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Knockdown of SLC38 Transporter Ortholog – CG13743 Reveals a Metabolic Relevance in Drosophila












	 
	ORIGINAL RESEARCH
published: 21 January 2020
doi: 10.3389/fphys.2019.01592





[image: image]

Knockdown of SLC38 Transporter Ortholog – CG13743 Reveals a Metabolic Relevance in Drosophila

Tanya Aggarwal*, Sourabh Patil, Mikaela Ceder, Maher Hayder and Robert Fredriksson

Molecular Neuropharmacology, Department of Pharmaceutical Biosciences, Uppsala University, Uppsala, Sweden

Edited by:
Bin Tang, Hangzhou Normal University, China

Reviewed by:
Aram Megighian, University of Padua, Italy
Jacob B. Campbell, USDA-ARS Red River Valley Agricultural Research Center, United States

*Correspondence: Tanya Aggarwal, tanya.aggarwal@farmbio.uu.se

Specialty section: This article was submitted to Invertebrate Physiology, a section of the journal Frontiers in Physiology

Received: 29 July 2019
Accepted: 19 December 2019
Published: 21 January 2020

Citation: Aggarwal T, Patil S, Ceder M, Hayder M and Fredriksson R (2020) Knockdown of SLC38 Transporter Ortholog – CG13743 Reveals a Metabolic Relevance in Drosophila. Front. Physiol. 10:1592. doi: 10.3389/fphys.2019.01592

Solute Carrier (SLC) is a cluster of families of membrane bound transporters, of which many members lack defined substrate profile, and many more are poorly characterized. Many play a vital role in regulating metabolic systems, protein synthesis, and post translational modifications. SLC38 is one of the families of SLCs, which are also known as sodium-coupled neutral amino acid transporters (SNATs). In mice, it has 11 members (SNAT1-11) but in Drosophila there are two homologs for the SLC38 family; CG13743 and CG30394. Here, we show characteristics of Drosophila CG13743 which closely resembles SLC38A11 in humans. SLC38A11 still remains an orphan member of the SLC38 family which has not been functionally well studied. We used the UAS-GAL4 system to investigate and control gene expression using RNAi lines for ubiquitous knockdown of the CG13743 gene. It was found to be expressed mainly in salivary gland and brain. Knockdown flies had reduced body weight and consumed less sugar compared with controls. The gene knockdown also affected stored energy pools (lipids and glycogen) and influenced feeding pattern and total activity. In all, this shows novel findings for the characterization of CG13743 in Drosophila and a possible role in maintaining general metabolic pathways and behavior of the fly.
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INTRODUCTION

Solute carriers (SLC) are known to be the largest group of secondary transporters with 456 members divided into 65 families in human (Perland and Fredriksson, 2017). These are transmembrane transporter proteins regulating uptake and excretion, transport and transfer of amino acids, neurotransmitters, sugars, and drug molecules across membranes (Rask-Andersen et al., 2013). They are also responsible for controlling homeostasis in the body, and also serve as drug targets (Hediger et al., 2013). Disturbance or obstruction in the SLCs encoding genes have been linked to various pathological disorders such as inflammatory bowel disease, jaundice, rotor syndrome, and hyperbilirubinemia (Lin et al., 2015).

The solute carrier family 38 (SLC38) is an amino acid transporter family consisting of 11 members termed as SLC38A1–SLC38A11 (Bröer, 2014). They are also referred to as sodium-coupled neutral amino acid transporters (SNATs). Members of SLC38 family are membrane transporters found in all cell types. They mediate transport of Na+-dependent net uptake and efflux of amino acids and play an important role in the Glutamate/GABA-glutamine cycle working between neurons and astrocytes (Bröer, 2014). Despite their transport function, they are also suggested to act as transceptors (Hundal and Taylor, 2009). Chan et al. (2016) studied the importance of SLC38A3 and its capacity to transport glutamine and was shown to have a critical role in amino acid metabolism. Several other studies have pointed toward varied roles of SLC38 family members in metabolism, homeostasis, and neurotransmission (Bagchi et al., 2014; Hägglund et al., 2015; Hellsten et al., 2018).

The physiological role of many SLC38 members and their implications in disorders is not completely known. In this paper, we report their role in the model Drosophila melanogaster, which offers balance between possibilities for genetic manipulation and similarity to the human genome (Featherstone, 2011). In Drosophila, phylogenetic analysis revealed that there are two homologs for SLC38; one possible orthologous to SLC38A10 (CG303094) and one that are ancestral to the rest of the SLC38 members (CG13743) (Sundberg et al., 2008). So far very little is known about these homologs in Drosophila and here we will focus on one of them – CG13743.



MATERIALS AND METHODS


Drosophila Stocks and Maintenance

CG13743-UAS RNAi KK line was ordered from Vienna Drosophila Resource Centre (v110773), CG13743-GAL4 line from Kyoto stock centre (103883), w1118 (5905) and UAS-GFP (6658) line were ordered from Bloomington stock centre and da-GAL4 was a kind gift from Prof. Dick Nässel, Stockholm University. Fly stocks were maintained on Standard Jazz-mix food (Fisher Scientific), supplemented with yeast extract (Genesee Scientific), at 25°C and 60% humidity on a 12-h light, 12-h dark cycle. For gene localization, offspring were collected from a cross made between CG13743-GAL4 > Pin/Pin-UAS GFP. For gene knockdown experiments, crosses were made between control lines (da-GAL4 > w1118), RNAi control (w1118 > UAS-CG13743 RNAi) and knockdown cross (da-GAL4 > UAS-CG13743 RNAi). Male offspring were collected from crosses and aged for 5–7 days on normal food and further used for experiments.



GFP Expression for Gene Expression Identification

To detect CG13743 expression we used UAS-GAL4 system, in which flies are used with gene of interest tagged to GAL4 and crossed with UAS-GFP flies. The offspring then obtained are used to check the GFP expression at the site where gene of interest localizes. Here CG13743-GAL4 flies were crossed with UAS-GFP flies. Expression was studied at both the important developmental stages – larval stage and adult stage. Larval stage consists of three phases – first instar, second instar, and third instar larva. Larvae were dissected in third instar stage where the organs like brain, SG, imaginal disks are distinguishable. Adult males were also dissected to check different regions of the body for expression. The collected tissue was either stained with Dapi (Thermofisher) or directly mounted in mowiol anti-fade media (25 g mowiol 4–88 in 100 mL 1×PBS, pH 8.0, 50 mL glycerol, 3 mL of 1% Thimerosal, and 100 μg/ml n-propyl gallate – Sigma-Aldrich) on slide. Images were obtained using Nikon Eclipse TE2000-U inverted microscope with a Nikon Digital Sight DS-5Mc camera.



Phylogenetic Relationship

The sequences were aligned using T_Coffee (Waterhouse et al., 2009) with default settings and manually inspected in Jalview (Waterhouse et al., 2009) where the N- and C-termini was identified and removed. The resulting sequences were realigned using T_Coffee with default settings. The phylogenetic relationships between the sequences were inferred using the Bayesian approach as implemented in mrBayes 3.2.2 (Huelsenbeck and Ronquist, 2001; Ronquist et al., 2012) to obtain the tree. The analysis was run via the Beagle library (Ayres et al., 2012) on an NVIDA 980Ti graphics card on six chains (five heated and one cold) with two runs in parallel (n runs = 2) under the mixed amino acid model with eight gamma categories and invgamma as gamma rates for a total of 2,000,000 generations. The tree was plotted in FigTree1.



Body Weight

We have used male flies for all experiments as for females, the hormone cycle can affect the activity and metabolism and may give inconsistent results. Adult male flies aged 5–7 days old were weighed by placing groups of five flies in a vial (six replicates of N = 5 were used per genotype). The vial was pre weighed and the weight was subtracted from total weight of the flies and the vial. And the average weight/fly was plotted.



Phenotypic Analysis

Adult male flies aged 5–7 days old were anesthetized and visualized under the microscope. Images were taken on Leica M125 and processed as a montage in Image J.



RNA Extraction

The phenol-chloroform method was used for RNA extraction from tissue samples (Chomzynski and Sacchi, 1987). Briefly, ten flies were homogenized with TRIzol (Invitrogen, United States) followed by addition of Chloroform (Sigma-Aldrich). Samples were centrifuged at 13000 rpm for 12 min at 4°C. The aqueous layer, containing RNA was collected and Isopropanol (Solveco AB, Sweden) was added to precipitate RNA at −20°C for 30 min. Samples were centrifuged at 13000 rpm for 12 min at 4°C, to collect the RNA pellets, which were then washed with 75% ethanol (Solveco AB, Sweden) to remove the organic impurities. RNA pellets were incubated at 37°C for 30 min with RNAse free water (Qiagen GmBH, Germany) and DNAse incubation buffer (Roche GmBH, Germany) and DNAse I (Roche GmBH, Germany). DNAse was deactivated by adding EDTA and incubating the samples at 75°C for 10 min. The RNA pellet was air dried and resuspended in RNase free water. The RNA concentration was measured using a Nano drop ND 1000 spectrophotometer (Saveen Werner). Ten replicates of N = 10 were used per genotype.



cDNA Synthesis

cDNA was synthesized from RNA using High capacity RNA to cDNA kit (Applied Biosystems) by following manufactures instructions. The cDNA was stored at -20°C and used for qPCR.



Quantitative RT-PCR (qPCR)

Primers for fly samples CG13743 was used according to the following sequence. CG13743 forward 5′-GAACATCCGACAAATCGGCG-3′, reverse 5′-CATGAACTG CAGCAGGGAGA-3′; reference housekeeping genes: Rp49 forward_dw 5′-CACACCAAATCTTACAAAATGTGTGA-3′, reverse 5′-AATCCGGCCTTGCACATG-3′; Rp11 forward 5′- CCATCGGTATCTATGGTCTGGA-3′, reverse 5′-CATCGTAT TTCTGCTGGAACC-3′; Actin42a forward 5′-ACAACACTTC CGCTCCTT-3′, reverse 5′-GAACACAATATGGTTTGCTT ATGC-3′.

qPCR master mix was made by calculating per well volumes as – 1.5 μl DreamTaq Buffer (Thermo scientific), 0.1 μl 20 mM dNTP, 0.025 μl forward and reverse primer (100 pmol/μl), 0.25 μl of SYBR Green (1:50000; Invitrogen) in TE buffer (pH 7.8), 0.5 μl Dimethyl sulfoxide (Sigma Aldrich), and 0.04 μl DreamTaq polymerase (5 U/μl, Thermo scientific). 2 μl cDNA (10 μg/μl) per reaction was used as template. The measurements were run on CFX384 and CFX96 real-time system detection instrument (Bio-Rad Laboratories) according to following parameters: 3 min at 95°C initial denaturation, followed by 50 cycles of 10 s at 95°C, 30 s at 55–61°C (optimal temperature for each primer pair) and 30 s at 72°C, followed by a melting curve (+0.5°C per cycle, 81 cycles at 10 s intervals, starting from 55°C). Each sample was run in triplicates. Negative controls were included on each plate. All experiments were repeated twice. Data analysis was done using Bio-Rad CFX Maestro software and significance was calculated using GraphPad Prism 5.



Refeeding Experiment Using flyPAD

Feeding experiments were performed in a similar fashion as Itskov et al. (2014). Male offspring (n = 32/genotype/diet) were raised on ad libitum normal Drosophila food. Flies were individually transferred to the flyPAD (fly Proboscis and Activity Detector) behavioral arena by mouth aspiration and left to feed on either 5% sucrose (Sigma-Aldrich, Sweden), or 0.5% margarine (4.7% monounsaturated fat, 2.8% polyunsaturated fat, 1.9% saturated fat) (ICA, Sweden) or a 10% yeast solution (Sigma-Aldrich, Stockholm, Sweden) in 1% agarose (Sigma-Aldrich, Sweden). For each experiment, fresh aliquots of prepared food were melted at 70 °C in a heat block immediately before adding 4 μl to the arena for the experiment that continued for a period of 2 h. flyPAD data were recorded using the Bonsai framework and sips and activity bouts were calculated with MATLAB as described previously in Itskov et al. (2014) paper. Data obtained were compared between knockdown and control groups using GraphPad Prism 5.



Activity Monitoring Using DAMS

Drosophila activity monitoring system (DAMS) was used to study activity pattern in a similar way as Chiu et al. (2010). The system records when a fly crosses the center of the locomotor tube to break the infrared beam passed across the middle (Dubowy and Sehgal, 2017). To determine the effect of CG13743 knockdown on fly’s activity, 32 male flies from both controls and knockdown flies were used. 32 tubes per monitor, containing either normal food or starvation food (1% agarose with water) were prepared and one fly was placed inside each tube. Data was recorded for 4 days using DAMS. Flies were allowed to get accustomed to the tubes and the first 24 h reading was not considered as it took time for the flies to adjust to the new environment. Experiment was repeated twice with n = 32 flies/genotype. Data was analyzed using Sleep and Circadian Analysis MATLAB program (SCAMP) software. For locomotor activity on normal food, the data of 3 days was averaged in software to calculate the activity during 24 h. For starved flies, the data of first 24 h during starvation was used to calculate the activity since our aim was also to calculate starvation resistance for which we need data from the starting point. Further the outliers were eliminated using online grubs test tool and graphs were plotted in GraphPad Prism 5.



Triacylglyceride (TAG) Assay

Five adult flies per replicate were homogenized in phosphate-buffered saline with 1% Triton-X (PBST) on ice. 10 μl of homogenized sample was removed and stored at −80 °C to be measured later for protein content. Samples were heat inactivated at 70 °C for 10 min. Heat-treated homogenates were incubated at 37 °C for 45 min in replicates with either triglyceride reagent (Sigma) or PBST. Samples were transferred to 96 well plates and Free Glycerol Reagent (Sigma) was added for 5 min at 37 °C. Absorbance was recorded using a multiscan microplate spectrophotometer (Multiskan GO; Thermo Fisher Scientific) 540 nm. Experiment was designed using six replicates with five flies/genotype/condition. TAG was determined by subtracting the amount of free glycerol in the PBST-treated sample from the total glycerol present in the sample treated with triglyceride reagent. Glycerol standard solution (Sigma) was used to make 0–1 mg/ml of triolein equivalent standards which was treated like the fly samples.



Sugar Assay

Stored body Glycogen and trehalose as well as circulating glucose and trehalose concentrations were measured using Liquick Cor-Glucose diagnostic kit (Cormay, Poland). For each condition, eight biological replicates were used with each containing around 10 mg (10–12 flies) of decapitated male flies. Briefly, PBS was added to the flies and centrifuged at 3000 rpm for 6 min at 4°C to extract haemolymph. Haemolymph was used measure circulating trehalose and glucose. To extract body supernatant, the remaining bodies of the 10 flies were homogenized in PBS, and homogenates were centrifuged at 13000 rpm for 20 min at 4°C. The supernatants collected were incubated with porcine kidney trehalase (Sigma-Aldrich, Stockholm, Sweden) to digest trehalose to glucose at 37°C for 18–24 h. Glycogen digestion was achieved by adding amyloglycosidase from Aspergillus niger (Sigma) to body supernatant at 25°C for 18–24 h. Glucose levels from all substrates were measured with Liquick Cor-Glucose diagnostic kit according to manufactures instructions. Absorbance was measured at 500 nm for each replicate of each substrate on a multiscan microplate spectrophotometer (Multiskan GO; Thermo Fisher Scientific) and converted to a millimolar concentration of glucose using a linear regression obtained by a calibration curve made from serial dilution of a sample with a known glucose concentration. Glucose measurements were then converted back to the units of their original substrates. Experiment was done using ten replicates of 10–12 flies/genotype/condition.



Data Analysis

Mean and SEM were calculated from all the replicates of each experiment. All analysis was performed with GraphPad Prism version 5. T-tests and one-way ANOVA analysis was performed with appropriate post hoc test for multiple comparisons for each experiment as mentioned in figure legends.



RESULTS


CG13743 Clusters With Human SLC38 and Is Expressed in Salivary Gland and Brain

The phylogenetic relationship was studied using sequences from mouse and Drosophila to identify for the ortholog for CG13743. The phylogenetic tree shows that CG13743 clusters closely with human SLC38 family and in close proximity to SLC38A11 (Supplementary Figure S1D). SLC38A11 is an orphan transporter from SLC38 family that has not been studied extensively and lack characterization and functional relevance in mouse model (Hellsten et al., 2018). Therefore, in this paper we have used Drosophila to show the functional relevance of CG13743.

The gene expression of CG13743 in vivo was studied using GAL4-UAS system coupled to GFP. The expression was identified using offspring obtained by crossing CG13743-GAL4 flies with UAS-GFP flies. Expression was mainly found in salivary gland (SG) and brain in larval stage (Figures 1A,B). Expression of CG13743 was also investigated in adult flies (Figure 1C) where similar expression patterns were found. We also examined other parts of the larval body and no GFP expression was found with control DAPI shown in blue in the larval body (Supplementary Figures S1A–C).
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FIGURE 1. CG13743 expression, phenotype, and knockdown. CG13743 expression was visualized by crossing UAS-GFP with CG13743-GAL4 flies. Larvae and adult were dissected to stain with DAPI and GFP to check for CG13743 expression. CG13743 was found to be expressed mainly in (A) brain and (B) salivary gland (SG) in larva and also in (C) adults – where GFP (green) shows localization of CG13743 expression, DAPI (blue) indicates cell nuclei, Merge shows overlap of GFP and DAPI, n = 10; CG13743 expression was reduced ubiquitously using DA-GAL4 with UAS-CG13743 RNAi flies. Phenotype was assessed by capturing the morphology of knockdown flies (DA-GAL4 > UAS-CG13743 RNAi) compared to driver control (DA-GAL4 > w1118) and RNAi control (w1118 > UAS-CG13743 RNAi) by microscope. (D) No body size difference was observed between the three groups pf flies. Body weight was measured for all the three groups of adult flies. (E) CG13743 knockdown flies show reduced body weight compared to both the controls; n = 25 per genotype, one-way ANOVA with Kruskal–Wallis and Dunn’s post hoc test for multiple correction was performed (∗p < 0.05, ∗∗p < 0.01). Error bars denote ± SEM. CG13743 knockdown was verified using qPCR. (F) The expression of CG13743 was reduced compared to both controls. Normalization was performed against three housekeeping genes and relative mRNA expression levels were plotted compared with the both controls, and driver control (blue) was set to 1. Gene expression difference was calculated using one-way ANOVA and bonferroni’s multiple correction (∗p < 0.05). Error bars denote ± SEM.




Knockdown of CG13743 by RNAi

CG13743 knockdown flies were used for all further experiments. CG13743 gene expression was reduced in the fly using DA-GAL4 (daughterless-GAL4), a transgenic transposon with ubiquitous expression in the organism (Cronmiller and Cummings, 1993) and crossed it with CG13743-UAS-RNAi line. The offspring (knockdown flies; DA-GAL4 > UAS-CG13743 RNAi) obtained from the cross were verified for gene knockdown with qPCR and expression was compared with appropriate controls (DA-GAL4 > w1118, w1118 > UAS-CG13743 RNAi). Relative mRNA transcript levels of CG13743 were measured and knockdown was verified with expression reduction over 50% (Figure 1F).



CG13743 Knockdown Affects Body Weight

After verification, phenotypic analysis was done in terms of body size and body weight measurements. 5–7-day adult offspring were used from all the three groups. Body size was measured by capturing the images of knockdown and control flies using light microscopy. The body weight was measured by weighing multiple flies together and then taking the average weight per fly. We did not observe any differences in body size for knockdown flies compared with controls (Figure 1D). However, knockdown flies had reduced body weight compared with both control flies (Figure 1E). Knockdown flies had an average body weight of 0.75 mg whereas the controls had an approximate body weight of 0.95 mg.



CG13743 Knockdown Affects Feeding Behavior

Studies have found that SLC38 members are important for metabolic processes (Bröer, 2014). To check this further, we studied the result of CG13743 knockdown on metabolism by investigating feeding behavior, food intake and macronutrient levels. Feeding behavior was observed using flyPAD (fly Proboscis and Activity Detector) which uses capacitive-based measurements to identify interaction of each fly with food (Itskov et al., 2014). The basic macronutrients essential in a standard diet (protein, fat, and carbohydrates) were measured to investigate food preference and intake. Flies were fed 5% sucrose (carbohydrates), 0.5% margarine (fats), or 10% yeast (protein) solution extract. The numbers of sips were assessed which refers to the total interaction of proboscis with food, which is proportional to food intake. Results show 35% reduction in number of sips on sucrose diet for knockdown flies compared with controls (Figure 2A). However, no difference was observed between knockdown and control flies for fat and protein diet (Figures 2B,C). The reduction in number of sips directly correlates to less consumption of food for knockdown flies on sucrose diet. And compared with the total number of sips for each diet, it was shown that flies prefer sucrose diet (Figures 2A–C). Also, when we investigated food preference over time, we found similar reduction for knockdown flies in all the three diets (Figures 2D–F). Investigating more in detail their feeding patterns, we analyzed feeding bursts which was defined as three or more consecutive sips separated by smaller inter-burst intervals (IBIs) and activity bouts that represents how regularly an animal accesses the food according to the previous study of Itskov et al. (2014). We found that number of feeding bursts and number of activity bouts was reduced for knockdown flies (Figures 2G,L). The feeding burst duration, activity bout duration, and sips per bursts were increased (Figures 2H–K). This suggests that CG13743 knockdown affects food intake (in particular carbohydrates) and knockdown flies show altered feeding pattern compared to controls in terms of feeding burst and activity bouts.
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FIGURE 2. Food intake and feeding pattern. Food intake was measured by refeeding assay using flyPAD where flies were left to be fed on either sucrose or fats or protein. Number of sips was plotted which correlates to food intake in (A) Sucrose – Knockdown flies (DA-GAL4 > UAS-CG13743 RNAi) show reduced sucrose intake compared to driver control (DA-GAL4 > w1118) and RNAi control (w1118 > UAS-CG13743 RNAi). (B) Fats – No difference was observed for fat intake. (C) Protein – No difference was observed for protein intake; Number of sips over time was also measured for (D) Sucrose, (E) Fats, (F) Protein and results show reduced food intake for knockdown flies in all the diets. Feeding pattern for sucrose diet was assessed using – (G) number of feeding burst, (H) feeding burst duration, (I) number of sips/bursts, (J) IBI feeding bursts, (K) activity bout duration, (L) number of activity bouts. n = 32/genotype per diet, one-way ANOVA with Kruskal–Wallis and Dunn’s post hoc test for multiple correction was performed (∗p < 0.05, ∗∗p < 0.01, ∗∗∗p < 0.001). Error bars denote ± SEM.




CG13743 Knockdown Affects Stored Energy Molecules

From the above results, we show that CG13743 is expressed in salivary gland and brain, and CG13743 knockdown affects body weight and food intake in flies. We continued to study CG13743 knockdown affects and the overall metabolic homeostasis. To examine this, levels of various molecules that are responsible for energy production were analyzed. Stored energy pools (Lipids, glycogen, body trehalose) from whole body extracts and circulating molecules (Glucose and trehalose) using haemolymph of adult flies at 0 h (normal conditions) and 18 h (after starvation for 18 h on agarose and water) were used for measurement. The TAG assay was performed to measure total lipid content and Liquick Cor-Glucose diagnostic kit to measure circulating and stored sugars. We found that knockdown flies had lower levels of lipids (50% lower at 0 h and 18 h) and glycogen (30% lower at 0 h) relative to body mass when compared with controls (Figures 3A, E). No differences were observed for glycogen at 18 h starvation and for body trehalose at both time points (Figures 3A, B). For circulating sugars, there was no difference observed between knockdown and controls at 0 or 18 h starvation (Figures 3C, D). In normal conditions, the above three storage molecules (Lipids, Glycogen and body Trehalose) serve as the biggest readily available energy resource for the fly (Tennessen et al., 2014; Matsuda et al., 2015). Low storage levels here denote that under condition of starvation, the knockdown flies might not have enough storage backup of energy pools which can in turn affect the activity and survival of flies.
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FIGURE 3. Carbohydrate and lipid levels. Circulating and stored levels of carbohydrates were measured using sugar assay kit. (A) Glycogen – knockdown flies show reduced glycogen under normal conditions, (B) Body trehalose – No difference was observed, (C) Circulating glucose – No difference was found, (D) Circulating trehalose – No difference was found; n = 100 per genotype per condition, one-way ANOVA with Kruskal–Wallis and Dunn’s post hoc test for multiple comparisons was performed (∗p < 0.05, ∗∗∗p < 0.001). Error bars denote ± SEM. Lipid levels were measured using TAG assay for adult flies under normal conditions (0 h) and starved conditions (18 h). n = 30 per genotype per condition, one-way ANOVA with Kruskal–Wallis and Dunn’s post hoc test for multiple comparisons was performed (∗p < 0.05). Error bars denote ± SEM. (E) Knockdown flies show reduced lipid levels at normal and starved conditions compared to controls.




CG13743 Knockdown Affects Total Activity

Our present results show that CG13743 knockdown affects body weight, food intake as well as lipid and glycogen levels. To further explore the influence of CG13743 knockdown on metabolic homeostasis, behavior assays to analyze total activity were performed. Drosophila activity monitoring system (DAMS) was used for a period of 3 days with normal food and under starved conditions (with only agarose and water) during 5–7 day for adult control and knockdown flies. Average activity behavior and wake episodes were assessed. Activity counts refer to the number of times the fly interrupts the infrared beam and is proportional to active state. Wake episode refer to the number of times the fly transits from immobile state (inactive for more than 5 min) to active state. Under normal conditions, we found that CG13743 knockdown flies were more active with 17% more activity counts and higher activity duration time compared with both controls in normal conditions (Figures 4A,B). Knockdown flies showed a decrease in number of wake episodes which can suggest that they are active during longer periods of time at stretch (Figure 4C). The total period was also divided between 12 h dark and 12 h light period to check their behavior. We found that knockdown flies, specifically under the dark period, showed increased activity duration and mean activity duration but decreased wake episode number (Supplementary Figure S2)
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FIGURE 4. Activity behavior. Activity was analyzed using DAMS. All the three groups of flies were used to study behavior under normal conditions and starved conditions (food with agarose and water). Each fly was put in a small capillary tube with normal food or starved food and readings were recorded for 3 days. (A) Knockdown flies (DA-GAL4 > UAS-CG13743 RNAi) show increased activity counts compared to driver control (DA-GAL4 > w1118) and RNAi control (w1118 > UAS-CG13743 RNAi). (B) Increased activity duration for knockdown flies, (C) reduced wake episodes for knockdown flies. Under starved conditions, knockdown flies show around (D) reduced activity counts, and no difference in (E) activity duration and (F) wake episodes. N = 64/genotype, one-way ANOVA with Kruskal–Wallis and Dunn’s post hoc test for multiple comparisons was performed (∗p < 0.05, ∗∗p < 0.01, ∗∗∗p < 0.001, *⁣*⁣**p < 0.0005). Error bars denote ± SEM.


On the other hand, during initial 24 h of starvation, CG13743 knockdown flies had around 30% reduced activity counts compared with controls (Figure 4D). Whereas no changes were observed in the activity duration and number of wake episodes for knockdown flies compared to controls (Figures 4E,F). Comparing normal and starved conditions, knockdown flies showed a drop of almost 50% of total activity counts under starvation compared to normal conditions (Figures 4A,D). These findings show that CG13743 is important for activity under normal and starved conditions.



DISCUSSION

Drosophila has similar organ systems as vertebrate counterparts which carry out basically the same metabolic functions (Leopold and Perrimon, 2007). Based on phylogenetic analysis, CG13743 clusters closely to human SLC38 family and in close proximity with SLC38A11 (Supplementary Figure S1D). SLC38A11 still remains understudied and is an orphan member in SLC38 family in vertebrates (Hellsten et al., 2018). CG13743 clusters with human SLC38A11 as an outgroup to the entire SLC38A1-A6 cluster, suggesting it represents a pro-ortholog to the human SLC38A1-A6 and SLC38A11 branch. The branch separating the human SLC38A7 and A8 branch from CG13743 is relatively short, and it can therefore not be excluded that CG13743 represents an ortholog also to this branch. This study show novel insights into functional characterization of the orphan member CG13743 in Drosophila.

CG13743 is mainly expressed in SG and brain at both larval and adult stage (Figures 1A–C). SG is the largest secretory organ in Drosophila with a known function of producing secretory glue to help attach pupa to the substrate (Farkaš, 2016). In addition to this, SG are also associated with production and release of apocrine secretion (Farkaš, 2016). Apocrine secretion helps to transport and distribute a large variety of cytosolic, cytoskeletal, membranous, Golgi, nuclear, mitochondrial protein, and signaling molecules across the interface and extrinsic surroundings (Farkaš, 2016). SG are also known to produce digestive secretions and store reserve food during larval growth (HSU, 1948). It also carries out a wide range of biological processes such as signaling, transport, etc. (Farkaš et al., 2014). This shows an important function of SG in metabolic functions in the fly. Studies have also found that central nervous system in fly plays an important role in monitoring energy balance and feeding regulation depending on nutritional state intrinsically (Pool and Scott, 2014). For CG13743 expression in brain, we know that in mammals, there are well-established phenomenon where the brain process nutritional status signals and consequently act on that information (Owusu-Ansah and Perrimon, 2014). Studies have shown that Drosophila also possess various inter-organ communicating elements, which are regulated by insulin producing cells located in brain (Owusu-Ansah and Perrimon, 2014). Like CG13743 in Drosophila, there are other genes located in brain and SG that have been reported to play role in nutrient balance and feeding behavior. For example-Gustatory Receptor 43a (GR43a) functions as a fructose receptor in taste neurons and brain (Miyamoto et al., 2012). It acts as a nutrient sensor for fructose in haemolymph and consequently promotes or supresses feeding in flies (Miyamoto et al., 2012). The other example is CrebA and salivary gland secretion protein gene (Sgs-1) which is expressed in SG at larval stage (Roth et al., 1999; Abrams and Andrew, 2005). CrebA and Sgs-1 have been shown to play role in secretory functions of SG (Roth et al., 1999; Abrams and Andrew, 2005). Thus, taking into knowledge the function of SG and brain and the expression pattern of genes involved, it suggests that CG13743 as solute carrier transporter can have a role in sensing and/or regulating nutrition, food intake or other metabolic functions.

We performed a knockdown study using UAS-CG13743 RNAi line with DA-GAL4 to ubiquitously reduce the gene expression in the fly. We used knockdown flies and two controls (Driver control, RNAi control) to investigate phenotypic changes. We did not observe any changes in body size (Figure 1D) but we found a decrease in body weight for knockdown flies (Figure 1E). This can be correlated to the study done previously where SLC38A3 knockout mice were found to have decreased body weight and were smaller compared to controls, which was a result of altered amino acid homeostasis (Chan et al., 2016). This supports the notion that CG13743 in SG and brain can have a role in maintaining body weight. This can further have role in other metabolic processes, nutritional uptake or feeding behavior of flies, and to further investigate the consequences and effect on homeostasis we performed feeding assay and other general metabolic tests.

Regulation of feeding behavior is an important feature for metabolic homeostasis. Studies have shown that there are specific central neurons that can directly sense distinct circulating macronutrients and can alter feeding patterns (Pool and Scott, 2014). Another study has also revealed that amino acid imbalance can cease the feeding in Drosophila (Bjordal et al., 2014). Here, we used flyPAD to detect feeding pattern for sucrose, fats, and proteins. We found no significant differences for fat and protein intake for knockdown and control flies. We found that knockdown flies have reduced intake of sucrose compared with both controls (Figure 2A). Also, comparing axis for the total number of sips, our results show that our male flies prefer sucrose diet compared to fats and protein diet. This is in accordance to previous studies where it was shown that control male flies had a preference for sucrose diet (Jacob, 2012). From our results, reduced number of sips, number of feeding bursts and number of activity bouts show that knockdown flies approach the food for less number of times and ingest less food (Figures 2A,G,J,L). But the feeding burst duration, activity bout duration, and sips per bursts for knockdown flies were increased, which suggest that they ingest more food at one time and highly reduced IBI feeding burst adds to this that they eat the food with vigor (Figures 2H,K). Thus, CG13743 knockdown can impact food intake (mainly for sucrose) which can be a possible reason for the reduction in body weight for knockdown flies (Figure 1E). A study has shown that depletion of Kir channels in salivary gland alters the performance of the gland and reduced sugar feeding in Drosophila (Swale et al., 2017). The altered feeding pattern seen in knockdown flies can be a result of the knockdown of the CG13743 gene which being expressed in salivary gland can affect its function and in turn can also impact other mechanisms responsible for proper feeding in flies.

Insects like Drosophila have to spend energy regularly, and when they are not feeding, they have to survive on stored reserves collected during normal conditions (Arrese and Soulages, 2010). Drosophila contains two main circulating carbohydrate molecules – glucose and trehalose. Glucose is a monosaccharide required for cell metabolism and trehalose is a disaccharide used in insects mainly for instant energy for flight and also as a stored sugar for non-feeding and fasting conditions (Matsuda et al., 2015). Drosophila contains stored energy pools mainly in form of glycogen and lipids and also in the form of trehalose (Broughton et al., 2005). More than 90% of the stored lipids are triglyceride (TAG). Glucose is stored as glycogen in a polymeric form that can easily be degraded when needed and used by other tissues in form of trehalose (Arrese and Soulages, 2010). Compared to glycogen, lipids contain higher caloric content per unit of weight and contributes twice the amount of water on oxidation (Arrese and Soulages, 2010). To investigate the effects on metabolic homeostasis, we measured the levels of stored and circulating macronutrients at normal (0 h) and starved (18 h) conditions in fly. Knockdown flies had lower levels of lipids at normal and starved conditions compared to respective controls at each condition (Figure 3E). Also, knockdown flies had lower levels of glycogen at normal conditions, although under starvation no difference was observed (Figure 3A). This suggests that it is possible that knockdown flies cannot store enough lipids from the beginning which might lead to lack of energy pools to obtain energy from when they starve. Also, the lower levels of glycogen indicate that they have problems with storage but no problem retrieving the glycogen to use it during starvation and thus we do not see difference in glycogen after starvation. For the circulating sugars and body trehalose, there was no significant difference observed between knockdown and control flies under normal and starved conditions (Figures 3B–D). This also needs to be further investigated in detail at different time points to find out if the problem is with storage or retrieving of nutrients. Also, it can be possible that the effect is small and modulated by some other known genes responsible for metabolic regulation. Like in mammals, studies show that lipid and sugar homeostasis are also regulated by the interplay between insulin producing cells (Ilps) and a adipokinetic hormone (Akh) (Lee and Park, 2004; Broughton et al., 2005). From our results, CG13743 knockdown either does not impact circulating sugars directly or the effect is little which is not significant.

Drosophila has behaviors that resembles most of the behavioral characteristics of mammalian activity (Shaw et al., 2000). Locomotor activity in fly is divided into a light-dark cycle, where flies display activity peaks during dawn and dusk, and sometimes an additional afternoon peak in natural conditions (Dubowy and Sehgal, 2017). We found that knockdown flies had increased activity counts and duration of activity counts compared to controls under normal conditions (Figures 4A, B). Interestingly, the number of wake episodes is significantly reduced in knockdown flies (Figure 4C). This shows that the knockdown flies are more active and for a longer period of time compared to control flies. Also, knockdown flies show a higher number of activity episodes and activity duration in dark period which can be due to aging, internal genetic factors (such as disturbances in angiotensin converting enzyme-ACE, activity-regulated cytoskeleton-associated protein gene – Arc) as well as external environmental factors (temperature) which will be studied further in future studies (Ishimoto et al., 2012). Increase in locomotor activity along with decrease in sugar consumption may have resulted in lower energy storage in lipid form (which has been shown earlier). In addition, under starved conditions we found that knockdown flies have reduced activity counts compared with both the controls (Figure 4D). This can be due to lower lipid storage in the body. This needs to, as mentioned before, be studied in detail either this is due to faster depletion of stored energy pools faster under prolonged starvation conditions or a reduced capability to retrieve stored nutrients.

We can here speculate that CG13743 is an amino acid transporter with preference for glutamine, arginine, and histidine (Hägglund et al., 2015), similar to its mammalian orthologs. It is know that loss of SLC38A3 (member of SLC38 family) in mammals results in downregulation of the mammalian target of rapamycin (mTOR) pathway which under normal conditions couples reduced amino acid availability to altered growth and homeostasis (Gu et al., 2005; Chan et al., 2016). Similarly, TOR in drosophila (dTOR) has also been reported to regulate growth and homeostasis in response to amino acid and nutrient availability (Zhang et al., 2000). Additionally, the genes responsible for feeding regulation and metabolism are found in SG and brain (Partridge et al., 2011; Pool and Scott, 2014), which are the regions where CG13743 is also expressed. Similar to other genes that regulate feeding, it is highly possible that CG13743 can also regulate feeding and thus be responsible for the results we obtained. There is still a need to study in detail the mechanisms behind the characteristics identified here, such as if the increased activity just a result of more locomotor activity for food search or if other factors are also involved? Also, we need to study if its reduced activity for starved flies is due to less internal energy pool or other metabolic impairments?

To conclude, we have found that CG13743 knockdown can affect body weight, food intake, altered levels of stored energy reserves as well as activity in Drosophila. The results conclude that CG13743 has a role in overall metabolism in Drosophila and reduced expression of CG13743 is linked to imbalance in the metabolic homeostasis.

This paper was a characterization-based approach where we have investigated and evaluated the general role of CG13743 gene in the Drosophila model which has not been done before. This was not a mechanistic study but important steps to enable further studies in terms of altered metabolism in context to solute carriers. The results reveal metabolic effects of CG13743 gene knockdown and further pave way to characterize and investigate the other member in this context.



DATA AVAILABILITY STATEMENT

All datasets generated for this study are included in the article/Supplementary Material.



AUTHOR CONTRIBUTIONS

TA designed experiments and project, prepared crosses and offspring required for experiments, provided experimental methods (RNA extraction, sugar, tag and protein assays, dissections, staining, cDNA synthesis, DAMS, imaging), drafted the manuscript, compiled and analyzed figures, and acquired the funding. SP took care of crosses and methods (body weight, qPCR, flyPAD) and drafted parts of methods. MC assisted in designing experiments and reviewed and edited the manuscript. MH assisted in dissection and staining. RF assisted in analysis and interpretation of results, reviewed the manuscript, and acquired the funding. All authors reviewed the manuscript.



FUNDING

This study was supported by the Swedish Research Council, Åhlens Foundation, Gunvor and Josef Anérs Foundation, and Olle Engkvist Foundation.


SUPPLEMENTARY MATERIAL

The Supplementary Material for this article can be found online at: https://www.frontiersin.org/articles/10.3389/fphys.2019.01592/full#supplementary-material


FOOTNOTES

1
http://tree.bio.ed.ac.uk/software/figtree/

REFERENCES

Abrams, E. W., and Andrew, D. J. (2005). CrebA regulates secretory activity in the Drosophila salivary gland and epidermis. Development 110, 1031–1040. doi: 10.1242/dev.01863

Arrese, E. L., and Soulages, J. L. (2010). Insect fat body: energy, metabolism, and regulation. Annu. Rev. Entomol. 55, 207–225. doi: 10.1146/ANNUREV-ENTO-112408-085356

Ayres, D. L., Darling, A., Zwickl, D. J., Beerli, P., Holder, M. T., Lewis, P. O., et al. (2012). BEAGLE: an application programming interface and high-performance computing library for statistical phylogenetics. Syst. Biol. 61, 170–173. doi: 10.1093/sysbio/syr100

Bagchi, S., Baomar, H. A., Al-Walai, S., Al-Sadi, S., and Fredriksson, R. (2014). Histological analysis of SLC38A6 (SNAT6) expression in mouse brain shows selective expression in excitatory neurons with high expression in the synapses. PLoS One 9:e95438. doi: 10.1371/journal.pone.0095438

Bjordal, M., Arquier, N., Kniazeff, J., Pin, J. P., and Léopold, P. (2014). Sensing of amino acids in a dopaminergic circuitry promotes rejection of an incomplete diet in Drosophila. Cell 156, 510–521. doi: 10.1016/j.cell.2013.12.024

Bröer, S. (2014). The SLC38 family of sodium–amino acid co-transporters. Pflügers Arch. Eur. J. Physiol. 466, 155–172. doi: 10.1007/s00424-013-1393-y

Broughton, S. J., Piper, M. D. W., Ikeya, T., Bass, T. M., Jacobson, J., Driege, Y., et al. (2005). Longer lifespan, altered metabolism, and stress resistance in Drosophila from ablation of cells making insulin-like ligands. Proc. Natl. Acad. Sci. U.S.A. 102, 3105–3110. doi: 10.1073/pnas.0405775102

Chan, K., Busque, S. M., Sailer, M., Stoeger, C., Bröer, S., Daniel, H., et al. (2016). Loss of function mutation of the Slc38a3 glutamine transporter reveals its critical role for amino acid metabolism in the liver, brain, and kidney. Pflügers Arch. Eur. J. Physiol. 468, 213–227. doi: 10.1007/s00424-015-1742-0

Chiu, J. C., Low, K. H., Pike, D. H., Yildirim, E., and Edery, I. (2010). Assaying locomotor activity to study circadian rhythms and sleep parameters in Drosophila. J. Vis. Exp. 2010:2157. doi: 10.3791/2157

Chomzynski, P., and Sacchi, N. (1987). Single-step method of RNA isolation by acid guanidinium thiocyanate–phenol–chloroform extraction. Anal. Biochem. 162, 156–159. doi: 10.1006/abio.1987.9999

Cronmiller, C., and Cummings, C. A. (1993). The daughterless gene product in Drosophila is a nuclear protein that is broadly expressed throughout the organism during development. Mech. Dev. 42, 159–169. doi: 10.1016/0925-4773(93)90005-i

Dubowy, C., and Sehgal, A. (2017). Circadian rhythms and sleep in Drosophila melanogaster. Genetics 205, 1373–1397. doi: 10.1534/genetics.115.185157

Farkaš, R. (2016). “The complex secretions of the salivary glands of Drosophila melanogaster, a model system,” in Extracellular Composite Matrices in Arthropods, eds E. Cohen, and B. Moussian, (Cham: Springer International Publishing), 557–600. doi: 10.1007/978-3-319-40740-1_15

Farkaš, R., Ďatková, Z., Mentelová, L., Löw, P., Beňová-Liszeková, D., Beňo, M., et al. (2014). Apocrine secretion in Drosophila salivary glands: subcellular origin, dynamics, and identification of secretory proteins. PLoS One 9:e94383. doi: 10.1371/journal.pone.0094383

Featherstone, D. E. (2011). Glial solute carrier transporters in Drosophila and mice. Glia 59, 1351–1363. doi: 10.1002/glia.21085

Gu, S., Villegas, C. J., and Jiang, J. X. (2005). Differential regulation of amino acid transporter SNAT3 by insulin in hepatocytes. J. Biol. Chem. 280, 26055–26062. doi: 10.1074/jbc.M504401200

Hägglund, M. G. A., Hellsten, S. V., Bagchi, S., Philippot, G., Löfqvist, E., Nilsson, V. C. O., et al. (2015). Transport of l -Glutamine, l -Alanine, l -Arginine and l -histidine by the neuron-specific Slc38a8 (SNAT8) in CNS. J. Mol. Biol. 427, 1495–1512. doi: 10.1016/j.jmb.2014.10.016

Hediger, M. A., Clémençon, B., Burrier, R. E., and Bruford, E. A. (2013). The ABCs of membrane transporters in health and disease (SLC series): introduction. Mol. Aspects Med. 34, 95–107. doi: 10.1016/j.mam.2012.12.009

Hellsten, S. V., Tripathi, R., Ceder, M. M., and Fredriksson, R. (2018). Nutritional stress induced by amino acid starvation results in changes for Slc38 transporters in immortalized hypothalamic neuronal cells and primary cortex cells. Front. Mol. Biosci. 5:45. doi: 10.3389/fmolb.2018.00045

HSU, W. S. (1948). The golgi material and mitochondria in the salivary glands of the larva of Drosophila melanogaster. J. Cell Sci. 89(Pt 4), 401–414.

Huelsenbeck, J. P., and Ronquist, F. (2001). MRBAYES: bayesian inference of phylogenetic trees. Bioinformatics 17, 754–755. doi: 10.1093/bioinformatics/17.8.754

Hundal, H. S., and Taylor, P. M. (2009). Amino acid transceptors: gate keepers of nutrient exchange and regulators of nutrient signaling. Am. J. Physiol. Metab. 296, E603–E613. doi: 10.1152/ajpendo.91002.2008

Ishimoto, H., Lark, A., and Kitamoto, T. (2012). Factors that differentially affect daytime and nighttime sleep in Drosophila melanogaster. Front. Neurol. 3:24. doi: 10.3389/fneur.2012.00024

Itskov, P. M., Moreira, J.-M., Vinnik, E., Lopes, G., Safarik, S., Dickinson, M. H., et al. (2014). Automated monitoring and quantitative analysis of feeding behaviour in Drosophila. Nat. Commun. 5:4560. doi: 10.1038/ncomms5560

Jacob, J. S. (2012). A Study on Food Preference in Drosophila. Available at: https://www.semanticscholar.org/paper/A-Study-on-Food-Preference-in-Drosophila-Jacob/4ef3fc3b6c92f87c9072e9fbdd8441c6840644f5 (accessed June 11, 2019).

Lee, G., and Park, J. H. (2004). Hemolymph sugar homeostasis and starvation-induced hyperactivity affected by genetic manipulations of the adipokinetic hormone-encoding gene in Drosophila melanogaster. Genetics 167, 311–323. doi: 10.1534/genetics.167.1.311

Leopold, P., and Perrimon, N. (2007). Drosophila and the genetics of the internal milieu. Nature 450, 186–188. doi: 10.1038/nature06286

Lin, L., Yee, S. W., Kim, R. B., and Giacomini, K. M. (2015). SLC transporters as therapeutic targets: emerging opportunities. Nat. Rev. Drug Discov. 14, 543–560. doi: 10.1038/nrd4626

Matsuda, H., Yamada, T., Yoshida, M., and Nishimura, T. (2015). Flies without trehalose. J. Biol. Chem. 290, 1244–1255. doi: 10.1074/jbc.M114.619411

Miyamoto, T., Slone, J., Song, X., and Amrein, H. (2012). A fructose receptor functions as a nutrient sensor in the Drosophila brain. Cell 151, 1113–1125. doi: 10.1016/j.cell.2012.10.024

Owusu-Ansah, E., and Perrimon, N. (2014). Modeling metabolic homeostasis and nutrient sensing in Drosophila: implications for aging and metabolic diseases. Dis. Model. Mech. 7, 343–350. doi: 10.1242/dmm.012989

Partridge, L., Alic, N., Bjedov, I., and Piper, M. D. W. (2011). Ageing in Drosophila: the role of the insulin/Igf and TOR signalling network. Exp. Gerontol. 46, 376–381. doi: 10.1016/j.exger.2010.09.003

Perland, E., and Fredriksson, R. (2017). Classification systems of secondary active transporters. Trends Pharmacol. Sci. 38, 305–315. doi: 10.1016/j.tips.2016.11.008

Pool, A.-H., and Scott, K. (2014). Feeding regulation in Drosophila. Curr. Opin. Neurobiol. 29, 57–63. doi: 10.1016/j.conb.2014.05.008

Rask-Andersen, M., Masuram, S., Fredriksson, R., and Schiöth, H. B. (2013). Solute carriers as drug targets: current use, clinical trials and prospective. Mol. Aspects Med. 34, 702–710. doi: 10.1016/j.mam.2012.07.015

Ronquist, F., Teslenko, M., van der Mark, P., Ayres, D. L., Darling, A., Höhna, S., et al. (2012). MrBayes 3.2: efficient bayesian phylogenetic inference and model choice across a large model space. Syst. Biol. 61, 539–542. doi: 10.1093/sysbio/sys029

Roth, G. E., Wattler, S., Bornschein, H., Lehmann, M., and Korge, G. (1999). Structure and regulation of the salivary gland secretion protein gene Sgs-1 of Drosophila melanogaster. Genetics 153, 753–762.

Shaw, P. J., Cirelli, C., Greenspan, R. J., and Tononi, G. (2000). Correlates of sleep and waking in Drosophila melanogaster. Science 287, 1834–1837. doi: 10.1126/science.287.5459.1834

Sundberg, B. E., Wååg, E., Jacobsson, J. A., Stephansson, O., Rumaks, J., Svirskis, S., et al. (2008). The evolutionary history and tissue mapping of amino acid transporters belonging to solute carrier families SLC32, SLC36, and SLC38. J. Mol. Neurosci. 35, 179–193. doi: 10.1007/s12031-008-9046-x

Swale, D. R., Li, Z., Guerrero, F., Pérez De León, A. A., and Foil, L. D. (2017). Role of inward rectifier potassium channels in salivary gland function and sugar feeding of the fruit fly, Drosophila melanogaster. Pestic. Biochem. Physiol. 141, 41–49. doi: 10.1016/J.PESTBP.2016.11.005

Tennessen, J. M., Barry, W. E., Cox, J., and Thummel, C. S. (2014). Methods for studying metabolism in Drosophila. Methods 68, 105–115. doi: 10.1016/j.ymeth.2014.02.034

Waterhouse, A. M., Procter, J. B., Martin, D. M. A., Clamp, M., and Barton, G. J. (2009). Jalview Version 2–a multiple sequence alignment editor and analysis workbench. Bioinformatics 25, 1189–1191. doi: 10.1093/bioinformatics/btp033

Zhang, H., Stallock, J. P., Ng, J. C., Reinhard, C., and Neufeld, T. P. (2000). Regulation of cellular growth by the Drosophila target of rapamycin dTOR. Genes Dev. 14, 2712–2724. doi: 10.1101/GAD.835000


Conflict of Interest: The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.

Copyright © 2020 Aggarwal, Patil, Ceder, Hayder and Fredriksson. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.


OPS/images/cross.jpg
3,

i





OPS/xhtml/Nav.xhtml




Contents





		Cover



		Knockdown of SLC38 Transporter Ortholog – CG13743 Reveals a Metabolic Relevance in Drosophila



		INTRODUCTION



		MATERIALS AND METHODS



		Drosophila Stocks and Maintenance



		GFP Expression for Gene Expression Identification



		Phylogenetic Relationship



		Body Weight



		Phenotypic Analysis



		RNA Extraction



		cDNA Synthesis



		Quantitative RT-PCR (qPCR)



		Refeeding Experiment Using flyPAD



		Activity Monitoring Using DAMS



		Triacylglyceride (TAG) Assay



		Sugar Assay



		Data Analysis







		RESULTS



		CG13743 Clusters With Human SLC38 and Is Expressed in Salivary Gland and Brain



		Knockdown of CG13743 by RNAi



		CG13743 Knockdown Affects Body Weight



		CG13743 Knockdown Affects Feeding Behavior



		CG13743 Knockdown Affects Stored Energy Molecules



		CG13743 Knockdown Affects Total Activity







		DISCUSSION



		DATA AVAILABILITY STATEMENT



		AUTHOR CONTRIBUTIONS



		FUNDING



		SUPPLEMENTARY MATERIAL



		FOOTNOTES



		REFERENCES

















OPS/images/fphys-10-01592-g001.jpg
DA-GAL4>CG13743 RNAI
CG13743 knockdown

wiiiE>(CG13743 RNAI
RNAIi control

DA-GAL4>wi1i8
Driver control

-
(¢ ]
]

Control

-
(=]
1

o
T

-0
o8
3 2
>GJ
o &
<'U
Z3
Y O
g
O M
N
5
v O
O

RNAI control

Knockdown

Average body weight/fly (mg)

0

N
Iv






OPS/images/fphys-10-01592-g003.jpg
18 hr starved

H
i

0hr

W < ® N = O
(mm Buwy/Bn) asojeyasy Apog
)

18 hr starved

.

Ohr

[

r T T T T
— © © < o~ o
—

& (mm BuyBri) uaBooak|o

Ohr

© e w9
- - o o

(Ww) asoon|B Buyenos)
o

2.0

18 hr starved

|
H

Ohr

H

T \J LA 5 ¢ 2
N e @ o 9
- - o o o o

o (Ww) asojeyasn Bupenand

w

] Control
-1 RNAiI control
] Knockdown

83888¢%

(Ay/Bvi) spid

)
s
o
"





OPS/images/fphys-10-01592-g002.jpg
Control

&)

<

RNAI control
Knockdown

I
o (=4 (=} o
({=]

< N

(u193ouyg) sdis jo JaquinN

I T T
(= (= (=) C
(Y] <r N

(syeq) sdis jo JaquinN

*%
|
I

T
(= C
(=

o
(@soi1ong) sdis jJo JaquinN

T
(=
o
-—

400~
200+

LL

]

g s
S
— 9 5
o O <«
= AN [&)
[
s = 2
O X X
(=)
- O
<
(=)
- O
o
(=)
- O
N
o
- O
—
1 L) L o
(=) (=) o o
(Le] < N
(u1joud) sdis jo JaquinN
()
- O
<
(=]
- O
o
o
- O
N
(=]
- O
=
) ] L) ] L) o
(=] (=) (=] (=) o o
o o0 (Le] < (q |
=
(s3ed) sdis jo JaquinN
(=)
- O
o
(=)
- O
N
o
=)
=
L] L) L) L) o
(=] (=) (=] (=) o
(=) (=] o o
<r (ap) N -

~ 500+

9so.4ong) sdis jJo JaquinN

Time (s)

Time (s)

Time (s)

L

O

*%

I
0 <r N C

3sinq /sdis jJo JaquinN

*%

(09g) uoneunp 3sinq buipaay

] ] L] )
(=] o o o
<r (2 N A

}sinq Buipaay jJo JaquinN

C

*k%k

) L) )
o o o o o
<r ™ N -

sjnog A3JIAI}0Y JO JaqunN

*kk

I T T T T
wn < ™ N ~ o

(09g) uoneunp noq ANAnoy

*%

) ) ) )
o o o o o
(o] (=] <r N

(09g) sysunq Buipasjy |g|





OPS/images/fphys-10-01592-g004.jpg
_ s\\\\\\\\\\\\\x

u
77
i

______
000000
00000
55555

-- \\\\\\\\\\

__________
g8 8 8 8 8 ° o e e e o
mmmmm

I ' - :
000000
= ™ e 1






OPS/images/cover.jpg
frontiers
in Physiology

Knockdown of SLC38
Transporter Ortholog - CG13743
Reveals a Metabolic Relevance
in Drosophila









OPS/images/logo.jpg
, frontiers
in Physiology





