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A B S T R A C T   

All organisms encounter environmental changes that lead to physiological adjustments that could drive evolutionary adaptations. The ability to adjust performance 
in order to cope with environmental changes depends on the organism’s physiological plasticity. These adjustments can be reflected in behavioral, physiological, and 
molecular changes, which interact and affect each other. Deciphering the role of molecular adjustments in physiological changes will help to understand how 
multiple levels of biological organization are synchronized during adaptations. Transmembrane transporters, which facilitate a cell’s interaction with its sur
roundings, are prime targets for molecular studies of the environmental effects on an organism’s physiology. Fish are subjected to environmental fluctuations and 
exhibit different coping mechanisms. To study the molecular adjustments of fish transporters to their external surrounding, suitable experimental systems must be 
established. The Mozambique tilapia (Oreochromis mossambicus) is an excellent model for environmental stress studies, due to its extreme salinity tolerance. We 
established a homologous cellular-based expression system and uptake assay that allowed us to study the effects of environmental conditions on transmembrane 
transport. We applied our expression system to investigate the effects of environmental conditions on the activity of PepT2, a transmembrane transporter critical in 
the absorption of dietary peptides and drugs. We created a stable, modified fish cell-line, in which we exogenously expressed the tilapia PepT2, and tested the effects 
of water temperature and salinity on the uptake of a fluorescent di-peptide, β-Ala-Lys-AMCA. While temperature affected only Vmax, medium salinity had a bi- 
directional effect, with significantly reduced Vmax in hyposaline conditions and significantly increased Km in hypersaline conditions. These assays demonstrate 
the importance of suitable experimental systems for fish ecophysiology studies. Furthermore, our in-vitro results show how the effect of hypersaline conditions on the 
transporter activity can explain expression shifts seen in the intestine of saltwater-acclimated fish, emphasizing the importance of complimentary studies in better 
understanding environmental physiology. This research highlights the advantages of using homologous expression systems to study environmental effects 
encountered by fish, in a relevant cellular context. The presented tools and methods can be adapted to study other transporters in-vitro.   

1. Introduction 

Organisms routinely experience changes in environmental condi
tions that can be natural or anthropogenic in origin. The change can be 
acute or chronic, and result from traversing between habitats, cyclical 
events (diurnal or season), or climatic episodes. Environmental changes 
can perturb an organism’s homeostasis and induce physiological ad
justments, aimed to adapt to the new conditions and restore physio
logical stability (Hoffmann and Hercus, 2000). These adjustments can be 
reflected in behavioral changes (Øverli et al., 2006), tissue and cell 
function and metabolism (Kültz et al., 2013; Nitzan et al., 2019; Root 
et al., 2021; Vargas-Chacoff et al., 2009), and gene and protein 
expression and function (Bodinier et al., 2009; Chew et al., 2014; Daniel 
et al., 1991; Hiroi et al., 2008; Sardella and Brauner, 2008). The 

plasticity of physiological traits, which varies between and within spe
cies, is the key element that allows organisms to respond to environ
mental stress and maintains homeostasis (Hoffmann and Hercus, 2000). 
Deciphering the underlying molecular adjustments that occur during 
environmental changes will contribute to a broader understanding of 
physiological mechanisms. 

Various aquatic environments exhibit unique fluctuations of envi
ronmental factors such as water salinity, pH levels and temperature, 
which have been extensively studied for their effects on fish physio
logical traits. Habitat conditions affect fish cells and tissues in a more 
direct manner than in mammals, due to the special nature of the aquatic 
environment and fish physiology. For example, as poikilothermic or
ganisms that generally cannot regulate their body temperature, fish 
tissues and organs are exposed to changing environmental temperatures 
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and respond by activating various mechanisms that affect their function 
(Nitzan et al., 2019). In addition, the direct exposure of some fish tissues 
to the external aquatic or similar environment, such as the gills and 
intestine, affect their morphology, cell populations, and 
molecular-expression patterns, as part of osmoregulatory mechanisms 
(Con et al., 2017; Inokuchi and Kaneko, 2012; Kokou et al., 2019; Kültz 
et al., 2013; McCormick et al., 2003; Nitzan et al., 2017; Root et al., 
2021). These tissues are responsible for continuously, yet dynamic 
interchanging fluxes of different molecules with the surrounding envi
ronment (e.g., ions, water, salts, etc.). For these specific responses to 
environmental conditions, it is important to establish tools and experi
mental systems that address specific questions related to fish 
ecophysiology. 

The intestine is one of the fish organs exposed to the surrounding 
environment, after some processing. In addition to its role in nutrient 
and water absorption, the fish intestine is an osmoregulatory organ that 
has an important role in ion and acid-base regulation. The intestinal 
epithelial cells (also known as enterocytes) express many different 
transporters, ion channels, and pumps in the apical membrane, which 
faces the intestinal lumen, a dynamic environment that changes ac
cording to feeding regime, feed content, and water salinity (Genz et al., 
2008; Taylor and Grosell, 2006, 2009). These changing conditions affect 
nutrient absorption and utilization and the expression of trans
membrane proteins (Con et al., 2017; Hallali et al., 2018; Kokou et al., 
2019; Nitzan et al., 2017). Transporters are an important group of 
membrane proteins, which facilitate the movement of solutes, e.g. nu
trients, endogenous metabolites, and drugs, across the cell plasma and 
organellar membranes (Almén et al., 2009). Their importance in meta
bolism and homeostasis is mirrored by their involvement in many 
pathological states (Milne, 1964). In addition, they are responsible for 
the selective permeability of the plasma membrane, allowing cells to 
respond and affect their environments. In fish, the expression and 
function of transporters have been studied almost exclusively in in-vivo 
or in-situ experimental systems, mostly in relation to osmoregulation and 
nutrition (Bucking and Schulte, 2012; Con et al., 2017; Rojas-García 
et al., 2016; Weinrauch et al., 2019). However, in-vitro functional studies 
in fish are scarce and were mostly conducted in heterologous expression 
systems (Verri et al., 2012), which can be problematic when studying 
environmental effects on substrate transport, due to the large physio
logical difference between fish and other animal classes. For example, 
while temperature has a large influence on enzymatic reactions and 
protein folding, it also affects the membrane environment, which is 
crucial for the integrity of transmembrane protein activity (Lee, 2004; 
Saita and De Mendoza, 2015). As poikilothermic animals, fish have 
specific adaptations to temperature compared to mammals (Cossins and 
Macdonald, 1989; Robertson and Hazel, 1995). Therefore, homologous 
experimental systems will facilitate more accurate studies regarding the 
effects of fish-relevant environmental conditions on transport activity. 

The peptide transporters (PepTs) have been extensively studied in 
many organisms, due to their importance in nutrient absorption, intes
tinal pathologies, drug transport, and tumor development (Ingersoll 
et al., 2012; Rubio-Aliaga and Daniel, 2008; Schniers et al., 2021; 
Spanier and Rohm, 2018; Tai et al., 2013). In addition, PepTs serve as 
well-established models for structural studies of solute carriers (Minhas 
and Newstead, 2020) and substrate recognition (Guettou et al., 2013; 
Killer et al., 2021). PepTs are secondary active transporters that use a 
proton gradient across the cell membrane as the driving force for di- and 
tri-peptide absorption. In mammals, two types of peptide transporters 
are known, PepT1, a high-capacity/low-affinity transporter, which is 
expressed mainly in the intestine, and PepT2, a 
low-capacity/high-affinity transporter, which is expressed mainly in the 
kidney. Due to a teleost specific genome duplication, bony fish PepT1 is 
present as two paralog genes, and all three transporters (PepT1a, 
PepT1b and PepT2) are expressed in the intestine (Con et al., 2017; 
Gonçalves et al., 2007). Their expression was found to change along the 
intestinal tract, with a correlation existing between their abundance, 

functional properties, and the substrate availability in the lumen (i.e., 
PepT1 variants are more abundant towards the anterior intestine, while 
PepT2 is more abundant towards the posterior intestine) (Con et al., 
2017, 2019; Gomes et al., 2020; Vacca et al., 2022). Their expression 
pattern allows for highly efficient small-peptide absorption along the 
intestinal tract. Their expression was also found to be affected by water 
salinity in different species (Bucking and Schulte, 2012; Chourasia et al., 
2018; Con et al., 2017; Kokou et al., 2019). Functional work has been 
conducted with these transporters, however, these studies used either 
in-situ systems, which do not allow characterization of a single specific 
transporter, or heterologous expression systems that are limited for 
studying environmental effects due to limited physiological relevance 
for the species of interest. In order to study these physiologically 
important transporters in a relevant environmental context, we estab
lished a homologous expression system, based on a fish cell line. This 
system enables studying the effect of different environmental conditions 
encountered by fish on the transport of small peptides. We decided to 
focus on PepT2, because it is a high-affinity transporter that, in fish, is 
expressed mainly in the intestine and the kidney, two important osmo
regulatory organs. The expression of this transporter was shown to 
change dramatically along the intestine of the Mozambique tilapia after 
salinity change (Con et al., 2017). The significant salinity-dependent 
effect shown in intestinal PepT2 transcript levels, together with this 
transporter’s major contribution to nutrient absorption and reabsorp
tion, makes it a fitting candidate for molecular research aiming to 
elucidate the effect of environmental conditions at the protein level. 

2. Materials and methods 

2.1. Cell growth and maintenance 

The cell line used in this study is an endothelial cell line originated 
from Mozambique tilapia bulbus arteriosus tissue (TmB; Lewis and 
Marks, 1985). TmB cells were maintained in L15 medium containing 
10% FBS, 100 U/ml penicillin, 100 μg/ml streptomycin, and 1.25 U/ml 
Nystatin (“full L15") and were incubated at 25 ◦C with no supplemental 
CO2. Cells were passaged every 6-7 days using a 1:7 splitting ratio. 
mRNA expression analysis showed that these cells do not natively ex
press any of the three peptide transporters (Supplementary 1). 

2.2. Establishing a stable PepT2-expressing transgenic TmB line 

The coding region of Mozambique tilapia PepT2 (accession number: 
KX034111), was amplified from cDNA sample of posterior intestinal 
(primers are listed in Supplementary Table 1). The ORF of PepT2 was 
cloned into the N1-EGFP (Clontech Takara Bio USA) plasmid using XhoI 
and NotI restriction enzymes. Subsequently, a P2A-puromycin sequence 
was cloned into the N1-PepT2 plasmid downstream of the PepT2 
sequence (without stop codon) using the Restriction-Free (RF) Cloning 
method (Peleg and Unger, 2014) with Q5 High-Fidelity DNA Polymerase 
(NEB, MA, USA). This construct allows the expression of both transcripts 
under the same constitutive CMV promotor. The final plasmid sequence 
(pN1-PepT2-P2A-Puromycin) is presented in supplementary 2. TmB 
Cells were transfected with pN1-PepT2-P2A-Puromycin (10 μg per 2.6 
*106 cells), using Viafect transfection reagent (Promega, CA, USA). 48 h 
post transfection, full L15 medium was replenished with selection me
dium (1 μg/ml puromycin addition to full L15). Transfected cells were 
cultured in selection medium for 6 weeks. Selection medium was 
routinely replenished to discard dead cells form the culture. PepT2 
mRNA expression in the cells was validated using PCR (primers are 
listed in Supplementary Table 1) and transport function was verified 
using fluorescence microscopy after incubating TmB and PepT2-TmB for 
2 h with 125 μM of fluorescent di-peptide solution, β-Ala-Lys-AMCA 
(β-Ala-Lys-N-7-amino-4-methylcoumarin-3-acetic acid) (Bio Trend 
Chemicals, FL, USA), a known substrate for the peptide transporters 
(Alghamdi et al., 2018; Dieck et al., 1999). 
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2.3. Preparation of experimental media 

All uptake assays were conducted in Hanks buffered salt solutions 
(HBSS) with 20 mM Hepes to eliminate pH changes and serum- 
originated peptide effects on substrate uptake. Hypo- and hypersaline 
Hanks buffered salt solutions (HBSS) were prepared by reduction or 
supplementation of NaCl. NaCl was added to HBSS until the solution 
osmolality reached 900 mOsmol/kg. 600 mOsmol/kg solution was 
prepared by diluting 900 mOsmol/kg solution with 300 mOsmol/kg 
(normal HBSS). In order to create hyposaline HBSS, NaCl-free HBSS was 
prepared, with an osmolality of 45 mOsmol/kg. The NaCl-free HBSS was 
then used to dilute the 300 mOsmol/kg HBSS until the osmolality 
reached 150 mOsmol/kg. Osmolality of all HBSS media was validated 
using an Osmometer basic M (Löser Messtechnik, Germany). All exper
imental solutions were filtered through a 0.22 μm filter. 

2.4. Peptide-uptake assay 

PepT2-TmB cells were grown in full L15 medium using 75T flasks 
until 50-60% confluence and transfected with 10 μg pN1-GFP plasmid 
(Clontech Takara Bio USA) using 1:4 DNA to Viafect transfection reagent 
ratio to allow fluorescence normalization that accounts for differences in 
cell numbers between treatment and control wells. 48 h post- 
transfection, cells were trypsinized and centrifuged at 700g for 5min 
at RT in 15-ml tubes. The cells were counted and washed with normal 
HBSS-20mM Hepes to eliminate serum residuals, centrifuged again and 
resuspended in experimental HBSS (according to experiment) at a final 
concentration of 0.8-1 * 106 cells/ml. All experiments were conducted 
with cells at passage numbers between 40 and 50. 

Prior to the assay, concentrated β-ala-Lys-AMCA solutions were 
prepared in appropriate assay solutions to create the desired final con
centration (final concentration range of 0-500 μM). Peptide stock solu
tions (20 μl) were aliquoted into a 96 V-shape well plate. 100 μl of cell 
suspension were added to each well and incubated at 300 rpm on a 
benchtop shaker, at the appropriate time and temperature according to 
experimental protocol. The assay was stopped by addition of 100 μl of 
ice cold HBSS. Plates were centrifuged at 500g for 5 min at 4 ◦C. After 
centrifugation, 200 μl of the supernatant were carefully removed from 
each well to prevent cell aspiration and cells were washed using 200 μl 
of fresh ice cold HBSS. Centrifugation and washing steps were repeated 
for 3 additional times. Following the fourth centrifugation, 100 μl of the 
supernatant was carefully transferred to 96well fluorimeter plate 
(168055; Nunc, Thermo Fisher Scientific) in order to measure the 
background fluorescence of the medium of each well. The cells were 
then resuspended in the original V shape well using a pipette and 100 μl 
of the cell suspension was transferred into a fluorimeter plate for the 
measurement of accumulated fluorescence. Background and cell fluo
rescence was measured using a Synergy Neo2 plate reader (Agilent, CA, 
USA) for AMCA (350/450) and for GFP (485/528) (Excitation/Emis
sion). The peptide uptake assay is summarized in Fig. 1. 

2.5. Time optimization assay 

In order to determine the appropriate incubation time of the cells 
with the labeled di-peptide we performed an uptake assay that 
compared different incubation time. This calibration was conducted 
using a fixed concentration of 125 μM of β-ala-Lys-AMCA. Cells were 
incubated with the di-peptide for 15, 30, 60, and 120 min. All in
cubations were stopped by addition of 100 μl of ice cold HBSS. Further 
washing and measurements were conducted as described above. 

2.6. Temperature effect 

Temperature is a key element affecting protein activity, especially 
regarding active and secondary active transport. In order to understand 
the effect of environmental temperature, which fish are experiencing, on 
the transporter activity, we adjusted the temperature during the uptake 
assay in our in-vitro system. We tested the activity of PepT2 by per
forming uptake assays at three different temperatures: 15 ◦C, 25 ◦C, and 
35 ◦C. These three temperature conditions were chosen to represent the 
wide range of temperatures that tilapia commonly experience in their 
natural habitats, as well as in aquaculture environments. 

2.7. Salinity effect 

Although PepT2 is a proton-dependent transporter, ions levels affect 
peptide transport (Ganapathy and Leibach, 1983). In order to study the 
salinity effect on the PepT2 activity, we conducted uptake assays using a 
range of salinities. We tested the effect of three salinities: hyposaline 
(150 mOsmol/kg HBSS) and hypersaline (600 and 900 mOsmol/kg 
HBSS), in addition to control (300 mOsmol/kg HBSS). These levels were 
chosen to represent a wide range of water salinities which can enter into 
the intestine of Mozambique tilapia, which was shown to be able to 
acclimate to salinities as high as three times seawater (Stickney, 1986). 
Freshwater osmolality is less than 1 mOsmol/kg, while seawater is 
around 900 mOsmol/kg. In addition, the TmB cell line has been char
acterized as highly osmotolerant (Gardell et al., 2014). To this end, cell 
suspensions and β-ala-Lys-AMCA concentrations were prepared in four 
different NaCl-adjusted HBSS representing hyper- and hyposaline con
ditions. Aiming to avoid cell volume effects due to the osmotic pressure 
of the HBSS, final washes and fluorescence reads of all treatments were 
done with ice-cold, 300 mOsmol/kg HBSS. 

2.8. Uptake rate calculation and statistical analysis 

Background well measurements at emission wavelengths were sub
tracted from the corresponding cell-containing well measurements for 
each replicate. AMCA fluorescence was normalized by calculating the 
AMCA to GFP fluorescence ratio for each well to account for variation in 
cell number, and the average ratio of the control group (no substrate) 
was subtracted from each cell-containing well ratio. Non-linear re
gressions were used to fit the Michaelis-Menten curves (Equation (1)) for 
the transport-rate data. 

Fig. 1. Graphical illustration of the uptake assay protocol. Created with BioRender.com.  
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TheMichaelis-Menten
modelformula : V(S) =

Vmax ∗ S
Km + S

Equation 1 

Where V(S) is the transport rate at specific substrate concentration; S 
is the concentration of the substrate; Vmax is the maximum transport 
rate (transport under saturation substrate conditions; indicator for 
transporter capacity); and Km is the Michaelis constant (indicator for 
transporter affinity to its substrate). 

Analysis of means (ANOM) was performed for curves parameters 
comparison. Prism (Graphpad) and JMP programs were used for data 
visualization. 

3. Results 

3.1. PepT2 functionality verification 

In order to verify PepT2 functionality in the transgenic cells we 
conducted an uptake test under optimal conditions. Naïve TmB (non- 
transfected) and PepT2-TmB (transgenic) cells were exposed to HBSS 
and β-ala-Lys-AMCA (125 μM)-containing HBSS for 2 h and visualized 
using a fluorescence microscope. While TmB cells did not show any 
fluorescence accumulation, PepT2-tmb cells exhibited high cytoplasmic 
fluorescence supportive of peptide accumulation (Fig. 2). 

3.2. Calibration of incubation time for the uptake assay 

In order to determine the appropriate incubation time of the cells 
with the fluorescent di-peptide we performed an uptake assay under 
normal conditions (300 mOsmol/kg; 25 ◦C) for different incubation 
periods. Fluorescence accumulation in the cells significantly increased 
with incubation time (Fig. 3A). However, uptake rate calculations 
showed a significantly decreased uptake rate at 30, 60, and 120 min 
treatments compared to the 15 min treatment (Fig. 3B) suggesting a 
saturation effect. Aiming to avoid experimental bias by saturation, and 
to perform the assay at an optimal substrate to the transporter ratio 
(according to Michaelis-Menten model assumptions), we selected the 15 
min incubation time for all subsequent experiments. 

3.3. Temperature effect 

The transport rate curves for all three temperatures tested strongly 
fitted the Michaelis-Menten model (R2 = 0.94). Temperature treatments 
affected the maximal transport rate of β-Ala-Lys-AMCA by the PepT2 
expressing cells (Fig. 4). Vmax significantly increased with higher in
cubation temperature (0.25 ± 0.05, 0.47 ± 0.06 and 0.69 ± 0.07 
RFU*minute-1 for 15 ◦C, 25 ◦C and 35 ◦C treatments respectively. 
Fig. 4B), while Km was not significantly affected by incubation tem
perature (184.8 ± 74.4, 178.2 ± 40.3 and 223.8 ± 39.5 μM for 15 ◦C, 
25 ◦C and 35 ◦C treatments respectively. Fig. 4B). 

3.4. Salinity effect 

The transport rate curves for 150, 300, and 600 mOsmol/kg treat
ments significantly fitted the Michaelis-Menten model (R2 = 0.97; 
Vmax: 0.5 ± 0.12, 1.36 ± 0.06 and 1.45 ± 0.11 RFU*minute-1, Km: 
347.2 ± 155.5, 178.78 ± 19.78 and 341.4 ± 51.89 μM, respectively), 
while the data from the 900 mOsmol/kg treatment did not significantly 
fit this model (Fig. 5). While hypersalinity (600 mOsmol/kg) signifi
cantly elevated the Km but not Vmax, hyposaline HBSS (150 mOsmol/ 
kg) media significantly affected the Vmax but not the Km of the trans
porter (Fig. 5B). 

4. Discussion 

Mechanisms that underlie different physiological acclimation and 
adaptation pathways to environmental changes remain largely un
known, due to the complexity of their study at the whole-organism level. 
This complexity is especially apparent in fish, due to the dynamic nature 
of the aquatic environment, and their distinct physiological character
istics, such as osmoregulatory ability and being poikilothermic organ
isms. Many teleost fishes are subjected to various environmental 
changes throughout their life, such as water salinity and temperature, 
which induce many different physiological responses to maintain ho
meostasis, setting them as interesting research subjects for evolutionary 
and ecophysiology research. However, most fish are considered as “non- 
model" organisms and, therefore, there are limited scientific resources 
that can support advanced ecophysiological research. Hence, it is 

Fig. 2. PepT2 functional validation test. TmB-cells and PepT2-TmB cells post 2 h incubated with or without 125 μM β-Ala-Lys-AMCA in HBSS (20 μM hepes). 
Fluorescent peptide accumulation is seen in PepT2-TmB cells in blue (bottom right panel). Scale bar 100 μm. (For interpretation of the references to colour in this 
figure legend, the reader is referred to the Web version of this article.) 
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necessary to establish appropriate in-vitro experimental systems that will 
allow to uncover molecular and cellular mechanisms that underlie 
different acclimation and adaptation phenomena relevant to “non- 
model" organisms (Kültz et al., 2007). These in-vitro systems will provide 
accurate and reliable approaches to address physiological questions in 
the relevant context of environment-physiology interactions, based on 
the natural genomic background of the studied species. Our proposed 
in-vitro system provides an experimental set-up within a cellular context, 
which mimics the natural environment in which most proteins function, 
thus, serving as an optimal system for evaluating physiological and 
molecular adaptations. Furthermore, our demonstrated pipeline could 
be in use for other fish-originated cytosolic or transmembrane recom
binant proteins. Most of the recombinant proteins used in fish research 
are translated and processed in heterologous expression systems, such as 
yeast, insects, and mammalian cell lines (Mohammadzadeh et al., 2022). 

Since protein structure, and consequently its function, are greatly 
affected by the nature of the expression system, due to translational, 
post-translational, folding and membrane-integrations processes, our 
system could provide better conditions for recombinant protein 
expression. 

4.1. In-vitro vs. in-situ experimental systems 

The homologous cell-based expression system described here, based 
on a Mozambique tilapia cell line, is an optimal research tool to study 
transporter activity under various fish-relevant environmental condi
tions and for characterization of transporter paralogs. This expression 
system allows a more controlled environment and higher experimental 
reproducibility than in-vivo or in-situ methods. While the usage of in-situ 
systems, such as the previously used inverted gut sac (Bucking and 
Schulte, 2012; Con et al., 2017), provide a homologous system to test 
different conditions, some difficulties persist as obstacles to molecular 
studies. For example, expression and post-expression variations can 
create large differences in functional proteins, thus masking transport 
results. Overcoming these biases will require further normalization, 
according to the specific functional protein unit, an option which is not 
always available, especially in non-model organisms that have limited 
experimental tools and resources (Kültz et al., 2007). Additionally, 
different conditions may affect the expression of the transporter along 
the intestine and change the location of expression, as seen for the PepT2 
transporter (Con et al., 2017). Controlling experimental conditions in 
in-vivo or in-situ systems is inherently, more complex than in in-vitro 
systems. Individual variations at multiple regulatory levels, coupled 
with environmental effects, necessitates an increased number of sacri
ficed animals to ensure both statistical accuracy and experimental 
consistency. Furthermore, if the transporter of choice is part of a 
multiple-transporters absorption mechanism, such as PepT2 that 
co-expresses with PepT1 variants in the intestine of fish, the ability to 
study the function of a specific transporter in in-situ systems without 
cross-effects of other transporters is difficult or impossible. Our system 
enables the exogenously expression and separate transporters variants in 
order to study their activity. The presented expression system effectively 
addresses and eliminates these challenges, making it an optimal 
controlled experimental system for characterizing fish transporters. 

4.2. Homologous vs. heterologous expression systems 

While some heterologous expression systems serve as adequate in- 
vitro systems that allow the functional characterization of a single spe
cific transporter (Gomes et al., 2020; Vacca et al., 2022), they lack the 
ability to mimic the natural cellular environment of the transporter. 
These differences are more pronounced when addressing environmental 
stress responses and their effects on cellular processes, since they differ 
greatly between species and cell types (Kültz, 2005). For example, in 
MDCK cells, high levels of heat-shock protein 27 (HSP27) correlated 
with higher survival percentage under osmotic stress (Beck et al., 2000), 
and in murine inner medullary collecting duct 3 cells (mIMCD-3), os
motic tolerance was correlated with higher HSP70 expression (Santos 
et al., 2023). In addition, the natural membrane environment and its 
response to stressors affect transporters activity (Kültz, 2012). It has 
been shown that membrane lipid composition affects the ATP-binding 
cassette (ABC) transporter OpuA of bacteria and that this transporter’s 
osmosensing is dependent on the protein-lipid interactions (van der 
Heide et al., 2001). Our system provides a controlled experimental 
system that allows constant and specific expression, proper 
post-translational processing (i.e. integration in the plasma membrane), 
adequate membrane environment and integrity, and relevant cellular 
physiological traits, all of which are highly important for trans
membrane transport studies with the relation to environmental effects 
under the physiologically relevant conditions that apply to fish. 

Fig. 3. Incubation time optimization. The effect of incubation-time on fluo
rescence accumulation (A) and transport rate (B) of PepT2 incubated with 125 
μM of β-Ala-Lys-AMCA under normal conditions (300 mOsmol/kg; 25 ◦C). 
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4.3. Nutrient transport under the poikilothermic context 

Temperature is known to affect metabolism, physiological, and 
biochemical processes, such as enzymatic reactions, and considered as 
one of the major factors that drive evolutionary adaptations. The tem
perature range of fish habitats is very wide, from extreme cold of 
− 1.5 ◦C in the Southern ocean to over 40 ◦C in some African lakes 
(DeVries and Wohlschlag, 1969; Reite et al., 1974). Hence, when 
addressing temperature effects on fish physiology, and especially 

enzymatic reactions, it is important to address biological questions in an 
appropriate experimental design using tools that minimize confounding 
variables. Tilapias are widely spread in tropical and sub-tropical areas, 
but do encounter cold temperatures below 10 ◦C both in their natural 
habitat and under aquaculture conditions. It has been shown that dif
ferences in cold resistance lead to differential expression of 
temperature-related pathways associated with glucose and amino-acid 
metabolism in tilapia gills and liver (Nitzan et al., 2019). Here we 
tested the temperature effect on the activity of the Mozambique tilapia 

Fig. 4. Transport rate curves of β-Ala-Lys-AMCA by PepT2-TmB cells at different incubation temperatures (A). Statistical comparison of Vmax and Km (ANOM 
charts) (B). Blue area limits represent decision limits at α = 0.05 of the ANOM analysis. Bars exciding the decision limits (i.e., out of the blue area in the graphs) 
indicate a significant difference of the parameters between treatments. (For interpretation of the references to colour in this figure legend, the reader is referred to the 
Web version of this article.) 
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PepT2 transporter and found that it affects only Vmax, which indicates 
on the transporter’s capacity. Although capacity is reduced at low 
temperatures, the integrity of the Mozambique tilapia PepT2 activity is 
maintained. It had been shown that tilapia actively lowering their 
metabolism levels in response to cold challenges (Segev-Hadar et al., 
2021). Our results indicate that peptide transport at low temperature is 
feasible and can continuously supply nutrients to support metabolic 
function. Our results also emphasize that environmental tolerance 
manifests at multiple biological organization levels. 

The importance of homologous expression system was clearly 

demonstrated by Maffia et al. (2003), which showed a significant effect 
of the experimental system on the transport of small peptides. In their 
study on the peptide transporter 1 (variant not indicated) of the Ant
arctic teleost Chionodraco hamatus, the authors showed that, while ab
sorption measured by the BBMV (brush border membrane vesicles) 
method was significantly higher at 0 ◦C, transport assay conducted with 
the same transporter in Xenopus laevis oocytes did not show the same 
trend. In addition, the pre-incubation temperature of the oocytes was 
shown to affect the results as the transport was abolished completely 
when the oocytes were pre-incubated at 4 ◦C. These effects of 

Fig. 5. Transport rates curves for β-Ala-Lys-AMCA into PepT2-TmB cells under different osmolality conditions (A) Statistical comparison of Vmax and Km (ANOM 
charts) (B). Blue area limits represent decision limits at α = 0.05 of the ANOM analysis. Bars exciding the decision limits (i.e., out of the blue area in the graphs) 
indicate a significant difference of the parameters between treatments. (For interpretation of the references to colour in this figure legend, the reader is referred to the 
Web version of this article.) 
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temperature on the transport of small peptides in the oocytes could 
result from a cellular stress response and from changes in membrane 
integrity under non-physiological temperatures (Maffia et al., 2003). 
Our homologous expression systems offer a suitable membrane and 
intracellular environments, together with the natural wide range of 
temperature in which the cells grow and function, allowing precise 
evaluation of the nutrient transport under different environmental 
conditions. 

4.4. Nutrient transport under the context of osmotolerance 

Nutrient absorption into cells is driven by electrochemical and in 
particular ions gradients. In higher eukaryotes, many nutrients are 
absorbed by utilizing Na+-dependent transport systems (Daniel et al., 
2006). However, the “Archaic" proton-dependent transporters that uti
lize a proton gradient across the cell membrane are still integral in 
nutrient-absorption mechanisms, although they are much more common 
in bacteria. While the transport of small peptides by PepTs is not 
dependent on Na+ directly (Fei et al., 1994), Na+ movement across the 
cell membrane does affect the proton gradient and membrane potential, 
thus, indirectly affecting these proton-dependent transporters. The in
direct Na+ dependency of small-peptide absorption across the intestinal 
and renal epithelia was observed in in-vivo and in-situ systems, and 
attributed to the activity of Na+/H+ exchanger (NHE) that excretes 
protons from cells in exchange for Na+ (Ganapathy and Leibach, 1983). 
Studies using in-vitro systems of BBMV showed that Na + concentration 
did not affect the transport of small peptides (Boll et al., 1996; Daniel 
et al., 1991). However, while BBMV allows transport studies in a natural 
membrane-setting, this experimental tool depends on the isolation of the 
brush border membranes, and thus, partially disconnects the environ
mental effect on the transport from the cellular context. Ganapathy and 
Leibach (1983) discussed this inconsistent dependence of small-peptide 
absorption on Na+ and suggested that in studies conducted with tissues, 
the presence of Na+/K+-ATPase (NKA) at the basolateral membrane of 
epithelial cell continues to regulate the intracellular concentration of 
Na+, thus, allowing the continued secondary function of NHE. In the 
BBMV method, NKA is not detected in the vesicles, and thus, the sec
ondary activity of NHE is inhibited by the intra-vesicular Na+ concen
tration (Ganapathy and Leibach, 1983). Therefore, to assess the correct 
effect of Na+ on the fish-peptide transport, a cellular expression system 
that reflects proper transport conditions (including NKA function) is 
preferred. The TmB cell line was characterized in the past as highly 
osmotolerant and adequate to sustain very high osmolality levels, cor
responding with the tilapia’s high natural osmotolerance (Gardell et al., 
2014). This ability and its homologous origin make this cell line a 
preferred expression system for testing salinity effects on fish trans
porters, particularly in tilapias. Indeed, in our study, changes in NaCl in 
the extracellular medium significantly altered PepT2 activity. Moreover, 
we have seen different effects of hyper- and hyposaline conditions. 
While the hyposaline conditions decreased Vmax, the hypersaline con
dition increased the Km value of the transporter, which indicates the 
transporter’s lower affinity. This different effect likely implies that 
salinity influences PepT2 activity through the cellular osmosensing and 
osmoregulation responses. The observed salinity effects on PepT2 ac
tivity are correlated well with the observed cellular responses to direc
tional osmotic stress (hyper- or hypo-osmotic stress) (Evans and Somero, 
2008; Kültz, 2012). Our new findings, together with the previously 
discussed inconsistency of Na+-dependent peptide transport, empha
sizes the importance of cellular context when addressing the effect of 
salinity and osmotic conditions on nutrient transport. 

4.5. Biochemistry and ecophysiology integration 

Our tilapia PepT2 case study emphasizes the tight interaction be
tween the biochemical regulatory level and protein expression in the 
whole fish, and how studies on protein function provide new insights 

into known physiological phenomena. Our in-vitro system demonstrates 
the impact salinity has on PepT2 function and illustrates how changes in 
lumen conditions, due to fluctuations in environmental salinity or 
temperature, affect PepT2’s function and, consequently, the absorption 
and utilization of peptides in fish. Our current results correlate, and 
further explain, the salinity-dependent expression and localization shifts 
of PepT2 along the tilapia intestine that is seen in the whole animal (Con 
et al., 2017). Saltwater-acclimated fish exhibit wider expression pattern 
of PepT2 along the intestinal tract. In light of our current results of lower 
affinity under hypersaline conditions, the wider expression pattern of 
PepT2 is likely a mechanism for preserving small-peptide absorption 
capacity. The high salinity tolerance of the Mozambique tilapia is seen 
across various regulatory and organizational levels, including the 
biochemical level, highlighting its complexity (Kültz, 2012). This intri
cate regulation affects other physiological mechanisms, such as nutrient 
absorption, which is vital to support the fish metabolism, as seen 
through our PepT2 case study. 

The results obtained using this homologous expression system 
demonstrate the complex regulation on PepT2 transporter in fish and 
emphasize the impact environmental changes have on fish peptide 
transport. Our system provides a precise, controlled, and homologous 
experimental set-up for transport studies in fish, particularly concerning 
environmental effects and array of multi-transporter mechanisms. 
Considering the complexity of fish physiology and eco-physiological 
research, this system brings a new tool to study molecular and cellular 
mechanisms explaining environmental physiology, fitness, and adapta
tion to different habitats in fish. 
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