Journal of

7\
<P fsbi
BI 0 L O G “\_/ A ttemationl Socity

Journal of Fish Biology (2016)
doi:10.1111/jfb.13009, available online at wileyonlinelibrary.com

In vitro effects of increased temperature and decreased pH
on blood oxygen affinity of 10 fish species of the Amazon
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Blood-O, affinities (P5) were measured over a physiologically relevant pH range at 31 (highest tem-
perature average of Rio Negro over the last 8 years), 33 and 35° C for 10 species of the Rio Negro,
aiming to test the acute effects of temperature foreseen by the IPCC (Intergovernmental Panel on Cli-
mate Change) for coming years. The animals were collected during an expedition to the Anavilhanas
Islands of the Rio Negro, 110 km upstream from Manaus (2° 23’ 41" S; 60° 55’ 14" W). Hoplias mal-
abaricus showed higher blood-O, sensitivity to pH changes (Bohr effect, ® = Alog, Ps, ApH™!) at
both 31° C (® = —0-44) and 35° C (® = —0-26) compared to Osteoglossum bicirrhosum (® = —0-54 at
31° C and @ =—0-58 at 35° C), but lower P5,, under most conditions, and a greater sensitivity of Py, to
temperature. Two out of the 10 analysed species had significant increases of Ps (lower blood-O, affin-
ity) at the highest temperature throughout the pH range tested. For all other species, a minor increase
of Ps over the assay-tested temperatures was observed, although all presented a normal Bohr effect.
Overall, a diversity of intensities of pH and temperature effects on blood-O, affinities was observed,
which seems to be connected to the biological characteristics of the analysed species. Thermal distur-
bances in their habitats, likely to occur due to the global warming, would impair blood-O, binding and
unloading in some of the analysed fish species. Copyright © 2016 John Wiley & Sons, Ltd.
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INTRODUCTION

In addition to its biological diversity, the Amazon is characterized by extreme environ-
mental conditions, such as the acidic water of Rio Negro, the frequent hypoxic con-
dition in many water bodies, high stable temperatures all year and high levels of CO,
and H,S during the low water season (Val & Almeida-Val, 1995). Many fish species
of the Amazon have developed adaptive strategies at all levels of biological organi-
zation to face these environmental conditions (Fyhn ef al., 1979; Val & Almeida-Val,
1995; McCormack et al., 2003; Wood et al., 2009). The foreseen climate changes, how-
ever, will probably exacerbate these already extreme environmental conditions (Nobre,
2014), and may push the fishes of the Amazon to the limits of their adaptive abilities.
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Many species may be at risk under the global warming foreseen for the near future
(Tewksbury et al., 2008; Somero, 2010; Rummer et al., 2014), including the many
fish species living in the Rio Negro. An analysis of blood-O, affinities of fish species
belonging to unrelated phylogenetic groups and having different habits may shed light
on their ability to survive warmer and more acidic environmental scenarios. The fishes
of the Amazon are indeed a key group for such analysis, as they include representatives
from the Chondrichthyes, such as the freshwater stingrays, up to the most specialized
ones, such as the cichlids (Nelson, 1994) and closely related species that have different
lifestyles.

Owing to climate change, mean freshwater temperatures, including the water of
the Amazon, are predicted to rise by up to 4° C (IPCC, 2013). In many Amazonian
habitats, such as the shoreline of floodplain areas, the water temperature changes
may be even higher as a consequence of other regional events (Sioli, 1984; Caraballo
etal., 2014). These situations, i.e. lower pH and higher temperatures, will pose
significant new challenges to fishes to maintain oxygen supply to respiring tissues
(Almeida-Val et al., 2006; Holt & Jorgensen, 2015). The red blood cells contain
haemoglobin that carries oxygen from the environment to respiring tissues. The
red blood cell micro-environment must be adjusted according to both the environ-
mental changes, such as increased temperature and lower dissolved oxygen, and
the demand of respiring tissues, which muscles need during exercise, to secure
oxygen transfer under adverse conditions. A diversity of haemoglobin (Hb) iso-
forms has been found in fishes and their concentrations are adaptively regulated in
many species (Fyhn et al., 1979; Val et al., 1987; Weber et al., 2000). The structural
diversity, genetically encoded, determines the intrinsic O, binding properties of
these Hb isoforms. The Hb-O, binding properties, however, are also determined by
the micro-environment under which they operate (i.e. intra-erythrocytic chemistry),
where elevations in protons (lowered pH), CO,, chloride, organic phosphates and
other anions modulate Hb-O, affinity favouring O, unloading to acidic oxygen-poor
tissues, but making O, uptake at the respiratory surface more difficult (Weber &
Campbell, 2010).

Increased temperature also causes a decreased Hb-O, affinity, which favours oxygen
unloading to tissues, but which can be detrimental for Hb-O, binding at the gills. As
water temperature increases, dissolved oxygen decreases and metabolic demand for
oxygen increases. So, increased temperature would represent a significant constraint
for fishes of the Amazon that already face low oxygen availability. Consequently, what
are the effects of increased temperature on fishes of the Amazon belonging to different
groups and having different habits?

The average of highest temperatures for Rio Negro waters over the last 8 years
is 31°C (pers. data) and the climate scenarios foreseen for the Amazon for the
year 2100 indicate increases of temperature of 2° C (mild scenario) or even up to
4° C (extreme scenario) (IPCC, 2013). Therefore, during a field trip to the Anav-
ilhanas islands, Rio Negro, 10 local species belonging to the major groups of
fishes of the region were selected and the effects of three temperatures (31, 33
and 35° C) on their blood oxygen affinities (Ps,) in vitro were analysed over pHs
ranging from 7-0 to 7-8. The aim of this study was to explore the effects of climate
changes, specifically increased temperature and decreased pH, on the blood oxygen
affinity.
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MATERIALS AND METHODS

EXPERIMENTAL SITE AND ANIMALS

All experiments were performed in an air-conditioned room on board the vessel Ana Clara
from Manaus during an expedition to the Anavilhanas Archipelago of the Rio Negro, c¢. 110km
upstream from Manaus in December 2013. The vessel moored at the ICMBio (Instituto Chico
Mendes de Conservagdo da Biodiversidade) floating base 1 at the entrance of the Prato Lake,
Anavilhanas National Park (2°23’ 41” S; 60° 55’ 14” W), for the entire expedition period. All
procedures were in compliance with Brazilian national and INPA animal care regulations (Sis-
bio: 29837-6; CEUA: 047/2012).

A total of 42 animals belonging to 10 species of five orders of fishes of the Amazon were
sampled (Table I). Fishes used for this study were caught by INPA fishermen using various types
of fishing gears in three locations from the surroundings of the floating base (2° 43’ 054" S;
60° 44’ 709” W and 2° 41’ 449" S; 60°45' 705" W and 2°41’' 427" S; 60° 45’ 837" W) and
were: freshwater sting ray Potamotrygon motoro (Miller & Henle 1841), silver arowana
Osteoglossum bicirrhosum (Cuvier 1829), large scale jaraqui Semaprochilodus insignis (Jar-
dine 1841), small scale jaraqui Semaprochilodus taeniurus (Valenciennes 1821), piranha
Serrasalmus hollandi Eigenmann 1915, traira Hoplias malabaricus (Bloch 1794), piracatinga
Calophysus macropterus (Lichtenstein 1819), tucunaré Cichla monoculus Agassiz 1831, acard
roi-roi Geophagus proximus (Castelnau 1855) and papa-terra Satanoperca jurupari (Heckel
1840). All collected specimens were recovered on board for at least 24 h in large tanks served
with through-flow water pumped directly from Rio Negro (temperature 28—31° C, pH 4-0—4-5).
Dissolved oxygen in the tanks was kept near saturation level by continuous artificial aeration.
Animals were fasted during holding until blood samples were taken.

EXPERIMENTAL MEASUREMENTS

Animals (see Table I for species and number, ) were individually netted from holding tanks
and immediately wrapped in wet tissue, bled, measured (total length, L cm) and weighed (g).
A blood sample (1-0—1-5ml) was taken from the caudal vein using a heparinized syringe, trans-
ferred to Eppendorf tubes and kept on ice. Sampled animals were allowed to recover and then
released. The blood samples were used within 1 h for all analyses as described further. Older
samples were discarded due to changes in metabolites, in particular erythrocytic phosphates
(pers. obs.).

Haematocrit (Ht) was measured in triplicate after centrifuging whole blood in micro-
haematocrit tubes at 7,826g¢ for 5Smin. Blood Hb concentration was determined spec-
trophotometrically in duplicate at 540nm following conversion to cyanomethaemoglobin,
using Drabkin’s reagent (Doles Reagentes e Equipamentos para Laboratérios Ltda.;
www.doles.com.br), applying an extinction coefficient of 11. Blood glucose levels were
determined in duplicate on a glucometer (Accu-Check, Roche; www.accu-chek.com).

Blood-O, dissociation curves were individually obtained using a Hemox analyser (TCS Sci-
entific; www.tcssci.com) for all samples. The validity of this method was checked by running
human and fish samples (H. malabaricus and O. bicirrhosum) at full saturation using pure oxy-
gen and dehumidified air. The calculated local partial pressure of oxygen (pO,), based on the
measured temperature, humidity and barometric pressure, was used to calibrate the instrument.
Overall, the reproducibility of Ps, for a given condition was over 95% for the equipment using
fish blood.

Full blood-O, dissociation curves at pH7-0, 7-2, 7-4, 7-6 and 7-8 were obtained at 31 and
35° C only for H. malabaricus and O. bicirrhosum. For all other species, blood P, was deter-
mined at pH 7, 7-4 and 7-8 and at 31, 33 and 35° C. For each measurement, 4 ml of 50 mM Tris
(Sigma Chem. Co.; www.sigma.com) buffers (pH 7-4, 7-6 and 7-8) or 50 mM Bis-Tris (Sigma
Chem. Co.) buffers (pH 7-0 and 7-2), freshly prepared, were used to dilute 50 pl of blood in an
appropriate cuvette for all measurements, according to the manufacturer’s instructions. Assay
temperature was maintained by a Lauda-Brinkmann (model Ecoline E-100, Lauda-Brinkmann;
www.lauda-brinkmann.com) water bath connected to the Hemox. Blood deoxygenation was
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obtained by bubbling ultra pure nitrogen (White Martins; www.praxair.com.br). Blood oxy-
genation was obtained by bubbling dehumidified air using an air pump Inalar (model Compact,
Inalar; www.nsam.com.br) connected to a water trap and then to the Hemox analyser. Oxygen
dissociation curves were recorded using custom software developed by the Hemox manufacturer
and furnished with the instrument.

CALCULATIONS AND STATISTICS

Data are expressed as mean + S.E. Mean cell haemoglobin concentration (MCHC) was calcu-
lated using the formula 100xy~!, where x=Hb and y = Ht. The significance of the differences
of Ps5, mean values over the tested pHs at a given temperature were evaluated by one-way
ANOVA followed by multiple comparison Tukey’s test, using Sigma Stat software (Systat Soft-
ware Inc.; https://systatsoftware.com/). The effects of temperature at a given pH were evaluated
by one-way ANOVA and subsequent comparisons with the 31° C value by Dunnett’s test, using
Sigma Stat software (Systat Software Inc.). In all cases, differences were considered statistically
significant at P <0-05. For H. malabaricus and O. bicirrhosum, Ps, values were also plotted
against wider range of pH (pH 7.0, 7-2, 7-4, 7-6 and 7-8) and the best fitting curve was calcu-
lated for each temperature (31 and 35° C), using Sigma Plot 11. The significance of r for each
fitted curve was checked against critical values of correlation coefficients (Zar, 1984) and cal-
culated r-values were considered significant at P <0-05. The Bohr factor (®) was calculated as
® = Alog,, Ps, ApH™! for the analysed pH range.

RESULTS

FISHES AND BLOOD CHARACTERISTICS

Blood glucose levels varied among the various species (Table I). Average Ht val-
ues were relatively homogeneous among the analysed species, ranging only about 1-5
fold from 26-3% in S. jurupari to 40-5% in S. taeniurus (Table I). In contrast, Hb con-
centration showed a wider range (2-6 fold) of variations among the analysed species
(Table I), varying from 4-0 g% in S. jurupari to 10-4 g% in S. hollandi. As a result,
the MCHC exhibited an intermediate level of variation (1-9 fold) among all analysed
species (Table I).

BOHR SHIFT OF HH MALABARICUS AND O. BICIRRHOSUM

Blood of H. malabaricus and O. bicirrhosum were analysed over five relevant phys-
iological pHs, allowing calculation of regression curves for pH and log,, Ps, (Fig. 1).
Higher blood-0O, affinities (lower Ps,) were present in H. malabaricus compared to O.
bicirrhosum over all the analysed pH range. Both species showed normal Bohr shifts
at both analysed temperatures: ® = —0-44 at 31° C and ® = —0-26 at 35° C for H. mal-
abaricus and ® = —0-54 at 31° C and ® = —0-58 at 35° C for O. bicirrhosum, indicating
a greater pH sensitivity in the latter. Note the larger significant effect of temperature
(i.e. greater separation of the lines) on blood-O, affinity of H. malabaricus over the
entire analysed pH range, while increased temperature had smaller effect on blood
O, affinity of O. bicirrhosum (Fig. 1). At pH7-4, the blood of H. malabaricus had a
Psy=7-44+0-76 mmHg at 31° C and P5,=11-59 + 1-14 mmHg at 35° C, which cor-
responds to a 56% decrease of blood O, sensitivity as a result of an increase of 4° C in
assay temperature. In contrast, O. bicirrhosum, which had a P5; =11-96 + 1-44 mmHg
at 31° C and Py, =14-63 + 1-92 mmHg, exhibited only a 22% decrease of blood O,
sensitivity for the same temperature change at pH 7-4, a difference of 2-5 fold.

© 2016 The Fisheries Society of the British Isles, Journal of Fish Biology 2016, doi:10.1111/jfb.13009
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FiG. 1. Bohr plot showing the effect of pH on blood oxygen affinity (Psy) at 31°C (@) and 35°C
(O) on (a) Hoplias malabaricus (n=3) and (b) Osteoglossum bicirrhosum (n=3). Note the higher
blood O, affinities (lower Py, values) of H. malabaricus at both temperatures (®=—0-44 at 31°C,
y=26-3976 — 6-4426x + 0-4045x; r>=0-92 and ®=-0-26 at 35°C, y=24-5232 — 6-0744x +0-3925x;
12 =0-82) compared to O. bicirrhosum (® = —0-54 at 31° C, y = —4-6697 + 2-1276x — 0-1827x%; r*> = 0-91
and ® = —0-58 at 35° C, y = 13-1382—2-7133x + 0-1483x?; r2 = 0:92).

IN VITRO EFFECTS OF TEMPERATURE AND PH ON BLOOD P4,

The single analysed blood sample of the P. motoro was reactive to both pH and tem-
perature [Fig. 2(a)]. At pH7-4 and 7-8, as expected, blood O, affinity decreased as the
temperature increased, but the opposite occurred at pH 7-0. At the lowest temperature,
P, almost doubled as the pH decreased from 7-4 to 7-0 suggesting high blood pH sen-
sitivity for this fish species. In the O. bicirrhosum, the blood remained sensitive to pH
at all three assay temperatures [Fig. 2(b)]. At pH7-0, increased temperature (35° C)
caused a decrease of blood O, affinity. Blood O, affinity of O. bicirrhosum was lower
at pH 7-0 and 7-4, compared to pH 7-8 at all analysed temperatures.

Except at pH 7-4 for H. malabaricus and S. taeniurus [Fig. 3(a), (c)], no effects of
increased temperature on Ps, were observed for a given pH for all analysed species

© 2016 The Fisheries Society of the British Isles, Journal of Fish Biology 2016, doi:10.1111/jfb.13009



BLOOD Ps, OF 10 FISH SPECIES OF THE AMAZON 7

401 (a)
36 1
32
28 1 ]
24 1
20 1
16 1

12 1

P, (mmHg)

25 {®

24 1 l

20 1 ¢ e

16 1 a

12 1 £

d

8 - b

. 2l
7-0 74 7-8

pH

FiG. 2. Effect of pH and temperature (M, 31° C; O, 33° C; O, 35° C) on blood oxygen affinity (Ps,) of (a)
Potamotrygon motoro (n=1) and (b) Osteoglossum bicirrhosum (n=5). Note the unexpected effect of
temperature on Py, at pH7-0 of P. motoro. Values are means +S.E. Lower-case letters are used to indi-
cate significant difference of Ps, over the tested pH range at a given temperature (P < 0-05). , significant
differences of the Psj relative to the Ps; at 31° C at a given pH (P < 0-05).

of Characiformes (Fig. 3). In contrast, acidification (from pH7-8 to 7-0) caused the
expected decrease of blood O, affinity (i.e. increased Ps) for all analysed species of
this group. The two species of the same genus, S. taeniurus and S. insignis, had similar
blood sensitivities under the assay conditions of pH and temperature.

Calophysus macropterus, of the order Siluriformes, showed decreased blood O,
affinity in response to both decreased pH and increased temperature. Blood O, affinity
decreased by 50% or more as the pH decreased from 7-8 to 7-0, and by up to 60%
as temperature increased from 31 to 35° C at pH7-4 and 7-8 and by 40% at pH7-0
(Fig. 4).

The three species of Perciformes, all belonging to the family Cichlidae, exhibited
decreased blood sensitivities to decreased pH (Fig. 5). Blood O, affinity of the C.
monoculus also decreased in higher temperature (35° C) at all three pHs analysed.
Satanoperca jurupari presented a similar situation only in pH7-8. In contrast, G.

© 2016 The Fisheries Society of the British Isles, Journal of Fish Biology 2016, doi:10.1111/jfb.13009
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FiG. 3. Effect of pH and temperature (M, 31°C; 0, 33°C; O, 35°C) on blood oxygen affinity (Ps,) of (a)
Hoplias malabaricus (n=3), (b) Serrasalmus hollandi (n = 6), (c) Semaprochilodus taeniurus (n=6) and
(d) Semaprochilodus insignis (n=5). Note the effect of the highest temperature (35° C) on blood of H. mal-
abaricus at pH 7-4. Values are means + S.E. Lower-case letters are used to indicate significant difference of
Ps over the tested pH range at a given temperature (P < 0-05). %, significant differences of Ps, from 31° C
at a given pH (P < 0-05).

proximus exhibited blood that was insensitive to increased temperature at all three pHs
analysed.

DISCUSSION

Stress of studied fish could be rejected since the values observed for glucose, Ht, Hb
concentration and MCHC for all 10 species were in the normal range (Table I), com-
pared to previous studies [reviewed by Val & Almeida-Val (1995), Almeida-Val et al.
(2006) and Brauner & Val (2006)]. The near eight-fold difference observed between the
lowest and the highest average glucose levels, respectively, for P. motoro and O. bicir-
rhosum (Table I), are consistent with other authors’ measurements for a great range of
Amazon species. The single value observed for the stingray P. motoro was similar to
another low value recorded in a different stingray (2-36 mM) (Wood et al., 2002). Vari-
ation of glucose levels between species and stages of development have been described
for other groups of species (Vijayan & Moon, 1994; Iwama et al., 2004). Increased
levels of glucose have been associated with stress as a consequence of mobilization of
stress hormones such as catecholamines and cortisol (Iwama et al., 1999a, b). How-
ever, plasma glucose levels should not be taken as the only indicator of stress; it should
be considered in conjunction with other indicators (Martinez-Porchas et al., 2009).

© 2016 The Fisheries Society of the British Isles, Journal of Fish Biology 2016, doi:10.1111/jfb.13009
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FiG. 4. Effect of pH and temperature (M, 31° C; 0, 33° C; 0, 35° C) on blood oxygen affinity (Ps,) of Calophysus
macropterus (n=06). Note that the highest tested temperature caused a significant decrease of blood oxygen
sensitivity at all three pHs. Values are means + s.E. Lower-case letters are used to indicate significant dif-
ference of Ps, over the tested pH range at a given temperature (P < 0-05). %, significant differences of Ps,
from 31° C at a given pH (P < 0-05).

Previous studies showed that Ht and Hb concentration in 25 fish species of the Amazon,
which had been allowed to recover following capture from wild, ranged from 21 to
35:5% and from 5-3 to 10-6 g%, respectively (Marcon et al., 1999). As blood O, affinity
is highly influenced by changes of intra-erythrocytic phosphates (Val, 2000; Mairbaurl
& Weber, 2012), and these are rapidly adjusted according to stress condition (Val et al.,
2015), unstressed animals are needed to test the effects in vitro of temperature and pH.

Overall, increased temperatures caused a general decrease of blood O, affinity of
analysed species. As these fish cannot regulate body temperature and regularly face low
oxygen environments, any decrease of blood O, affinity would represent a significant
constraint. This constraint is further increased at low pH. The ability of these species
to improve behavioural and physiological adjustments over time, so as to reduce the
effects of increased temperatures, increased CO, and lowered pH, was not analysed
here. Conceivably, such adjustments could help them to reduce or even offset the effects
of these environmental changes anticipated by IPCC for the year 2100.

Hoplias malabaricus and O. bicirrhosum had contrasting blood O, affinities over the
pH and temperature range tested (Fig. 1). The blood of H. malabaricus was 2-5 fold
more sensitive to increased temperature at pH 7-4 than the blood of O. bicirrhosum at
the same pH. Similarly, the Bohr factor in H. malabaricus was higher by 23% at 31° C
and by 123% at 35° C than the values observed for O. bicirrhosum. It has been shown
that blood O, affinity varies considerably among species (Brauner & Randall, 1998),
mainly related to their specific multiple Hb components that have different functional
properties (Jensen, 2004). This may be the case for these two species: while the H. mal-
abaricus has five anodic Hb components, only two anodic components were detected
for the blood of O. bicirrhosum on agar-starch gel electrophoresis (Val et al., 1987).
Reischl (1976) and Fyhn et al. (1979) reported similar Hb patterns for these species
using different electrophoresis systems.

© 2016 The Fisheries Society of the British Isles, Journal of Fish Biology 2016, doi:10.1111/jfb.13009
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FiG. 5. Effect of pH and temperature (M, 31° C; O, 33° C; [J, 35° C) on blood oxygen affinity (Ps) of (a) Cichla
monoculus (n=13), (b) Satanoperca jurupari (n=4) and (c) Geophagus proximus (n=06). Note that the
highest tested temperature caused a significant decrease of blood O, sensitivity of C. monoculus at all three
pHs, and of G. jurupari at pH 7-8. Values are means + s.E. Lower-case letters are used to indicate significant
difference of P, over the tested pH range at a given temperature (P < 0-05). %, significant differences of
Ps; from 31° C at a given pH (P < 0-05).
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The marked difference of Bohr factor of the blood of these two species tested at higher
temperature (35° C) is mainly explained by the lowered affinity (higher Ps,) above
pH 7-4 in H. malabaricus, compared to O. bicirrhosum. The blood of this latter species
had, as expected, a lowered affinity at the higher temperature (35° C) at all tested pHs,
but with no interaction with pH, contrasting with the blood of H. malabaricus (Fig. 1).

Hb-O, affinity decreases with rising temperature basically due to the exothermic
nature of the oxygenation of haem groups. An effect of temperature on the erythro-
cytic micro-environment, basically on levels of allosteric effectors such as chloride,
lactate and organic phosphates, would reduce or even offset decreased Hb-O, affinity
at higher temperatures (Wood et al., 1978; Weber & Campbell, 2010). So, the stripped
haemoglobin of both H. malabaricus and O. bicirrhosum would show even lower Bohr
factors than the values observed for their whole blood. However, in contrast, their blood
O, affinities would have been adjusted in vivo if the animals were acclimated to higher
temperatures either by adjusting the concentration of their multiple haemoglobins, such
as observed for rainbow trout Oncorhynchus mykiss (Walbaum 1792) (Weber et al.,
1976) or their intra-erythrocytic phosphate levels, such as observed for the Australian
black fish Gadopsis marmoratus Richardson 1848 (Dobson & Baldwin, 1982).

These data suggest that the blood of H. malabaricus would be more sensitive than the
blood of O. bicirrhosum to the 4° C water warming likely to occur under the extreme
climate change scenarios for the year 2100 (IPCC, 2013). It is worthwhile pointing out
that the effect of temperature in reducing Hb-O, affinity is generally considered as an
advantage as it results in an increased O, unloading to respiring tissues. However, this
would represent a constraint for fish facing warmer hypoxic waters, when a decreased
Hb-O, affinity caused by increased temperature would reduce oxygen binding at the
gills and hence, oxygen transfer to respiring tissues.

Are the differences observed for H. malabaricus and O. bicirrhosum also observed
for other fish species of the Amazon? Are they like either H. malabaricus or O. bicir-
rhosum? Do the responses follow the biological diversity of the ecosystem? To address
these questions, eight other species belonging to diverse phylogenetic groups were then
analysed (Table I).

Out of the 10 species analysed, a single large specimen of P. motoro (Rajiformes) (the
only one captured) was the only freshwater cartilaginous fish analysed and showed a
very specific profile [Fig. 2(a)]: the blood O, affinity at pH 7-0 increased at higher tem-
perature, contrasting with the effects observed at alkaline pHs (7-4 and 7-8). At 35° C,
Py, at pH 7 is slightly lower than at pH 7-4. If statistically confirmed, this finding con-
trasts with nearly all other vertebrates that have a decreased Hb-O, affinity at higher
temperatures, such as several species analysed here, including an ancient bony fish,
the osteoglossid O. bicirrhosum [Fig. 2(b)]. Well-known examples of reversed tem-
perature dependence of blood O, affinity (increased temperature causing an increase
of Hb-O, affinity) additionally include tuna species that developed what is termed
‘regional endothermy’ [reviewed by Clark et al. (2010)]. Additional analysis of puri-
fied haemoglobins and whole blood of freshwater stingrays is needed to confirm the
unusual effect of temperature on the blood O, affinity of P. motoro at pH7-0.

As expected, the four species of characids showed an increase of Py, as the pH
decreased from 7-8 to 7-0, a change that will facilitate oxygen unloading to respir-
ing tissues. This is almost a universal response of fish blood to pH changes and the
respective underlying mechanisms are known and accepted (Jensen, 2004). Concur-
rently, these four species showed a blood O, affinity that slightly decreased (increased
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Ps) over the higher tested temperatures, although most of the Pj, values differences
were not significant (Fig. 3). The blood of H. malabaricus [Fig. 3(a)] and S. insignis
[Fig. 3(d)], at pH 7-4, were the two exceptions. Overall, the analyses of these species
suggest that their haemoglobins are nearly insensitive to minor increases in tempera-
ture. Similar situations have been observed for other fish species analysed by Kaufman
et al. (2006). Although this may not represent a constraint for animals to upload oxygen
when facing deep hypoxia in warmer waters, a combination of behavioural, physiolog-
ical and biochemical mechanisms can be directed to offset these minor effects in vivo.
The regulation of Hb isoforms having different functional properties, as well as adjust-
ments of the major intra-erythrocytic modulators such as ATP and GTP can be directed
towards reducing environmental constraints (Val et al., 1984, 2015; Monteiro et al.,
1987; Rutjes et al., 2007). An interesting example was reported by Weber et al. (2010)
studying billfish, a group of heterothermic predators. As observed for the characids
analysed in this study (Val et al., 1987), billfish express multiple Hb isoforms with
pronounced sensitivities of Hb-O, affinities to pH and insensitivity to temperature in
the presence of ATP (Weber et al., 2010). It is noteworthy that the analysed characid
fish species routinely undergo severe exercise either as predators, short-distance, fast
swimmers (H. malabaricus and S. hollandi) or as long-distance swimmers (S. insignis
and S. taeniurus), but do not show regional heterothermy.

Calophysus macropterus was the only analysed catfish species of the Order Silu-
riformes. Compared to characids, catfishes tend to have a lower average number of
Hb isoforms, 5-2 against 2.5, respectively (Fyhn et al., 1979; Galdames-Portus et al.,
1982; Val et al., 1987), so it is possible that this group would have proportionally
reduced options to offset the effects of environmental and physiological constraints
on blood O, binding and unloading. Specifically, C. macropterus had very typical
decreased blood O, affinities over the pH range tested (pH7-8—7-0) (Fig. 4), show-
ing a relatively high Bohr factor of ¢p =—0-46 at 31° C, compared to other fish species
of the Amazon belonging to this group (Powers et al., 1979). These authors analysed
18 species belonging to seven families of the Order Siluriformes and reported Bohr
factors for whole blood ranging between ® = —0-10 and ® = —0-60, with 14 species
having ® < —0-40. So, C. macropterus is among the catfishes with the highest values.

The increases in Ps, were not significant in all three tested pHs for blood samples of
C. macropterus assayed at 33° C. At 35° C, however, significantly increased Ps, values
were observed for all three tested pH (Fig. 4), resulting in a Bohr factor of ® =—-0-41,
very close to that observed at 31° C. The decreased blood O, affinity that would facil-
itate oxygen unloading to respiring tissues would, however, represent a constraint for
this species against oxygen loading in the hypoxic warmer waters likely to occur in
certain areas of the Amazon within the climate change scenarios anticipated for the
near future. Calophysus macropterus is also known as the vulture catfish and is found
in high density scavenging food, in particular offal, thrown by humans into the river,
when they remain close to water surface. Otherwise, they stay at the bottom where rel-
atively lower temperatures are found. Therefore, increased water temperature would
affect blood O, binding in this fish species, particularly during feeding periods.

A very typical and similar pattern was also observed for the three species of cichlids
analysed. All three species showed increased Ps, values as pH decreased over the range
tested, as observed for the catfish C. macropterus (Fig. 4). The cichlids are very diverse
and are the most derived fish group of the Amazon and connected regions, belonging to
the Order Perciformes (Nelson, 1994; Val & Almeida-Val, 1995; Kullander & Ferreira,
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2006). Many cichlid species are territorial, with the female collecting the fertilized eggs
in the mouth and the male displaying brood-care behaviour. Some species make nests
during the breeding period and despite being gregarious, they become very aggressive
at this time, as is the case for C. monoculus (Molfgang & Schierwater, 1988; Yamamoto
et al., 1999). Certainly, a reliable oxygen transfer system is needed for these diverse
biological activities.

As observed for the catfish, all three species of cichlids showed minor decreases of
blood O, affinities as the assay temperature was increased to 33° C at all three tested
pHs. When the assay temperature was increased to 35° C, however, the decrease of
blood O, affinities was significant at all three tested pHs for C. monoculus and at pH
7-8 for S. jurupari. No significant effect of assay temperature of 35° C was observed
for the blood of G. proximus. These differences, even within closely related species
belonging to the same group (family and order), can be related to their behaviour that
differs among the three species: G. proximus is omnivorous, eating seeds, fruits, small
crustaceans and insect larvae, and both male and female are mouth brooders. These
characteristics allow them to move away from warmer and hypoxic water; S. jurupari,
although omnivorous too, additionally feeds on small fishes, a diet that requires some
exercise, and the eggs are deposited over twigs or gravels; only after 24 h are the fer-
tilized eggs collected by the female and kept in the mouth. This lifestyle may expose
the parents to episodes of hypoxia (Ferreira et al., 1998). So, S. jurupari must be pre-
pared to unload oxygen to respiring tissues during exercise when it could get exposed to
warmer waters, as well as to uptake oxygen from unfavourable hypoxic environments.
These requirements are safeguarded by its very large Bohr factor and the significant
effect of increased temperature on blood Ps, at 35° C at pH 7-8 [Fig. 5(b)]. Contrast-
ing with these two species, C. monoculus is carnivorous, feeding mainly on fishes, and
it inhabits mainly floodplain lakes between dead twigs and flooded tree branches, as
well as the shorelines of black and white waters (Kullander & Ferreira, 2006). Warmer
waters and low oxygen are often found in these shallow environments in the Ama-
zon and the blood O, properties of C. monoculus [Fig. 5(a)] appear to be designed to
safeguard oxygen delivery to tissues under these unfavourable conditions.

In summary, this study showed that the increases of temperature foreseen by IPCC
for coming years cause a decrease of Hb-O, affinities of different intensities, relative
to the highest average temperature of the Rio Negro, for the species analysed in all
three assayed pHs. As expected, blood acidification also causes a decrease of Hb-O,
affinities for all species analysed. The interspecific differences are better related to the
habitat and biological characteristics of the species than to their systematic positions.
Finally, the species having more thermally insensitive blood (S. hollandi, S. insignis
and G. proximus) would cope better with warmer environments.
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