
of FW or 24.6 mM NaNO, dissolved in FW for 96 h.
After 96 h exposure, the fish were anesthetized by immer-
sion in MS-222 (200 mg/L), rinsed with clean water,
dried with paper towel and weighed. Blood samples were
collected by tail ablation with a scalpel and hematocrit
tubes. Hematological analyses were performed imme-
diately after blood sampling. For plasma nitrite, whole
blood was transferred into centrifuge tubes and plasma
samples were obtained by centrifugation at 9000 g for
2 min and stored at -80°C until further analyses.

For hematological analyses, hematocrit (Hct) and
hemoglobin (Hb) concentrations were determined using
whole blood. The Hct value was determined using a cap-
illary hematocrit tube and hematocrit centrifuge (25°C,
14,000 g for 2 min). The Hb concentration was measured
using the cyanmethemoglobin technique by Drabkin’s
reagent (Sigma-Aldrich, D5941). Methemglobin (MetHDb)
in the blood of fish was measured using the Evelyn and
Malloy method [26, 27]. Plasma nitrite was measured
with a modified naphthylethylenediamine method [28].
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Statistical analysis

All data are given as means*S.E. (n=number of ani-
mals). Probit analysis was used to evaluate LC50 (SPSS.
IBM 25). An independent t-test was used to determine
significance. For all analyses, P<0.05 was considered
significant.

Results

Lethal concentration tests for ammonia and nitrite

There was no mortality for fish in concentrations of
nitrite up to 20 mM and ammonia up to 90 mM during
96 h of the experiment. The 96 h LC50 value of nitrite-
N was 24.6 mM (343.6 mg/L) (Table 1). The 96 h LC50
values of total ammonia-N was 123.4 mM (1.7 g /L) and
NH,-N was 551.2 pM (7.7 mg/L).

Nitrogen excretion

The control fish excreted nitrogen waste mostly as
ammonia, with urea excretion accounting for less than
23% of total nitrogen excretion (ammonia-N+urea-N)
(Fig. 1). Bettas are therefore ammoniotelic. Although
ammonia excretion dropped between 24 and 48 h sig-
nificantly, the rates of ammonia and urea excretion were
rather stable. The urea excretion rate of 90 mM ammonia
exposed fish was similar to that of the control fish over
96 h and showed no significant variation.

Effects of ammonia exposure

Plasma ammonia levels and brain and liver glutamine
synthase (GS) activity levels in control and ammonia-
loaded individuals are shown in Table 2. Exposure to 90
mM ammonia significantly increased plasma ammo-
nia. There was no significant difference in activity val-
ues between control and ammonia-loaded individuals in
either brain or liver for activities of glutamine synthase.

Effect of nitrite exposure

As shown in Table 3, nitrite concentration in plasma
and methemoglobin value of nitrite-exposed fish was 39
times and 64 times those of controls, respectively. Hemo-
globin levels in fish exposed to nitrite were higher than
controls, but hematocrit levels were unchanged.

Table 1 Calculated LC50 values (mM) of ammonia (NH;+NH,"), unionized ammonia (NHs), and nitrite for Betta splendens with 95%

confidence limits (in parenthesis) for various exposure times

Time (hour) Ammonia (NH;+NH,*) Unionized ammonia (NH;) (mM) Nitrite (mM)
(mM)

24 129.70 (121.62-140.7) 0.58 (0.54-0.63) 28.97 (27.00-35.31)

48 125.65(117.79-135.03) 0.56 (0.53-0.60) 28.03 (26.05-33.12)

72 125.65 (117.79-135.03) 0.56 (0.53-0.60) 2737 (2548-3141)

96 1234 (114.69-130.03) 0.55(0.51-0.58) 24.57 (22.69-26.42)
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Fig. 1 Changes in ammonia and urea excretion rates over time in Betta splendens exposed to 90 mM ammonia (urea excretion: filled inverted triangle,
n=5) and in the control fish (urea excretion: open circles; ammonia excretion: filled circles, n=6). Values are means =+ standard error. An asterisk indicates
a significant difference (P < 0.05) from the corresponding control urea excretion value

Table 2 Mean and standard error (SE) values for plasma ammonia concentration and glutamine synthetase in liver and brain in Betta
splendens exposed to sublethal ammonia concentrations (90 mM) for 96 h. Asterisks indicate a significant difference from the control

value: *P<0.05

Plasma ammonia (mM)

GS activity (umol/min/g)

n Liver Brain
Control 0.69 (0.13) 7 1.74(0.28) 34.66 (2.31) 8
90 mM ammonia 1.18 (0.15)* 7 1.08 (0.20) 33.23 (2.45)

Table 3 Mean and standard error (SE) values for plasma nitrite concentration, methemoglobin, hemoglobin, and hematocrit in Betta
splendens exposed to sublethal nitrite concentrations (24.4 mM) for 96 h. Asterisks indicate a significant difference from the control

value: *** P<0.001

Plasma nitrite Methemoglobin Hemoglobin Hematocrit

uM n % n g/dL n % n
Control 339(3.2) 8 0.8 (0.6) 1 12.8(1.0) 1 33.1(2.0) 1
244 mM nitrite 1357.1 2219y 7 515 (6.6)*** 1 18.6 (1.2)*** 1 351(23) 1

Discussion

The 96 h LC50 for bettas for ammonia-N and NH;-N was
123.4 mM (1.7 g/L) and 551.2 pM (7.7 mg /L), respec-
tively. The 96 h LC50 for freshwater fish is generally in
the range of 0.068-2.0 mg/L NH; [29], indicating that
bettas have a very high tolerance to ammonia. Compari-
sons of previous studies have reported that air-breathing
fish are generally more tolerant to ammonia than water-
breathing fish [30]. This is because air-breathing fish need
to temporarily deal with the endogenous ammonia that

accumulates in their bodies while water is not available.
The mudskipper Periophthalmodon schlosseri, showed a
96-h LC50 of 536 uM for NHj, [31]. The air-breathing cat-
fish Heteropneustes fossilis was also reported to be able to
survive at 75 mM NH,CI (pH 7.2) for 4 weeks [32].
Bettas accumulated ammonia under ammonia-loaded
conditions, with the plasma ammonia content of bettas
increasing 1.7-fold under ammonia exposure. On the
other hand, urea excretion did not change, indicating
that bettas do not appear to convert ammonia into urea
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for emission in short periods such as 96 h. The activity of
glutamine synthase was also unchanged in this study, and
it is unlikely that ammonia is actively converted to glu-
tamine for detoxification under acute ammonia loading.
This is similar to two other air-breathing fish, the swamp
eel Monopterus albus and the weather loach Misgurnus
anguillicaudatus, which may accumulate high concentra-
tions of endogenous ammonia in the body, such as in the
muscle and liver, and in plasma during exposure to air,
when ammonia excretion is limited [33, 34].

The 96 h LC50 of nitrite-N for bettas was 24.6 mM
(343.6 mg /L). The sensitivity of fish to nitrite also var-
ies widely among species, and its toxicity is known to be
affected by a variety of factors, including exposure time,
fish size, ionic composition in the water, and tempera-
ture [18, 35, 36]. In particular, because nitrite is taken
up across the chloride cells in gills in competition with
chloride, the chloride concentration in the water strongly
affects nitrite sensitivity, with higher chloride ion con-
centrations resulting in lower toxicity [16—18, 37]. In low
chloride ion concentrations (<30 mg/L, 0.845 mM) like
those used in the present study, the 96 h LC50 for most
fish is tens of mg NO,~ /L [19], however highly toler-
ant fish have been reported, such as juvenile Guada-
lupe bass (Micropterus treculi) 187.6 mg NO,-N/L [38],
Green sunfish (Lepomis cyanellus) 526.8 mg NO, /L
(160.1 mg NO,-N/L) [39], and Largemouth bass (Microp-
teus salmoides) 140.2 mg NO,-N/L [40]. Bayley et al
(2020) [30] have noted that air-breathing fish may be
highly tolerant not only to nitrite but also ammonia, with
LC50 values of 7.82 mM for the clown knifefish (Chitala
ornata) [41] and 31 mM for the swamp eel (Monopterus
albus) [30].

When exposed to nitrite, freshwater fish take up nitrite
mainly from gill chloride cells and may accumulate high
concentrations in plasma [18]. In some freshwater fish,
plasma nitrite concentrations have been reported to
reach several to dozens of times the ambient concentra-
tions [17, 40, 42, 43]. The concentration of plasma nitrite
is considered a major determinant of nitrite tolerance in
fish, with a negative correlation [39]. The fact that bettas
with high nitrite tolerance do not accumulate high levels
of nitrite in their plasma is consistent with this sugges-
tion. Differences in nitrite tolerance among species of
freshwater fish are closely related to differences in chlo-
ride absorption capacity in the gills [44]. This suggests
that the chloride absorption capacity of gills may be low
in bettas.

Nitrite entering the bloodstream renders the divalent
iron ions in hemoglobin unable to transport oxygen, as
they are oxidized by nitrite to trivalent iron ions [17, 19,
37]. Fish usually do not die if methemoglobin concentra-
tions are below 50% [16], and up to 70% appears to be tol-
erated without significant mortality [37]. Methemoglobin
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levels in bettas remained relatively low at 51.5% under
semi-lethal concentrations of nitrite. In addition,
although decreases in hemoglobin and hematocrit are
commonly observed in fish exposed to nitrite [17, 37],
hemoglobin concentrations increased slightly and hema-
tocrit values were unchanged in the present study. In
bettas, nitrite does not appear to have a significant effect
on these blood parameters. This may be because plasma
nitrite levels are kept low.

Under ammonia and nitrite exposure for 96 h, although
ammonia and nitrite in plasma in bettas increased sig-
nificantly, the values were kept much lower than ambi-
ent concentrations. Betta has a labyrinth organ and can
breathe air. Bettas might temporarily reduce the entry of
ammonia and nitrite into the body by reducing the con-
tribution of the gill epithelium, which is highly permeable
to ammonia and nitrite, and by increasing the propor-
tion of air respiration. This may be why they can tolerate
extremely high concentrations.

In nature, ammonia and nitrite in water are usually
converted by nitrification by microorganisms and rarely
accumulate in high concentrations. How did bettas
develop this high tolerance? Bettas are highly territorial,
and if males are kept together in a small tank, they will
fight violently, so they must be kept separately. In Thai-
land, where betta breeding is popular, bettas are often
kept individually in half-pint liquor bottles with a cut at
the shoulder to allow for water drainage, water changes
are done directly into the bottles, and they are given food
and raised in these bottles until shipment [45]. They are
also placed individually in small bags containing about
90% air and a small amount of water during shipment,
and airlifted all over the world [45]. It is possible that
under such an aquaculture environment or during trans-
portation, bettas were exposed to high concentrations
of ammonia and nitrite due to decomposition of excreta
and food, and that selection may have occurred with the
more tolerant bettas surviving. In order to determine the
reason for the high tolerance in bettas, environmental
studies of the habitat of wild types and a comparison to
bred types would be needed.
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