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Abstract: 

 Animals use a variety of different means to integrate environmental cues and to 

coordinate responses to these cues. In sponges (phylum Porifera) this capacity for response is 

limited by the absence of nervous or endocrine systems. Despite this, sponges are capable of 

whole-body responses that require coordination of the action of multiple tissues and organs. The 

freshwater sponge Ephydatia muelleri undergoes an expansion-contraction “sneeze” response 

upon application of irritants or mechanical stimulation that flushes water out of its aquiferous 

system. Previous work has found that the amino acid L-glutamate specifically triggers this 

response at concentrations above 70 µM, and that incubation with GABA prevents the sneeze 

response from occurring. However, little is known regarding how L-glutamate passes into the 

body of E. muelleri. This thesis focused on characterizing the rate and functional characteristics 

of L-glutamate uptake by E. muelleri through use of radioisotope uptake. Uptake of L-glutamate 

by E. muelleri is specific at low L-glutamate concentrations with two putative transporters acting 

(Km = 8.77 µM, Jmax = 64.24 pmol L-Glu mg protein-1 min-1; Km = 2.87 µM, Jmax = 25.1 pmol L-

Glu mg protein-1 min-1). L-glutamate uptake is reduced in the presence of D-glutamate and L-

aspartate, but shows low or no dependence on sodium, calcium, or protons. Bioinformatic 

analysis identified two putative SLC1-like transporters and eight putative transporters resembling 

SLC17 transporters in the E. muelleri genome. These results support a case of uptake of an 

amino acid in a freshwater environment. The localization of uptake in the body of E. muelleri is 

currently unclear, but the rate of uptake suggests that the observed L-glutamate uptake does not 

directly contribute to triggering the sneeze response in E. muelleri.  
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Preface: 

 The contents of this thesis are arranged in the manner of a single publication, without a 

dedicated introduction or discussion chapter. The intent is for the data contained in this thesis to 

be formatted into a publication to be submitted to a scientific journal with the thesis author (Zach 

Dumar) as the primary author and the secondary authors being Drs. Greg Goss, Tamzin Blewett, 

and Sally Leys.  
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So long, and thanks for all the fish. 

Douglas Adams, The Hitchhiker’s Guide to the Galaxy 
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Glossary of Terms: 

Active transport: movement of a substrate against a concentration gradient, involving the use of 

either consumption of energy or movement of a different substrate down its concentration 

gradient.  

Diffusion: Movement of a substrate down a concentration gradient. 

Transport: Net movement of a substrate across a cell membrane. This reflects either facilitated 

diffusion through a pore or channel or active transport. 

Uptake: Net movement of a substrate from the environment into an organism. This can reflect 

diffusion or active transport. 

  



1 
 

 

1. Introduction: 

1.1 Body coordination of non-bilaterians: 

All animals require a means to coordinate a response to changes in their environment. 

The basis for this capacity must have been present in the common ancestor of all animals and 

understanding the components that may have contributed to these mechanisms is important 

for understanding early evolution of animals. Insights into how early animals may have 

responded to their environment can be gained from studying the extant non-bilaterian phyla: 

Cnidaria, Ctenophora, Placozoa, and Porifera. The determination of which of these four 

phyla is sister to remaining Metazoa is a continued topic of contention. Sponges (phylum 

Porifera) were originally thought to be the sister to other metazoans based on morphological 

complexity (Nielsen 2008), but as the genomic era has progressed evidence has accumulated 

for the possibility of ctenophores (and to a lesser extent placozoans) as being the sister group 

(Dellaporta et al. 2006, Whelan et al. 2015, Simion et al. 2017, Figure 1). The resulting 

position of the phyla in analyses depends greatly on factors such as sampling of different 

groups and filtering of reads, and advances in sequencing technology and greater diversity in 

organisms to draw sample data from will help to further clarify this question in the future. 

However, even without knowing which phylum is sister to the other metazoans, insights can 

still be gained from examining the coordination systems of these extant animals. 

Two of the four non-bilaterian phyla, ctenophores and cnidarians, have nervous 

systems. In cnidarians these nerves are organized as a nerve net that branches throughout 

the body of the organism. This nerve net can be used to coordinate a variety of different 

behaviors, including feeding and locomotion (Satterlie 2015). The major signaling 
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molecules used in cnidarian nervous systems include nitric oxide, catecholamines, and a 

variety of neuropeptide hormones (Dewaele et al. 1987, Gajewski et al. 1998, Anctil et al. 

2005). Ctenophores similarly make use of nerve nets in coordinating their body responses 

(Jager et al. 2011). However, the underlying signaling molecules used in the nervous 

system of ctenophores differ from cnidarians. This includes a dramatic expansion in 

ionotropic glutamate receptors (iGluRs), and no capacity for catecholamine based 

signaling (Moroz et al. 2014). This expansion along with other lines of evidence such as 

the absence of bilaterian developmental signaling genes  has led to the hypothesis that 

ctenophore nervous system evolution may have occurred independently of other animals, 

and that eumetazoan nervous systems had an independent origin from the ctenophore 

nervous system (Moroz 2015). Placozoans in contrast to cnidarians and ctenophores lack 

a nervous system but are still capable of utilizing peptide based signaling molecules to 

coordinate their feeding response and body movement (Senatore et al. 2017).  

Sponges, like placozoans, lack a nervous system. The body of a sponge consists 

primarily of two tissue types: the pinacoderm and the choanoderm. The choanoderm 

consist of a series of canals with flagellated choanocyte chambers that drive water flow 

from incurrent ostia on the outside of the sponge to excurrent oscula (Leys and Hill 

2012). The pinacoderm can be split into three different tissue types: The basopinacoderm 

which forms the site of attachment of the sponge to the substrate, the exopinacoderm that 

forms the outer epithelium of the sponge, and the endopinacoderm which lines the 

choanoderm (Leys and Hill 2012). The endo- and exopinacoderm are bridged by a space 

known as the mesohyl, where a variety of motile cells carry out processes such as spicule 

production and collagen excretion (Simpson 1984)  Most sponges are obligate filter 
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feeders, extracting bacteria from the water that flows through their bodies (Reiswig 

1975). The one exception to this is carnivorous sponges, which utilize their spicules to 

capture prey and then subsequently digest it (Vacelet and Boury-Esnault 1995). One class 

of sponges, Hexactinellida (glass sponges), is capable of electrical signaling and 

propagation of action potentials through syncytial tissues (Mackie et al. 1983, Leys et al. 

2007). This signaling in glass sponges can be used to start and stop the pump system in 

response to sediment clogging the filtration mechanisms (Leys et al. 1999, Grant et al. 

2019).  

Cellular sponges are also capable of whole body coordinated responses. The 

demosponge Tethya wilhelma undergoes rhythmic body contractions that affect the whole 

sponge (Nickel 2004). The period of these contractions can be modulated by compounds 

that are neuroactive in other organisms including caffeine and nitrous oxide (Ellwanger 

and Nickel 2006, Ellwanger et al. 2007). Recently, work in another demosponge 

Halichondria panicea has found that the sponge’s contractile response is modulated by 

the amino acid L-glutamate and GABA (Goldstein et al 2020). 

Another experimental system for the study of reactivity of sponges is the 

freshwater sponge Ephydatia muelleri. Exposure of E. muelleri to either mechanical 

stimulation or an irritant such as ink causes the entire sponge to undergo an expansion-

contraction “sneeze” response that forces water out of the entire aquiferous system 

(Elliott and Leys 2007, Figure 2). The osculum of the sponge serves an important role in 

the sneeze response, as the first portion of the sponge to react upon stimulus is the 

osculum and removal of the osculum prevents the response (Ludeman et al. 2014). 

Further work found that the amino acid L-glutamate specifically triggers the sneeze 
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response at concentrations above 70 µM, and that incubation of the sponge in GABA 

prevents the sneeze response from occurring (Elliott and Leys 2010). This suggests that a 

L-glutamate based signaling system is involved in coordinating the sneeze response, as 

the functional coupling of GABA synthesis from glutamate is an important backbone of 

glutamate based signaling systems (Hertz 2013).  

The high concentration of L-glutamate required to trigger the sneeze response 

heavily contrasts with the concentration of L-glutamate found in ambient water. L-

glutamate concentration in freshwater is typically on the scale of 5 nM to 1 µM, which is 

far below the minimum threshold concentration of 70 µM to trigger the sneeze response 

(Abe and Wasa 1989, Robarts et al. 1990, Hornak et al. 2016).  Decomposition of an 

organism near a sponge could locally increase the dissolved amino acid concentration, 

but this increase cannot be readily quantified (Thomas 1997). The intracellular L-

glutamate of E. muelleri has not been examined, but previous work in marine sponges has 

identified an effective concentration range of 205 nanomoles to 14 micromoles of L-

glutamate per gram dry weight of tissue (Sica and Zollo 1977). The threshold 

concentration of 70 µM L-glutamate to trigger the sneeze response is also much lower 

than the mM concentrations of L-glutamate utilized in the synaptic cleft of vertebrates 

and in the glutamate signaling systems of plants (Dzubay and Jahr 1999, Moussawi et al. 

2011, Qiu et al. 2020). 

   Transcriptomic analysis of a variety of sponge species has previously found the 

presence of metabotropic glutamate receptors(mGluRs) within sponges, providing the 

backbone for a glutamate based signaling system within sponges (Riesgo et al 2014).  

The ability of AP3 and kynurenic acid, inhibitors of glutamate receptors, to attenuate or 
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prevent entirely the sneeze response by E. muelleri provides further evidence for a 

coordinated L-glutamate signaling system to be the basis of the response (Elliott and 

Leys 2010). However, little is currently known about how L-glutamate is entering into 

the body of the sponge during these experiments (Figure 3). 

 E. muelleri has a functional epithelial barrier for solutes, so diffusion alone 

would not be expected to be sufficient to provide L-glutamate for a signaling system 

(Adams et al. 2010). The focus of this thesis was to determine whether L-glutamate was 

taken up from the ambient water by E. muelleri, and if so then whether uptake was 

specific and at what rate uptake occurs. The requirement of ions as a driving gradient for 

uptake was then evaluated.  

1.2  Amino acid transport in animals: 

A variety of different aquatic animals have been documented to take up amino acids 

across their extra-intestinal epithelia (reviewed in Wright and Manahan 1989).  A frequent 

site of extra-intestinal uptake is across the gills, as the water flow occurring through the gills 

allows for access to a large amount of substrate to transport (Wright 1988, Glover et al. 2011, 

Blewett and Goss 2017). The primary purpose of the taken up amino acids is as food, such as 

occurs with larval bivalves and sea urchin embryos (Epel 1972, Rice et al. 1980). Amino acid 

uptake is often dependent on ions in the environment to provide a net driving gradient, as 

amino acid concentrations intracellularly are much greater than those typically found in the 

environment (Robarts et al. 1990, Thomas 1997, Kuznetsova et al. 2004). The major ion 

most often coupled to transport is sodium and reducing sodium in seawater impedes amino 

acid uptake in organisms ranging from crabs to cnidarians to echinoderms (Epel 1972, Buck 

and Schlicter 1987, Blewett and Goss 2017). This presents a challenge when amino acid 
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uptake is occurring in freshwater environments, where sodium concentrations are around 150 

µM (Dugan et al. 2017). This low level of sodium is not high enough to act as a driving 

gradient for amino acid uptake, as intracellular sodium concentrations are in the range of mM 

(Morgan et al. 1994). However, many freshwater organisms actively take up sodium from the 

environment, and amino acid uptake could be directly coupled to this sodium uptake (Horne 

1967, Dietz 1979, Murua 2007). Another possibility for uptake remains in proton gradients 

due to different pH levels. The possibility of several different ion gradients contributing to L-

glutamate uptake led to the examination of the effect of sodium, calcium, and protons on the 

uptake capacity for L-glutamate of E. muelleri.  

 Along with functional experiments, studies in vertebrate systems have also 

identified a suite of proteins involved in amino acid transport. Amino acid transporters 

are part of a larger group of 65 families of proteins known as solute carriers (SLC) that 

take up a wide variety of different compounds (Fredriksson et al. 2008, Bai et al. 2017).  

The majority of SLC transporters are also dependent on an ion gradient across the cell 

membrane to facilitate uptake (Hoglund et al. 2011). Of the seven families of SLC 

transporters that transport amino acids, four families of SLC transporters contain 

members capable of L-glutamate uptake: SLC1, SLC3, SLC7, and SLC17 (Figure 4). 

SLC1 transporters are excitatory amino acid transporters (EAATs) and are found in 

neurons to sequester L-glutamate from the synaptic cleft (Kanai et al. 2013). Transport of 

L-glutamate by SLC1 transporters is coupled with sodium and proton import and 

potassium export, so all three of these ions are required for proper SLC1 function at 

human synapses (Zerangue and Kavanaugh 1996). SLC1 transporters do not exclusively 
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transport L-glutamate, in that they are also able to take up the other negatively charged 

amino acid L-aspartate (Canul-Tec et al. 2017).  

SLC3 and SLC7 families form heteromeric complexes together that act as single 

amino acid transporters (Fotiadis et al. 2013). Most SLC3/7 complexes transport cationic 

amino acids, but SLC7A13 does transport both L-aspartate and L-glutamate without the 

need for an ionic gradient (Matsuo et al. 2002). In humans, expression of SLC7A13 is 

localized primarily to the proximal and distal convoluted tubules of the kidney, where it 

is used for reabsorption of amino acids before production of urine (Matsuo et al. 2002). 

SLC17A6-8 are vesicular glutamate transporters (VGLUT), responsible for sequestration 

of L-glutamate into vesicles in glutaminergic neurons in both vertebrates and 

invertebrates (Reimer 2013, Jing et al. 2015). VGLUT transport is dependent on chloride 

ions and is specific to L-glutamate (Reimer and Edwards 2004). There is also some 

evidence for the capacity of sialin (SLC17A5) to transport L-glutamate and L-aspartate, 

so sialin is also another potential transporter of interest (Miyaji et al. 2008).  

Analysis of the SLC transporter complement of the E. muelleri genome was 

conducted searching for the above identified transporters to provide additional insight to 

the functional uptake data collected. Comparison of the amino acid transporter 

complement in E. muelleri with the functional characteristics of L-glutamate transport 

can then be used to identify the likely candidate transporters acting in the sponge. 

However, since this data is extrapolated from mammalian systems caution should be 

taken in the assumption of characteristics of the transporters since sponges have been 

independently evolving from mammals for an extremely long time (Mah and Leys 2017).  
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1.3  Thesis objectives and methodological summary: 

The objective of this thesis was to identify the rate and functional characteristics of L-

glutamate uptake by E. muelleri. This first involved confirming specific uptake of L-

glutamate was occurring rather than diffusion. Comparison of the rate of uptake of L-

glutamate with the uptake rate of the large sugar polymer inulin was done to determine 

this. Then changes in the rate of uptake were assessed at both varying incubation times 

and varying L-glutamate concentrations to give a maximum velocity of uptake (Jmax) and 

the concentration of L-glutamate at which half the maximal rate of uptake is occurring 

(Km). This analysis was done using 14C radiolabeled L-glutamate application to sponges 

and scintillation counting of samples after washing of the surrounding media to lower 

residual signal.  Further analysis of the functional properties of L-glutamate transporters 

was then done through competitive inhibition experiments using other amino acids and 

modification of the ionic contents of the surrounding media to determine effects on the 

rate of L-glutamate uptake. These analyses were coupled with a bioinformatic analysis of 

the E. muelleri genome for SLC transporter genes to determine possible candidates 

responsible for observed L-glutamate uptake. These investigations provide insight into 

the ability of freshwater sponges to take up amino acids in freshwater and provide the 

basis for a glutamate based signaling system.  
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Figure 1: Illustration of possible topologies of the metazoan tree adapted from Dellaporta et al. 

2006 (A), Simion et al. 2017 (B), and Whelan et al. 2015 (C). A: Scenario in which placozoans 

are sister to all other metazoans and ctenophores included as a monophyletic group with 

cnidarians. B: Scenario in which sponges are the sister group, with ctenophores diverging before 

cnidarians. C: Scenario in which ctenophores are the sister group. 
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Figure 2: Ephydatia muelleri morphology and the sneeze response. A: Representation of a 

collection of individual sponge gemmules fused into one individual. Similar collections of 

gemmules were used in the radioisotope experiments. B-D: Time series showing the sneeze 

response of an individual sponge. B: A sponge prior to the start of the sneeze response. C: 

Sponge undergoing the expansion portion of the sneeze response D: Sponge near the end of the 

contraction portion of the sneeze response. 75 µM L-glutamate was added immediately before 

image B was taken. Scale bar in D represents 2 mm. Excurrent canal (exc), incurrent canal (inc), 

osculum(osc).   
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Figure 3: Visual summary of possible routes of L-glutamate movement through the sponge, 

adapted from Elliott and Leys 2007. L-glutamate (red spheres) may enter through normal flow 

through the sponge (blue arrow) and then move into the mesohyl space around the sponge and 

then diffuse to the osculum (osc, interior red arrows). Alternatively, L-glutamate may be 

transported directly across the surface of the osculum into the mesohyl where the mGluRs are 

most likely located (upper red arrows). 
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Figure 4: Localization and ion dependencies of L-glutamate transporters. Visual representation 

of data contained within Table 2. A: SLC1 transporters balance the movement of one potassium 

ion out of the cell with the movement of 3 sodium ions, a proton, and a molecule of either L-

glutamate or L-aspartate. B: SLC7A13 has an unknown mechanism of action, and transports 

both L-aspartate and L-glutamate across the cell membrane. C: SLC17A5 couples movement of 

L-glutamate or L-aspartate into a vesicle with movement of a proton. SLC17A6-8 (VGLUT) 

instead couple movement of L-glutamate into the vesicle with movement of chloride out of the 

vesicle.  
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2. Materials and Methods: 

 

2.1 Sponge culture: 

Ephydatia muelleri tissue containing gemmules was collected by S. Leys from both the 

head tank of the Victoria Capital Regional District water system in 2017  and O’Connor Lake in 

2018 and brought back to the University of Alberta, Edmonton AB where they were kept at 4°C. 

Sponge gemmules were cultured as outlined in (Leys et al. 2019a). Gemmules are asexually 

produced genetically identical progeny of sponges that are resistant to environmental pressures 

including extended freezing and anoxia (Ungemach et al. 1997, Reiswig and Miller 1998).   

Gemmules were removed from the spicule skeleton using gentle pressure over a corduroy 

surface and washed with 1% H2O2 for five minutes. To hatch, gemmules were  transferred to 6 

well cell culture plates (Corning Costar, Kennebunk, ME, USA)  containing either Strekal’s 

medium (0.9 mM MgSO4 • 7 H2O, 0.5 mM CaCO3, 0.1 mM Na2SiO3• 9 H2O, 0.1 mM KCl, pH 

6.8)(Strekal and McDiffett 1974) or M-medium ( 0.5 mM MgSO4 • 7 H2O, 1 mM CaCl2 • 2 H2O, 

0.5 mM NaHCO3, 0.05 mM KCl, 0.25 mM Na2SiO3)(Rasmont 1961)(Table 1). M-medium was 

used for inulin, time series, and concentration series experiments (see below). Strekal’s medium 

was used in later experiments due to greater ease of ion substitution. Sponge media was changed 

every two days after gemmules hatched. Sponges with a fully developed aquiferous system (7-10 

dph (days post hatching), stage 5) were used for all experiments. Empty gemmule husks were 

removed from the cultures to reduce the influence of the gemmule husk on protein content 

assays, and sponges were allowed to heal for 16 hours. After 16 hours the media was replaced (3 
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mL total determined gravimetrically). Sponges were allowed to rest undisturbed for another 16 

hours prior to the start of experiments. 

2.2 Inulin uptake experiments: 

To determine if L-glutamate uptake was due to diffusion or specific uptake, either 0.1 

µCi 14C-inulin (Perkin Elmer, Boston, MA, USA) or 0.3 µCi 14C-L-glutamate (Moravek, Brea, 

CA, USA) in 30 µM total L-glutamate was added to each well with sponges. Experimental 

incubations lasted for either 30 minutes or 24 hours. Water samples (50 µL) were taken in 

triplicate from each well at t=0 and after t=30 minutes or 24 hrs and kept at RT until analyzed for 

radioactivity. Each well with sponges was washed 3 times with either 1 mM inulin or 100 µM L-

glutamate for five minutes each to remove loosely bound label. Three 50 µL water samples were 

taken after each wash and stored as above. Sponge tissue was removed from the well using a 25 

cm handle cell scraper (Fisher Scientific, Ottawa, ON) and transferred by micropipette into a 1.5 

mL Eppendorf tube containing  1% w/v sodium dodecyl sulfate (SDS) (Fischer Scientific) and 

incubated at 60 °C for 16 hours. Tissue samples were homogenized in 1% SDS using a handheld 

microtube tissue homogenizer (Fischer Scientific) and three 25 µL samples of homogenized 

tissue were transferred to Eppendorf tubes and stored at RT for radioisotope analysis.   

 

2.3 Radioisotope analysis and protein analysis: 

To quantify the amount of radiolabeled L-glutamate that was taken up by sponges, 1 mL 

of Optiphase Hisafe 3.0 (Perkin Elmer) was added to each 50 µL water sample. For 

homogenized tissue samples, 1 mL of Ultima Gold AB scintillation fluor (Perkin Elmer) was 

added to each 25 µL sample. The amount of scintillation fluor used ensured sufficient scintillant 

was available for all decay events in the sample to be visible during counting. Samples were 
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placed in the dark for 2 hours to quench possible autofluorescence and counted for five minutes 

each using a Beckman LS 6000TA beta counter. Protein content of sponge samples was 

determined using the microplate protocol of a Pierce BCA assay kit (Thermo Scientific) against a 

standard curve composed of 0-1.5 mg mL-1 of bovine serum albumin (BSA) (Thermo Scientific).  

On average each sponge gemmule added 9.76 µg of protein to each sponge (Figure 5).  

Uptake rate into the sponge tissue (J, picomol/minute) was determined by using the 

specific activity of the isotope (SA, 281 mCi/mmol), counts per minute of the sample (CPM), 

divided by the incubation time in minutes (T) using the following formula: 

J = CPM/SA * 1/T 

Uptake rates were normalized to the amount of protein in each sample.  

 

2.4 Glutamate uptake time series experiments: 

To determine if L-glutamate uptake was variable over different time scales, glutamate 

uptake rate was determined by measuring uptake after 0.5, 2, 4, 6, 8, 16, or 24 hr incubation in 

0.3 µCi 14C-L-glutamate and 30 µM total L-glutamate. All water and tissue samples taken, and 

washes were carried out as above (Section 2.2).  

 

2.5 Concentration dependent uptake kinetics: 

To characterize the Km and Jmax of putative transporters, glutamate uptake rate was 

determined by measuring uptake of radiolabeled L-glutamate at 0, 1, 3, 6, 9, 10, 15, 20 or 30 µM 

over 16 hrs. The amount of isotope used for each sponge was changed ratiometrically with total 

glutamate concentration at a ratio of 0.1 µCi 14C-L-glutamate / 10 µM L-glutamate. All water 

and tissue samples taken, and washes were carried out as above (Section 2.2).  
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2.6 Competition experiments: 

To determine the specificity of the putative transporters, D-glutamate, L-aspartate, and L-

alanine were applied at a ratio of 2:1 (12 µM) or 10:1 (60 µM) to unlabeled L-glutamate. A ratio 

of 0.1 µCi 14C-L-glutamate / 10 µM L-glutamate was used as previously (Section 2.5), at a total 

L-glutamate concentration of 6 µM. An incubation period of 16 hours was used for all trials. 

Controls without the addition of other amino acids were run in parallel to experimental groups. 

All other steps were carried out as described previously. 

 

2.7 Ion substitution experiments: 

All containers used to store ion substituted media were pre-treated with 0.1% trace metals 

basis nitric acid for 24 hours to minimize excess ion contamination. Reduced sodium Strekal’s 

medium was prepared by substituting Na2SiO3 with 0.1 mM N-methyl D-glucamine (NMDG) 

conjugated silicic acid. Reduced calcium Strekal’s medium was prepared without CaCO3 and by 

exposing the medium to air to equilibrate carbonic acid concentrations. Reduced sodium and 

calcium medium was made by substituting Na2SiO3 with NMDG conjugated silicic acid and 

without CaCO3. Unmodified Strekal’s medium was removed using nitric acid-soaked glass 

pipettes (Fisher Scientific) and replaced with sodium and/or calcium reduced medium containing 

0.06 µCi 14C-L-glutamate to 6 µM L-glutamate. Sponges were incubated in ion-reduced media 

for 6 hours. Control sponges in normal medium were run in parallel with experimental groups. 

All other steps were carried out as described previously.  
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2.8 Modified pH experiments: 

Strekal’s medium buffered to pH 8.5 using 5 mM Tris base (Fischer Scientific) was used 

to test the effect of increased pH on L-glutamate uptake. Bafilomycin A1 (100 nM) was added to 

normal Strekal’s medium (pH 6.8) to test proton dependence of uptake. Experiments were 

carried out using a ratio of 0.06 µCi to 6 µM L-glutamate and an incubation time of 6 hours. All 

other steps were carried out as described previously. 

 

2.9 Homology searches 

 To determine the complement of L-glutamate transporters within the E. muelleri genome, 

E. muelleri sequences were extracted from a database of transcribed genomic sequences using 

human sequences gathered from the NCBI protein database as the query. Mammalian sequences 

were used as queries due to evaluation of the functional properties of the transporters having 

been performed in these systems (reviewed in Kanai et al. 2013, Reimer 2013). Sequence 

matches with an expectation value (e-value) less than e-20
 were further analyzed.  Identity of 

individual sequences was confirmed through reciprocal BLAST against the non-redundant(nr) 

protein database with an e-value cutoff of e-20 (Altschul et al. 1990). Genes from solute carrier 

(SLC) families 1,3,7,8, and 17 were used for the analysis, as well as organisms sampling the 

diversity of metazoans: Homo sapiens, Mus musculus, Danio rerio, Nematostella vectensis, 

Capitella teleta, Saccoglossus kowalevskii, Aplysia californica, and Daphnia pulex. All other 

SLC transporters used within the phylogeny were sourced within the NCBI protein database and 

confirmed using reciprocal BLAST with human sequences.  
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2.10 Phylogenetic analysis 

Sequences were aligned using MAFFT with the alignment strategy set to Auto and using default 

parameters (Katoh et al. 2019).  This alignment was then automatically trimmed using TrimAl 

version 1.3 using the Automated 1 method (Capella-Gutierrez et al. 2009). A maximum 

likelihood tree was computed using MEGA7 with 100 bootstrap replicates using the Jones-

Taylor-Thornton model of sequence evolution (Jones et al. 1992, Kumar et al. 2016). Settings 

were otherwise set to their defaults, and MEGA was used due to familiarity with the program. 

 

2.11 Statistical analysis: 

Concentration dependent L-glutamate uptake was plotted in SigmaPlot version 13.0 

(Systat Software, San José, CA, USA) using iterative curve fitting. The data was fitted to a 

sigmoidal curve with the following equation: 

𝑦 =
𝑎

1 + 𝑒(−𝑥−
𝑥𝑜
𝑏

)
 

 

Where x is the glutamate concentration, a is the maximal rate of transport (Jmax), and xo is 

the glutamate concentration at which half of maximum transport is achieved (Km). The kinetic 

parameters of putative transporters were also independently evaluated through use of 

Lineweaver-Burk plots.  Statistical comparisons involving 3 groups or more were carried out 

using one-way analysis of variance (ANOVA) with a Holm-Sidak post hoc test to confirm 

significance between pairs of treatments. All comparisons between 2 groups were performed 

using a one-tailed t-test for normal data or a Mann-Whitney test for non-normal data. Outliers in 

data sets were detected using a Grubbs test with a significance value of 0.05.  A Mann-Whitney 

test was only run if the data could not be log transformed to be normal. All data are expressed as 
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mean ± standard error of the mean (S.E.M) and a significance value of 0.05 was used for all 

tests.  

 

2.12 Source of Reagents: 

All chemicals were obtained from Sigma-Aldrich unless otherwise indicated. 
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Ion M-medium Strekal’s medium 

Mg2+ 500 µM 900 µM 

SO4
2- 500 µM 900 µM 

Ca2+ 1 mM 500 µM 

CO3
2- 0 µM 500 µM 

HCO3
- 500 µM 0 µM 

Na+ 1 mM 200 µM 

SiO3
2- 250 µM 100 µM 

K+ 50 µM 100 µM 

Cl- 2.05 mM 100 µM 

Total osmolarity  5.85 mOsm/L 3.3 mOsm/L 
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Table 1: Comparison of ionic content of M-media and Strekal’s media (Rasmont 1961, Strekal 

and McDiffet 1974). Total osmolarity is calculated as a sum of the total ionic content of the 

media.  
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Figure 5: Average protein content per gemmule for E. muelleri. Protein concentration was 

determined using BCA assay, values represent the mean ± S.E.M. of 4 individual sponges.  
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3. Results: 

 

3.1 Uptake kinetics: 

Experiments comparing the rate of uptake of the large sugar polymer inulin with that of 

L-glutamate were performed to determine the relative contribution of diffusion to the total 

uptake of L-glutamate by Ephydatia. Uptake of 30 µM total L-glutamate across E. muelleri was 

30-fold greater than 0.1 µCi inulin after a 30 min incubation period (p < 0.01) (Figure 6A). This 

difference in uptake became more pronounced after a 24 hour incubation period, with uptake of 

L-glutamate being more than 600-fold greater than the uptake of inulin (p < 0.01) (Figure 6B). 

The large difference between uptake of inulin and L-glutamate suggests that a transport 

process(either facilitated diffusion or active transport) is being used for L-glutamate uptake. This 

also supports that the wash protocol used following the incubation period with the radioisotope is 

effectively preventing any isotope from being trapped within the aquiferous system of the 

sponge. 

Comparisons of the uptake rate of L-glutamate over different total incubation periods 

were performed to determine a sufficent incubation period for readily detectable L-glutamate 

uptake. Uptake of  30 µM total L-glutamate over varying incubation periods (0.5,2,4,6,8,16, 24 

hrs) did not show a clear trend over time, with the largest differential being a 3-fold greater 

uptake rate after a 24-hour incubation compared to a 16 hour incubation (p < 0.01) (Figure C). A 

sixteen hour incubation time frame was chosen for future experiments so that during scintillation 

counting the 1 µM L-glutamate exposed samples would have counts per minute of at least 100 to 

reduce error in measurement.  
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Subsequently, L-glutamate uptake rate over a range of concentrations was determined to 

identify concentrations at which putative transporters may be acting. Uptake of L-glutamate 

across E. muelleri was characterized by two concentration dependent curves 

(0,1,3,6,9,10,15,20,30 µM total L-glutamate) (Figure 7A,B). At low concentrations (below 10 

µM) there was a sigmoidal relationship between uptake rate and substerate concentration. This 

curve displayed an uptake capacity of Jmax = 25.1 ± 1.71 pmols mg-1 min-1 and a substrate 

concentration giving 50% of maximal uptake at 2.87 ± 0.35 µM (R2 = 0.69) (Figure 7A).  

Gradual increase in uptake of L-glutamate was observed over substrate concentrations of L-

glutamate ranging from 0 µM to 60 µM. This followed a linear fit overall (R2 = 0.78), with a 

weaker sigmoidal fit at concentrations below 30 µM with a period of exponential increase in 

uptake rate with L-glutamate concentration followed by a plateau at larger concentrations (Jmax = 

64.24 ± 4.7 pmols mg-1 min-1, Km = 8.77 ± 0.84 µM, R2 = 0.65) (Figure 7B). Lineweaver-Burk 

analysis of L-glutamate uptake found a Jmax of 43.48 pmol L-glutamate mg-1 min-1 and a Km of 

21.73 µM for the putative transporter acting between L-glutamate concentrations of 0-30 µM, 

and for the putative transporter acting at concentrations below 10 µM a Jmax of 25.64 pmols L-

glutamate mg-1 min-1 and a Km of 13.54 µM. The close overlap of the different estimated kinetic 

parameters of the transporters thus complicates conclusions that can be drawn, as well as the 

difference between the Linewaever-Burk estimates and the sigmoidal curve fit estimates.  

 

3.2 Inhibition and ion dependence: 

Experiments involving application of other amino acids to sponges during L-glutamate 

uptake were performed in order to gain insight into other potential substrates of putative 

transporters. Negatively charged amino acids (D-glutamate and L-aspartate) competitively 
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inhibited the uptake of L-glutamate across E. muelleri. Application of 60 µM of the enantiomer 

D-glutamate in the presence of 6 µM L-glutamate led to a 2-fold reduction in uptake relative to 6 

µM L-glutamate controls (p < 0.05) (Figure 8A). Application of 12 µM D-glutamate in the 

presence of 6 µM L-glutamate in contrast did not elicit a significant change in uptake (p = 

0.24)(Figure 8A). Application of 60 µM of the other negatively charged amino acid L-aspartate 

in the presence of 6 µM L-glutamate led to a 3-fold reduction in uptake relative to 6 µM L-

glutamate controls(p < 0.05) while application of 12 µM L-aspartate in the presence of 6 µM L-

glutamate did not elicit a significant change in uptake (p = 0.11) (Figure 8B). These results 

suggest that L-aspartate and D-glutamate are either taken up by the sponge or that the 

transporters used by the sponge are competitively inhibited by other negatively charged amino 

acids.  

In contrast, application of both 60 µM (p = 0.08) and 12 µM (p = 0.61) of the neutral 

amino acid L-alanine in the presence of 6 µM L-glutamate did not lead to significant changes in 

uptake relative to 6 µM L-glutamate controls in one experiment, but in a replicate experiment 

both 12 µM and 60 µM significantly reduced L-glutamate uptake (Figure 8C, S1). This suggests 

that L-glutamate uptake in Ephydatia might be tied to a more general amino acid acquisition 

mechanism.  

Substitution of media components was performed in order to attempt to determine if an 

ionic gradient is necessary for L-glutamate uptake by E. muelleri. Uptake rate of L-glutamate in 

media with N-methyl D-glucamine substituted for sodium was not significantly different from 6 

µM L-glutamate controls, with different experiments indicating no difference, reduced uptake, 

and increased uptake (Figure 9A, S2A). The uptake rate of L-glutamate in media with calcium 

excluded and either with or without the chelator EGTA was also not significantly different from 



31 
 

6 µM L-glutamate controls (Figure 9B, S2B). However, the uptake rate of L-glutamate in media 

that is reduced in both sodium and calcium was 30% lower than unaltered media controls in one 

experiment and 30% higher in another, which was significantly different in both cases (p <0.05) 

(Figure 9C, S2C). Overall uptake rates in this experiment were lower in general than other 

experiments, including in the controls. High variability in experiments with ion substituted media 

thus prevents a clear conclusion being reached on the role of ions in L-glutamate uptake. 

Finally, modifications to the proton content of media were assayed to determine if 

changes in pH may serve as a driving gradient for L-glutamate uptake. L-glutamate uptake was 

also not affected by alteration of media pH. Increasing the pH of the E. muelleri media from 6.8 

to 8.5 did not lead to signficant changes in L-glutamate uptake (p = 0.91) (Figure 10A). 

Application of a proton ATPase inhbitor, 100 nM bafilomycin,  showed no change in uptake 

rates of L-glutamate (p = 0.8) (Figure 10B). These results suggest that L-glutamate uptake in E. 

muelleri is not proton dependent. 

 

3.3 E. muelleri L-glutamate transporter complement: 

Examination of the genome of E. muelleri for SLC transporters involved in L-glutamate 

transport was done to contextualize the transport properties seen in previous experimental work. 

Ten total L-glutamate transporters were found in the E. muelleri genome (Figure 11). Two of 

these transporters group with the SLC1 family of transporters. Comparison of an alignment of 

the two sequences with the human and mouse SLC1A3 sequences shows that the two E. muelleri 

sequences are identical in their amino acid sequence (Figure 12). Additionally, the E. muelleri 

sequences are only 205 amino acids compared to the 543 and 542 amino acids found in the 

human and mouse SLC1A3 sequences, respectively (Table S1). The large discrepancy in size 
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between the sponge and mammalian sequences suggests that the sponge homologs may not be 

functional in L-glutamate transport. 

 The other eight transporters group with SLC17A5-8, which consists of sialin and the 

vesicular glutamate transporters (Figure 11). Aligning the E. muelleri sequences with the human 

and mouse SLC17A5 and SLC17A7 genes shows that based on sequence the 8 proteins split into 

four groups of two (Figure 13). Three of these groups consist of pairs of proteins that are 

identical to each other: Em0617g8a and Em0438g9a, Em0617g9a and Em0438g10a, and the pair 

of Em0074g14a and Em0005g1679a. Additionally, the two pairs of Em0617g8a and Em0438g9a 

plus Em0074g14a and Em0005g1679a are different from each other only be a single amino acid 

deletion in the Em0074g14a pair (Figure 12). The final pair of sequences, Em0074g13a and 

Em0005g1680a, are nearly identical except for their C termini. Most of the E. muelleri 

sequences are comparable in length to the mammalian sequences (Ephydatia sequences above 

400 amino acids, mammalian sialin around 500 amino acids, vesicular glutamate transporters 

around 550 amino acids) (Table S1). However, Em0617g9a and Em0438g10a are less than 200 

amino acids long, suggesting they may be nonfunctional.  
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Figure 6: Uptake of of 30 µM total L-glutamate across the whole body of E. muelleri. (A) 

Uptake of L-glutamate compared to inulin after a 30-minute incubation period. (B) Uptake of L-

glutamate compared to inulin after a 24-hour incubation period. (C) Uptake of L-glutamate after 

incubation periods ranging from 30 minutes to 24 hours. Values represent the mean ± standard 

error of the mean (S.E.M) of 3-5 replicates. Asterisks denote a significant difference between 

treatments as assessed by a two tailed t-test at α = 0.05.  
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Figure 7: Uptake of L-glutamate across the body of E. muelleri in 16 hours across increasing 

concentrations of L-glutamate ranging from 0 µM to 60 µM.  (A) Concentration curve for 

concentrations of L-glutamate ranging between 0-10 µM. (B) Concentration curve for 

concentrations of L-glutamate ranging between 0-60 µM. The region in the red box corresponds 

to the curve shown in part A. Values represent the mean ± standard error of the mean (S.E.M) of 

4-9 replicates. 
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Figure 8: Uptake of 0.06 µCi 14C-L-glutamate in 6 µM total L-glutamate across the body of E. 

muelleri in the presence of other amino acids. A: Uptake of L-glutamate in the presence of 2:1 

and 10:1 ratios of D-glutamate. B: Uptake of L-glutamate in the presence of 2:1 and 10:1 ratios 

of L-aspartate. C: Uptake of L-glutamate in the presence of 2:1 and 10:1 ratios of L-alanine. All 

incubation periods were 16 hours. Values represent the mean ± standard error of the mean 

(S.E.M) of 5-6 replicates. Similar letters denote no significant difference between treatments, 

letters that are different indicate significant differences between treatments as determined by 

one-way ANOVA with Holm-Sidak post hoc tests at α = 0.05.  
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Figure 9: Uptake of 0.06 µCi 14C-L-glutamate in 6 µM total L-glutamate across the body of E. 

muelleri with a reduction of sodium and/or calcium. A: Uptake of L-glutamate in media with N-

methyl D-glucamine substituted for sodium. B: Uptake of L-glutamate in media with calcium 

excluded. C: Uptake of L-glutamate in media reduced in both sodium and calcium. All 

incubation periods were 6 hours. Values indicate the mean ± standard error of the mean (S.E.M) 

of 9 replicates. Asterisks denote a significant difference between treatments as assessed by a 

two-tailed t-test at α = 0.05.  
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Figure 10: Uptake of 0.06 µCi 14C-L-glutamate in 6 µM total L-glutamate across the body of E. 

muelleri in basic conditions and in the presence of the proton ATPase inhibitor bafilomycin. A: 

Uptake of L-glutamate in standard media (pH 6.8) and pH 8.5 media. B: Uptake of L-glutamate 

in the presence of bafilomycin. All incubation periods were 6 hours. Values represent the mean ± 

standard error of the mean (S.E.M) of 6-9 replicates. 
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Figure 11: Phylogenetic positioning of L-glutamate transporters detected in the E. muelleri 

genome. A maximum likelihood heuristic was used to generate the tree with 100 bootstrap 

replicates. Bootstrap values are indicated at site of condensation for condensed branches or at 

nodes on uncondensed branches. A total of 219 sequences were used in the analysis, with 

alignment of sequences using MAFFT and trimming of sequences to a 271 amino acid frame 

done using TrimAl. Symbols at ends of branches indicate condensation of the subtree beyond 

that branch, with the bootstrap value listed for the subsequent node. Em = Ephydatia muelleri, 

SLC = solute carrier.  
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Figure 12: Untrimmed alignment of putative SLC1 sequences in E. muelleri against human and 

mouse SLC1A3(sequences 3 and 4). Alignment was visualized using Mview from EMBL-EBI 

(Madeira et al. 2019). Percent identity (pid) is compared against the first listed E. muelleri 

sequence. 
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Figure 13: Untrimmed alignment of putative SLC17 sequences in E. muelleri against human and 

mouse SLC17A5(sequences 9 and 10) and SLC17A7 sequences (sequences 11 and 12). 

Alignment was visualized using Mview from EMBL-EBI (Madeira et al. 2019). Percent identity 

(pid) is compared against the first listed E. muelleri sequence. 
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4. Discussion: 

 This study demonstrated the specific uptake of an amino acid at very low ambient 

concentrations across the epithelia of the freshwater sponge Ephydatia muelleri. This is the first 

documented case of uptake of an amino acid across the extra-intestinal epithelia of a freshwater 

invertebrate.  

 

4.1 Uptake Kinetics: 

The uptake of L-glutamate compared to inulin in E. muelleri was up to 600-fold greater 

(Figure 6A, B). Specific transport proteins for inulin are not found in animals, so uptake of inulin 

into E. muelleri reflects solely diffusion and phagocytosis. The large discrepancy in uptake rate 

between L-glutamate and inulin therefore suggests that movement of L-glutamate into the body 

of E. muelleri is not solely due to diffusive mechanisms and supports the existence of a 

functional sealing epithelia in E. muelleri (Adams et al. 2010). Additionally, low concentrations 

of remaining inulin after procedural wash steps confirmed that the washes performed were 

sufficient to prevent non-bound solutes from remaining within sponges prior to tissue 

homogenization. The uptake rate of L-glutamate into E. muelleri is relatively constant for 

intervals up to 16 hours, with an increase in uptake rate during 24-hour incubations (Figure 6C). 

The stability in uptake rates over different incubation periods overall allowed for use of 16-hour 

incubation periods for subsequent experiments without concern for changes in uptake rates over 

long incubation periods.  

The observed increase in L-glutamate uptake after 24 hours of incubation reflects the 

overall high variation between different experiments (Figure S4). Experiments run on different 
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days under the same manipulations can have dramatically different uptake rates. One possible 

source of variation in the experiments is the use of different source tissue, but generally 

gemmules from the same sponge individual were used for each experimental subset (Table S2). 

A greater possible source of variation is in manipulations made to each hatched sponge prior to 

experiments. Removal of gemmules from sponge tissue caused varying amounts of damage to 

each sponge and normalizing by protein content per sponge alone cannot reflect for possible 

variation due to dedication of resources to tissue repair. Differences in aggregation of gemmules 

into a single individual is another possible minor source of variation, with different patterns of 

aggregation possibly affecting media movement through the sponge and the surface area 

available for transport of L-glutamate.  

Characterization of L-glutamate uptake in differing concentration gradients weakly 

supports (R2 = 0.65) one transporter for L-glutamate with a Km of 8.77 µM and a Jmax of 64.24 

pmol L-Glu mg protein-1 min-1 and more strongly supports (R2 = 0.69) a L-glutamate transporter 

with a maximal rate of uptake of 25.1 pmol L-Glu mg protein-1 min-1 and a substrate 

concentration giving 50% of maximal uptake rate of 2.87 µM (Figure 7).  The overlap of the two 

kinetic curves of the putative transporters complicates interpretations of their properties, so only 

the more strongly supported transporter acting at concentrations below 10 µM L-glutamate will 

be discussed. The kinetic parameters previously stated were determined using a sigmoidal model 

based on the Hill equation, which generally reflects transport processes that involve the binding 

of a co-transported substance (Lolkema and Slotboom 2015). A Lineweaver-Burk plot was also 

created for the data to compare parameter estimates assuming the underlying transport obeys 

Michaelis-Menten kinetics with just a single substrate binding to the transporter (Lineweaver and 

Burk 1934). This analysis gave a Km of 13.54 µM and a Jmax of 25.64 pmol L-glutamate mg-1 
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min-1 (Figure S3). While the two Jmax estimates of these approaches are very similar, the Km 

estimates differ dramatically. The Lineweaver-Burk plot has a negative y-intercept for the linear 

regression, which does not normally occur with enzymes or transporters that follow Michaelis-

Menton kinetics. This therefore suggests that the L-glutamate transport mechanism is dependent 

on the binding of another ligand, most likely either a positively charged ion brought in via 

symport with L-glutamate or a negatively charged ion exiting the cell via antiport.  

The Km of the putative transporter functional at lower L-Glu concentrations shows a high 

affinity for its substrate compared to other examined invertebrate epithelial amino acid transport 

systems (Figure 14). The sea urchin Paracentrotus livitus takes up L-valine with a Km of 13.8 

µM, while the spat larvae of the oyster Ostrea edulis takes up L-alanine with a Km of 16.8 µM 

(Rice et al. 1980, Allemand et al. 1988). However, the estuarine green shore crab Carcinus 

meanas takes up L-leucine with a Km of 1.7 µM (Blewett and Goss 2017), suggesting that the 

observed substrate affinity of the E. muelleri uptake is not outside of the previously documented 

range of amino acid transporter affinity. The E. muelleri transporter Km also is comparable to the 

Km determined for human excitatory amino acid transporters (EAAT), with a Km for L-glutamate 

of 9 µM and 2.5 µM for EAAT3 and EAAT4, respectively (Lin et al. 2001, Mim et al. 2005). 

However, the E. muelleri transporter shows an almost 10-fold greater affinity for L-glutamate 

than previously documented L-glutamate transporters in other invertebrates, with the Km of L-

glutamate transport in the parasitic platyhelminth Echinococcus granulosus of 28 µM and a Km 

of 29.4 µM for L-glutamate uptake in the mosquito Aedes aegypti (Jeffs and Arme 1987, Umesh 

et al. 2003). The differences in affinity may reflect differences in the environment to which the 

transporters are exposed. The E. muelleri transporter would be exposed to the water circulating 

through the sponge, which is taken directly from the surrounding environment, while E. 
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granulosis would be exposed to the nutrient rich environment within its host and the A. aegypti 

transporter concentrated within the nervous system will be adjacent to immediate L-glutamate 

release (Jeffs and Arme 1987, Umesh et al. 2003). The lower Km of the E. muelleri transporter 

thus may reflect an adaptation to the low L-glutamate concentrations commonly found within 

freshwater environments, which are on the scale of 1 µM (Abe and Wasa 1989, Hornak et al. 

2016). 

Comparisons of the Jmax of the E. muelleri transporter with other organisms is 

complicated by a variance in the methodologies used when reporting and measuring uptake rates. 

This work used protein content of tissue as the means of standardization, but in other invertebrate 

studies other standards have been used including uptake per whole organism (Manahan et al. 

1989, Epel 1972), per wet weight of the organism (Dean et al. 1987, Barber et al. 1989) , per cell 

(Umesh et al. 2003) or per volume of water passed through the system in perfusion setups 

(Blewett and Goss 2017). Initial comparison of the 25.1 pmol L-Glu mg protein-1 minute-1
 L-Glu 

uptake rate of E. muelleri with the reported uptake rates of human EAAT3 and EAAT4 (1.02 

nmol L-Glu mg protein-1 min-1 and 0.13 nmol L-Glu mg protein-1 min-1, respectively) suggest 

that L-Glu uptake into E. muelleri has a maximal rate that is within an order of magnitude the 

reported physiological ranges in humans (Lin et al. 2001, Mim et al. 2005). In particular, the Jmax 

of the E. muelleri transporter appears to only be 5-fold lower than the Jmax for human EAAT4. 

However, a caveat to this analysis is that the uptake rate for the human EAAT4 was determined 

using heterologous expression in HEK 293 cells, so the overall expression of the protein relative 

to other proteins would not be the same as in the tissues where the transporter is normally 

expressed. Experiments using heterologous expression of the E. muelleri transporter in a system 
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such as Xenopus oocytes would form the basis for a more equitable comparison of the 

characteristics of the transport systems. 

 

4.2 Inhibition and Ion Dependence: 

L-glutamate uptake by E. muelleri was reduced by the presence of both L-aspartate and 

D-glutamate and may be reduced in the presence of L-alanine (Figure 8, S1). L-glutamate 

transporters in other organisms often also take up L-aspartate due to the similar charge and shape 

of L-aspartate relative to L-glutamate (Matsuo et al. 2002, Canul-Tec et al. 2017). L-alanine 

affecting L-glutamate uptake supports the possibility that L-glutamate uptake in E. muelleri may 

be part of broad specificity amino acid uptake. Further experiments examining the effect of other 

neutral amino acids on L-glutamate uptake are needed to confirm this. L-glutamate uptake being 

affected by L-aspartate suggests that the transporter acting within E. muelleri is most likely 

homologous to the SLC1 or SLC7 families, or to SLC17A5 (Table 2).  

L-glutamate uptake in E. muelleri was not affected by depletion of calcium individually, 

but some effect on uptake was seen with depletion of sodium and simultaneous depletion of both 

ions (Figure 9, S2). Differences in the overall conclusion reached from separate experiments in 

sodium free media make it difficult to formulate an overall statement on the role of sodium in the 

transport mechanism. However, these results do support that L-glutamate uptake in E. muelleri is 

largely calcium independent. This in turn suggests that the L-Glu transporter in E. muelleri may 

have homology to SLC1 transporters, as SLC1 transporters are sodium dependent (Zerangue and 

Kavanaugh 1996). Vesicular glutamate transporters (SLC17, VGLUTs) are not dependent on 

sodium, so the E. muelleri transporter may also be homologous to this transporter family (Reimer 

and Edwards 2004).  If L-glutamate uptake is truly independent from sodium concentrations this 
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may also reflect the lack of ions in freshwater environments. The sodium concentration in 

freshwater is on the order of 150 µM, while the concentration in saltwater is approximately 450 

mM (Dugan et al. 2017, Emmanuel et al. 2012). Solutions used to test the kinetic parameters of 

mammalian SLC1 transporters used sodium concentrations of 140 mM (Grewer et al. 2000, Mim 

et al. 2005), which much more closely resembles the sodium content of saltwater than 

freshwater.  

 Calcium dependence of L-glutamate uptake has not been previously documented in other 

organisms, but the relative concentration of calcium in freshwater environments (on the order of 

30 µM to 1.4 mM, Edwards et al. 2015) compared to previously measured intracellular calcium 

concentrations of near 150 nM (Garcia-Hirschfeld et al. 1995, Perovic et al. 1999) in several 

organisms opened the possibility that calcium cotransport may have been used in E. muelleri to 

drive uptake of L-glutamate into the sponge. There was no support for calcium dependence in 

these experiments, but there was some effect with removal of both sodium and calcium 

simultaneously. This may reflect dependence of L-glutamate uptake on one of sodium or calcium 

with the other ion being able to substitute as a transport substrate in cases of depletion. However, 

the continued uptake of L-glutamate even with depletion of both ions at almost 70% capacity 

suggests either the action of multiple transporters with only one transporter being ion dependent 

or the observed trend instead reflects natural variance in uptake rates.  

L-glutamate uptake into E. muelleri was also not proton dependent, with both changes in 

media pH and application of the proton ionophore bafilomycin not affecting L-glutamate uptake 

rate (Figure 10). Proton dependence of uptake was investigated due to the utilization of protons 

to drive glutamate uptake by some previously documented transporters, including SLC17A5 

(sialin) (Miyaji et al. 2008, Reimer 2013). Protons also represent a chemical gradient between 
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the freshwater environment and cells that could be used to drive L-glutamate uptake in the 

absence of high concentrations of other ions. These experiments did not support proton 

dependence of L-glutamate uptake, suggesting that a homolog of sialin is likely not responsible 

for L-glutamate uptake by E. muelleri.  

Several other ions may also contribute to L-glutamate transport in E. muelleri. Potassium 

ions are exported during L-glutamate transport by SLC1 transporters (Kanai et al. 2013), so an 

experiment utilizing a potassium ionophore such as valinomycin or nigericin could be performed 

to break down any potassium ion gradient between sponge cells and the surrounding medium 

(Daniele and Holian 1976, Daniele et al. 1978). Chloride ion export is used in the transport 

mechanism of VGLUTs (Reimer 2013), and chloride ionophores related to valinomycin could be 

used to investigate the importance of chloride in L-glutamate transport in E. muelleri (Wu et al. 

2016).  Magnesium ions are another possible source of an ionic gradient to drive transport in 

freshwater environments. However, no known L-glutamate transporters in animals are dependent 

on divalent cations as a co-transported ion (Kanai et al. 2013, Fotiadis et al. 2013, Reimer 2013). 

Magnesium substitution could be performed similarly to how calcium substitution was 

previously performed or utilizing a magnesium ionophore such as ETH 5214 (Blatter 1990).  

 

4.3 E. muelleri L-glutamate transporter complement: 

Analysis of the E. muelleri genome utilizing BLAST protocols identified two putative 

homologs of SLC1 transporters and 8 putative homologs of SLC17 transporters (Figure 

11,12,13). In vertebrates SLC1 transporters are expressed by glial cells near synapses to deplete 

L-glutamate used for triggering action potentials (Kanai et al. 2013). SLC1 transporters are 

dependent on both protons and sodium for L-glutamate uptake and can take up L-aspartate 
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(Zerangue and Kavanaugh 1996, Canul-Tec et al. 2017). Alignment of the two identified E. 

muelleri SLC1A3 homologs with mammalian sequences found that the E. muelleri sequences 

were less than half the length of the mammalian sequences (Figure 12). This suggests that the E. 

muelleri sequences may not function in L-glutamate transport. Domain analysis of the proteins 

further supports this conclusion, as the E. muelleri sequences lack transmembrane regions found 

within the mammalian sequences and only have a portion of the sodium dicarboxylate symporter 

domain that is contained within the mammalian sequences (Figure S5). Previous analysis of the 

SLC complement across a variety of organisms found that placozoans also do not have SLC1 

homologs, suggesting that SLC1 transporters may have originated with the development of 

nervous systems (Hoglund et al. 2011).  

SLC17A5(sialin) is a vesicular transporter known for transport of sugar acids in a proton 

dependent manner.   However, further analysis of SLC17A5 has found that it may also be acting 

as an L-glutamate and L-aspartate transporter (Miyaji et al. 2008). SLC17A6-8 (VGLUT) are 

associated with glutaminergic neurons but take up L-glutamate into vesicles rather than 

sequestering it from the extracellular space (Reimer 2013). In contrast to SLC1 transporters, 

SLC17 transporters are not sodium dependent or proton dependent but are instead chloride 

dependent (Reimer and Edwards 2004).  Six of the eight putative E. muelleri SLC17 sequences 

are identified as SLC17A5 homologs using reciprocal BLAST, but within the overall SLC 

phylogeny all eight of the SLC17 E. muelleri sequences group with each other (Figure 11). It is 

difficult to determine why this may be occurring in this analysis since the phylogeny generated 

does not have branch lengths. 

 Alignment of the E. muelleri sequences with mammalian SLC17A5 and SLC17A7 

sequences shows that the six E. muelleri sequences homologous to SLC17A5 are all near full 
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length relative to the mammalian sequences, while the VGLUT homologs are much smaller 

(Figure 13). This mirrors the trend seen in the SLC1 E. muelleri homologs, suggesting that these 

sequences may not be functional in L-glutamate transport. Domain analysis of the SLC17 

homologs further confirmed this result, with the VGLUT homologs having only half the 

transmembrane regions compared to the other sequences and lacking the major facilitator 

superfamily domain at least partially present in all other sequences (Figure S6). This overall 

suggests that the only L-glutamate transporter within the E. muelleri genome is SLC17A5. The 

presence of six total copies of the gene is similar to trends seen in other sponges, where sponge 

species had duplicate copies of SLC17 sequences (Francis et al. 2017). Analyses of copy number 

of SLC17 genes in other animals have found that during vertebrate evolution additional copies of 

SLC17A5 genes were either lost or served as the basis for new SLC17 genes (Sreedharan et al. 

2010). The scaffold placement and relative positioning of the E. muelleri SLC17 homologs 

suggests that both tandem duplication and chromosomal rearrangement may have contributed to 

the large number of sequences in E. muelleri. This overall complements the expansion of 

glutamate receptors seen in other sponge species to allow for the basis of a glutamate based 

signaling system (Abrams and Sossin 2018). 

Only L-glutamate can be taken up by VGLUTs, so L-aspartate would not be expected to 

affect uptake rate if VGLUTs are the main transporters responsible (Reimer and Edwards 2004). 

Comparison of the functional characteristics of these transporters with the ion dependence and 

competitive inhibition experiments suggests that both SLC1 and SLC17 families of transporters 

may be responsible for the observed L-glutamate uptake. L-aspartate application would not 

lower VGLUT uptake rate, but SLC1 transporters would be dependent on sodium and/or proton 

concentration. However, examination of the E. muelleri genome did not find strong evidence for 
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sodium dependent L-glutamate transporters, in contrast to the possible sodium dependence seen 

within experimental data (Figure S2). An additional complication in interpreting the 

experimental results if only SLC17 transporters are found within E. muelleri is that SLC17 

transporters are only found in membrane bound vesicles in cells in vertebrates (Reimer 2013). If 

SLC17 transporters are responsible for the L-glutamate uptake seen in E. muelleri, then the 

expression of SLC17 transporters would need to be at the cell membrane. One important caveat 

to this analysis is that the majority of functional characterization of SLC transporters has been 

performed in vertebrate model systems (Bai et al. 2017). The early divergence of sponges from 

other animals opens the possibility that the functionality of the transporter may also have greatly 

differentiated from vertebrate transporters (Mah and Leys 2017). The apparent absence of other 

L-glutamate transporters within the E. muelleri genome further supports this possibility.   In-situ 

expression analysis of SLC17 transporter homologs will be needed to determine the extent to 

which this is occurring.   

 

4.4 Contextualization of L-glutamate signaling  

The E. muelleri sneeze response can be triggered by irritant application, mechanical 

stimulus, or application of concentrations of L-glutamate exceeding 70 µM (Elliott and Leys 

2007, 2010). The experiments detailed above suggest that the high concentrations of L-glutamate 

required to trigger the sneeze response may be entering the sponge through diffusion rather than 

specific uptake (Figure 7). However, due to the limited number of L-glutamate concentrations 

tested it is also possible that a high capacity low affinity transporter may also be acting in this 

concentration range. Despite this, specific uptake of L-glutamate at low concentrations by E. 

muelleri is still occurring. One possibility for this specific uptake is for nutrient acquisition as 
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has been previously noted in other aquatic invertebrates (Wright and Manahan 1989). However, 

the demonstration by E. muelleri of an L-glutamate dependent behavior and the presence of 

VGLUT-like sequences in the E. muelleri genome suggests that observed L-glutamate uptake 

may instead be part of a coordination system in E. muelleri. The Km is also similar to the EC50 of 

mammalian metabotropic glutamate receptors (mGluRs), which range between 100 nM and 1 

mM (Reiner and Levitz 2018). The low environmental levels of L-glutamate would not allow for 

a direct trigger of the sneeze response by this uptake, but instead this uptake may be used to pool 

L-glutamate stores for release to trigger the response upon irritant application (Abe and Wasa 

1989, Robarts et al. 1990, Hornak et al. 2016). 

A coordination system based on L-glutamate in E. muelleri needs several different 

elements: receptors to bind L-glutamate, a way to terminate the signal upon completion of the 

response, and a source of signaling molecule. There are two main subsets of L-glutamate 

receptors, ionotropic receptors (iGluRs) and metabotropic receptors (mGluRs) (Barnard 1997, 

Conn and Pin 1997). Examination of sponge genomes has found some sponge species that have 

iGluRs (Class Homoscleromorpha and Calcarea), but all examined sponges have mGluRs 

(Riesgo et al. 2014, Francis et al. 2017, Ramos-Vicente et al. 2018). Copy number of mGluRs in 

sponges overall is lower than the 8 mGluRs found in vertebrates (Reiner and Levitz 2018). In E. 

muelleri this is in sharp contrast to the large number of VGLUT-like sequences available for L-

glutamate transport (Figure 11). This suggests that a L-glutamate based signaling system would 

utilize control of available L-glutamate concentrations more heavily than differences in 

downstream receptor interacting proteins. Conversion of L-glutamate into GABA using 

glutamate decarboxylase may allow the use of GABA as a signal termination molecule within 
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the system, as a variety of examined sponge species express glutamate decarboxylase (Riesgo et 

al. 2014). 

The coordination mechanism for the sneeze response in E. muelleri could thus work as 

follows: L-glutamate uptake would most likely occur along the choanocyte chambers of the 

sponge due to the large volumes of water passing through these chambers during normal 

filtration, but some uptake may also potentially occur over the exopinacoderm due to its direct 

contact with the water surrounding the sponge (Figure 15). The intake of L-glutamate could then 

be concentrated in the mesohyl, where motile cells expressing vesicular transporters could then 

sequester the L-glutamate into vesicles. One possible candidate cell type for this function is 

cystencytes, a motile cell in the mesohyl that has previously been demonstrated to contain large 

vesicles (Simpson 1984). Mechanical stimulation or presence of an irritant in the aquiferous 

system may then trigger release of L-glutamate vesicle contents into the mesohyl. The L-

glutamate could then either directly diffuse to the osculum or enter the flow through the 

choanocyte chambers to reach the osculum. The osculum acts as the coordination center for the 

sneeze response, and removal of the osculum prevents functional propagation of the sneeze 

response (Ludeman et al. 2014). Previous work has also identified metabotropic glutamate 

receptors(mGluRs) in E. muelleri and other sponges, which trigger cAMP dependent signaling 

cascades in cells (Conn and Pin 1997, Riesgo et al. 2014, Leys et al. 2019b). Once mGluRs in 

the osculum have been activated, the sneeze response is then triggered and propagated through 

the body of the sponge. Application of high concentrations of L-glutamate in the sponge medium 

may bypass this normal mechanism by allowing diffusion to occur directly to the osculum.  How 

the signal is propagated from the osculum to the rest of the sponge is currently unknown, but 

calcium waves likely play a role as the contraction wave seen during the sneeze response is 
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calcium dependent (Elliott and Leys 2010). These elements combined thus have the potential to 

allow for the whole-body coordination of E. muelleri and may also serve as a model for a 

possible way in which animal ancestors may have coordinated their body responses to changes in 

environmental conditions.  

 

4.5  Conclusion: 

The combined results of these experiments document uptake of L-glutamate by E. muelleri 

that shows a mixture of characteristics from several families of L-glutamate transporters. This 

uptake system may potentially serve as the basis for the coordination system involved in the 

sneeze response in E. muelleri. The capacity for amino acid uptake in a freshwater environment 

without a clear driving gradient is also of great physiological interest. Further experiments 

examining other potential driving ions such as chloride are needed to further characterize this 

system, and comparative analysis of the amino acid uptake capacity of other freshwater 

organisms across their extra-intestinal epithelia could provide insights into adaptations of 

animals to freshwater environments. 
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Figure 14: Comparison of the substrate concentration causing half the rate of maximal uptake 

(Km) of amino acid transporters in a variety of organisms. Bars show mean reported value. 

Emu = Ephydatia muelleri, data sourced from above. Oed = Ostrea edulis larvae, sourced 

from Rice et al. 1980. Pli = Paracentrotus livitus larvae, sourced from Allemand et al. 1988. 

Cma = Carcinus maenas gills, sourced from Blewett and Goss 2017. Hsa = Homo sapiens 

neurons, EAAT3 data sourced from Lin et al. 2001 and EAAT4 data sourced from Mim et al. 

2005. Egr = Echinococcus granulosis, data sourced from Jeffs and Arme 1987. Dpu = 

Diploptera punctate, Tni =Trichoplusia ni, Aae = Aedes aegypti, all sourced from Umesh et 

al. 2003.    
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Figure 15: Proposed mechanism of coordination of the sneeze response of E. muelleri adapted 

from Elliott and Leys 2007. L-glutamate enters through the ostia into the choanocyte chambers, 

where it is transported into the mesohyl by one subset of L-glutamate transporters. Cells within 

the mesohyl expressing cell membrane transporters then sequester the L-glutamate and further 

concentrate it within vesicles using a different subset of L-glutamate transporters. Vibrations or 

clogging of the canal system triggers vesicle release, thus allowing the L-glutamate to diffuse 

throughout the mesohyl and bind to mGluRs.  
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Property SLC1 SLC7A13 SLC17A5 SLC17A6-8 Putative E. 

muelleri 

transporter 

Substrates 

transported 

L-glutamate, 

D/L-

aspartate 

(Kanai et al. 

2013) 

L-aspartate, 

L-glutamate 

(Fotiadis et 

al. 2013) 

Acidic sugars, 

L-glutamate, 

L-aspartate 

(Miyaji et al. 

2008, Reimer 

2013) 

L-glutamate 

(Reimer 

2013) 

L-glutamate, 

D-glutamate, 

L-aspartate, 

possibly L-

alanine 

Ions 

transported 

Import: H+, 

Na+ 

Export: K+ 

(Kanai et al. 

2013) 

None 

detected 

(Matsuo et 

al. 2002) 

Import: H+ 

(Reimer 2013) 

Export: Cl- 

(Reimer 

2013) 

Possibly Na+ 

and Ca2+ 

Cellular 

localization 

Cell 

membrane 

(Kanai et al. 

2013) 

Cell 

membrane 

(Matsuo et 

al. 2002) 

Lysosome and 

synaptic 

vesicles 

(Miyaji et al. 

2008, Reimer 

2013) 

Synaptic 

vesicle 

(Reimer 

2013) 

unknown 

Km 0.6-10 µM 

(Grewer et 

al. 2000, Lin 

et al. 2001, 

Mim et al. 

2005) 

21.8 µM 

(Matsuo et 

al. 2002) 

Approximately 

500 µM 

(Miyaji et al. 

2008) 

1.2-2 mM 

(Bellocchio 

et al. 2000, 

Bai et al. 

2001) 

2.87 µM 
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Table 2: Comparison of properties of known L-glutamate transporters to experimental results of 

E. muelleri L-glutamate uptake. Sources of information for each individual cell are referenced 

within that cell.  
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Figure S1: Additional experiment examining the effect of L-alanine on L-glutamate uptake by E. 

muelleri. Sponges were incubated in 6 µM L-glutamate for 16 hours. L-alanine was added at the 

same time as L-glutamate at either a 2:1 or 10:1 ratio. Values represent the mean ± standard error 

of the mean (S.E.M) of 5-6 replicates. Similar letters denote no significant difference between 

treatments, letters that are different indicate significant differences between treatments as 

determined by one-way ANOVA with Holm-Sidak post hoc tests at α = 0.05.  
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Figure S2: Additional experiments examining the effect of ion substitution on L-glutamate 

uptake in E. muelleri. A: Uptake of L-glutamate in media with sodium substituted for N-methyl 

D-glucamine. The dashed line separates experiments run at different dates. B: Uptake of L-

glutamate in media with calcium excluded without addition of EGTA. C: Uptake of L-glutamate 

in media reduced in both sodium and calcium. All incubation periods were 6 hours. Values 

indicate the mean ± standard error of the mean (S.E.M) of 7-9 replicates. Asterisks denote a 

significant difference between treatments as assessed by a two-tailed t-test at α = 0.05.  
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y = 0.53x – 0.04 

R2= 0.96 

Jmax = 25.64 pmol L-glutamate mg-1 min-1 

Km = 13.54 µM 

 

y= 0.51x – 0.02 

R2 = 0.96 

Jmax = 43.48 pmol L-glutamate mg-1 min-1 

Km = 21.73 µM 
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Figure S3: Lineweaver-Burk plots of L-glutamate uptake below 10 µM L-glutamate (A) and 

below 30 µM L-glutamate (B). All incubation periods were for 16 hours. Values represent the 

inverse of the mean uptake rate of 4-9 replicates. Linear regression gives a line with the equation 

of 1/J = (Km/Jmax) (1/S) + 1/Jmax. Reported Jmax and Km values are approximated from this 

equation. 
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Figure S4: Variation in uptake rate of 30 µM (A) and 6 µM (B) L-glutamate by E. muelleri over 

a 16-hour incubation period between different experiments. Values represent the mean ± 

standard error of the mean (S.E.M) of 4-8 replicates. Similar letters denote no significant 

difference between treatments, letters that are different indicate significant differences between 

treatments as determined by one-way ANOVA with Holm-Sidak post hoc tests at α = 0.05. 
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Figure S5: Domain composition of human and mouse SLC1 proteins compared to putative E. 

muelleri proteins. A: Domains identified by SMART (Letunic and Bork 2017). The small purple 

box is a region of low complexity, while blue boxes represent transmembrane regions. B: Domains 

identified by PFAM (El-Gabali et al. 2019). The SDF domain is for the sodium dicarboxylate 

symporter family.  
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Figure S6: Domain composition of human and mouse SLC17 proteins compared to putative E. 

muelleri proteins. A: Domains identified by SMART (Letunic and Bork 2017). The small purple 

box is a region of low complexity, while blue boxes represent transmembrane regions. B: Domains 

identified by PFAM (El-Gabali et al. 2019). The MFS_1 domain is for the major facilitator 

superfamily. 
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Table S1: Hit table of putative SLC genes in E. muelleri that may function as L-glutamate 

transporters. Gene identifiers used for E. muelleri sequences are from the E. muelleri genome 

annotation. Human SLC sequences were used for initial BLAST searches, and reverse blast was 

performed against human sequences within the nr database in NCBI. Following each gene family 

of interest is listed the first non-homologous E. muelleri sequences listed in initial search results 

using human queries. Non-homology was determined based on reverse blast returning a result 

not within the SLC family of interest. 
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Figure Gemmule source used 

5 A (most data), E (16-hour time point in 5C) 

6 B (1 µM, 3 µM, 9 µM, and 60 µM), C (10 

µM and 20 µM), D (15 µM), E (0 µM and 30 

µM), F (6 µM) 

7 F 

8  F (sodium free and double substituted), G 

(calcium free) 

9  F 

S1 E 

S2 F 

S3 Same as 6 above 

S4 B (30 µM data and leftmost 6 µM bar), F 

(middle and rightmost 6 µM bar) 
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Table S2: Individual sponges contributing to each previous figure. Separate adult sponge 

individuals are labeled with different capital letters. Sponges labeled A-D were collected from 

the head tank of the Victoria Capital Regional District water system in 2017 and sponges labeled 

E-G were collected from O’Connor Lake in 2018. 


