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SYNOPSIS 

Chapter 1: Introduction 

Drosophila melanogaster has been used as a developmental model for decades. As our 

understanding of the complexities of development expands, the significant degree of 

conservation between Drosophila and vertebrate systems has become more apparent 

(1). During Drosophila larval development, lymph gland harbours the blood-progenitor 

cells akin to the mammalian common-myeloid progenitors (CMP). It disintegrates 

during the pupal stage and contributes to sessile and circulatory blood cell pool of adult 

animal. Various signaling molecules and metabolites produced by the local niche 

(posterior signaling centre, PSC) and differentiating hemocytes, and systemic cues 

originating from the brain and fat body affect progenitor maintenance (2). Similar to 

CMPs, the blood-progenitor cells of lymph gland maintain elevated levels of reactive 

oxygen species (ROS) whose homeostasis is necessary for their development (3–5). 

While physiological ROS sensitizes progenitor-cells to differentiation cues, its 

excessive production causes oxidative stress and loss of progenitor homeostasis (3,6). 

Therefore, the blood-progenitors possess robust mechanisms to maintain their ROS 

status, but our understanding in this regard remains limited. ROS levels in the 

hematopoietic stem and progenitor cells are maintained by controlling ROS production 

and scavenging. A key source of ROS generation in cells is tricarboxylic acid (TCA) 

cycle and OXPHOS (7–9). The second mode of ROS regulation, ROS scavenging is 

accomplished by the antioxidant enzymes and compounds like catalase, superoxide 

dismutase and glutathione etc (10). The goal of this thesis is to characterize the 

mechanisms and importance of ROS regulation during blood-progenitor development. 

This work demonstrates the utilization of the sensory cues of olfaction and downstream 

neuronal release of GABA and its catabolism in controlling blood-progenitor 

development and lymph gland growth via regulating ROS homeostasis. Olfaction 

derived GABA catabolism acts as a central regulator of blood-progenitor development 

during homeostasis (11) and immune-response (11,12) conditions.  

 

The current study titled ‘Olfactory control of blood-progenitor homeostasis and 

development via ROS regulation’ is divided into seven chapters. 
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The first chapter highlights and reviews the literature on blood-progenitor development 

and ROS regulation, as well as discusses open questions. The second chapter describes 

the objectives of the study highlighting the role of olfaction and downstream systemic 

GABA catabolism in blood-progenitor development by governing lymph gland ROS 

homeostasis. Chapter three to five discusses the findings of the thesis. Chapter three of 

the thesis discussing about the role of olfaction derived GABA catabolism in regulating 

blood progenitor ROS homeostasis and lymph gland growth is published in journal 

Development (11). Chapter four highlights the mechanism of glutathione (GSH) 

biosynthesis by olfaction derived GABA catabolism. Chapter five deals with 

standardizing and establishing the metabolic flux analysis protocols in Drosophila 

blood-progenitor cells and lymph glands. The sixth chapter deals with material and 

methods of the thesis, Drosophila genetics, immunohistochemistry, confocal imaging 

and mass-spectrometry (LC/MS) based metabolite analysis has been predominantly 

utilized to achieve the objectives of the thesis. The work described in this thesis 

elucidates the role of environment odor sensing and its impact on metabolic pathway 

regulation and ROS homeostasis during Drosophila blood-progenitor development. 

This work for the first time has utilized the LCMS based flux analysis approach in 

understanding metabolic status of Drosophila lymph gland progenitor cells. The 

seventh chapter highlights future directions and our contribution to current 

understanding of similar mechanisms during blood-progenitor development in both 

invertebrates and vertebrates. 

Motivation for this thesis 

It is widely known that metabolism is highly dynamic and any small perturbations in 

the cells lead to metabolic alterations. The hematopoietic niche of the vertebrate system 

is significantly more complex (13,14) and also relatively inaccessible. Thus, gaining in 

vivo access to metabolic states of blood compartment during its development and 

understanding the interactions with signaling modules is difficult. While work to 

address these problems are ongoing, simpler model systems with conserved 

haematological functions have emerged as significant tools for advancing the idea of 

metabolism in the control of blood progenitor development. Common myeloid 

progenitors (CMPs) in mammals maintain increased levels of ROS, which play 

important role in stem cell state and function (5,15). Interestingly, blood-progenitors in 

Drosophila also maintain elevated levels of ROS, which primes the progenitor towards 
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differentiation cues. Any reduction in ROS levels during blood-progenitor development 

leads to loss of progenitor differentiation while, any ectopic production of ROS leads 

to loss of progenitor homeostasis (3). Any understanding of metabolic or signaling 

events that enable the sustenance of this fine redox balance and blood-progenitor 

development remains elusive. The ability to recognize and characterize the roles of the 

molecular machinery that supports developmental processes is substantially facilitated 

by the genetic resources available in Drosophila. The GAL-4/UAS system is utilized to 

manage the over-expression or silencing of genes using RNA interference in a spatially 

and temporally controlled manner. Overall, Drosophila lymph gland provides a highly 

relevant developmental model for investigating the mechanisms that control blood-

progenitor maintenance and differentiation. Therefore, mechanisms underlying blood 

progenitors development coupled to redox homeostasis forms the central focus of 

current thesis. 

 

Chapter 2: Objectives  

This thesis work describes “the odor mediated control of blood-progenitor 

development and maintenance via ROS regulation”. Drosophila blood-progenitors 

are an integral component of the hematopoietic organ, lymph gland and various 

signaling and metabolic cues regulate the development of this compartment. Previous 

studies have implicated olfaction and its downstream signaling mediated release of 

neuronally-derived GABA in progenitor maintenance (16) and immune response (12). 

We have found that olfaction derived GABA release and its catabolism in blood 

progenitors control lymph gland growth and blood-progenitor differentiation by 

governing lymph gland ROS homeostasis. Animals that fail to smell also fail to sustain 

ROS homeostasis, which leads to lymph gland growth retardation.  

The specific objectives of this thesis are described below: 

1. Investigating the role of olfaction derived GABA catabolism in regulating blood 

progenitor development and lymph gland growth via controlling ROS 

homeostasis 

2. Exploring and delineating the mechanism of involvement of olfaction derived 

GABA catabolism in regulation of glutathione (GSH) biosynthesis  
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3. Standardizing the protocol of metabolic flux analysis in Drosophila blood-

progenitor cells by utilizing Liquid Chromatography/Mass-Spectrometry 

(LC/MS) based approach. 

Chapter 3-5: Results 

3. Investigating the role of olfaction derived GABA catabolism in regulating blood 

progenitor development and lymph gland growth via controlling ROS 

homeostasis. Previous studies (12,16) have shown the importance of odor-sensing and 

downstream systemic GABA release in blood-progenitor development in homeostatic 

and immune-response conditions. We found that odor-sensing is important to maintain 

blood-progenitor ROS homeostasis. Animals that fail to smell (Orco-Gal4, UAS-Hid), 

fail to sustain TCA activity and ROS levels in the blood-progenitor cells, and 

consequently retarded lymph gland growth. Perturbation of GABA catabolic pathway 

(UAS-GatRNAi and UAS-SsadhRNAi) in the blood-progenitor cell by utilizing progenitor 

specific driver (domeMeso-Gal4;UAS-GFP) leads to smaller lymph gland size 

accompanied by an elevation of ROS levels. We investigated the mechanism of ROS 

generation regulation in the blood-progenitor cells. Since, TCA is a major contribution 

of ROS generation in a cell, TCA activity was analysed in GABA catabolism perturbed 

backgrounds. Our data show that loss of GABA catabolic pathway (domeMeso-

Gal4;UAS-GFP, UAS-GatRNAi and UAS-SsadhRNAi) in the progenitor cells leads to 

reduction in active pyruvate dehydrogenase kinase (pPDK) and inactive pyruvate 

dehydrogenase (pPDH), while the levels of total PDK and total PDH does not show any 

change. PDH is the rate-limiting enzyme that connects pyruvate to the TCA cycle and 

to oxidative phosphorylation. Thus, GABA catabolism via PDK activation maintains 

TCA activity and blood progenitor ROS homeostasis, and supports normal lymph gland 

growth. Consequently, any perturbations in GABA catabolism lead to heightened TCA 

activity and impaired ROS homeostasis, which leads to lymph gland growth retardation. 

Our work shows TCA cycle activity and ROS as one of the prime regulator of lymph 

gland growth. Further, GABA catabolism mediated restriction on TCA cycle activity is 

important for progenitor homeostasis and lamellocyte formation upon parasitic wasp-

infections (Fig. 1) (11). 

4. Exploring and delineating the mechanism of involvement of olfaction derived 

GABA catabolism in regulation of glutathione (GSH) biosynthesis. This part of the 
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thesis uncovers the function of olfaction derived GABA catabolism in regulating blood-

progenitor GSH synthesis by shuttling pyruvate metabolism. We investigated the 

mechanisms for ROS scavenging regulation by GABA catabolism and discovered that 

loss of GABA transporter (GAT) and GABA catabolising enzyme SsadhRNAi resulted in 

a decrease in GSH levels in lymph glands, an important antioxidant responsible for 

scavenging reactive oxygen species (ROS). Glutathione is a tripeptide, synthesized 

from glutamate, cysteine and glycine (17). We found that in the blood-progenitor cells 

GABA catabolism modulate cysteine levels, which further regulates GSH biosynthesis 

(Fig. 1). DomeMeso-GFP>GatRNAi and domeMeso-GFP>SsadhRNAi lead to reduction in 

blood-progenitor cysteine levels, but did not show any change in glutamate and glycine 

levels, detected by antibodies against glutamate and cysteine. Thus, Cysteine is a key 

component in GSH production, and its availability is controlled by GABA catabolism. 

Serine, along with methionine, is known to contribute to cysteine production in cells 

via the transsulfuration pathway (18). We independently checked the involvement of 

both serine and methionine in GSH synthesis regulation by GABA catabolism. Our 

results demonstrated that metabolically, GABA catabolism derived succinate control 

serine levels in the progenitor cells, which contribute to cysteine and downstream GSH 

synthesis and thus maintain ROS homeostasis of the blood-progenitor compartment 

(Fig. 1). 

5. Standardizing the protocol of metabolic flux analysis in Drosophila blood-

progenitor cells by utilizing Liquid Chromatography/Mass-Spectrometry 

(LC/MS) approach. This part of the work deals with utilizing the mass-spectrometry 

based approach to establish 13C-isotope labelling and metabolic flux analysis in the 

lymph gland blood-progenitor cells. While recent evidences suggests the distinct 

metabolic requirements of myeloid cells across systems ranging from mammals to 

invertebrates, a comprehensive study of this scale has not been attempted (19,20). The 

current thesis work describes the utilization of LC/MS/MS based methods and 13C-

isotope labelling for analysing TCA cycle metabolites, amino acids and GSH:GSSG in 

lymph gland progenitor cells. Lymph gland are dissected and incubated with 10mM 

U13C-glucose or 10mM U13C-pyruvate isotopic label in PBS for specific time points 

and the samples are processed for metabolite extraction. The method of (21,22) are 

utilized for TCA metabolite analysis. 
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We show that olfaction derived GABA release and its downstream catabolism in blood-

progenitor cells regulate lymph gland growth and blood-progenitor development by 

regulating ROS homeostasis. A comprehensive study of metabolic pathways and 

metabolites during blood progenitor development is achieved by utilizing genetics, 

immunohistochemistry, microscopy (imaging) and mass-spectrometry based 

approaches. Our findings describe that olfaction-derived GABA catabolism modulates 

pyruvate metabolism in blood-progenitor cells to maintain ROS homeostasis and blood-

progenitor development. 

Chapter 6: Materials and Methods 

To achieve the above mentioned objectives following materials and methods are 

utilized, which are briefly outlined here. Drosophila melanogaster Gal4 and RNAi 

stocks are either procured from BDSC, VDRC or requested from various research 

laboratories. All fly stocks are reared on corn meal agar food medium with yeast 

supplementation at 25°C incubator unless specified. The crosses involving RNAi lines 

are maintained at 29ºC to maximize the efficacy of the Gal4/UAS RNAi system. 

Leptopilina boulardi (parasitic wasps) are cultured and maintained on w1118. For ROS 

detection lymph gland were stained with DHE (Sigma, 1:1000 in PBS). For 

Immunohistochemistry, lymph glands isolated from larvae are stained. Immunostaining 

on lymph gland is performed majorly with the following primary antibodies: rabbit 

αpPDHK1(1:200, #11597 SAB), rabbit αpPDH (1:250, abcam #177461), mouse-αPDH 

(Abcam, ab110334, 1:250), mouse-αPDK (Abcam, ab110025, 1:500), mouse αCysteine 

(1:20 # sc-69954), Mouse α Myospheroid (1:100 # CF.6G11), rabbit αGABA (1:100, 

sigma #A2052), rabbit αGlutathione (1:100, abcam #5543), mouse-αGlutamate (1:100, 

#ab9440). The following secondary antibodies are used at 1:500 dilutions: FITC, Cy3 

and Cy5 (Jackson Immuno Research Laboratories and Invitrogen). Samples are 

mounted with Vectashield (Vector Laboratories). Immuno-stained lymph gland images 

are acquired using Olympus FV3000 Confocal Microscopy with 40X oil-immersion 

objective. All images are quantified using ImageJ software. Roughly, middle two 

confocal Z-stacks are merged and lymph gland area is marked and measured. This is 

done for respective zones and the area is represented in percent values. Controls are 

analysed in parallel to the sample conditions every time. For quantifying mean 

intensities in lymph gland, the relevant stacks of the lymph gland images are selected, 



 xx 

the area to be measured per lobe is defined using the select tool and is then processed 

for intensity measurements by considering mean intensity values. For all intensity 

quantifications, the laser setting for each individual experimental set-up is kept 

constant. For Metabolite supplementation experiments, Succinate (Sodium succinate 

dibasic hexahydrate, Sigma #SLBM6312V), Serine (0.1%, Sigma), Methionine (0.1%, 

Sigma), N-Acetylcysteine (0.1%, Sigma) and GABA (3%, Sigma) enriched diets are 

prepared by supplementing regular fly food with respective amounts by weight/volume 

measures of succinate to achieve 3% concentrations. Eggs are collected in these 

supplemented diets and reared until analysis of their respective tissues. For Mass-

spectrometry based LCMS analysis, five lymph glands per sample are dissected from 

the larval stage of interest. Metabolites are isolated from lymph glands using specific 

methods, and the samples are then subjected to LC/MS analysis. The acquired data is 

processed further by either MassHunter or MultiQuant software. Statistical analyses are 

performed using GraphPad Prism software and Microsoft Excel.  

Chapter 7: Discussion 

It has been well established that ROS as a signaling entity are critical for blood-

progenitor development and maintenance (10,23,24). However, mechanisms limiting 

ROS levels that are critical for its functioning in myeloid progenitor cells remain mostly 

unclear. We find that blood development in Drosophila is strikingly influenced by 

sensory cues of olfactory in origin. With the current work, we present the developmental 

role for olfaction in blood progenitor redox balance. Recent research has demonstrated 

the importance of GABA in myeloid immunity, specifically in metabolic programming 

of myeloid cells during innate immune training (25–28). These findings point to 

similarities between the myeloid systems of mammals and Drosophila. Our findings in 

the hematopoietic system of Drosophila emphasize many developmental roles of 

GABA in myeloid development, progenitor homeostasis, and immunity. Upon 

olfactory stimulation, neuronally derived GABA and its metabolism is linked to 

limiting pyruvate’s entry into the TCA cycle and this restricts TCA derived precocious 

ROS production (11) and leads to generation of antioxidant, glutathione. Our findings 

show that myeloid metabolism and ROS balance by controlling both the ROS 

generation and scavenging axis are sensitive to olfaction-derived GABA. This axis is 

required for appropriate lymph gland growth and development. 
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These findings not only reveal novel activities of neurotransmitters like GABA in 

hematopoiesis, but also expand our understanding of the relationship between animal 

odor-sensing and systemic modulation of blood progenitor metabolism and redox 

balance. 

Significance and future prospects of the current research 

Drosophila and the mammalian hematopoietic system share many conserved 

characteristics. As a result, the findings in Drosophila blood development are intriguing 

prospects with a lot of potential for translation into the mammalian hematopoietic 

system as well (19,29). While the Drosophila hematopoietic system provides insight 

into myeloid-like blood progenitor development and immunity, we cannot expect it to 

entirely mirror the vertebrate immune system. Mammalian hematopoietic niche, bone 

marrow, is more complex and is controlled by a number of additional modulators. As a 

result, the metabolic pathways and cross-talks found in this work may have additional 

layers of complexity during blood-development in higher organisms and the identified 

mechanism in the fly model must be independently confirmed in vertebrate model 

systems like mice. Moreover, the complexity of the vertebrate immune system due to 

presence of lymphoid arm and the existence of additional blood cell types, makes it 

difficult to delineate mechanisms specific to the myeloid or lymphoid arm. The first 

step could be to test the existence of these processes or pathways in mammalian 

systems. Nonetheless, Drosophila model provides a multitude of genetic tools for 

investigating mechanisms underlying development and disease. As we continue to learn 

more about blood formation and reveal fundamental mechanisms in simpler systems 

like Drosophila, this research can be utilized to develop techniques and approaches for 

dealing with complex vertebrate systems.  
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Figure 1. Olfaction-derived systemic GABA and its catabolism in lymph gland ROS homeostasis 

and growth control. The model describes the importance of olfaction-derived GABA metabolism in 

lymph gland growth control. All elements that repress growth are shown in red, while positive regulators 

of growth are shown in black. Blood progenitor cells of the Drosophila larval lymph gland maintain ROS 

in them that is derived from the TCA cycle. However, heightened or uncontrolled TCA cycle activity, 

leading to increased ROS production in progenitor cells, abrogates lymph gland growth and development. 

GABA catabolism derived TCA regulation is also important for lamellocyte formation during immune 

response conditions. Secondly, in the blood-progenitor cells, GABA catabolism derived succinate 

shuttles pyruvate towards gluconeogenic arm and leads to serine and consequently glutathione (GSH) 

formation. 
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1 Introduction 

1.1 Hematopoiesis and its developmental phases 

Hematopoiesis is a term derived from greek words haima (blood) and poiēsis (to 

produce). It is the process of blood cells formation and has been studied extensively for 

over a century using a range of model systems. The various blood cell types that animals 

have and the processes that produce them have rapidly diversified and become more 

complex during evolution. Even though some differences do exist, the general 

hematopoietic mechanisms are conserved across metazoans. Organisms from different 

phyla such as, Drosophila, zebrafish, and mammals (e.g., mouse, human) share many 

conserved traits that drive blood cell development, despite the temporal and spatial 

heterogeneity (1,2). The existence of two major developmental phases of hematopoiesis 

is an important conserved aspect, which establishes the existence of similar types of 

regulatory mechanisms during blood development. 

In both vertebrates and invertebrates, hematopoiesis is a biphasic event and the two 

phases are spatially and temporally distinct (1–3). In vertebrates, the first wave of 

hematopoiesis, also known as primitive hematopoiesis, occurs in the blood islands 

within the yolk sac after the onset of gastrulation during embryonic development and 

give rise to primitive erythrocytes, megakaryocytes and macrophages (Fig. 1) (3–6). 

The main function of primitive hematopoiesis is to produce erythrocytes that can 

facilitate tissue oxygenation and energy during rapid embryonic development. Primitive 

hematopoiesis is transitory and is replaced by the second wave during later stages of 

embryonic development (7,8). The second wave of hematopoiesis, termed definitive 

hematopoiesis, happens in the aorta-gonad-mesonephros (AGM) region and produce 

hematopoietic stem cells (HSCs, Fig. 1) (9). HSC is at the pinnacle of hematopoiesis 

and is defined by two fundamental properties: the ability to self-renew, and the ability 

for multipotent differentiation into mature blood-cell lineages from the later embryonic 

stages till adulthood (9,10). As the fetal development ends, hematopoietic stem cells 

migration starts towards the bone marrow, which acts as primary site of postnatal 

hematopoiesis in adults. HSCs in vertebrates replenishes the pool of blood cells 

throughout the life span of an organism. 
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Figure 1. Vertebrate hematopoietic development. 

(A) Diverse hematopoiesis sites during mouse development, (B) temporal and spatial localization of 

primitive and definitive hematopoiesis, adapted from (11). 

 

In invertebrates like Drosophila, primitive hematopoiesis occurs in the head mesoderm 

and hemocytes are specified during late stage 10 embryo (Fig. 2) (12). These hemocytes 

differentiate from a common population of precursor cells called the prohemocytes and 

at late stage 11embryo around 700 hemocytes are observed and these differentiates into 

macrophages, known as plasmatocytes (12,13) and platelets like crystal cells (14) 

whose primary function is wound healing and melanisation during immune response 

(15,16). During later embryonic stages, the plasmatocytes migrate and populate the 

entire embryo and these cells circulate throughout the haemolymph in developing larvae 

(17).  

The definitive wave of hematopoiesis originates from the cardiogenic mesoderm during 

late-embryogenesis and it forms lymph gland, the larval hematopoietic organ (Fig. 2) 

(18). The lymph gland comprises multipotent prohemocytes that actively proliferate and 

expands into a multilobed structure spanned across either side of dorsal vessel (19). 

During larval development, the prohemocytes of lymph gland differentiates into blood 

cell types with specialized function akin to the vertebrate myeloid lineage, indicating 

the similarities between vertebrate and invertebrate hematopoietic system (20,21). 

Specifically, the first wave of hematopoiesis fulfils the energy requirement for rapid 
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embryo growth, and the successive second wave of hematopoiesis give rise to 

hematopoietic precursors and contributes to functionally diverse blood cell types during 

animal development. 

 

Figure 2. Drosophila life cycle and hematopoietic development. 

First wave of hematopoiesis occurs at embryonic stage 6 and definitive wave gives rise to lymph gland 

at embryonic stage 16 (22). 

 

1.2 Molecular mechanisms of hematopoietic development 

Molecular circuits that regulate hematopoietic development are highly conserved in 

animals ranging from invertebrates to mammals. The conservation exists at different 

levels from existence of similar transcription factors regulating hematopoiesis to 

presence of conserved signaling pathways to control blood cell development. Although, 

invertebrates like Drosophila lack hematopoietic stem cells (HSCs), the blood cell 

lineage originate from a common set of hematopoietic precursors. In both invertebrates 

and vertebrates, GATA family of zinc finger transcription factors are the conserved 

transcription factors that regulate both primitive and definitive hematopoiesis. GATA, 

known as Serpent in Drosophila, is the early hematopoietic marker which specifies the 

mesodermal cells towards hematopoietic fate (23,24). GATA-1, GATA-2 and GATA-
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3 are fundamental transcription factors (TFs) involved in specification and development 

of mouse hematopoietic lineage (Fig. 3) (24–28). Other conserved transcription factors 

include friend of GATA (FOG) and Runx, that have important function in 

erythropoiesis and definitive hematopoiesis respectively (29,30). U-shaped modulates 

the function of GATA and is a member of FOG family of zinc finger TFs. U-shaped 

(Ush) is required for specification of plasmatocytes and it represses the crystal cell fate 

specification (29). Similarly, FOG-1 zinc finger transcription factors in mouse have 

been shown to regulate the fate specification of erythrocytes and megakaryocytes in 

association with GATA-1 transcription factors (31–34) and FOG-2 regulate the fate of 

heart morphogenesis in conjugation with GATA-4 (35–37). Disruption of Runx family 

of transcription factors causes loss of definitive hematopoiesis in mice models (38–41) 

and its Drosophila ortholog, Lozenge is fundamental for crystal cell fate specification 

(13,42). 

 

Figure 3. Regulation of Drosophila hematopoiesis during the primitive and definitive waves. 
Diverse cell fate specification markers involved in Drosophila blood development from early embryonic 

stages till later stages of development (20). 

Along with transcription factors, signaling pathways that influence hematopoiesis are 

conserved across animals. Notch is a major signaling pathway that regulate 

hematopoiesis in Drosophila, mouse and humans alike (43–46). Notch ligand Serrate 

in Drosophila and its homolog jagged-1 in mouse is known to regulate various 

hematopoietic processes (45,47,48). Moreover, Dpp/BMP and Fibroblast Growth 

Factor (FGF) signaling pathways regulate definitive hematopoiesis by controlling the 
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specification of the AGM region from the lateral mesoderm in vertebrates (49,50) and 

similarly, the Dpp/BMP and FGF pathways control the specification of Drosophila 

cardiogenic mesoderm which form lymph gland and heart during definitive wave (Fig. 

3) (51,52). Vascular endothelial growth factor receptor (PDGF/VEGF receptor, Pvr) 

regulates hemocytes migration in Drosophila (53), and angiogenesis and 

vasculogenesis, during homeostatic development and in pathological conditions in 

mammals (54). Other important conserved signaling pathways include JAK/STAT and 

Toll/Cactus pathways that regulate proliferation of hematopoietic precursors and 

immune function (55–58). Hematopoiesis is a tightly regulated process and perturbation 

of any of these signaling pathways lead to haematological disorders. 

Although, Drosophila and higher vertebrates possess differences in their developmental 

and morphological body plan, the fundamental mechanisms of genetic control are 

conserved. Existence of similar homeotic gene clusters responsible for anterior-

posterior (A/P) axis formation during development is a clear evidence (59). Similarly, 

Drosophila and vertebrates organisms have conserved transcription factors and 

signaling pathways regulating hematopoietic development. Additionally, presence of 

fewer blood cell types and relatively simpler blood development systems makes 

Drosophila an excellent model to study the mechanisms controlling blood development 

(20,21). It offers a great potential in identification of molecular mechanisms and 

pathways that are relevant to vertebrate blood development. 

1.3 Drosophila hematopoietic system 

Drosophila proves to be an excellent genetically tractable model system to understand 

complex mechanisms of development. Presence of various genetic tools, shorter life 

cycle and cost-effectiveness are additional factors that greatly facilitate the use of 

Drosophila in identification and characterization of complex molecular mechanisms 

regulating development and disease. Gal4/UAS system (60) allows for spatial and 

temporal knockdown and overexpression of genes allowing the identification of novel 

function and regulators in developmental processes. Talking about the hematopoietic 

system, as discussed previously the existence of conserved mechanisms of development 

makes it an interesting model to study mechanisms of hematopoietic development.  
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1.4 Drosophila hematopoietic organ: the lymph gland 

The hematopoietic organ of Drosophila, lymph gland is present dorsally in the larva 

and attached to ring gland and dorsal vessel (Fig. 4) (61). Lymph gland is derived from 

cardiogenic mesoderm and is the hub for hematopoietic precursors and differentiated 

cells that contributes to the larval and adult hematopoietic pool. Lymph gland 

development starts in late embryonic stage and continues till wandering third instar 

larval stage (62) and disintegrates during pupal to adult metamorphosis.  

Embryonic lymph gland comprises pool of 20 pre-progenitor cells. During the first-

instar larval stage, progenitor cells arise from these pre-progenitors and cluster around 

the dorsal vessel. This is followed by a series of divisions by the progenitor cells, giving 

rise to a larger population of progenitor cells (approx. 200 cells) during the second instar 

larval stage and also the posterior lobes starts appearing at this stage. The proliferation 

happens maximum at the third instar larval stage (ten-fold increase) and it continues till 

late third instar larvae (62). During the course of lymph gland development, the 

progenitor cells starts to differentiate and diversifies into various cell types located 

spatially within this compartment. The differentiation happens majorly in the primary 

lobes of lymph gland, while smaller secondary and tertiary lobes show significantly 

lower hematopoietic activity (1,62). 

 

Figure 4. Drosophila larval lymph gland. 

(A) Schematic representation of the lymph gland showing various zones and cell types (63), (B) Confocal 

Image of lymph gland tissue, blood-progenitor cells are marked green with dome and comprises 

Medullary Zone (MZ), differentiated cells (Plasmatocytes, red) are marked with P1, component of 

Cortical Zone (CZ) and DAPI marks DNA.  

 

The primary lymph gland lobes are major hematopoietic compartments and are divided 

into various subcellular zones, comprising different cell types (Fig. 4).  
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1.4.1 Zonation of lymph gland primary lobes 

1.4.1.1 Posterior Signaling Centre (PSC) 

This is the first zone to be characterized as a separate cell population. Posterior signaling 

centre (PSC), is cluster of 35-40 cells that acts as niche to control progenitor 

maintenance (Fig. 4A) (45). PSC is localised at posterior end of primary lobe and is 

separated from the secondary lobe by a single pericardial cell and these cells are 

characterized by their expression of Hh, Antp and Collier (45,64,65). The PSC niche is 

a reminiscent of HSCs niche (66,67) equivalent to bone marrow at later stages of 

mammalian development. The cells of PSC show active proliferation during early 

stages of development and their number comparatively remains same during later stages 

of larval development (65). It has been shown that collier and serrate autonomously 

regulate the homeostatic development of PSC cells in the lymph gland (68) and non-

autonomous regulation happens through various independent mechanisms from other 

lymph gland cell types (69). The PSC cells neither give rise to the progenitor cells nor 

differentiate, these cell relay signals for progenitor maintenance and differentiation and 

maintain the homeostasis of progenitor cells either directly or indirectly. Various 

signaling cues including hedgehog (hh), Antennapedia (Antp) (65), Wingless (Wg) 

(70,71), Notch and Serrate (68), ROS (72,73), Pvf1/Pvr (74), Collier (col) (75), Dpp 

(66) , TGF- β and calcium signaling (76) regulate progenitor homeostasis and signals 

like Toll/nuclear factor κB (NFκB) from the PSC regulate immune response conditions 

(Fig. 5) (77).  

1.4.1.2 Medullary Zone (MZ) 

The different zones of primary lobe were first characterised by differential appearance 

of inner and outer region of lymph glands, the medial region being more compact and 

smooth, whereas the distal region showed a granular appearance (Fig. 4) (62). The inner 

zone of cell show progenitor specific markers such as Serpent, Odd, thioester-

containing protein 4 (Tep4, (78), domeless, ROS (72), Wg, E-cad (62), and very low 

levels of Collier (68,79–81), and comprises the medullary zone (MZ). During early 

stages of lymph gland development, a small subset of dome- cells from medial portion 

of lymph gland located close to the dorsal vessel, marked as pre-progenitors (62) give 

rise to dome+ progenitor cells of medullary zone (66,82). Various internal and external 

signaling pathways regulate the fate of progenitor cells in the medullary zone (Fig. 5). 

Wingless is expressed in MZ and it regulate the expression of shotgun (DE-cad 
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homolog) to maintain progenitor population (71,83). JAK/STAT pathway receptor 

domeless (dome) is used as MZ marker and loss of JAK/STAT signaling leads to 

progenitor differentiation (62,68). Several other factors that regulate MZ homeostasis 

include u-shaped, FGF receptor, heartless, ROS, lipids and adenosine or systemically-

derived like insulin, amino acids and GABA from neurons (1).  

1.4.1.3 Cortical Zone (CZ) 

The loosely arranged cells present on the periphery of lymph gland are differentiated 

cells, marked by collagens (84–86), early differentiation marker Hemolectin, Hml 

(87,88), Lozenge, Lz (45), Peroxidasin, Pxn (89) and P1 antigen, plasmatocytes marker 

(84,90). This zone is termed as cortical zone (CZ) and harbours the differentiated 

hemocyte populations (Fig. 4). The majority of the differentiated cells present in the 

cortical zone are plasmatocytes (macrophage like) (Fig. 4B), accompanied by a small 

proportion of crystal cells. Genes governing plasmatocytes fate specification are 

relatively unknown, it has been shown that STAT92E, Metal-responsive Transcription 

Factor-1 (Mtf-1), a conserved zinc finger protein is required for maturation of 

plasmatocytes (91,92). Crystal cell development is widely studied and it is regulated by 

notch signaling pathway (45). Another differentiated blood cell type, that is not present 

in the healthy organism, but appears during parasitic wasp-infection is lamellocytes. 

Lamellocyte induction is majorly regulated by JNK pathway (93), Toll signaling (57) 

and GABA shunt derived succinate through Sima stabilization (94). In depth 

characteristics of the differentiated cell types are detailed in the following section.  

1.4.1.4 Intermediate Zone 

The medullary and cortical zone are separated by a thin layer of transitioning cells, 

which express the markers for progenitors (dome+) and early differentiation markers 

such as Pxn and Hml. These cells comprise the intermediate zone (IZ) and are termed 

as intermediate progenitors (Fig. 4A) (95). These subset of cells lack the expression of 

terminal differentiation markers of mature cell types such as plasmatocytes (P1) and 

crystal cells (Lz, PPO). To better characterize the contribution and regulatory 

mechanisms of intermediate zone, an IZ specific gal4 driver has been constructed, 

named as CHIZ-gal4 (CHIZ stands for combined hematopoietic intermediate zone). 

The IZ progenitor cells show a unique cell-cycle profile and are multipotent to 

differentiate into all the lineages of blood cell types. Utilizing Notch ligand serrate, the 

IZ cells also direct the fate of neighbouring cells (96). 
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1.4.1.5 Posterior lobes of lymph gland 

The posterior lobes or the secondary and tertiary lobes of the lymph gland are majorly 

composed of the progenitor cells and these remain less mitotically active during the 

development throughout (Fig. 4A) (62). These appear during the second instar stage of 

larvae and mechanisms of their development are relatively less explored. These lobes 

of lymph gland are derived from a subset of pericardial cells and are bi-potent 

hematopoietic/nephrocyte progenitors (97). Recent studies have highlighted both 

developmental and immune function of these progenitor cells (98,99). Posterior lobes 

of lymph gland have been shown to act as the source for the hubs of progenitor cells 

during adult hematopoiesis (98). Like the progenitor cells of primary lobes, the posterior 

lobes progenitor cells undergo differentiation in a JAK/STAT dependent manner and 

during wasp-infection scenarios activity of JAK/STAT in posterior progenitors goes 

down directing these cells towards lamellocyte formation and combating infection (99). 

It has been described that posterior lobes progenitor dynamically express ultrabithorax 

(Ubx) and collier (col) serving as a niche for the posterior lobe cells to regulate their 

maintenance and differentiation (100). However, posterior lobes are also shown to have 

increased differentiation, more numbers of lobes, or increased size under the conditions 

when primary lobes undergo precocious differentiation and/or lose progenitors 

(70,72,74,101–103). 

 

Figure 5. Markers of Drosophila lymph gland zones and blood cell types. 

Early progenitor markers during 1st instar larval stage and various signaling proteins defining the different 

cell types during lymph gland development at 3rd instar larval stage, adapted from (63). 
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1.5 Cell types in Drosophila hematopoietic system 

1.5.1 Medullary zone progenitor cells 

The MZ progenitor cells are round cells with a diameter of 4.8-7.4 μm (19). These cells 

give rise to all the mature blood cell types (62,66,95,104,105). The progenitor cell 

homeostasis is regulated by multitude of factors originating from the progenitor 

themselves in the medullary zone, from the neighbouring cells of cortical zone and PSC, 

and systemic signals emanating from other tissue and extracellular environment (Fig. 

5). The proliferation of progenitors is under tight regulation during development and 

this regulation is essential for the medullary zone cells to maintain their multipotency 

and quiescence. Progenitor cells are maintained by an “equilibrium signal” ie. a signal 

from the PSC niche cells as well as a signal coming from the surrounding differentiating 

cells. Loss of either of these signal leads to lose of progenitor multipotency (65,74,106). 

The progenitor cell pool in primary lobe of lymph gland is divided into four sub-

populations: both Tep4 and Dome expressing core progenitors, only Dome expressing 

distal, Dome and a low level of Eater expressing distal committed progenitors, and 

Dome, Eater, and Hml expressing intermediary progenitors (107,108). Additional 

subpopulations of cells expressing multiple trajectories from progenitors to 

differentiated cells have been characterized recently in the single cell analysis studies 

done by (109,110). These studies indicate cell type heterogeneity in the lymph gland 

compartment and have shown the existence of various overlapping cell types and zones 

in the primary lobe of lymph gland. The differentiation of progenitors into hemocytes 

is majorly temporally restricted, and is primarily observed from the mid-second instar 

larval stage to the mid-third instar larval stage (74). The differentiation potential gets 

significantly reduced after the mid-third instar larval stage and during metamorphosis 

all the blood progenitors differentiate into mature hemocytes, that form the circulatory 

blood cell pool in adult flies (74,111). 

1.5.2 Differentiated blood cell types 

1.5.2.1 The plasmatocytes  

Plasmatocytes are the mature hemocytes, with cell diameter ranging from 8-10 μm and 

constitute 90-95% of total blood cells in Drosophila (Fig. 6A) (19,62). Plasmatocytes 

show plasticity in their cell shape, from large round cells to cells with substantial 

cytoplasmic processes, known as filopodia (19). The morphological variations are 
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associated with the diversity of function carried out by plasmatocytes in various tissues 

and developmental stages (112). Ultrastructural analyses have shown that, 

plasmatocytes are macrophage like cells with presence of a large number of phagocytic 

vacuoles, primary and secondary lysosomes, and endoplasmic reticulum (19). Glial-

Cells-Missing (Gcm) and Glial-Cells-Missing 2 (Gcm2) specifies the plasmatocytes 

fate during terminal differentiation of the progenitor cells (13,20,113,114). JAK-STAT 

signaling and the GATA factor Pannier are other essential factors responsible for the 

plasmatocytes maturation and development (91). Surface receptors and molecules 

including early differentiation marker hemolectin (Hml, (62,87), peroxidasin (Pxn, (89) 

and Eater (115), Croquemort (Crq, an ortholog of 19 vertebrate CD36 scavenger 

receptor) (116), and Nimrod C1 (P1 antigen, (117) are important phagocytic markers of 

plasmatocytes (1,118). Plasmatocytes are contributed from both primitive and definitive 

wave of hematopoiesis (62). Mature plasmatocytes perform a wide array of functions, 

can proliferate and actively migrate (62,95,119). Plasmatocytes, akin to vertebrate 

macrophages, recognize and engulf invading microorganisms, dead tissues, cell debris, 

and apoptotic cells (120). Additionally, plasmatocytes play important role in humoral 

immune response by promoting antimicrobial peptides (AMPs) production from the fat 

bodies and by directly secreting AMPs such as Cecropin A1 upon bacterial infection 

(118,121). Other functions of plasmatocytes include, rapid tissue remodelling during 

embryogenesis and morphogenesis by clearing cell debris and apoptotic cells 

(116,119,122,123), secretion of ECM proteins such as collagen protein Viking and 

Laminin (12,85,124).  

1.5.2.2 The crystal cells 

 Crystal cells are 2-5% of the total hemocytes population in Drosophila and these are 

big spherical cells with crystalline inclusions and a diameter ranging from 10-12.2 μm 

(Fig. 6B) (19,125). Unlike plasmatocytes, crystal cells are non-proliferative and 

mitotically inactive. BrdU incorporation studies in crystal cell show that, these cells 

undergo endoreplication rather than cell proliferation (95). These cells originate from 

both primitive and definitive wave of hematopoiesis and do not show the migration 

behaviour. Due to presence of multiple tyrosine-rich crystalline inclusions, these cells 

are termed as crystal cells (19,20). Crystal cell specification, differentiation, and 

maturation is regulated by complex regulatory mechanisms, involving various 

transcription factors and signaling proteins (1). The transcription factors Lozenge, 

Serpent, and U-shaped act synergistically to specify crystal cells (29,30,126–129) and 
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Wnt/Wg, Hippo/Yorkie pathways regulate the crystal cells number within the lymph 

gland (71,130). Crystal cell differentiation and maintenance is mediated by Notch 

pathway (45,66), and transcription factor Sima (ortholog of the hypoxia inducible 

factor-1 α, Hif1α, (131). Prophenoloxidase (ProPO) are the enzymes found within the 

crystalline inclusions in mature crystal cells and are necessary for catalysing 

melanisation reactions (125,132–134), these are encoded by the genes PPO1, PPO2 and 

PPO3. Their expression in crystal cell is regulated by Serpent and Lozenge (133,135). 

Crystal cells can be marked utilizing antibodies or reporters proteins such as, Hindsight 

(Hnt), Lozenge, ProPO, and PPO1 (1,62,136). Crystal cells are important in wound 

healing and melanisation reaction during injury responses and thus share functional 

similarity to mammalian platelets. These cell form a black or dark brown clot-like 

structure around the wound site following injury, which is due to melanin that is formed 

by the melanisation reaction (133,137,138). This reaction, initiated by the ProPO 

enzyme in the crystalline inclusions, converts phenol to quinones that further 

polymerizes to form melanin and produces reactive oxygen species (ROS) as a by-

product that help in neutralizing invading bacteria (139,140). Consistent with their gene 

expression profile, as described in the recent single-cell analyses, crystal cells also 

regulate the hypoxia stress response in Drosophila (141). 

1.5.2.3 The lamellocytes  

Lamellocytes are large, flat cells with a diameter ranging from 16-24 μm and a surface 

area exceeding 400 μm2 (Fig. 6C) (19,20,142). These cells are rarely present in healthy 

larvae and are predominantly formed in response to parasite wasp infections or injury 

to the larval cuticle (143). Ultrastructure analyses have revealed that lamellocytes have 

irregular cell margins, numerous cytoplasmic processes, and an organelle-free cortical 

cytoplasm (19). However, lamellocytes possess numerous primary lysosomes and 

phagocytic vacuoles compared to plasmatocytes, despite the absence of phagocytic 

activity (19). Lamellocytes are labelled by various markers including Misshapen (Msn, 

a JNK activator), L1 antigen (encoded by antilla), α-PS (PS4 integrin α chain), and β-

PS integrin (encoded by the gene myospheriod) (109,118,136,144). Several 

hymenopteran wasp species (such as L.boulardi, L.heterotoma) deposit their eggs into 

Drosophila larvae through oviposition and injection (145). This triggers the rapid 

differentiation of lamellocytes from the progenitor cells and trans differentiation from 

plasmatocytes to protect the animal against parasitic infestation. These cells encapsulate 
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the wasp eggs and eliminates approximately 40% of the wasp larvae (146). Parasitic 

wasp infection leads to lamellocyte formation in the lymph gland, which are released 

into the larval haemolymph and thus causes rupturing of the lymph gland (64,102). 

Multiple signaling pathways and proteins regulate lamellocyte specification and 

differentiation. Lamellocytes derived from the progenitor cells or lamelloblasts (only 

Msn) show different marker expression as compared to the lamellocytes 

transdifferentiated from plasmatocytes (both Msn and plasmatocytes marker such as P1, 

eater) and are thus labelled as Type I and Type II lamellocytes (146). The specification 

and formation of functional lamellocytes in the lymph gland is regulated by JNK/Basket 

(147), Toll (148), NF-κB (57), Notch, JAK/STAT, ROS (149), ecdysone and EGFR 

signaling (93,102,150,151). Ectopic activation of the Toll or JNK signaling, or 

hyperactivation of JAK-STAT pathway dramatically induces lamellocyte 

differentiation without parasitic wasp infections (148,152). β-PS integrin, a mature 

lamellocyte marker, dispensable for lamellocyte differentiation is essential for the 

encapsulation process (153). Apart from the signaling in progenitor cell, lymph gland-

derived lamellocyte induction is also mediated by the increased ROS levels within the 

PSC niche. The increased oxidative stress activates Toll and NF-κB pathways leading 

to a massive production of lamellocytes and rupturing of lymph gland (149). 

Lamellocyte induction is also regulated by various metabolic inputs, which is described 

in the proceeding sections. 

 

Figure 6. Confocal images of Drosophila blood cell types. 

(A) Plasmatocytes, (B) crystal cells in homeostatic conditions and (C) lamellocytes after wasp-infection. 

 

1.6 Regulation of lymph gland development 

Homeostatic development of a tissue or organ involves various regulatory mechanisms 

that work synergistically to have a coordinated growth. Lymph gland is an organ with 

different type of cells ranging from the signaling niche cells, progenitor cells and 

differentiated cells (1,63,154). Therefore, a plethora of regulatory signaling and 
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metabolic pathways control lymph gland development. These include autonomous 

mechanisms, originating from the progenitor itself (autocrine), non-autonomous 

mechanisms, originating from the neighbouring cells of PSC, CZ and cardiac tube 

(paracrine) and systemic (nutritional and environmental control) (Fig. 7) (1,155,156). 

1.6.1 Autonomous regulation of progenitor development 

Key molecular events that control autonomous progenitor proliferation and 

differentiation include extracellular matrix (ECM) proteins. During lymph gland 

development, progenitor cells are densely packed during early development and later 

E-cad loss in the progenitor cells causes differentiation, whereas overexpression of E-

cad promotes progenitor maintenance (157–159). Wingless protein also functions in the 

MZ progenitor cells to repress premature differentiation of progenitors (71). Similarly, 

Colier is expressed at low levels in the core progenitors of MZ cells and regulate the 

progenitor differentiation. Its loss leads to premature differentiation and overexpression 

of col leads to progenitor proliferation and MZ expansion (79,160). During immune 

response conditions, downregulation of col in the MZ progenitor is important to induce 

lamellocyte formation (64). JAK/STAT activity within the MZ assist in maintaining 

progenitor identity and it prevents differentiation (62,95,161). JAK/STAT pathway 

receptor domeless (dome) is a predominant marker for the MZ progenitor cells (Fig. 7) 

(62,162,163). Another factor that maintain MZ progenitor cells is Asrij, Drosophila 

homolog of Ociad1, a hematopoietic stem cell marker (101,164). Asrij loss leads to 

reduction in the number of progenitor and PSC (niche) cells and increased numbers of 

differentiated cells, with a corresponding decrease in E-cad within the medullary zone 

(101). Dopamine is synthesized by lymph gland progenitor cells and regulate progenitor 

development via controlling different phases of cell cycle mediated by synthesis and 

signaling modules of the neurotransmitter (165). FGF pathways works autonomously 

to control MZ proliferation and loss of FGF in the progenitor cells leads to excessive 

differentiation to all the three cell types (166). MZ progenitor cells show elevated levels 

of Reactive oxygen species (ROS) and these are important to prime the progenitors 

towards differentiation cues. Loss of ROS in the progenitor causes dampened 

differentiation and increased levels of ROS causes increased differentiation of the 

progenitor cells by mechanisms involving JNK and polycomb group proteins (72). 
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1.6.2 Non-Autonomous regulation of Progenitor development 

Signaling cues emanating from PSC and CZ regulate homeostatic development of 

medullary zone progenitor cells, by paracrine mechanisms. PSC acts as a signaling 

centre for the progenitor maintenance, thus sends a variety of signals controlling both 

progenitor proliferation and differentiation. PSC also send signal to CZ, which further 

maintain an equilibrium signal in the MZ (1). Pvf1, one of the ligands of Pvr is secreted 

by PSC and sensed by PDGV/VEGF receptor, PVR in the CZ cells. This leads to 

secretion of AdgfA (Adenosine deaminase growth factor-A), which control progenitor 

quiescence and differentiation by regulating adenosine levels (65,74). Another 

signaling entity Dpp, produced by the PSC is sensed by the pre-progenitor cells of early 

lymph gland and drives Notch expression in them to facilitate its proliferation and 

transition into Dome+ progenitor cells (Fig. 5 and Fig. 7) (66). Hh signal from PSC 

binds to the patched (ptc) receptor in the progenitor cells of MZ. Additionally, Hh signal 

in PSC is trapped by Relish (Rel), which maintains cytoskeletal architecture and thus 

impedes progenitor maintenance by regulating Hh transfer to MZ cells (65,167). In 

addition to the niche, the cardiac tube also regulate progenitor maintenance through 

FGF/Bnl signaling, acting as a niche for progenitor cells (168). Branchless (bnl) signal 

is secreted from the cardiac tube cells and leads to activation of its receptor breathless 

(btl) in progenitor cells and maintains calcium levels in the MZ by activating PLCγ. 

Moreover, blockage of this interaction leads to differentiation of progenitor cells. The 

involvement of mechanosensitive mechanisms of blood flow by vascular niche cells of 

cardiac tube is also shown to impact hematopoietic progenitor maintenance (169).  

1.6.3 Systemic control of progenitor development  

Drosophila blood cells respond to a variety of nutritional and sensory cues originating 

from nutritional status (75,170,171), odors (172) and environmental CO2 or O2 (173). 

These signals are transduced to the lymph gland progenitor cells via a multiorgan, 

hormone-dependent signaling cascade. Interestingly, disruption of these pathways or 

sensing mechanisms give rise to distinct hematopoietic defects indicating the 

involvement of different regulatory mechanisms. Amino acid levels within the 

hemolymph control progenitor maintenance via insulin and its receptor (InR), PI3K, 

Akt, and TOR (170,171,174). This is controlled by secretion of dilp2 from the brain 

which is sensed by InR in the progenitor cells. The amino acid transporter slimfast (slif), 

present on the progenitor cells also sense the amino acids and therefore collectively 
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regulate progenitor maintenance through TOR and Wg mediated mechanisms (Fig. 7) 

(171,175). Other nutritional inputs such as sugars and fatty acids regulate progenitor 

maintenance and differentiation via JNK and JAK/STAT pathways and triggers 

immune response (176,177). 

Environmental odors and gases such as CO2/O2 detected by gustatory receptors trigger 

a series of signaling cascades involving diverse sensory organ, which relay downstream 

signal to brain and lymph gland to regulate progenitor development (Fig. 7). During 

development, low levels of CO2 through a multi-organ crosstalk impacts Serrate (Ser) 

expression in the intermediate zone, resulting in crystal cell differentiation (173,178). 

Odor sensing triggers γ-aminobutyric acid (GABA) secretion from the neurosecretory 

cells in brain into the haemolymph. Circulating GABA regulates progenitor 

maintenance in the lymph gland by GABA receptor mediated calcium signaling (172). 

In an immune perspective, GABA released from the brain is internalized as a metabolite 

by blood-progenitors and GABA catabolism mediated succinate conversion induce 

lamellocyte differentiation. The GABA catabolic pathway in the progenitor cells, 

converts internalized GABA into succinate and stabilizes sima, which is required for 

lamellocyte differentiation (94). Developmentally, GABA catabolism derived succinate 

regulate tricarboxylic acid (TCA) cycle activity to moderate ROS levels in the 

progenitor cells and supports lymph gland growth (179) (Fig. 7).  

Altogether, lymph gland progenitor cells regulate their specification, proliferation and 

differentiation through a combination of intrinsic and extrinsic mechanisms. 
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Figure 7. Regulation of lymph gland development. 

Various intrinsic and extrinsic factors involved in Drosophila hematopoietic development (180). 

 

1.7 Reactive oxygen species and blood progenitor development 

1.7.1 What are reactive oxygen species (ROS)? 

ROS are free radicals generated from molecular oxygen. These majorly include the 

superoxide (O2–), hydrogen peroxide (H2O2), and hydroxyl radicals (OH•). Oxygen 

undergo electron transfer reactions and reduction to produce superoxide radical anions 

(O2-). Playing the role of an oxidant as well reductant, superoxide anions give rise to 

other forms of free radicals. Reactive oxygen species are mostly produced in 

mitochondria, where electron leakage during oxidative phosphorylation and reduction 

of molecular oxygen cause ROS formation. ROS are a stress signal in the cell and 

damage cellular proteins, lipids and DNA. ROS mediated oxidative stress induce 

various pathological conditions ranging from neurodegenerative disorders 

cardiovascular diseases, respiratory diseases and cancers. Unfolded protein response, 

DNA breaks, necrosis are the major damages caused at cellular level. Nonetheless, ROS 

are also essential for some of the cellular functions, ROS acts as signaling molecule and 

impact cellular proliferation, differentiation and other functions.  
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1.7.2 Sources of ROS 

The major site of ROS generation is mitochondria, and it occurs at various metabolic 

points in the cell (Fig. 8). 

1.7.2.1 ETC as source of ROS 

One of the prime sources of ROS production in cellular spaces is electron escape during 

the respiratory chain. The leakage of electron leads to ROS generation in the cell (181–

187). Inner mitochondrial membrane is the site for multiprotein complexes (complexes 

I–IV) that form the electron transport chain. These complexes houses a range of redox 

catalysts such as pyridine flavoproteins, nucleotides, ubiquinone, iron sulphur proteins, 

and cytochromes cause electron leakage and ROS generation. ETC utilizes 

FADH/NADH transferred from glycolysis and the tricarboxylic acid (TCA) cycle and 

generate ATP as energy source by the process of oxidative phosphorylation, OXPHOS 

(188,189). The multiprotein complexes of ETC are the major sites for superoxide 

radical generation. Mechanistically, transfer of electrons from complex I (NADH 

dehydrogenase) or complex II (Succinate dehydrogenase, SDH) cause conversion of 

coenzyme Q to coenzyme Q (QH2). The regeneration of coenzyme Q from QH2 occurs 

forms an unstable intermediate semiquinone anion (•Q) in this process, known as Q-

cycle. This oxidation-reduction reaction transfer electrons to oxygen and leads to 

superoxide radical production. Mutations in complex II subunits C and D elevates 

Superoxide (O2−) and H2O2 formation leading to cancer and genome instability (190–

193). 

TCA cycle fluxes into ETC, thus act as an indirect source of ROS. The TCA metabolites 

not only fuel energy into the cell, but also act as source of ROS generation. For example, 

pyruvate dehydrogenase (PDH) and α-ketoglutarate dehydrogenase (αKDH) enzymes 

of TCA cycle produce significant amounts of O2
− radicals and H2O2. Inter-

mitochondrial oxidoreductase protein, p66Shc, and outer mitochondrial membrane 

enzyme, monoamine oxidase are other sources of mitochondrial ROS generation (194) 

(Fig. 8).  

1.7.2.2 Nicotinamide adenine dinucleotide phosphate (NADPH) oxidases (NOXs) 

NOXs are the other leading cause of intracellular ROS generation. These are homologs 

of the phagocyte NOX (e.g., Phox or NOX2) and were first identified in neutrophils 

(195,196). NOXs I-V, DUOX1, and DUOX2 comprise the NOX family of enzymes. 

These diversified class of redox signaling proteins, transfer electrons from NAD(P)H 
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to molecular oxygen and form superoxide radicals and hydrogen peroxide performing 

significant physiological and pathophysiological functions (197). 

 

Figure 8. Sources of ROS. 

(A) Superoxide radicals are generated in the cellular membrane by NADPH oxidases, (B) monoamine 

oxidases catalyse the production of hydrogen peroxide in outer mitochondrial membrane, (C) O2 radicals, 

H2O2 and OH. generation in inner mitochondrial membrane from ETC, (D) p66Shc activation by CytC 

leads to H2O2 production in inner mitochondrial membrane, (E) H2O2 and O2 radical production by 

xanthine metabolism in the cytoplasm (198). 

Peroxisomes and endoplasmic reticulum are other important sites of ROS generation in 

cell. In peroxisomal respiratory pathway, transfer of electrons from diverse metabolites 

to the oxygen causes H2O2 formation (199) and this process is independent of energy 

generation, but form heat. Fatty acids β-oxidation in peroxisomal generate H2O2. In 

endoplasmic reticulum, enzymes such as cytochrome p-450, diamine oxidase and b5 

enzymes lead to the generation of ROS (200). 

1.7.3 ROS Scavenging: antioxidants and antioxidant enzymes 

An effective mechanism for scavenging reactive oxygen species (ROS) is in place to 

regulate the formation of ROS. It is made up of molecules that counteract ROS directly 

through various neutralization reactions. The ROS generation and antioxidant 

scavenging equilibrium in cellular redox homeostasis control both physiological and 

pathological cellular processes. An intricate group of natural and nutritional 
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compounds, and molecules comprise the antioxidant system. Glutathione (GSH) is a 

major antioxidant, involved in the reduction of oxidized proteins and peroxides through 

diverse mechanisms such as Grx and Trx. The natural antioxidant enzymes system 

include superoxide dismutases (SOD), catalases, glutathione S-transferases, glutathione 

reductases and peroxidases, and small nutritional molecules, ascorbic acid and α-

tocopherols (Fig. 9) (187,201–203). 

1.7.3.1  Superoxide dismutase (SOD) and Catalase 

Superoxide dismutase and catalases are the major anti-oxidant enzymes present 

intracellularly in all the organisms utilizing O2. SOD enzymes catalyse the dismutation 

of superoxide (O2-) and hydrogen peroxide (H2O2) (204). Dismutation reactions 

catalysed by SOD are extremely efficient (205). SOD enzymes regulate the levels of a 

variety of ROS and reactive nitrogen species (RNS) by neutralizing their radical, thus 

limit their potential toxicity and maintain their homeostatic levels for diverse signaling 

functions (206). Catalase is another important antioxidant enzyme and present in all 

aerobic organisms. Catalase breakdown hydrogen peroxide molecules into oxygen and 

water in a two-step process (207). Maintenance of optimum level of H2O2 in the cell is 

essential for a multiple cellular signaling processes (208).  

1.7.3.2 Glutathione (GSH) 

Glutathione (GSH) is the most abundant thiol compound and a non-protein tripeptide 

existing in the cells. GSH (γ-glutamyl-cysteinyl-glycine), a major and potent 

intracellular redox buffer, is produced de novo in two sequential enzymatic reactions, 

which are ATP-dependent. First, cysteine and glutamate combine to form γ-

glutamylcysteine. Catalysed by the γ-glutamylcysteine synthase (γ-GCS), this step is 

the rate-limiting step in GSH synthesis and is regulated by availability of cysteine in 

the cell. Glutathione synthase (GS) catalyses the second step, where γ-glutamyl-

cysteine is linked to glycine via covalent bonding to complete GSH production (209). 

The redox-active thiol (-SH) group of cysteine residue determines the antioxidant 

function of GSH, as it gets oxidized when GSH reduces target molecules such as H2O2 

and organic hydroperoxides (210). The oxidized form, GSSG regenerates reduced form 

of GSH utilizing electrons from NADPH by involvement of glutathione reductase 

enzyme (Fig. 9). Another ROS scavenging function of GSH include detoxification of 

electrophiles produced during oxidative stress, these conjugation reactions are catalysed 

by glutathione transferase enzymes (211,212).  
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GSH distributes in different compartments, including both mitochondria and cytosol, 

While it is synthesized exclusively in the cytoplasm. As mitochondria play a central 

role in the activation and cell death, mitochondrial GSH has been shown to critically 

regulate these processes and maintain cellular homeostasis (213). 

 

Figure 9. ROS scavenging mechanisms. 

Various ROS scavenging enzymes and compounds contributing to ROS homeostasis of the cell (214). 

 

1.7.4 ROS in cellular signaling 

Reactive oxygen species play important role in cellular signaling apart from acting as 

the stress signal (215). This area of ROS regulation is known as Redox Biology and has 

implications on cellular homeostasis (216). A threshold levels of ROS are required to 

perform such functions and ROS requirement varies across different cellular stages 

ranging from stem cells, progenitors and differentiated cells (Fig. 10) (217,218). It is 

predominantly clear that manipulation of metabolic pathways and ROS affect stem cell 

fate, including their proliferation, quiescence and differentiation (219–221). ROS is 

tightly coupled to metabolic pathways, as any change in metabolic pathways leads to 

alteration in ROS levels. Since, ROS molecules can directly affect various proteins, 

including transcription resulting in affected cellular dynamics and function (222–224).  

Reversely, ROS can also impact metabolic enzymes and various signaling proteins 

responsible for nutrient-sensing to impact the metabolic flux (225–227). These 

functions and properties of ROS molecules highlight them as emerging key mediator of 

stem cell fate decisions.  
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Figure 10. Role of ROS in cellular signaling. 

Low levels of ROS is important for hematopoietic stem cells quiescence and self-renewal, while elevation 

of ROS levels lead to HSC senescence and cell death (197). 

1.7.5 ROS in HSC and blood progenitor development 

ROS has been implicated in myriad of cell fate decisions. Common myeloid progenitors 

(CMPs) possess higher levels of ROS and it is associated with the blood-progenitor 

proliferation and differentiation. ROS regulates cell cycle progression resulting in 

increased progenitor proliferation (228). Consistently, elevated ROS leads to 

myeloproliferation in Foxo3 mutant mouse and is the cause for myeloproliferative 

neoplasm progression (229,230). 

Unlike myeloid progenitors, HSCs present in bone marrow niche have reduced levels 

of ROS and any elevation in ROS in the bone-marrow compartment leads to retardation 

in hematopoietic stem cell activity (Fig. 10) (228). Similarly, genetic ablation of DNA-

damage checkpoint kinase ataxia telangiectasia mutated kinase (Atm) in 

mice, knockdown of Foxo3 (Forkhead box O), have high levels of ROS in HSCs, which 

retarded their repopulation capacity (Fig. 11) (231–234). Further, antioxidant 

supplementation, N-acetylcysteine (NAC) rescued the HSC proliferation phenotype 

caused by ATM knockdown, depicting the regulation of ROS on stem cell proliferation. 

Moreover, it was found that reduced expression of ROS scavenging enzymes catalase 

and SOD2 resulted in elevated ROS levels in Foxo3-/- HSCs (231–235). Surprisingly, 

mice with a SOD2 mutation do not show any HSC defects highlighting potential 

functional redundancy between enzymes of the antioxidant system (236).  



 23 

Regulation of ROS on cellular fate decision occurs through different regulator 

mechanisms. While the ATM-/- retarded HSC activity is via ROS-mediated activation 

of p16Ink4a, a retinoblastoma gene product pathway (231), ROS-induced p53 tumour 

suppressor activation (234) or of p38-MAPK activation (232) causes HSC defects in 

Foxo3 mutant conditions (Fig. 11).  

 

Figure 11. ROS in hematopoietic stem cells and blood-progenitor development. 

ROS regulates HSC development through different signaling and metabolic mechanisms (197). 

 

In Drosophila, multipotent blood progenitors akin to mammalian common myeloid 

progenitors (CMPs) maintain elevated levels of ROS under physiological scenarios, this 

is important to prime progenitor differentiation (Fig. 12) (72). The progenitor cells of 

lymph gland have higher levels of ROS, which decline as these differentiate. Any 

further increase in ROS levels impairs progenitor homeostasis and leads to precocious 

differentiation. Overexpression of antioxidant enzymes such as superoxide dismutase 

(SOD2) lowers the ROS levels in lymph gland progenitor cells and retards mature blood 

cell formation. Mechanistically, ROS mediated blood-progenitor proliferation and 

differentiation is controlled by JNK and FoxO activation along with downregulation of 

Polycomb group proteins, confirming that ROS play a signaling role in controlling 

hematopoietic progenitor fate (72). 
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Figure 12. ROS primes blood-progenitors for differentiation. 

Moderate levels of ROS are required for progenitor differentiation, however any increase in ROS levels 

in the progenitor compartment leads to precocious differentiation (72). 

1.8 GABA: canonical and non-canonical functions 

1.8.1 GABA: a neurotransmitter  

γ-aminobutyric acid, commonly known as GABA was first discovered in 1950 as a 

predominant amine in brain and it was found that GABA is synthesized from another 

amino acid, glutamic acid (237). It is a four-carbon non-protein amino acid and exists 

in the free amino acid form in most prokaryotic and eukaryotic organisms (Fig. 13). 

Later reports delineated the function of this monoamine in regulating neuronal 

physiology, acting as inhibitory neurotransmitter (238). However, GABA is also shown 

to act as an excitatory neurotransmitter during embryonic development. GABA is one 

of the first active neurotransmitter within the developing brain that regulate neuronal 

progenitor cells proliferation (239,240). Physiologically, in adult brain, GABA 

modulates the inhibitory neurotransmission in the neurons. Any perturbations of 

GABAergic (GABA producing neurons) inhibition results in seizures and GABA is a 

prime target in treatment of many disorders such as epilepsy (241). Many other diseases 

such as psychiatric (242), stiff-person syndrome (243) and schizophrenia (244) have 

been associated with dysfunctional GABAergic neurons in the brain. 
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Figure 13. GABA: a neurotransmitter 

1.8.2 GABA neurotransmission 

GABA is majorly known as a signaling molecule and it regulates ionic channel flow in 

the neurons. In GABAergic neurons, GABA is synthesized from glutamate, a reaction 

catalysed by glutamate decarboxylase (GAD) enzymes (245). Synthesized GABA is 

transported to the neuronal terminals via vesicular neurotransmitter transporter, such as 

VGAT (246) and released into the synaptic cleft, where it is sensed by the GABA 

receptors assembled on the post-synaptic neurons. Two types of receptors ionotropic 

receptors GABAA, (247) and GABAc
 (248) and metabotropic receptors GABAB (249) 

have been characterized, that sense GABA and regulate downstream signaling. 

GABAA, and GABAc receptors are ligand gate ion channels and regulated by the influx 

of Cl- to the postsynaptic neurons. GABAB receptor are G protein coupled receptor and 

has two Subunits, B1 and B2, these function during later stages of development and as 

slow constituent of inhibitory transmission. GABAB receptors are present both 

presynaptically and postsynaptically. GABAB receptor activation is coupled with K+ 

and/or Ca2+ channels by a G-protein mediated pathway (250–252). The 

neurotransmitter signaling is terminated by GABA reuptake into surrounding glial cells 

or nerve terminals. GABA uptake is carried out by SLC class of GABA transporters 

(GATs) present on plasma membrane of the cell (253). Internalized, GABA is converted 

into succinic semialdehyde, a reaction catalysed by GABA transaminase (GABA-T). 

Further, succinic semialdehyde is either catabolized into succinate by succinic 

semialdehyde dehydrogenase (254) or gamma-hydroxybutyric acid (GHB), catalysed 

by succinic semialdehyde reductase (255) (Fig. 14). 

GABA has a variety of cellular functions and is crucial for numerous organ systems. 

Deficits in GABA signaling have important ramifications for various physiological 

systems and ailments in animals reviewed in (256) and GABA receptor expression is 

seen in diverse organ systems, including, pancreas, muscle, fat, liver and hematopoietic 

progenitors (257–259).  
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Figure 14. GABA synthesis and signaling. 

GABA is synthesized from glutamine and glutamate in a two step-process via enzymes glutaminase and 

GAD respectively and it is released from the pre-synaptic neurons, where it is sensed by the GABA 

receptors present on the post-synaptic neurons or internalized by GABA transporter present on the 

neighboring cells, where it is catabolized into downstream metabolites (260). 

 

1.8.3 GABA signaling in HSC development 

In addition, GABA signaling influences hematopoietic stem cell (HSC) outcomes 

during division and could be implicated in nervous system and blood system 

communication (261). HSCs and megakaryocyte progenitors express GABA receptor, 

GABRR1, GABA A type rho-subunit receptor. Overexpression of GABRR1 or agonist 

therapy led to an increase in the formation of megakaryocytic lineage and inhibition of 

GABRR1 signaling by genetic deletion or antagonists dramatically inhibited 

megakaryocyte and platelet differentiation (261). The GABA B type receptor, 

GABBR1, is also a crucial functional regulator of both human and mouse hematopoietic 
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progenitors and maintain their homeostasis. Hematopoietic stem cells (HSCs) in the 

bone marrow niche express GABBR1. Mass-spectrometry imaging analysis showed 

presence of GABA in bone-marrow niche and interestingly, it was found that B-

lymphocytes are the source of GABA, as they express GABA synthesizing enzyme 

GAD. GABA is sensed by the blood progenitor cells and regulate their proliferation and 

B-cell differentiation (Fig. 15) (262). Activated-B cells secretes GABA, which inhibits 

the formation of cytotoxic T cells and macrophages (263). GABA produced by B cells 

stimulates monocyte differentiation into interleukin-10 (IL-10) secreting anti-

inflammatory macrophages which inhibit the cytotoxic CD8+ T cells function by 

GABAA
 receptor mediated signaling. B-cells derived GABA release induce anti-

inflammatory responses and facilitates pro-tumour microenvironment by targeting 

multiple immune cell types (263). 

  

Figure 15. GABA in HSC development  

GABA synthesized from B cells regulate HSCs proliferation and differentiation potential (262). 

 

Nervous system derived hematopoietic regulation has been an active area of research 

and is reported in multiple metazoan organisms (264–266). The impact of neuronal cues 

on hematopoietic development is not limited to mammalian system and is characterised 

in other model systems such as Drosophila. Interestingly, in Drosophila, olfactory 

stimulation induce GABA secretion from a small subset of neurosecretory cells in the 

brain. GABA release into the haemolymph and sensing by the blood-progenitor cells 

promote their maintenance (172). Drosophila blood-progenitor cells express 

metabotropic GABAB receptor, which sense extracellular GABA from haemolymph. 

GABA sensing induce elevated Ca2+ levels in the cytosol and thus promote progenitor 

maintenance. Any perturbation of GABA signaling and Ca2+/CamKII axis leads to loss 

of progenitor maintenance and heightened differentiation. Thus, blood-progenitors use 

GABA as a ligand to activate GABABR signaling and regulation of intra-cellular 

calcium homeostasis to maintain their undifferentiated state (Fig. 16) (172).  
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Figure 16. Olfaction derived GABA release and signaling in blood-progenitor control their maintenance 

(172). 

 

1.8.4 GABA metabolism in Blood-progenitor development  

GABA is also shown to have a notable impact on metabolism at the cellular level of 

multiple organ systems (Fig. 17). GABA is placed at the nexus of various metabolic 

pathways regulating development and disease. GABA is synthesized from glutamate, 

which is formed either from glutamine or as a result of TCA cycle anaplerosis from α-

Ketoglutarate. Glutamate dehydrogenase (GDH) catalyses the reversible conversion of 

glutamate to αKG and uses ammonia and NAD+ or NADP+ as coenzymes (267). GABA 

can be transported from the cellular microenvironment through GABA transporters 

(GAT) and is catabolized into succinate and GHB (γ-hydroxybutyrate) through “GABA 

shunt” pathway. The end product of GABA catabolism ie. succinate which is also a 

component of TCA cycle and complex II of ETC regulate myriad of cellular functions 

ranging from epigenetics, signal transduction, tumorigenesis, hypoxia response, endo- 

and paracrine modulation, ROS homeostasis and inflammation reviewed in (268,269). 

GABA metabolism is closely connected to cellular metabolism and is regulator for a 

variety of cellular functions including fate decisions.  
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Figure 17. GABA metabolism in the cell. 

GABA is synthesized from glutamate in the cells and it is metabolized into succinate via GABA shunt 

pathway (270). 

 

In Drosophila blood-progenitor cells, GABA catabolic pathway regulate blood-cell 

development. GABA is released by neurosecretory cells in the brain and is taken up by 

progenitor cells via the GABA transporter (GAT). A two-step mechanism then 

catabolizes the GABA into succinate. GABA shunt pathway derived succinate regulate 

sima (Hif1α) stabilization through inhibition of hyrodxyl prolyl hydroxylases (hph, 

PHD domain enzyme complexes). Sima stabilization causes transcriptional 

upregulation of Ldh, a crucial enzyme controlling the reversible conversion of pyruvate 

to lactate, which triggers the glycolytic shift. This GABA catabolism derived sima 

stabilization is essential for lamellocyte formation in the lymph gland. Utilization of 

GABA as a metabolite by progenitor cells and its catabolism to succinate is necessary 

to mount a successful immune response (Fig. 18) (94).  
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Figure 18. Olfaction derived GABA release and catabolism regulates Drosophila immune competency 

(94). 

 

Moreover, the GABA release from the brain is under olfactory control and odor-sensing 

by the developing animal establishes a long-range olfactory-immune axis to regulate 

progenitor development and maintenance, immunological priming and blood progenitor 

competency towards differentiation (94,172). 

1.9 Neuronal Control of organismal homeostasis 

Neuronal modulation of hematopoiesis is mediated by both distant signals via 

neurotransmitters and neurohormones to the HSPCs (271,272), as well as direct 

peripheral nerve innervations to niche areas (273). Numerous elements of 

hematopoiesis, such as HSPC proliferation, migration and homing, circadian rhythm 
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modulation, and others, are regulated by this neural control (274–276). These findings 

demonstrate the significance of a neuronal-immune link during development. 

Furthermore, studies aimed at comprehending the regulation of neurons during 

immunological challenge and stress situations will be valuable to gain a grasp of the 

physiological relevance and potential of this well-established neuro-immune crosstalk. 

Olfaction, the sensory cue of smell, stimulates neuronal behaviour and various aspects 

of organismal homeostasis including, metabolic sensing, obesity, diabetes, and 

development of hematopoietic compartment.  

1.9.1 Role of olfaction in development and disease 

It has been demonstrated that in fasting mice, the mere appearance of food (rather than 

its consumption) has an identical effect on neuronal activity in the arcuate nucleus 

(ARC) as does the presence of nutrients or hormones associated with food intake in the 

bloodstream (277). Olfactory system play a novel bidirectional function in energy 

homeostasis in response to hormonal and sensory signals. Conditional deletion of the 

IGF1 receptor in OSNs improves mice's ability to smell by increased OSN neurogenesis 

and results in increased adiposity and insulin resistance (278).  

In Drosophila hematopoietic development regulation, GABA accumulation in 

haemolymph is originated from a subset of Kurs6+ neurosecretory cells in the brain 

(Fig. 16). These Kurs6+ neurosecretory cells are under olfactory control and input from 

olfactory receptor neurons via ORN-PN signaling results in GABA synthesis in these 

cells. Food odors sensing by Or42a receptors (279) relays information to additional 

circuitry involving the PNs and deeper brain regions, controlling GABA release from 

Kurs6+ neurosecretory cells in the brain to influence hematopoiesis. Genetic ablation of 

the olfactory component or growing the Drosophila larvae in odor-free environment 

results in loss of GABA secretion from the Kurs6+ neurosecretory cells and 

subsequently, haemolymph GABA. This leads to loss of GABAB metabotropic 

receptors activation in the progenitor compartment and impedes their maintenance 

(172). Not only does odor sensing affect this component of organismal homeostasis, but 

it also controls immunological priming. Another type of olfactory receptor called Or49a 

is involved in the detection of predatory wasp volatiles. It also controls the release of 

GABA from Kurs6+ neurosecretory cells by modulating an as-yet-unidentified circuitry 

of projection neurons and higher brain centres. Increased haemolymph GABA levels in 

a predatory setting allow blood progenitor cells to internalize GABA, which triggers a 
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metabolic switch and causes the development of lamellocytes. The loss of olfactory 

perception results in a decrease in GABA release into the haemolymph, which impedes 

the progenitor cells GABA catabolic pathway, preventing the production of 

lamellocytes and thwarting the immunological response (Fig. 18) (94). 

1.9.2  Drosophila olfactory system 

Olfactory system of Drosophila is primarily located in the head region. The four unique 

anatomical features that make up the Drosophila larval olfactory system are the 

antennal lobes, the paired dorsal organs (DO) at the anterior tip of the larvae, the 

mushroom body (MB) calyx, and the lateral horn, inside the brain (Fig. 19) (280). 

Drosophila larval olfactory system comprises 21 ORNs (Olfactory Receptor Neurons) 

per hemisphere in the larva, and they all express different receptor types and innervate 

different glomeruli in the larval antennal lobe (LAL) (279,281). The dendritic terminals 

of olfactory receptor neurons (ORNs) in the DO area are home to olfactory receptors 

(ORs), which are expressed on their membrane and have an affinity for binding volatile 

chemicals known as odorants (282–286). In total 25 olfactory receptors (ORs) exist in 

the larval olfactory system, where OR83b, commonly known as Orco, dimerizes with 

other olfactory receptors and function as co-receptor to these receptors (287,288). LAL 

harbours 21 subunits, equivalent to adult glomeruli for ORNs innervation (289) and 

innervates several olfactory projection neurons (PNs) and local neurons (LNs), 

transmitting the olfactory information to the higher brain centres, mushroom body, MB 

and the lateral horn (LH) (290). 

 

Figure 19. Drosophila larval olfactory system. 

(A) 21 ORNs connected to twenty-one glomeruli in larval antennal lobe, and via PNs target mushroom 

body glomeruli in the calyx and MB neurons, (B) Schematic representation of the anatomical structure 

showing individual ORNs (green/red), which form synapse with a single PN each (dark green/red). PNs 

further project to the MB calyx and LNs interconnect with glomeruli of LAL (291). 
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2 Aims and Objectives 

 

The importance of ROS levels in myeloid cell development and function is well-

established. Central theme of the work undertaken in this study is based on the 

understanding that ROS as a signaling entity is critical for blood stem-progenitor 

development and maintenance reported both in invertebrates and vertebrates (292–297). 

However, to sustain its developmental role, mechanisms controlling ROS levels that are 

critical towards its functioning in myeloid progenitor cells remain to be characterized. 

Myeloid-like blood progenitor cells of the Drosophila larvae reside in a specialized 

hematopoietic organ called the lymph gland and these cells maintain elevated levels of 

ROS. Various signaling cues have been shown to regulate lymph gland development, 

and recent studies shed light on the involvement of metabolic pathways in myeloid 

development. Progenitor cells rely on GABA, which is neuronally derived upon 

olfactory stimulation and is sensed by blood cells both as a signaling entity and as a 

metabolite. GABA signaling via GABABR in lymph gland progenitor cells controls 

their maintenance (172), while its utilization as a metabolite regulates progenitor 

differentiation potential (94). Any understanding of intracellular metabolic or signaling 

events that enable the sustenance of this fine redox balance and blood-progenitor 

development remains obscure. 

The current thesis work aims to understand the odor mediated control of blood 

progenitor homeostasis and development via redox regulation. 

2.1 Understand the metabolic control of olfaction derived GABA catabolic pathway 

in blood-progenitor homeostasis and development. 

a. Investigate the function of GABA catabolic pathway in lymph gland growth control. 

b. Understand the mechanistic basis of lymph gland growth control by GABA 

catabolism and its involvement in blood-progenitor differentiation. 

c. Mapping the physiological importance of GABA catabolism mediated ROS 

regulation and lymph gland growth control. 
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2.2 Investigate the regulation of ROS scavenging mechanisms (glutathione, GSH) by 

olfaction derived GABA catabolism in the blood-progenitor cells. 

2.3 Establish the protocol for 13C-isotopic labelling and metabolic flux analysis from 

Drosophila lymph gland blood-progenitor cells. 

 

2.1 Understand the metabolic control of olfaction derived GABA catabolic pathway in 

blood-progenitor homeostasis and development. 

a. Drosophila larval blood-progenitors rely on GABA catabolism to regulate ROS 

homeostasis and control lymph gland growth. GABA breakdown into succinate in 

the progenitor cells activates pyruvate dehydrogenase kinase (PDK), which controls 

inhibitory phosphorylation of pyruvate dehydrogenase (PDH). PDH is the rate-limiting 

enzyme that connects pyruvate to the TCA cycle and to oxidative phosphorylation. 

Thus, GABA catabolism via PDK activation maintains TCA activity and blood 

progenitor ROS homeostasis, and supports normal lymph gland growth. Consequently, 

any perturbations in GABA catabolism lead to heightened TCA activity and impaired 

ROS homeostasis, which leads to lymph gland growth retardation. Our work shows 

TCA cycle activity and ROS as one of the prime regulator of lymph gland growth (179).  

b. GABA catabolism mediated restriction on TCA cycle activity is important for 

progenitor homeostasis and immune response. We have shown that perturbation of 

GABA transporter and GABA catabolism leads to appearance of double positive cells 

with both progenitor (dome) and differentiation markers (Plasmatocytes, P1), and 

GABA-TCA regulation is important to maintain proper identity of the cells in 

homeostatic conditions. Increase in TCA activity led to reduction in lamellocyte 

formation upon parasitic wasp-infections and reduction in TCA activity significantly 

increased the lamellocytes formation. Detailed investigation showed the importance of 

TCA activity regulation by GABA catabolism in lamellocyte formation upon wasp-

infections (179). 

c. Sense of smell stimulates blood-progenitor ROS homeostasis and lymph gland 

growth. Previous studies (94,172) have shown the importance of odor-sensing and 

downstream systemic GABA release in blood-progenitor development in homeostatic 

and immune-response conditions. We found that odor-sensing is important to maintain 

blood-progenitor ROS homeostasis. Animals that fail to smell, fail to sustain TCA 
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activity and ROS levels in the blood-progenitor cells, and consequently leads to retarded 

lymph gland growth (179).  

2.2 Investigating the function of GABA catabolism in glutathione (GSH) synthesis. We 

show that olfaction derived GABA catabolism in lymph gland progenitor cells restricts 

pyruvate metabolism to control GSH synthesis. Our immunohistochemistry and 

metabolomic data show that cysteine is the limiting component towards GSH synthesis 

in progenitor cells. GABA catabolism control serine levels in the progenitor cells, which 

contribute to cysteine and downstream GSH synthesis and thus maintain progenitor 

ROS homeostasis via dual axis of ROS generation and ROS scavenging control. 

2.3 Metabolite measurement of the lymph gland cells to decipher the role of metabolic 

pathways in growth and differentiation. This part of the thesis deals with standardizing 

and utilizing the mass-spectrometry based approach for 13C-isotope labelling and 

metabolic flux analysis in the lymph gland blood-progenitor cells. We have 

standardized various LC/MS/MS based methods for analysing TCA cycle metabolites, 

amino acids, GSH:GSSG, NAD:NADH in lymph glands. 
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3 Olfaction derived GABA catabolic pathway control blood-progenitor homeostasis 

and development via redox regulation 

3.1  Introduction 

The utilization of reactive oxygen species (ROS) as a developmental signal in immune 

progenitor development and fate decisions is apparent both in vertebrates and 

invertebrates (292). The developmental roles for ROS are reliant on its threshold levels, 

as any aberrant generation of ROS can alter immune progenitor-cell development at the 

level of their maintenance, differentiation or function (72,170). Thus, mechanisms 

underlying ROS homeostasis during hematopoietic development comprise an integral 

component of redox signaling. In this context, an understanding of metabolic programs 

that enable blood-progenitor cells to co-ordinate their ROS levels are still limited and 

forms the central focus of our investigation.  

Drosophila larval blood-progenitors akin to the mammalian common-myeloid 

progenitors (CMP), reside in a hematopoietic organ termed the lymph gland. These 

progenitor cells maintain elevated levels of ROS whose homeostasis is necessary for 

their development. While physiological levels of ROS sensitizes progenitor-cells to 

differentiation cues, any excessive ROS production causes oxidative stress leading to 

precocious differentiation and loss of progenitor homeostasis (72,170). In addition to 

ROS, factors governing progenitor maintenance includes signaling proteins and 

metabolites emanating from the local niche (posterior signaling centre, PSC) 

differentiating hemocytes and systemic cues derived from the brain and fat body 

(reviewed in (1). With these intrinsic features of metabolic and signaling requirements, 

the lymph gland offers a perfect developmental model to gain a comprehensive view of 

programs controlling progenitor ROS homeostasis during blood development.  

A key source of ROS in cells is carbon cycling or the tricarboxylic acid cycle (TCA) 

(298,299). TCA generates multiple intermediates and also controls mitochondrial 

oxidative phosphorylation (OXPHOS) leading to ROS generation (298,300–302). 

Pyruvate, which is end-product of glycolysis, and is also derived from additional 

sources in the cellular cytoplasm, is ultimately destined for transport into mitochondria 

as a master fuel input driving the TCA cycle and oxidative phosphorylation 

(188,189,303). Pyruvate is converted to acetyl-CoA via pyruvate dehydrogenase 

enzyme (PDH), the key enzyme linking glycolysis to TCA. Its activity is regulated by 

post-translational modifications, which involves phosphorylation driven by pyruvate 
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dehydrogenase kinase (PDK) which inactivates PDH. The dephosphorylation event by 

pyruvate dehydrogenase phosphatase (PDP) activates the enzyme fuelling the TCA 

cycle (304,305).  

Our past work has implicated olfaction and its downstream neuronally-derived GABA 

in progenitor maintenance (172) and immune response (94). Systemic GABA is sensed 

by blood cells both as a signaling entity and as a metabolite. Utilization of GABA as a 

metabolite by progenitor-cells and its catabolism to succinate is necessary to mount a 

successful immune response (94). In this study, we explore the importance of GABA 

metabolic pathway in governing progenitor ROS homeostasis. We find that in 

homeostatic conditions, the fuelling of pyruvate into the TCA-cycle and activation of 

mitochondrial complex II protein, succinate dehydrogenase (SDH), a key TCA enzyme, 

leads to ROS generation in progenitor cells. However, elevation in TCA activity and 

excessive ROS generation limits overall growth of the lymph gland tissue and loss of 

progenitor maintenance. Thus, to maintain TCA activity, progenitor cells adopt the 

GABA catabolic pathway to limit pyruvate’s entry into the TCA. Specifically, GABA 

catabolism into succinate maintains active PDK function. This suppresses PDH 

enzymatic activity leading to lower TCA rate and homeostatic control of ROS 

generation. Finally, we also find that animals utilize environmental odors to moderate 

progenitor TCA activity and consequently redox balance as a means to coordinate 

lymph gland growth. Overall, the work presented here describes the use of a 

systemically-derived metabolite in blood-progenitor metabolic homeostasis and growth 

control with the underlying physiology driving the long-range cross-talk.  

3.2 GABA metabolism in blood-progenitor cells control overall size of the lymph 

gland 

Drosophila lymph gland blood-progenitor cells internalize systemic GABA (eGABA) 

via GABA transporter (Gat) and catabolize it into succinate via GABA catabolic 

pathway (Fig. 1A) (94). Succinic-semialdehyde dehydrogenase (Ssadh), the last and the 

rate-limiting step of GABA catabolism (306) is responsible for generation of succinate 

in progenitor cells.  

We observed that loss of components of this GABA catabolic pathway (Fig. 20A) from 

blood-progenitor cells led to a significant reduction in the overall size of the lymph 

gland (Fig. 20B-D, H). While, defects in lymph gland growth and progenitor 

homeostasis were evident in our previous study (94), the mechanism underlying the 



 38 

growth defect remained unaddressed. In this study, using the RNAi mediated genetic 

knock-down approach, we down-regulated each respective component of the GABA 

catabolic pathway in blood-progenitor cells. Using blood-progenitor specific drivers 

(domeMeso>GFP and TepIV>mCherry) we assessed the role for this pathway in 

homeostatic conditions. We blocked: a) progenitor cell Gat function to perturb GABA 

uptake (Fig. 20C, H and Ap. Fig. 1A, B) Ssadh to perturb its breakdown into succinate 

(Fig. 20D, H and Ap. Fig. 1A, B). In these conditions, a significant reduction in lymph 

gland size was noticed. On the other hand, differentiating Hemolectin+ (Hml+) blood 

cells, with comparatively lower expression of Gat protein than progenitors (Ap. Fig. 

1C, D), blocking their GABA uptake, showed no growth defect (Ap. Fig. 1E-G). This 

implied a specific function for GABA breakdown in progenitor cells for lymph gland 

size control.  

The final metabolic output of GABA breakdown is succinate (Fig. 20A) and when 

larvae expressing GatRNAi or SsadhRNAi in blood-progenitor cells were reared on food 

supplemented with succinate, they showed a significant restoration of lymph gland sizes 

(Fig. 20E-H). They were almost comparable to sizes detected in control animals reared 

on regular diet (Fig. 20F, G, H). Furthermore, controls raised on succinate diet also 

showed a twenty percent increase in lymph gland size in comparison to controls raised 

on regular diet (Fig. 20E, H). This implied a role for succinate in moderating lymph 

gland size downstream of the GABA metabolic pathway and led us to investigate the 

downstream mechanism by which this pathway controlled lymph gland growth. 
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Figure 20. GABA catabolism in Drosophila blood-progenitor cells control lymph gland growth. 

(A) Schematic representation of the GABA catabolic pathway. Uptake of extra-cellular GABA (eGABA) 

via GABA Transporter (GAT) in blood-progenitor cells and its intracellular catabolism (iGABA) into 

succinic-semialdehyde (SSA) by GABA-transaminase (Gabat) and into final product, succinate by 

succinic semi-aldehyde dehydrogenase (SSADH), the rate limiting step of GABA catabolic pathway. (B-

G) Representative images showing lymph gland size (B) control (RF, domeMeso-Gal4,UAS-GFP/+), 

expressing (C) GatRNAi (RF, domeMeso-Gal4,UAS-GFP;UAS-GatRNAi) and (D) SsadhRNAi (RF, 

domeMeso-Gal4,UAS-GFP;UAS-SsadhRNAi) leads to reduction in lymph gland size, (E-G) feeding 

succinate to (E) control (SF, domeMeso-Gal4,UAS-GFP/+), (F) GatRNAi (SF, domeMeso-Gal4,UAS-

GFP;UAS-GatRNAi) and (G) SsadhRNAi (SF, domeMeso-Gal4,UAS-GFP;UAS-SsadhRNAi) leads to increase 

in lymph gland size as compared to (B, C, D) respectively. For quantifications, refer to H. (H) 

Quantification of lymph gland area in domeMeso>GFP/+(control, RF, n=48) domeMeso>GFP/+(SF, 

n=48, p=0.0422), domeMeso>GFP/GatRNAi (RF, n=53, p<0.0001), domeMeso>GFP/GatRNAi (SF, n=38, 

p<0.0001), domeMeso>GFP/SsadhRNAi (RF, n=33, p=0.0002) and domeMeso>GFP/SsadhRNAi (SF, n=32, 

p<0.0001). RF is regular food; SF is succinate food. Data is presented as median plots (*p<0.05; 

**p<0.01; ***p<0.001; ****p<0.0001), two-way ANOVA, Tukey’s multiple comparisons test. Scale bar: 

20µm.‘n’=lymph gland lobes. DAPI marks DNA. Comparisons for significance are with control values, 

unless marked by horizontal lines for other respective comparisons. 
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3.3 GABA catabolism in blood-progenitor cells controls their ROS levels 

The progenitor cells of the lymph gland, exhibit elevated levels of ROS in them (Fig. 

21A), which is necessary for their maintenance and differentiation (72). We observed 

that blocking Gat or Ssadh function in blood-progenitor cells led to elevation of lymph 

gland ROS (Fig. 21A-C, G). This implicated intracellular GABA uptake and its 

breakdown in blood-progenitor ROS homeostasis. As the metabolic output of GABA 

breakdown, we tested the involvement of succinate in progenitor ROS modulation. Here 

as well, like the growth phenotype, mutant lymph glands expressing GatRNAi or 

SsadhRNAi when reared on food supplemented with succinate showed a significant 

down-regulation of ROS levels (Fig. 21D-G). Importantly, control animals raised on 

the succinate diet, showed further reduction in progenitor ROS levels when compared 

to ROS detected in animals reared on regular food (Fig. 21D, G). These data implied 

that succinate derived from GABA metabolism was sufficient in moderating ROS in 

progenitor cells and suggested an underlying connection between GABA breakdown, 

succinate generation and ROS levels in lymph gland growth control. 

To address, if elevated ROS detected in GABA metabolic mutants was indeed the 

reason for lymph gland growth retardation, we asked if increasing progenitor ROS 

through independent means impacted lymph gland size. For this, we expressed RNAi 

against ROS scavenging enzymes, Catalase and Superoxide dismutase 2 (Sod2) in 

progenitor cells. Similar to Gat and Ssadh loss of function, knockdown of these 

scavenging enzymes demonstrated an elevation in ROS (Fig. 21H, K and Ap. Fig. 2A, 

B, G) with a concomitant reduction in lymph gland size (Fig. 21L, M, Q and Ap. Fig. 

2H). This implied that conditions leading to elevated progenitor ROS negatively 

affected lymph gland growth. Therefore, we undertook experiments to scavenge ROS 

in Gat and Ssadh mutant conditions and asked if this was sufficient to recover their 

growth defect. For this, we fed larvae expressing Gat and Ssadh RNAi with N-

acetylcysteine (NAC), a known antioxidant (307,308). This led to restoration of ROS 

levels in the mutant conditions (Ap. Fig. 2C-G) and significant recovery of lymph gland 

size (Ap. Fig. 2H, I). We undertook genetic means to scavenge ROS in GatRNAi 

condition and this was undertaken by over-expressing ROS scavenging enzyme, 

Catalase, in progenitor cells co-expressing GatRNAi. Although over-expression of 

Catalase on its own in progenitor cells led to down-regulation in ROS levels (Fig. 21I, 
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K), it did not alter lymph gland size (Fig. 21N, Q). Co-expressing UAS-Catalase in 

GatRNAi condition demonstrated a significant reduction in ROS (Fig. 21J, K) and its 

sufficiency in recovering lymph gland size phenotype (Fig. 21N-Q and Ap. Fig. 3A). 

These data suggested that lowering ROS over and above the basal threshold did not lead 

to any further growth advantage. However, in GABA loss condition the recovery of 

lymph gland growth by scavenging ROS, demonstrated that elevation in ROS above the 

physiological levels led to the growth defect. The recoveries seen in these genetic 

combinations were not a consequence of any impact on Gal4 activity or its dilution. 

This was assessed by quantifying the level of GFP expression in these lymph glands as 

its expression (UAS-GFP) in these genetic backgrounds was also under the control of 

same domeMeso-Gal4. Hence, as the read out of Gal4 activity, we measured GFP 

levels, which remained comparable across all genetic conditions (Ap. Fig. 3B). This 

further strengthened the rescues detected and the mechanism for progenitor ROS 

homeostasis via GABA in lymph gland growth control was investigated next.  
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Figure 21. ROS regulation by GABA shunt pathway in Drosophila blood-progenitors is important for 

lymph gland growth.  

(A) Control (RF, domeMeso-Gal4,UAS-GFP/+) lymph gland showing higher ROS levels in the blood-

progenitor cells (dome+), as compared to the differentiating cells, (B) expressing GatRNAi (RF, domeMeso-

Gal4,UAS-GFP;UAS-GatRNAi) and (C) SsadhRNAi (RF, domeMeso-Gal4,UAS-GFP;UAS-SsadhRNAi) leads 

to increase in ROS levels as compared to (A) control on regular food, (D-F) succinate supplementation 

to (D) control (SF, domeMeso-Gal4,UAS-GFP/+) (E) GatRNAi (SF, domeMeso-Gal4,UAS-GFP;UAS-

GatRNAi) and (F) SsadhRNAi (SF, domeMeso-Gal4,UAS-GFP;UAS-SsadhRNAi) leads to reduction in ROS 
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levels as compared to (A, B, C) respectively. For quantifications, refer to G. (G) Relative fold change in 

lymph gland ROS (DHE) levels in domeMeso>GFP/+ (control, RF, n=60), domeMeso>GFP/+ (SF, 

n=27, p=0.0210), domeMeso>GFP/GatRNAi (RF, n=30, p=0.0006), domeMeso>GFP/GatRNAi (SF, n=22, 

p<0.0001), domeMeso>GFP/SsadhRNAi (RF, n=28, p=0.0009) and domeMeso>GFP/SsadhRNAi (SF, n=25, 

p<0.0001). (H-J) Expressing (H) CatalaseRNAi (domeMeso-Gal4,UAS-GFP;UAS-CatRNAi) leads to 

increase in ROS levels, over-expressing (I) Catalase (domeMeso-Gal4,UAS-GFP;UAS-Cat) shows 

reduction in ROS levels as compared to (A) control, over-expressing (J) Catalase in GatRNAi (domeMeso-

Gal4,UAS-GFP;UAS-Cat;UAS-GatRNAi) rescues lymph gland ROS defect of (B) GatRNAi. For 

quantifications, refer to K. (K) Relative fold change in lymph gland ROS (DHE) levels in 

domeMeso>GFP/+ (control, n=34), domeMeso>GFP/CatRNAi (n=30, p<0.0001), domeMeso>GFP/Cat 

(n=29, p=0.0394), domeMeso>GFP/GatRNAi (n=27, p=0.0382) and domeMeso>GFP/Cat;GatRNAi (n=23, 

p<0.0001). (L-P) Representative images showing lymph gland size, (L) control (domeMeso-Gal4,UAS-

GFP/+), expressing (M) CatRNAi in blood progenitors (domeMeso-Gal4,UAS-GFP;UAS-CatRNAi) shows 

reduction in lymph gland size, over-expressing (N) Catalase (domeMeso-Gal4,UAS-GFP;UAS-Cat) 

shows no change in lymph gland size as compared to (L) control, over-expressing (P) Catalase in GatRNAi 

(domeMeso-Gal4,UAS-GFP;UAS-Cat;UAS-GatRNAi) leads to rescue of lymph gland size defect as 

compared to (O) GatRNAi. For quantifications, refer to Q. (Q) Quantification of lymph gland area in 

domeMeso>GFP/+(control, n=40), domeMeso>GFP/CatRNAi (n=45, p<0.0001), domeMeso>GFP/Cat 

(n=37, p>0.9999), domeMeso>GFP/GatRNAi (n=37, p<0.0001) and domeMeso>GFP/Cat;GatRNAi (n=37, 

p=0.0001). RF is regular food; SF is succinate food. Data is presented as median plots (*p<0.05; 

**p<0.01;***p<0.001; ****p<0.0001, n.s.=non-significant), two-way ANOVA, Tukey’s multiple 

comparisons test. f.c.= fold change. Scale bar: 20µm.‘n’=lymph gland lobes. DAPI marks DNA. 

Comparisons for significance are with control values, unless marked by horizontal lines for other 

respective comparisons. 

 

3.4 TCA activity, a prime producer of ROS in blood-progenitor cells 

We explored the source of developmental ROS in these cells. TCA cycle and its 

intermediates driving mitochondrial oxidative phosphorylation (OXPHOS), is a 

significant centre for ROS production (189,298). Thus, we investigated TCA activity in 

lymph gland progenitor cells. For this, as a proxy for measuring TCA activity, we 

assessed expression levels of enzymes PDK and PDH, using antibodies that detected 

their total levels along with active and inactive forms respectively (Fig. 22). PDH 

enzyme converts pyruvate to acetyl-CoA and drives the TCA cycle (188,189). PDH 

activity is regulated at the level of its phosphorylation, where the phosphorylated form 

(pPDH) marks inactive enzymatic state and represses TCA activity. Phosphorylation of 

PDH is mediated by PDK, whose phosphorylated form (pPDK), marks active PDK state 

and hence, decreased TCA activity (Fig. 22A). 

Immuno-histochemical analysis of third instar larval lymph glands against PDKtotal, 

PDHtotal, active pPDK, and inactive pPDH was undertaken. PDKtotal showed uniform 

expression in all cells of a 3rd instar larval lymph gland (Fig. 22B, B’, F) and PDHtotal 

showed mild increase in dome+ progenitors (Fig. 22C, C’, G). Compared to this, levels 

of pPDK and pPDH was specifically elevated in dome+ progenitor cells in comparison 

to their levels detected in dome- differentiating cells (Fig. 22D-E’, H, I). These data 

suggested that in homeostasis, blood-progenitor cells maintained substantial fraction of 
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PDH in an inactive state (pPDH). The increased threshold of active PDK (pPDK) in 

progenitor cells highlighted PDK’s regulation to limit PDH function and suggested 

moderation of TCA activity in these cells.  

We employed genetic means to perturb Pdh and Pdk enzymes by employing RNAi 

against them and assessed for changes in progenitor ROS generation and consequently 

blood-progenitor development. First, we confirmed the specificity of the RNAi lines by 

undertaking analysis of pPDH and PDHtotal in lymph glands expressing PdhaRNAi and 

PdkRNAi (Ap. Fig. 4). A striking down-regulation of PDHtotal (Ap. Fig. 4A, B, G) and 

pPDH (Ap. Fig. 4D, E, H) was seen in PdhaRNAi expressing lymph glands. In PdkRNAi 

expressing lymph glands, PDHtotal remained unaffected (Ap. Fig. 4C, G), but the levels 

of phosphorylated form (pPDH) was reduced (Ap. Fig. 4F, H). Together, these data 

confirmed the specificity of the RNAi lines. The specific loss of pPDH in PdkRNAi 

condition also showed that the phosphorylation of PDH in progenitor cells was reliant 

on Pdk function.  

RNAi mediated knock-down of Pdha expression in blood-progenitor cells, led to a 50% 

reduction in ROS in comparison to levels detected in control lymph glands (Fig. 22J, 

K, N). Importantly, loss of progenitor Pdha expression did not impede lymph gland 

growth and they remained comparable to control conditions (Fig. 22O). These data were 

consistent with Catalase over-expression results (Fig. 21K, Q) and further strengthened 

the notion that lowering progenitor ROS than the physiological levels did not lead to 

any growth advantage. On the other hand, blocking Pdk expression in blood-progenitor 

cells, using two-independent RNAi lines led to almost 1.5-fold increase in ROS levels 

(Fig. 22L, N and Ap. Fig. 4I) and growth defect (Fig. 22O and Ap. Fig. 4J). These data 

were consistent with loss of Gat, Ssadh, Cat or Sod2 conditions, where an increase in 

ROS accompanied the reduction in lymph gland size (Fig. 21Q and Ap. Fig. 2G, H). 

Taken together, Pdha loss-of-function data implied PDH function in facilitating 

production of ROS in progenitor cells and the Pdk loss-of-function data implied PDK 

activity in controlling progenitor ROS levels necessary for normal lymph gland growth. 

Consistent with TCA involvement in OXPHOS, progenitor cell specific down-

regulation of TCA cycle enzyme, Succinate dehydrogenase A (SdhA), also a component 

of Complex II of the mitochondrial electron transport chain (ETC), lowered progenitor 

ROS levels (Fig. 22M, N). In this genetic condition, lymph gland sizes remained 

unaffected (Fig. 22O). The SdhA loss of function data were consistent with phenotypes 
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detected with Pdh loss in progenitor cells, that functioned upstream in the TCA cycle. 

The data showed that in homeostatic conditions, PDH dependent entry of pyruvate into 

the TCA and the subsequent oxidation and activation of mitochondrial ETC via SDH 

caused ROS production in blood-progenitor cells. Lowering ROS and TCA function 

was however not necessary for lymph gland growth, but the regulatory step via PDK, 

implicated in moderating PDH activity to limit excessive TCA activity and ROS 

generation.  

 

Figure 22. TCA cycle activity contributes to blood-progenitor ROS levels and regulates lymph gland 

growth. 
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(A) Schematic representation showing regulation of pyruvate entry and conversion to acetyl-CoA by 

PDH enzyme (active). PDH enzyme is phosphorylated by pPDK, which makes it inactive, and PDP 

dephosphorylates pPDH (inactive) to PDH (active), which converts pyruvate into acetyl-CoA and fuels 

the TCA cycle. (B-C’) Representative lymph gland images showing PDK (red) and PDH (red) in control 

lymph gland (domeMeso-Gal4,UAS-GFP/+), (B,B’) shows PDK expression in the dome+ overlap (green) 

and without dome+ overlap respectively, no alteration in PDK levels in the dome+ and dome- cells is 

observed, (C,C’) shows PDH expression in the dome+ overlap (green) and without dome+ overlap 

respectively, dome+ cells show more PDH levels as compared to dome- cells. For quantifications, refer 

to F, G. (D-E’) Representative lymph gland images showing pPDK (red) and pPDH (red) in control 

lymph gland (domeMeso-Gal4,UAS-GFP/+), (D,D’) shows pPDK in the dome+ overlap (green) and 

without dome+ overlap respectively, and (E, E’) shows pPDH in the dome+ overlap (green) and without 

dome+ overlap respectively, where dome+ cells show more pPDK and pPDH as compared to dome- cells. 

For quantifications, refer to H, I. (F) Relative fold change in PDK levels in domeMeso>GFP/+ in the 

dome+ (n=15) and dome- region (n=15, p=0.5949), (G) PDH levels in domeMeso>GFP/+ in the dome+ 

(n=15) and dome- region (n=15, p=0.0141), (H) pPDK levels in domeMeso>GFP/+ in the dome+ (n=17) 

and dome- region (n=17, p<0.0001) and (I) pPDH levels in domeMeso>GFP/+ in the dome+ (n=18) and 

dome- region (n=18, p=0.0004). (J-M) Representative lymph gland images showing ROS levels, 

compared to (J) control (domeMeso-Gal4,UAS-GFP/+), expressing (K) PdhaRNAi (domeMeso-

Gal4,UAS-GFP;UAS-PdhaRNAi) leads to reduction in ROS levels, (L) PdkRNAi (domeMeso-Gal4,UAS-

GFP;UAS-PdkRNAi) elevates ROS levels and (M) SdhARNAi (domeMeso-Gal4,UAS-GFP;UAS-SdhARNAi) 

leads to reduction in ROS levels as compared to (J) control. For quantifications, refer to N. (N) Relative 

fold change in lymph gland ROS (DHE) levels in domeMeso>GFP/+ (control, n=43), 

domeMeso>GFP/PdhaRNAi (n=32, p<0.0001), domeMeso>GFP/PdkRNAi (n=36, p<0.0001) and 

domeMeso>GFP/SdhARNAi (n=24, p<0.0001). (O) Quantifications of lymph gland size in 

domeMeso>GFP/+ (control, n=52), domeMeso>GFP/PdhaRNAi (n=54, p=0.4219), 
domeMeso>GFP/PdkRNAi (n=51, p<0.0001) and domeMeso>GFP/SdhARNAi (n=53, p=0.0796). dome+ 

(green) marks the lymph gland blood progenitor cells and dome- region marks the differentiating cells. 

Data is presented as median plots (*p<0.05; **p<0.01; ***p<0.001; ****p<0.0001, n.s.=non-

significant), two-way ANOVA, Tukey’s multiple comparisons test. f.c.= fold change. Scale bar: 

20µm.‘n’=lymph gland lobes. DAPI marks DNA. 

 

If modulation of TCA enzymes also affected progenitor homeostasis or immune 

response was examined. Homeostatic response was addressed by assessment of 

progenitor population by analysing their dome-GFP reporter expression and staining 

lymph glands for differentiation markers PPO1 to mark crystal cells (Fig. 23A-E) and 

P1 to mark plasmatocytes (Fig. 24) (95). Infection responses were assessed by analysing 

formation of lamellocytes using Myospheroid marker in response to parasitic wasp-

infection (78). Lamellocyte numbers were assessed in the lymph glands and in 

circulation at 24 hours (Fig. 23F-L) at 48 hours (Fig. 23M) post-infection, respectively. 

In control lymph glands, 60-70% area of lymph gland was dome+, 15-20% area was 

dome- but P1+ and remaining 20-25% was negative for both the markers (dome-P1-) 

(Fig. 24A-A”,E). Loss of Pdha (low TCA) from progenitor cells, did not alter 

progenitor homeostasis or their differentiation and remained comparable to controls 

(Fig. 23B, F and 24B-B”, E). Like Pdha loss of function, SdhARNAi did not show any 

dramatic changes in progenitor or differentiation status, except a mild reduction in 

progenitor population (Fig. 23C, F and Fig. 24C-C”, E). When assessed for immune 
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response, loss of TCA function did not impede lamellocyte formation. Contrarily a 

significant increase in lamellocyte numbers was detectable in lymph glands lacking 

Pdha or SdhA expression (Fig. 23H, I, L, M). These data revealed an unexpected role 

for TCA regulation in immune response while being largely dispensable for normal 

hematopoiesis and downregulation of Pdha (Ap. Fig. 4K-L) or SdhA (94) in lymph 

gland blood-progenitors in homeostatic (uninfected) conditions did not affect 

lamellocyte formation. In PdkRNAi condition (increased TCA), changes were however 

more dramatic.  
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Figure 23. Modulations in TCA activity affects blood progenitor differentiation in homeostasis and 

immune response upon wasp-infection. 

(A-E) Representative images showing lymph gland crystal cell status, (A) control (domeMeso-

Gal4,UAS-GFP/+) showing (A) crystal cells, (B) expressing PdhaRNAi (domeMeso-Gal4,UAS-

GFP;UAS-PdhaRNAi) and (C) expressing SdhARNAi (domeMeso-Gal4,UAS-GFP;UAS-SdhARNAi) does not 

affect crystal cell number, expressing (D) PdkRNAi in progenitor cells (domeMeso-Gal4,UAS-GFP;UAS-

PdkRNAi) leads to a decrease in crystal cell number and (F) expressing GatRNAi (domeMeso-Gal4,UAS-

GFP;UAS-GatRNAi) does not show any change in crystal cell number as compared to control (A). For 

quantifications, refer to F. (F) Quantifications of crystal cell count per lymph gland lobe in 

domeMeso>GFP/+ (control, N=4, n=63), domeMeso>GFP/PdhaRNAi (N=3, n=32, p=0.8486), 

domeMeso>GFP/PdkRNAi (N=4, n=45, p<0.0001), domeMeso>GFP/SdhARNAi (N=3, n=44, p=0.2574) 

and domeMeso>GFP/GatRNAi (N=3, n=30, p=0.341). (G-K) Representative images showing lymph gland 

lamellocyte status at 24HPI, (A) control (domeMeso-Gal4,UAS-GFP/+) showing (G) lamellocyte at 

24HPI, (H) expressing PdhaRNAi (domeMeso-Gal4,UAS-GFP;UAS-PdhaRNAi) and (I) expressing SdhARNAi 

(domeMeso-Gal4,UAS-GFP;UAS-SdhARNAi) leads to a dramatic increase in lamellocyte number post-

infection, expressing (J) PdkRNAi in progenitor cells (domeMeso-Gal4,UAS-GFP;UAS-PdkRNAi) leads to 

a decrease in lamellocyte number and (K) expressing GatRNAi (domeMeso-Gal4,UAS-GFP;UAS-GatRNAi) 

show a reduction in lamellocyte number at 24HPI as compared to control (G), For quantifications, refer 

to L. (L) Quantifications of lamellocyte count per lymph gland lobe at 24HPI in domeMeso>GFP/+ 

(control, N=6, n=66), domeMeso>GFP/PdhaRNAi (N=5, n=60, p=0.0002), domeMeso>GFP/PdkRNAi 

(N=4, n=43, p=0.0002), domeMeso>GFP/SdhARNAi (N=3, n=11, p<0.0001) and 

domeMeso>GFP/GatRNAi (N=4, n=46, p=0.0167). (M) Quantifications of lamellocyte count in circulation 

at 48HPI in domeMeso>GFP/+ (control, N=4, n=54), domeMeso>GFP/PdhaRNAi (N=3, n=30, 

p=0.9948), domeMeso>GFP/PdkRNAi (N=3, n=71, p<0.0001), domeMeso>GFP/SdhARNAi (N=3, n=22, 

p=0.9435) and domeMeso>GFP/GatRNAi (N=3, n=22, p<0.0001). Data is presented as median plots 
(*p<0.05; **p<0.01; ***p<0.001; ****p<0.0001, n.s.=non-significant), two-way ANOVA, Tukey’s 

multiple comparisons test and f.c.= fold change. MZ=Medullary Zone. Scale bar: 20µm.‘n’=lymph gland 

lobes and number of animals analysed for M. ‘N’= number of experimental repeats (green dot). DAPI 

marks DNA. HPI indicates hours post-infection.  

An increase in dome+ population alongside an increase in P1+ population and a 

reduction in dome-P1- population was detected (Fig. 24D-E). Importantly, in PdkRNAi 

condition, we observed a subset of dome+ cells overlapping with P1+ cells (Fig. 24D-E) 

which was undetectable in control lymph glands in homeostasis. A reduction in crystal 

cell formation was also evident in PdkRNAi condition (Fig. 23D, F). When assessed for 

cellular immune response, loss of Pdk function severely abrogated lamellocyte 

formation (Fig. 23J, L, M). These data implied a role for PDK in progenitor 

maintenance and proper differentiation in homeostasis and upon infection. The PdkRNAi 

immune phenotypes were comparable to phenotypes described for GABA function in 

blood-progenitor cells (94). A careful assessment of GatRNAi expressing progenitors 

with the markers described in this study showed a significant overlap of dome+ cells 

with P1+ marker (Fig. 24E and Fig. 27B-B”). This implied functional overlap between 

GABA catabolism and PDK activity in regulating lymph gland growth, progenitor 

differentiation and immune response.  
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Figure 24. Modulations in TCA activity affects blood progenitor differentiation in homeostasis.  

 (A-D’’) Representative images showing lymph gland growth and differentiation status, (A-A’’) control 

(domeMeso-Gal4,UAS-GFP/+) showing (A) dome+ (green) and P1+ (red), (A’) dome+(green) and (A’’) 

P1+ (red), (B-B’’) expressing PdhaRNAi (domeMeso-Gal4,UAS-GFP;UAS-PdhaRNAi) and (C-C’’) 

expressing SdhARNAi (domeMeso-Gal4,UAS-GFP;UAS-SdhARNAi) does not show any major defect in 

lymph gland differentiation status, expressing (D-D’’) PdkRNAi in progenitor cells (domeMeso-Gal4,UAS-

GFP;UAS-PdkRNAi) leads to small lymph gland size and appearance of (D) dome+p1+ overlap population 

(shown in inset and by white arrows). For quantifications, refer to E. (E) Quantifications of lymph gland 

differentiation status shown as percentage of only dome+(green), dome-P1-(blue), dome+P1+(yellow) and 

only P1+(red) populations per lymph gland lobe. p-values are presented in the preceding order. 

domeMeso>GFP/+ (control, n=30), domeMeso>GFP/PdhaRNAi (n=30, p=0.6970, 0.9647, 0.9976, 

0.5921), domeMeso>GFP/SdhARNAi (n=30, p=0.0135, 0.9999, 0.9649, 0.0890), domeMeso>GFP/PdkRNAi 
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(n=30, p=0.5046, <0.0001, <0.0001, 0.9999) and domeMeso>GFP/GatRNAi (n=26, p=0.6528, <0.0001, 

0.0456, 0.0139). (F-G) Relative fold change in lymph gland MZ (F) PDH levels in domeMeso>GFP/+ 

(control, N=4, n=40), domeMeso>GFP/GatRNAi (N=4, n=33, p=0.6817), and domeMeso>GFP/SsadhRNAi 

(N=3, n=30, p=0.1197) and (G) PDK levels in domeMeso>GFP/+ (control, N=4, n=47), 

domeMeso>GFP/GatRNAi (N=4, n=41, p=0.1101), and domeMeso>GFP/SsadhRNAi (N=3, n=30, 

p=0.3347). Data is presented as median plots (*p<0.05; **p<0.01; ***p<0.001; ****p<0.0001, n.s.=non-

significant), two-way ANOVA, Tukey’s multiple comparisons test and Dunnett’s multiple comparison 

test for G (mean±SD). f.c.= fold change. MZ=Medullary Zone. Scale bar: 20µm.‘n’=lymph gland lobes. 

‘N’= number of experimental repeats (green dot). DAPI marks DNA.  

 

3.5  GABA catabolism regulates TCA activity by regulating PDK function and 

moderates ROS generation in blood-progenitor cells. 

Based on the phenotypic similarities between GABA and Pdk loss of function data, we 

hypothesized that an increase in TCA activity in GABA catabolic mutants, led to the 

small lymph gland and differentiation phenotypes. We investigated the levels of 

PDHtotal, PDKtotal, inactive form of PDH (phospho-PDH, pPDH) and active PDK 

(pPDK) in GABA metabolic pathway mutants (Fig. 24 and Fig. 25). PDHtotal and 

PDKtotal expression upon loss of progenitor Gat and Ssadh remained comparable to 

controls (Fig. 24F, G and Fig. 25A-F). This showed that changes in GABA metabolism 

did not alter the production of these enzymes. However, we observed specific down-

regulation in the levels of pPDH (inactive PDH, Fig. 25G-I, Q) and pPDK (active PDK, 

Fig. 25J-L, R) upon loss of Gat and Ssadh expression in progenitor cells. The reduction 

in pPDH, implied increased fraction of active PDH enzyme and implied enhanced TCA 

activity in GABA metabolic mutants. 
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Figure 25. GABA catabolism via PDK activity regulates TCA cycle in blood-progenitor cells and 

coordinates overall lymph gland growth. 

(A-F) Representative lymph gland images showing PDH and PDK levels (A, D) control (domeMeso-

Gal4,UAS-GFP/+) showing (A) PDH and (D) PDK levels, expressing (B, E) GatRNAi (domeMeso-

Gal4,UAS-GFP;UAS-GatRNAi) and (C, F) SsadhRNAi (domeMeso-Gal4,UAS-GFP;UAS-SsadhRNAi) in 

progenitor cells does not show reduction in (B, C) PDH and (E, F) PDK levels as compared to (A, D) 

control respectively. For quantifications, refer to Fig. 24F, G. (G-I) Representative lymph gland images 

showing pPDH on RF, (G) control (domeMeso-Gal4,UAS-GFP/+) showing pPDH, expressing (H) 
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GatRNAi (domeMeso-Gal4,UAS-GFP;UAS-GatRNAi) and (I) SsadhRNAi (domeMeso-Gal4,UAS-GFP;UAS-

SsadhRNAi) leads to reduction in pPDH levels as compared to (G) control. For quantifications, refer to U. 

(J-L) Representative lymph gland images showing RF, (J) control (domeMeso-Gal4,UAS-GFP/+) 

showing pPDK, expressing (K) GatRNAi (domeMeso-Gal4,UAS-GFP;UAS-GatRNAi) and (L) SsadhRNAi 

(domeMeso-Gal4,UAS-GFP;UAS-SsadhRNAi) leads to reduction in pPDK levels as compared to (J) 

control. For quantifications, refer to V. (M-P) Succinate supplementation (SF) in (M, N) GatRNAi 

(domeMeso-Gal4,UAS-GFP;UAS-GatRNAi) and (O, P) SsadhRNAi (domeMeso-Gal4,UAS-GFP;UAS-

SsadhRNAi) rescues (H, I) pPDH and (K, L) pPDK levels of (H, I) GatRNAi and (K, L) SsadhRNAi on RF 

respectively. For quantifications, refer to Q, R. (Q) Relative fold change in lymph gland MZ pPDH levels 

in domeMeso>GFP/+ (RF, control, n=51), domeMeso>GFP/GatRNAi (RF, n=30, p=0.0002), 

domeMeso>GFP/GatRNAi (SF, n=24, p<0.0001), domeMeso>GFP/SsadhRNAi (RF, n=47, p<0.0001), 

domeMeso>GFP/SsadhRNAi (SF, n=23, p=0.0022) and w1118 (SF, n=38, p<0.0001, pPDH compared to 

w1118, RF, n=47). (R) Relative fold change in lymph gland MZ pPDK levels in domeMeso>GFP/+ (RF, 

control, n=38), domeMeso>GFP/GatRNAi (RF, n=32, p=0.0003), domeMeso>GFP/GatRNAi (SF, n=20, 

p=0.0091), domeMeso>GFP/SsadhRNAi (RF, n=35, p<0.0001), domeMeso>GFP/SsadhRNAi (SF, n=20, 

p=0.0102) and w1118 (SF, n=30, p=0.0100, pPDK compared to w1118, RF, n=30). RF is regular food; SF is 

succinate food. Data is presented as median plots (*p<0.05; **p<0.01; ***p<0.001; ****p<0.0001, 

n.s.=non-significant), two-way ANOVA, Tukey’s multiple comparisons test. f.c.= fold change. Scale bar: 

20µm.‘n’=lymph gland lobes. DAPI marks DNA. MZ= medullary zone. Comparisons for significance 

are with control values, unless marked by horizontal lines for other respective comparisons. 

 

The specific reduction in pPDK, suggested GABA function in maintaining active PDK 

state in progenitor cells to limit PDH activity and suppress TCA. We investigated this 

by down-regulating components of the TCA cycle in GatRNAi condition and assessed for 

changes in lymph gland ROS and growth phenotypes. Interestingly, down-regulation of 

Pdha or SdhA expression in GatRNAi expressing progenitor cells corrected both lymph 

gland elevated ROS phenotype almost comparable to levels detected in controls (Fig. 

26A-E) and growth defect (Fig. 26F). This suggested that increased TCA activity in 

GABA metabolic mutants was the key source of elevated ROS generation leading to 

the growth defect. These genetic combinations were also sufficient to recover the 

differentiation and immune defects seen in GatRNAi condition (Fig. 27 and Fig. 28).  
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Figure 26. GABA catabolism via PDK activity regulates TCA cycle in blood-progenitor cells and 

coordinates overall lymph gland growth.  

(A-D) Representative lymph gland images showing ROS levels in the (A) control (domeMeso-Gal4,UAS-

GFP/+), (B) expressing GatRNAi (domeMeso-Gal4,UAS-GFP;UAS-GatRNAi) leads to elevation in ROS 

levels, expressing (C) PdhaRNAi;GatRNAi (domeMeso-Gal4,UAS-GFP;UAS-PdhaRNAi;UAS-GatRNAi) and 

(D) SdhARNAi;GatRNAi (domeMeso-Gal4,UAS-GFP;UAS-SdhARNAi;UAS-GatRNAi) rescues the increased 

ROS phenotype of (N) GatRNAi. For quantifications, refer to E. (E) Relative fold change in lymph gland 

ROS (DHE) levels in domeMeso>GFP/+ (control, n=35), domeMeso>GFP/GatRNAi (n=22, p=0.0014), 

domeMeso>GFP/PdhaRNAi;GatRNAi (n=19, p<0.0001) and domeMeso>GFP/SdhARNAi;GatRNAi (n=26, 

p=0.0004). (F) Quantifications of lymph gland size in domeMeso>GFP/+ (control, n=44), 

domeMeso>GFP/GatRNAi (n=33, p<0.0001), domeMeso>GFP/PdhaRNAi;GatRNAi (n=50, p=0.0006), and 

domeMeso>GFP/SdhARNAi;GatRNAi (n=41, p<0.0001). Data is presented as median plots (*p<0.05; 

**p<0.01; ***p<0.001; ****p<0.0001, n.s.=non-significant), two-way ANOVA, Tukey’s multiple 

comparisons test. f.c.= fold change. Scale bar: 20µm.‘n’=lymph gland lobes. DAPI marks DNA. MZ= 

medullary zone. Comparisons for significance are with control values, unless marked by horizontal lines 

for other respective comparisons. 

 

While the overall hematopoietic profile of GatRNAi lymph glands was comparable to 

controls (Fig. 27E and Fig. 28E), the dome+P1+ double positive cells detected in GatRNAi 
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condition were no longer detectable in PdhaRNAi;GatRNAi or in SdhARNAi;GatRNAi 

condition (Fig. 27A-E).  

 

Figure 27. GABA catabolism dependent control of TCA activity maintains blood progenitor homeostasis.  

(A-D”) Representative images showing lymph gland growth and differentiation status, (A-A”) control 

(domeMeso-Gal4,UAS-GFP/+) (A) dome+ (green) and P1+ (red), (A’) dome+(green) and (A’’) P1+ (red), 

(B-B”) expressing GatRNAi in progenitor cells (domeMeso-Gal4,UAS-GFP;UAS-GatRNAi) leads to small 

lymph gland size and appearance of (B) dome+p1+ overlap population (shown in inset and by white 

arrows) along with an increase in (B”) P1 population, expressing (C-C”) PdhaRNAi in GatRNAi (domeMeso-

Gal4,UAS-GFP;UAS-PdhaRNAi;UAS-GatRNAi) and (D-D”) SdhARNAi in GatRNAi (domeMeso-Gal4,UAS-

GFP;UAS-SdhARNAi;UAS-GatRNAi) rescues the lymph gland growth and differentiation defect of (B-B”) 

GatRNAi. For quantifications, refer to E. (E) Quantifications of lymph gland differentiation status shown 

as percentage of only dome+(green), dome-P1-(blue), dome+P1+(yellow) and only P1+(red) populations 
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per lymph gland lobe. p-values are presented in the preceding order. domeMeso>GFP/+ (control, n=36) 

and domeMeso>GFP/GatRNAi (n=20, p=0.7812, <0.0001, <0.0001, 0.0889), 

domeMeso>GFP/PdhaRNAi;GatRNAi (n=34, p=0.4635, <0.0001, 0.0005, 0.2920), and 

domeMeso>GFP/SdhARNAi;GatRNAi (n=31, p=0.2428, <0.0001, 0.0045, 0.3084). Data is presented as 

median plots (*p<0.05; **p<0.01; ***p<0.001, ****p<0.0001, n.s.=non-significant), two-way ANOVA 

and Dunnett’s multiple comparison test for E (mean± SD). f.c.= fold change. MZ=Medullary Zone. Scale 

bar: 20µm.‘n’=lymph gland lobes. ‘N’= number of experimental repeats (green dot). DAPI marks DNA. 

Comparisons for significance are with control values, unless marked by horizontal lines for other 

respective comparisons and red bars represent rescue combinations. 

 

The lamellocyte formation defect seen in GABA metabolic mutants (Fig. 28G, L, M) 

was significantly restored upon co-expression of Pdha or SdhA RNAi in them (Fig. 28 

H, I, L, M). These data suggested that GABA function in progenitor cells via regulating 

PDK activity, controlled PDH dependent pyruvate entry into TCA and OXPHOS and 

controlled excessive ROS generation. This regulation supported growth and proper 

differentiation of progenitor cells in homeostasis. Given the striking recovery of 

lamellocyte response with loss of TCA components in GatRNAi condition, we tested the 

involvement of ROS. But unlike the growth rescues that were restored by over-

expression of Catalase, the lamellocyte defects were not restored in this genetic context 

(Fig. 28J-M). Which implied that excessive TCA activity in GatRNAi condition blocked 

lamellocyte formation, but this inhibition was not due to the excessive ROS and 

suggested a ROS independent connection between TCA activity and GABA 

metabolism in moderating immune response.  
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Figure 28. GABA catabolism dependent control of TCA activity maintains blood progenitor homeostasis 

and immune response upon wasp-infection.  

(A-D) Representative images showing lymph gland crystal cell status, (A) control (domeMeso-

Gal4,UAS-GFP/+), (B) expressing GatRNAi in progenitor cells (domeMeso-Gal4,UAS-GFP;UAS-GatRNAi) 

did not show any change in crystal cell number, expressing (C) PdhaRNAi in GatRNAi (domeMeso-

Gal4,UAS-GFP;UAS-PdhaRNAi;UAS-GatRNAi) and (D) SdhARNAi in GatRNAi (domeMeso-Gal4,UAS-

GFP;UAS-SdhARNAi;UAS-GatRNAi) did not affect crystal cell formation. For quantifications, refer to E. 

(E) Quantifications of crystal cell count per lymph gland lobe in domeMeso>GFP/+ (control, N=6, n=63) 

and domeMeso>GFP/GatRNAi (N=3, n=20, p=0.8298), domeMeso>GFP/PdhaRNAi;GatRNAi (N=3, n=37, 

p=0.4133), and domeMeso>GFP/SdhARNAi;GatRNAi (N=3, n=32, p=0.9671). (F-K) Representative images 

showing lymph gland lamellocyte status post wasp-infection at 24HPI, (F) control (domeMeso-
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Gal4,UAS-GFP/+), (G) expressing GatRNAi in progenitor cells (domeMeso-Gal4,UAS-GFP;UAS-

GatRNAi) leads to reduction in lamellocytes number, expressing (H) PdhaRNAi in GatRNAi (domeMeso-

Gal4,UAS-GFP;UAS-PdhaRNAi;UAS-GatRNAi) and (I) SdhARNAi in GatRNAi (domeMeso-Gal4,UAS-

GFP;UAS-SdhARNAi;UAS-GatRNAi) rescues the reduced lamellocyte phenotype of (G) GatRNAi and (J) 

over-expressing Catalase in GatRNAi (domeMeso>GFP/Cat;GatRNAi) does not rescues the lamellocyte 

defect, while (K) over-expressing Catalase leads to a reduction in lymph gland lamellocyte count post 

wasp-infection. For quantifications, refer to L. (L) Quantifications of lamellocyte count per lymph gland 

lobe at 24HPI in domeMeso>GFP/+ (control, N=5, n=58) and domeMeso>GFP/GatRNAi (N=4, n=38, 

p=0.0426), domeMeso>GFP/PdhaRNAi;GatRNAi (N=4, n=52, p<0.0001), 

domeMeso>GFP/SdhARNAi;GatRNAi (N=3, n=28, p<0.0001), domeMeso>GFP/Cat;GatRNAi (N=5, n=32, 

p=0.9966) and domeMeso>GFP/Cat (N=3, n=18, p=0.7201). (M) Quantifications of lamellocyte count 

in circulation at 48HPI in domeMeso>GFP/+ (control, N=5, n=49) and domeMeso>GFP/GatRNAi (N=3, 

n=29, p<0.0001), domeMeso>GFP/PdhaRNAi;GatRNAi (N=3, n=26, p=0.0064), 

domeMeso>GFP/SdhARNAi;GatRNAi (N=3, n=29, p= p<0.0001), domeMeso>GFP/Cat;GatRNAi (N=3, 

n=36, p=0.9998) and domeMeso>GFP/Cat (N=3, n=27, p<0.0001). Data is presented as median plots 

(*p<0.05; **p<0.01; ***p<0.001, ****p<0.0001, n.s.=non-significant), two-way ANOVA, Tukey’s 

multiple comparisons test and f.c.= fold change. MZ=Medullary Zone. Scale bar: 20µm.‘n’=lymph gland 

lobes and number of animals analysed for M. ‘N’= number of experimental repeats (green dot). DAPI 

marks DNA. HPI indicates hours post-infection. Comparisons for significance are with control values, 

unless marked by horizontal lines for other respective comparisons and red bars represent rescue 

combinations. 

 

3.6 GABA-catabolism via succinate controls PDK activity necessary for ROS 

homeostasis in blood-progenitor cells 

The mechanism by which GABA catabolic pathway regulated pPDK levels was next 

explored. The restoration of ROS and lymph gland growth defect with succinate 

supplemented diet implied regulation of TCA activity via succinate (Fig. 20 and Fig. 

21A-G). We examined levels of pPDH and pPDK in succinate supplemented 

conditions. Compared to pPDH and pPDK detected in Gat and Ssadh RNAi expressing 

animals raised on regular food (Fig. 25G-L and Q, R), we observed that succinate 

supplemented diet restored levels of pPDH (Fig. 25M, O compared to H,I respectively 

and Q) and pPDK (Fig. 25N, P compared to K,L respectively and R) to control levels 

and showed that GABA derived succinate regulated PDK activity to suppress TCA. 

Therefore, we propose that in progenitor cells, succinate derived from GABA 

metabolism activates PDK function and suppresses PDH activation. This lowers TCA 

activity and moderates ROS generation. This succinate is independent of the TCA-

derived succinate which via SdhA and mitochondrial ETC promotes OXPHOS and 

ROS production. We speculate the existence of distinct pools of succinate which serve 

independent roles and is consistent with our previous findings (94). How succinate is 

compartmentalized to control distinct developmental decisions remains unclear. 

Our previous findings have implicated GABA catabolism derived succinate in the 

inhibition of hydroxy prolyl hydroxylase activity (Hph) necessary for cellular immune 

response to wasp-infection. We have shown that in conditions with low progenitor cell 
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GABA metabolism, reduction in succinate causes increased Hph activity and 

abrogation of cellular immune response. Contrarily, increased progenitor-cell GABA 

metabolism causes reduction of Hph activity leading to superior immune responses 

(94). If GABA and succinate functioned via moderating Hph activity to control lymph 

gland growth was assessed.  

For this, gain and loss-of-function approaches to moderate Hph expression in progenitor 

cells were undertaken. We observed that, gain of Hph activity led to reduction in lymph 

gland size (Fig. 29P), elevation in ROS (Fig.29A, D, Q) and reduction in pPDH (Fig. 

29B, E, R) and pPDK levels (Fig. 29C, F, S). Total levels of PDH or PDK however 

remained unaffected (Ap. Fig. 5A, B). This implied that although total levels of these 

proteins did not change, increased Hph expression caused a reduction in the levels of 

pPDK (Fig. 29F, S) and subsequently pPDH (Fig. 29E, R). This suggested sufficiency 

of increased Hph activity in increasing TCA rate leading to heightened ROS generation 

and lymph gland growth defect. Reduction in progenitor-cell Hph expression, however 

failed to show any effect on lymph gland size (Fig. 29P), ROS levels (Fig. 29G, Q) or 

PDH activity as pPDH levels remained unchanged (Fig. 29H, R) even though an 

increase in pPDK levels (Fig. 29I, S) was apparent. We also assessed for total PDH and 

PDK levels and they remained unchanged (Ap. Fig. 7A, B). These data are unlike gain 

of Hph function and suggested that, in homeostasis, Hph function in progenitor cells 

was not necessary to moderate TCA activity or lymph gland growth.  
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Figure 29. GABA catabolism derived succinate inhibits Hph function to maintain PDK activity and limit 

TCA cycle which sustains lymph gland growth.  

(A-C) Representative lymph gland images showing (A) ROS (B) pPDH and (C) pPDK in control 

(domeMeso-Gal4,UAS-GFP/+). (D-F) Over-expressing Hph (domeMeso-Gal4,UAS-GFP;UAS-Hph) 

leads to (D) significant increase in ROS levels, reduction in (E) pPDH and (F) pPDK levels in the 

progenitor cells. (G-I) Expressing HphRNAi (domeMeso-Gal4,UAS-GFP;UAS-HphRNAi) did not show any 

change in (G) ROS levels and (H) pPDH levels, a significant increase in (I) pPDK levels is observed in 

the progenitor cells. For quantifications, refer to Q, R, S. (J-O) Expressing HphRNAi in GatRNAi 

(domeMeso-Gal4,UAS-GFP;UAS-HphRNAi;UAS-GatRNAi) leads to (J) reduction in lymph gland ROS 

levels as compared to GatRNAi (M), an increase in (K) pPDH and (L) pPDK levels is evident in the 

progenitor cells as compared to (N, O) GatRNAi (domeMeso-Gal4,UAS-GFP;UAS-GatRNAi) respectively. 

For quantifications, refer to Q, R, S. (P) Quantifications for lymph gland area in domeMeso>GFP/+ 

(control, n=40), domeMeso>GFP/Hph (n=40, p<0.0001), domeMeso>GFP/HphRNAi (n= 40, p>0.9999), 

domeMeso>GFP/GatRNAi (n=40, p<0.0001) and domeMeso>GFP/HphRNAi;GatRNAi (n=40, p=0.0011), (Q) 

Relative fold change in lymph gland ROS (DHE) levels in domeMeso>GFP/+ (control, n=36), 

domeMeso>GFP/Hph (n=32 p=0.0002), domeMeso>GFP/HphRNAi (n=24, p>0.9999), 

domeMeso>GFP/GatRNAi (n=14, p=0.0189) and domeMeso>GFP/HphRNAi;GatRNAi (n=31, p<0.0001), (R) 

MZ pPDH levels in domeMeso>GFP/+ (control, n=43), domeMeso>GFP/Hph (n=39, p=0.0025), 

domeMeso>GFP/HphRNAi (n=37, p>0.9999), domeMeso>GFP/GatRNAi (n=19, p<0.0001) and 

domeMeso>GFP/HphRNAi;GatRNAi (n=32, p=0.0003) and (S) MZ pPDK levels in domeMeso>GFP/+ 

(control, n=46), domeMeso>GFP/Hph (n=30, p=0.0071), domeMeso>GFP/HphRNAi (n=41, p=0.0059), 

domeMeso>GFP/GatRNAi (n=23, p=0.0415) and domeMeso>GFP/HphRNAi;GatRNAi (n=36, p<0.0001). 

Data is presented as median plots (*p<0.05; **p<0.01; ***p<0.001; ****p<0.0001, n.s.=non-

significant), two-way ANOVA, Tukey’s multiple comparisons test. f.c.= fold change. Scale bar: 

20µm.‘n’=lymph gland lobes. DAPI marks DNA. MZ= medullary zone. Comparisons for significance 

are with control values, unless marked by horizontal line for other respective comparisons. 
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Given the phenotypic similarities between Hph gain of function and GABA catabolic 

mutants, we hypothesized that in the absence of GABA, the growth defect could be due 

to increased Hph activity. To test this, we co-expressed HphRNAi in progenitor cells also 

expressing GatRNAi. This led to a significant recovery of lymph gland size (Fig. 29P) , 

ROS (Fig. 29J compared to M, Q), pPDH (Fig. 29K compared to N, R) and pPDK levels 

(Fig. 29L compared to O, S). These data therefore implied that in the absence of GABA 

metabolism, the gain in Hph function over and above the basal threshold, could lead to 

growth defect by the down-regulation of pPDK levels leading to increased TCA activity 

and elevated ROS generation. However, if GABA also inhibited Hph activity in 

homeostasis to maintain TCA and redox balance remains unclear. The data reflect a 

complex role for Hph which may be a consequence of the different isoforms (309) and 

our current findings with the approaches utilized (either the RNAi or UAS-Hph) are 

limited in this aspect. The involvement of the specific isoform/s in blood development 

and their regulation remains to be completely addressed.  

Succinate via inhibition of hydroxy prolyl hydroxylase (Hph) activity, stabilizes Sima 

protein in progenitor cells. Sima functions orthologous to mammalian Hifα, where 

prolyl hydroxylase activity of Hph marks Sima protein for proteasomal mediated 

degradation. In the presence of GABA, blood progenitor cells stabilize Sima protein, 

whose downstream target lactate dehydrogenase (Ldh) is known to capacitates blood 

cells with differentiation potential necessary to respond to parasitic wasp-infections 

(94). We observed that loss of Sima and Ldh in the progenitor cells led to reduction in 

lymph gland size (Ap. Fig. 7C-F), however corresponding elevation in lymph gland 

ROS levels upon downregulation of Sima in the progenitor cells was not seen (Ap. Fig. 

7G-I). This indicated that Hph function in progenitor cells in the context of ROS 

regulation was independent of Sima. This notion was further supported by pPDH and 

pPDK expression levels in simaRNAi expressing progenitor cells whose levels did not 

change (Ap. Fig. 7J-O) and corroborated with the independence of ROS detected in 

simaRNAi. This further reinforced alternative mechanisms employed by Sima to 

coordinate lymph gland growth. Based on involvement of Ldh in regulating lymph 

gland growth in the study, we propose Sima function in activating Ldh dependent 

glycolytic program in progenitor cells that supports growth of the blood tissue. Our 

study demonstrates that the breakdown of GABA into succinate inhibits Hph function, 

this maintains PDK activity in progenitor cells and consequently lower TCA activity 

and progenitor ROS generation.  
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3.7 Physiological regulation of GABA in lymph gland growth  

The GABA detected by the lymph gland progenitor cells is derived upon olfactory 

stimulation (94,172), Fig. 30A). As animals sense environmental odors, the olfactory 

input derived upon activation of specific olfactory receptors, stimulates neuronal 

production and release of GABA which is sensed by blood-progenitor cells both as a 

signaling ligand and as a metabolite. Our recent findings have implicated GABA’s 

metabolic role in specification of cells necessary to respond to wasp-infections (94). If 

the odor sensing/GABA axis in normal physiological conditions moderated 

hematopoietic growth was therefore investigated. For this, we first assessed the impact 

of anosmia on lymph gland growth and TCA/ROS homeostasis. We employed genetic 

means to ablate olfactory receptor neurons as done previously (94,172), by expressing 

the pro-apoptotic gene Hid in all olfactory neurons using Orco-Gal4 as the driver. We 

observed that this genetic manipulation led to a stark reduction in lymph gland size (Fig. 

30B) with a dramatic increase in their ROS levels (Fig. 30C, D, G). We also observed 

that olfactory dysfunction (Orco>Hid) led to significant reduction in the levels of pPDH 

(Fig. 30E, H, J) and pPDK (Fig. 30F, I, K) in lymph glands without altering expression 

levels of total PDH or PDK (Ap. Fig. 6 M, N). These data were similar to progenitor 

Gat and Ssadh loss of function and implied that loss of olfaction most likely via 

reduction in systemic GABA levels led to dysregulation of lymph gland PDK activity. 

This resulted in elevation in TCA activity, increased ROS generation and consequently 

leading to retardation in lymph gland size. The data showed that during homeostasis 

lymph gland growth was sensitive to animal odor-sensing and this axis was also 

necessary to control progenitor redox balance.  

As animals rearing in conditions with predisposition to predatory wasp-odors co-opt the 

olfaction/systemic GABA axis to stimulate superior immune response when infected 

(94), we asked, if this pre-conditioning moderated hematopoietic growth. We therefore 

reared Drosophila larvae in the wasp-odor condition (WOF) and assessed their lymph 

gland size in homeostatic un-infected conditions. Interestingly, these animals presented 

a significant increase in lymph gland size (Fig. 30O). The lymph gland ROS was 

significantly lower than detected in control animals raised in regular odor-condition 

(Fig. 30L, P). The level of TCA enzymes remained comparable to controls (Fig. 30M, 

N, Q, R and Ap. Fig. 6E, F) although, a mild but significant increase in pPDH (Fig. 

30M, Q) was apparent in WOF animals. If the growth advantage manifested in WOF 

was due to an increase in progenitor GABA levels, was also assessed. For this lymph 
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gland growth in animals over-expressing Gat in progenitor cells, as a means to allow 

more GABA uptake by blood-progenitor was investigated. Like WOF, Gat over-

expression phenocopied lymph gland size expansion (Ap. Fig. 6G) along with reduction 

in progenitor ROS (Ap. Fig. 6H-J) and TCA activity (Ap. Fig. 6K-R).  

 

Figure 30. Olfactory regulation of lymph gland growth and ROS homeostasis.  
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(A) A schematic representation showing larvae rearing in a food medium (shown in the vial) where the 

exposure of the animal to environmental odors stimulates the release of GABA from the larval brain. 

This extracellular GABA is sensed by blood-progenitor cells of the lymph gland and is thereafter 

catabolized into succinate via the GABA catabolic pathway. (B) Quantifications of lymph gland size in 

Orco>/+ (control, N=5, n=74) and Orco>/Hid (N=5, n=76, p<0.0001). (C) Relative fold change in 

lymph gland ROS (DHE) levels in Orco>/+ (control, N=4, n=32) and Orco>/Hid (N=4, n=30, 

p<0.0001). (D-I) Representative lymph gland images showing (D) ROS (F) pPDH and (H) pPDK in 

control (Orco-Gal4/+), (E, G, I) Over-expressing Hid in olfactory receptor neurons (Orco-Gal4;UAS-

Hid) leads to (E) increase in ROS levels, reduction in (G) pPDH and (I) pPDK levels as compared to (D, 

F, H) control respectively. For quantifications, refer to C, J, K. (J) Relative fold change in lymph gland 

pPDH levels in Orco>/+ (control, N=3, n=35) and Orco>/Hid (n=29, N=3 p=0.0053) and (K) pPDK 

levels in Orco>/+ (control, N=3, n=30) and Orco>/Hid (N=3, n=33, p<0.0001). (L-N) Representative 

lymph gland images showing (L) ROS (M) pPDH and (N) pPDK in control (domeMeso-Gal4,UAS-

GFP/+) on wasp odor food, WOF. For quantifications, refer to P,Q,R. (O) Quantifications of lymph 

gland size in domeMeso>GFP/+(RF, control, n=35), and domeMeso>GFP/+(WOF, n=45, p=0.0029). 

(P) Relative fold change in lymph gland ROS (DHE) levels domeMeso>GFP/+(RF, control, n=42), 

domeMeso>GFP/+(WOF, n=30, p=0.0011), (Q) pPDH levels domeMeso>GFP/+(RF, control, n=32), 

domeMeso>GFP/+(WOF, n=31, p=0.0248) and (R) pPDK levels domeMeso>GFP/+(RF, control, 

n=17), domeMeso>GFP/+(WOF, n=33, p=0.1360). Data is presented as median plots 

(*p<0.05;**p<0.01;***p<0.001,****p<0.0001, two-way ANOVA, Tukey’s multiple comparisons test. 

Mann-Whitney test for O-R. f.c.= fold change. Scale bar: 20µm.‘n’=lymph gland lobes. ‘N’= number of 

experimental repeats (green dot). DAPI marks DNA. 

Overall, these data suggested that pre-sensing of predatory wasp-odors most-likely via 

up-regulation of systemic and consequently progenitor GABA levels enabled further 

growth of the lymph glands and also moderated their TCA activity/ROS homeostasis. 

The growth advantage seen in WOF or high GABA conditions, however, appears to be 

independent of the TCA/ROS axis and remains to be deciphered. 

 To summarize, we propose that Drosophila larvae rely on GABA derived from 

environmental odor-sensing as a means to moderate blood progenitor TCA cycle 

activity and ROS balance to maintain normal lymph gland growth and development 

including lamellocyte potential during immune response conditions (Fig. 31).  
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Figure 31. Olfaction-derived systemic GABA in lymph gland ROS homeostasis and growth control.  

The model describes the importance of olfaction-derived GABA metabolism in lymph gland growth 

control and lamellocytes formation. All elements that repress growth are shown in red, while positive 

regulators of growth are shown in black. Blood progenitor cells of the Drosophila larval lymph gland 

maintains ROS in them which is derived from the TCA cycle. However, heightened, or uncontrolled TCA 

activity leading to increased ROS production in progenitor cells abrogates lymph gland growth, 

development and lamellocyte potential. Thus, to moderate progenitor TCA activity and ROS levels, 

Drosophila larvae rely on olfaction-derived systemic GABA (eGABA). Sensing of extracellular GABA 

(eGABA) via blood-progenitor cells and its subsequent metabolism through the GABA catabolic pathway 

into succinate promotes maintenance of pPDK, which is the active form of PDK. PDK phosphorylates 

PDH (pPDH) and inactivates it, a key rate-limiting enzyme of the TCA-cycle, whose activation drives 

TCA activity. Thus, GABA metabolism in progenitor cells via activating PDK limits TCA cycle and 

subsequently maintains ROS homeostasis in them. This metabolic state supports normal lymph gland 

growth and development. In the absence of any olfactory input, or loss of blood progenitor GABA 

utilization, the lack of succinate in progenitor cells leads to increased Hph function which blocks PDK 

activation that consequently leads to heightened TCA activity and ROS generation leading to lymph gland 

growth retardation.  
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4 GABA catabolism regulates pyruvate cycling to control GSH formation and Redox 

homeostasis in Drosophila blood-progenitors 

4.1  Introduction 

Drosophila blood progenitors, residing in the hematopoietic organ, lymph gland have 

been shown to possess higher ROS levels as compared to the surrounding differentiated 

cells (72). In the progenitor cells, ROS levels are maintained at a specific threshold level 

which primes these progenitor cells toward differentiation. Any increase or decrease in 

ROS levels affect the progenitor differentiation capacity, therefore maintenance of ROS 

levels in these progenitor cells is of prime importance. This demands specific 

requirement of ROS regulatory mechanisms in the progenitor cells. Our previous work 

has revealed the mechanism of ROS generation regulation in the progenitor cells. We 

have shown that olfaction derived GABA catabolism regulates phosphorylation of 

pyruvate dehydrogenase kinase (PDK) and pyruvate dehydrogenase (PDH), which 

regulates TCA cycle activity and results in ROS generation regulation (179). Here, we 

asked if lymph gland progenitor cells express the components of ROS scavenging 

mechanisms. Previous studies have shown the presence of ROS scavenging regulatory 

mechanism in progenitor homeostasis (72) and lymph gland growth control (179). But 

how the components of ROS scavenging in the blood-progenitor are maintained 

remains unclear. Glutathione a tripeptide, γ-L-glutamyl-L-cysteinyl-glycine is a potent 

anti-oxidant in the cells and it serves several vital functions in the cell. Glutathione 

naturally exists in two forms; the thiol-reduced (GSH) and disulphide-oxidized (GSSG) 

forms, of which GSH is the predominant form and accounts for >98% of total 

glutathione (209). Here, for the first time with the help of immunostaining we have 

shown the presence of glutathione reservoirs in the blood progenitor cells. We have 

used the glutathione antibody which stains both oxidised and reduced form of 

glutathione, marking the availability of total glutathione levels in the progenitor blood 

cells. Moreover, we investigated the role of olfaction derived GABA catabolism derived 

succinate at the level of ROS scavenging regulation. 

4.2 Antioxidant glutathione is present in the blood-progenitors  

ROS scavenging in various cells and tissues is mediated by antioxidant molecules and 

enzymes, such as glutathione, catalase and superoxide dismutase. Single cell analysis 

studies in Drosophila lymph gland progenitor cells have shown the presence of GST-

rich clusters, indicating the requirement of different regulatory mechanisms to control 
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GSH synthesis in the progenitor cells (109). But the studies showing GSH regulation 

are sparse and do not specifically demonstrate the regulation of glutathione synthesis. 

To understand the mechanism of GSH synthesis in the progenitor cells, first, we 

checked the presence of this antioxidant in the lymph gland progenitor cells with an 

antibody based approach, which also provided the information about the spatial 

localization of GSH in the different zones of the lymph gland (Fig. 32). Previous studies 

have shown that MZ progenitor cells have higher levels of ROS as compared to the CZ 

cells (72) (Fig. 32A-A”). Here, in the current work glutathione levels were checked with 

an antibody targeting total glutathione in the cells, which does not specifically mark the 

oxidized or reduced form. Interestingly, our analysis showed that progenitor cells have 

higher level of glutathione expression as compared to their differentiated counter parts 

(Fig. 32B-B”). Although, glutathione (GSH) levels were seen in both the progenitor and 

differentiated cells, but increased expression of GSH in progenitor cells was intriguing. 

The existence of higher levels of ROS and its scavenging proteins such as GSH depicts 

the existence of tight regulatory mechanisms to control redox homeostasis. This shows 

that ROS regulation is not limited to its generation control (179), but also involves the 

regulation of ROS-scavenging mechanisms in the progenitor cells. This led us to ask, 

how glutathione levels are maintained in the progenitor cells. 

 

Figure 32. Lymph gland blood-progenitor cells show higher expression of glutathione (GSH).  

(A-A”) Representative images showing ROS levels in the lymph gland progenitor cells, (A) control 

(domeMeso-Gal4,UAS-GFP/+) showing ROS (stained with DHE) in red, (A’) control (domeMeso-

Gal4,UAS-GFP/+) showing dome (progenitor cells) expression in green and (A”) merge image of A and 

A’ showing higher ROS levels in the progenitor cells. (B-B”) Representative images showing GSH levels 

in the lymph gland progenitor cells, (B) control (domeMeso-Gal4,UAS-GFP/+) showing GSH levels in 

red, (B’) control (domeMeso-Gal4,UAS-GFP/+) showing dome (progenitor cells) expression in green 

and (B”) merge image of B and B’ showing higher GSH levels in the progenitor cells. DAPI marks DNA 

in B-B”. 
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4.3 Glutathione levels in the blood-progenitor cells are controlled by GABA 

catabolism 

Our previous research has demonstrated that olfactory-derived GABA catabolism 

controls the production of reactive oxygen species (ROS) via phosphorylating pyruvate 

dehydrogenase kinase (PDK) and pyruvate dehydrogenase (PDH), which in turn 

controls the activity of the TCA cycle (179). We speculated the involvement of GABA 

catabolic pathway in the ROS scavenging regulation as well and checked for GSH 

levels in the genetic backgrounds, where GABA catabolic pathway components are 

specifically downregulated in the progenitor cells.  

GABA secreted from the Kurs6+ neuroendocrine cells (172) is internalized by GABA 

transporter (Gat) in the progenitor cells, which is catabolized into succinate by two-step 

process, catalysed by Gabat and Ssadh respectively (94). The second step of GABA 

catabolic pathway, where succinic semialdehyde dehydrogenase (Ssadh) converts 

succinic semi-aldehyde (SSA) to succinate is the rate limiting step of this pathway (Fig. 

33A) (306). We knocked-down GABA transporter (Gat) and GABA catabolic enzymes 

(Ssadh) in the blood-progenitor cells utilizing progenitor specific driver domeMeso-

Gal4 (Fig. 33B-D, G). Downregulation of Gat (Fig. 33C) and Ssadh (Fig. 33D) in the 

progenitor cells led to reduction in lymph gland glutathione (GSH) levels, indicating 

the involvement of GABA catabolic pathway in controlling glutathione levels in the 

progenitor cells (Fig. 33G). Reduction of GSH in the progenitor cells in GABA mutant 

background is the result from reduction in GABA catabolism derived succinate was 

checked next. As, the metabolic product of GABA catabolic pathway is succinate, we 

supplemented domeMeso>GatRNAi (Fig. 33E) and domeMeso>SsadhRNAi (Fig. 33F) 

larvae with succinate and checked if succinate supplementation rescues blood-

progenitor glutathione levels. Indeed, we found that succinate supplementation to these 

genetic backgrounds rescued their reduced glutathione phenotype (Fig. 33E, F, H) and 

confirmed that GABA catabolism derived succinate is involved in regulating 

glutathione levels in the progenitor cells. Our findings show that, GABA catabolic 

pathway is playing dual role in regulation of ROS homeostasis, by both ROS generation 

regulation (179) and ROS scavenging mechanisms. We next explored the mechanism 

of GSH regulation by GABA catabolic pathway. 
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Figure 33. GABA catabolic pathway in Drosophila blood-progenitor cells control their GSH levels. 

(A) Schematic representation of the GABA catabolic pathway. Uptake of extra-cellular GABA (eGABA) 

via GABA Transporter (GAT) in blood-progenitor cells and its intracellular catabolism (iGABA) into 

succinic-semialdehyde (SSA) by GABA-transaminase (Gabat) and into final product, succinate by 

succinic semi-aldehyde dehydrogenase (SSADH), the rate limiting step of GABA catabolic pathway. (B-

F) Representative images showing GSH expression in lymph gland progenitor cells (B) control (RF, 

domeMeso-Gal4,UAS-GFP/+) show higher GSH levels in the progenitor-cells, expressing (C) GatRNAi 

(RF, domeMeso-Gal4,UAS-GFP;UAS-GatRNAi) and (D) SsadhRNAi (RF, domeMeso-Gal4,UAS-GFP;UAS-

SsadhRNAi) leads to reduction in lymph gland progenitor-cells GSH levels, (E-F) feeding succinate to (E) 

GatRNAi (SF, domeMeso-Gal4,UAS-GFP;UAS-GatRNAi) and (F) SsadhRNAi (SF, domeMeso-Gal4,UAS-

GFP;UAS-SsadhRNAi) leads to increase in GSH levels as compared to (C and D) respectively. For 

quantifications, refer to G and H. (G) Quantification of GSH levels in domeMeso>GFP/+ (control, RF, 

n=41), domeMeso>GFP/GatRNAi (RF, n=30, p<0.0001) and domeMeso>GFP/SsadhRNAi (RF, n=19, 

p=0.0003). (H) Quantification of GSH levels in domeMeso>GFP/+ (control, RF, n=31), 

domeMeso>GFP/GatRNAi (RF, n=17, p=0.0023) and domeMeso>GFP/GatRNAi (SF, n=14, p=0.0005, in 

comparison to GatRNAi, RF). RF is regular food; SF is succinate food. Data is presented as median plots 

(*p<0.05; **p<0.01; ***p<0.001, ****p<0.0001), Kruskal-Wallis test, Dunn's multiple comparisons 

test. Scale bar: 20µm.‘n’=lymph gland lobes. DAPI marks DNA.  

4.4 Regulation of glutathione synthesis by GABA catabolic pathway 

Since, the antibody employed for GSH detection labels for total glutathione, reduction 

in GSH levels in GABA catabolic mutants hinted towards regulation at the level of GSH 

synthesis or degradation. The regulation at the synthesis level was explored first and to 
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understand if GSH synthesis is affected in the progenitor cells, presence of individual 

components of GSH synthesis pathway was analysed in GABA catabolic mutant 

backgrounds. Glutathione is a non-protein thiol, comprising cysteine, glutamate and 

glycine (Fig. 34A). Cysteine and glutamate combine to form γ -glutamyl cysteine, this 

is the rate-limiting step of GSH synthesis reaction and is catalysed by enzyme cysteine 

glutamyl lyase. The next step is catalysed by enzyme glutathione synthetase, where 

glycine addition results in GSH formation (209). We found that, perturbation of GABA 

transporter (Gat) and GABA catabolism (Ssadh) did not significantly affect glutamate 

levels in the lymph gland (Fig. 34B-F). Levels of glycine also remain unchanged upon 

downregulation of Gat and Ssadh in the progenitor cells (Fig. 34G). This showed that 

glutamate and glycine are dispensable amino acids in GABA catabolism mediated GSH 

regulation.  

 

Figure 34. GABA catabolic pathway does not control levels of glutamate and glycine to regulate GSH 

synthesis. 
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(A) Schematic representation of the GSH synthesis from cysteine, glutamate and glycine. GSH synthesis 

is two-step process, glutamate and cysteine combine to form γ-glutamyl cysteine, a reaction catalysed by 

enzyme y-glutamyl cysteine synthetase. γ-glutamyl cysteine combines with glycine to form the final 

product glutathione, GSH. This step is catalysed by enzyme glutathione synthetase. The first step of γ-

glutamyl cysteine synthesis catalysed by enzyme γ-glutamyl cysteine synthetase is the rate limiting step. 

(B) Representative images showing glutamate expression in lymph gland progenitor cells (B) control 

(RF, domeMeso-Gal4,UAS-GFP/+) lymph gland showing glutamate levels in the progenitor-cells, 

expressing (C) GatRNAi (domeMeso-Gal4,UAS-GFP;UAS-GatRNAi) and (D) SsadhRNAi (domeMeso-

Gal4,UAS-GFP;UAS-SsadhRNAi) in the progenitor cells does not affect lymph gland progenitor-cells 

glutamate levels. For quantifications, refer to E. (E) Quantification of glutamate levels in 

domeMeso>GFP/+ (control, RF, n=44), domeMeso>GFP/GatRNAi (RF, n=43, p=0.6455) and 

domeMeso>GFP/SsadhRNAi (RF, n=19, p>0.9999). (F) Relative steady state amount (fold change, f.c.) of 

glutamate in domeMeso>GFP/+ (control, RF, n=12), domeMeso>GFP/GatRNAi (RF, n=6, p>0.9999) and 

domeMeso>GFP/SsadhRNAi (RF, n=6, p>0.9999). (G) Relative steady state amount (fold change, f.c.) of 

glycine in domeMeso>GFP/+ (control, RF, n=12), domeMeso>GFP/GatRNAi (RF, n=6, p=0.2396) and 

domeMeso>GFP/SsadhRNAi (RF, n=6, p>0.9999). RF is regular food, SF is succinate food. Data is 

presented as median plots (*p<0.05; **p<0.01; ***p<0.001, ****p<0.0001), Kruskal-Wallis test, Dunn's 

multiple comparisons test. ns=non-significant. Scale bar: 20µm.‘n’=lymph gland lobes. DAPI marks 

DNA.  

 

However, when analysed for cysteine levels in the progenitor cells utilizing an antibody 

against cysteine, a significant reduction was seen in progenitor specific loss of Gat and 

Ssadh conditions (Fig. 35A-C, F). This showed that GABA catabolic pathway regulates 

GSH synthesis in the lymph gland progenitor cells and it is mediated by controlling 

cysteine levels in the lymph gland.  

Effect of GABA catabolic pathway on cysteine levels was confirmed by supplementing 

the domeMeso>GatRNAi and domeMeso>SsadhRNAi larvae with succinate and a 

subsequent analysis for cysteine in these genetic backgrounds (Fig. 35D-F). Succinate 

supplementation significantly rescued the reduced cysteine phenotype of GatRNAi and 

SsadhRNAi corroborating with the glutathione rescue seen upon succinate 

supplementation in domeMeso>GatRNAi and domeMeso>SsadhRNAi conditions and 

confirmed that GABA catabolism mediated cysteine regulation is controlling GSH 

synthesis in the progenitor cells. 

Further, the effect of cysteine analog N-acetylcysteine (NAC) supplementation was 

analysed in the domeMeso>GatRNAi and domeMeso>SsadhRNAi conditions. N-

acetylcysteine is an important anti-oxidant in the cells regulating ROS homeostasis and 

also acts as a substitute to cysteine (308). NAC supplementation in the conditions, 

where Gat and Ssadh are downregulated in the progenitor cells, rescued the reduce GSH 

phenotype of GatRNAi and SsadhRNAi observed in regular food conditions (Fig. 35G-L). 

This demonstrated that cysteine is the limiting component in the GABA catabolic 

mutant backgrounds, and leading to GSH synthesis in the lymph gland progenitor cells. 
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The mechanism of cysteine synthesis regulation by GABA catabolic pathway was 

explored next. 

 

Figure 35. GABA catabolic pathway control levels of cysteine to regulate GSH synthesis.  

(A-E) Representative images showing cysteine expression in lymph gland progenitor cells (A) control 

(RF, domeMeso-Gal4,UAS-GFP/+) lymph gland showing glutamate levels in the progenitor-cells, 

expressing (B) GatRNAi (RF, domeMeso-Gal4,UAS-GFP;UAS-GatRNAi) and (C) SsadhRNAi (RF, 

domeMeso-Gal4,UAS-GFP;UAS-SsadhRNAi) leads to reduction in cystine levels in the progenitor cells, 

(D-E) succinate supplementation to (D) GatRNAi (SF, domeMeso-Gal4,UAS-GFP;UAS-GatRNAi) and (E) 

SsadhRNAi (SF, domeMeso-Gal4,UAS-GFP;UAS-SsadhRNAi) leads to rescue of cysteine levels as compared 

to (B and C) respectively. For quantifications, refer to F. (F) Quantification of Cysteine levels in 

domeMeso>GFP/+ (control, RF, n=36), domeMeso>GFP/GatRNAi (RF, n=27, p<0.0001), 

domeMeso>GFP/SsadhRNAi (RF, n=43, p<0.0001), domeMeso>GFP/GatRNAi (SF, n=15, p=0.0344 in 

comparison to GatRNAi, RF) and domeMeso>GFP/SsadhRNAi (SF, n=4, p=0.0015 in comparison to 

SsadhRNAi, RF). (G-K) Representative images showing GSH expression in lymph gland progenitor cells 

(G) control (RF, domeMeso-Gal4,UAS-GFP/+) lymph gland showing GSH levels in the progenitor-cells, 

expressing (H) GatRNAi (RF, domeMeso-Gal4,UAS-GFP;UAS-GatRNAi) and (I) SsadhRNAi (RF, domeMeso-

Gal4,UAS-GFP;UAS-SsadhRNAi) leads to reduction in GSH levels in the progenitor cells, (J-K) N-acetyl 

cysteine (NAC) supplementation to (J) GatRNAi (SF, domeMeso-Gal4,UAS-GFP;UAS-GatRNAi) and (K) 

SsadhRNAi (SF, domeMeso-Gal4,UAS-GFP;UAS-SsadhRNAi) leads to rescue of GSH levels as compared to 

(H and I) respectively. For quantifications, refer to L. (L) Quantification of GSH levels in 

domeMeso>GFP/+ (control, RF, n=31), domeMeso>GFP/GatRNAi (RF, n=22, p<0.0001), 

domeMeso>GFP/SsadhRNAi (RF, n=30, p=0.0065), domeMeso>GFP/GatRNAi (NAC, n=21, p=0.0009 in 

comparison to GatRNAi, RF) and domeMeso>GFP/SsadhRNAi (NAC, n=23, p=0.0068 in comparison to 

SsadhRNAi, RF). RF is regular food; SF is succinate food and NAC is N-acetyl cysteine supplemented 

food. Data is presented as median plots (*p<0.05; **p<0.01; ***p<0.001, ****p<0.0001), Kruskal-

Wallis test, Dunn's multiple comparisons test. Scale bar: 20µm.‘n’=lymph gland lobes. DAPI marks 

DNA.  
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4.5 Mechanism of Cysteine synthesis regulation by GABA catabolic pathway 

Cysteine is a non-essential amino acid and is metabolized in the cells via a conserved 

pathway for metabolism of sulfur-amino acids termed transsulfuration pathway (TSP) 

(Fig 36A). In TSP, methionine converts into cysteine involving an intermediate step of 

cystathionine formation (310). This process is catalysed by two enzymes, first step 

involves CβS (cystathionine β-synthase), and catalyses the formation of cystathionine 

from homocysteine and serine, and second reaction is catalysed by CGL (cystathionine 

γ-lyase), which forms cysteine from cystathionine (311). To understand the role of 

GABA catabolic pathway in cysteine synthesis regulation, we undertook a 

metabolomics based approach and amino acid analysis from control and 

domeMeso>GatRNAi lymph glands was performed (Fig. 36B, Ap. Fig. 7 and Appendix 

Table 1). Interestingly, our analysis showed the reduction of amino acid serine in 

GatRNAi mutant lymph glands (Fig. 36B), while majority of other amino acids levels 

were unaltered (Ap. Fig. 7 and Appendix Table 1). A significant reduction in the levels 

of branched chain amino acids were seen, which could be the resulting from some 

independent function of GABA catabolic pathway. Our current method, employed for 

LC/MS bases amino acid analysis could not detect for methionine and cysteine in the 

lymph glands provided the unstable nature of these amino acids. Nonetheless, a 

reduction in serine levels upon progenitor specific knock-down of Gat led us to 

hypothesize about metabolic contribution of serine via GABA catabolic pathway in 

GSH synthesis regulation in the progenitor cells. 

To understand the metabolic regulation of GABA catabolic pathway on GSH synthesis, 

we undertook amino acid supplementation in the GatRNAi mutant backgrounds and 

supplemented GatRNAi larvae with methionine and serine, as both these amino acids are 

the prime components of transsulfuration pathway. Concomitant with our amino acid 

analysis, serine supplementation to the domeMeso>GatRNAi larvae rescued reduced 

GSH phenotype of blood-progenitor cells (Fig 36C-F). Surprisingly, methionine 

supplementation could not rescue the reduced GSH phenotype of GatRNAi lymph glands 

(Fig. 36F-I) and demonstrated the methionine independent regulation of GSH synthesis 

by GABA catabolic pathway. Furthermore, cysteine levels were analysed post serine 

supplementation to domeMeso>GatRNAi lymph glands and showed a rescue of cysteine 

levels with serine supplementation as compared to progenitor specific loss of Gat 

(domeMeso>GatRNAi) on regular food (Fig. 36J-M). These data concluded that serine 

acts as the intermediate in GABA catabolism mediated GSH synthesis regulation. 
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How GABA catabolism regulates serine synthesis to control GSH formation and redox 

homeostasis of blood-progenitors was unclear. 

 

Figure 36. Serine is the limiting amino acid, leading to GABA catabolism regulated GSH formation. 

(A) Schematic representation of the cysteine and GSH synthesis by transsulfuration pathway (TSP). 

Methionine, the sulphur amino acid undergoes methionine cycle to form homocysteine. Homocysteine 

combines with serine to form cystathionine and cysteine in two subsequent reactions, catalysed by 

enzymes cystathionine-β-synthase and cystathionine-γ-lyase respectively. Cysteine further combines 

with glutamate and glycine to form glutathione (GSH). (B) Relative steady state amount (fold change, 

f.c.) of serine in domeMeso>GFP/+ (control, RF, n=9) and domeMeso>GFP/GatRNAi (RF, n=10, 

p=0.0030). GatRNAi in the progenitor cells leads to reduction in lymph gland serine levels as compared to 

control. (C-E) Representative images showing GSH expression in lymph gland progenitor cells (C) 

control (RF, domeMeso-Gal4,UAS-GFP/+) lymph gland showing GSH levels in the progenitor-cells, 

expressing (D) GatRNAi (RF, domeMeso-Gal4,UAS-GFP;UAS-GatRNAi) leads to reduction in GSH levels 

in the progenitor cells, (E) methionine supplementation to (E) GatRNAi (Methionine, domeMeso-

Gal4,UAS-GFP;UAS-GatRNAi) does not rescue GSH levels of GatRNAi on RF (D). For quantifications, 

refer to F. (F) Quantification of GSH levels in domeMeso>GFP/+ (control, RF, n=31), 

domeMeso>GFP/GatRNAi (RF, n=17, p=0.0056), domeMeso>GFP/GatRNAi (Methionine, n=10, p=0.1054 
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in comparison to GatRNAi, RF) and domeMeso>GFP/GatRNAi (Serine, n=22, p=0.0018 in comparison to 

GatRNAi, RF). (G-I) Representative images showing GSH expression in lymph gland progenitor cells (G) 

control (RF, domeMeso-Gal4,UAS-GFP/+) lymph gland showing GSH levels in the progenitor-cells, 

expressing (H) GatRNAi (RF, domeMeso-Gal4,UAS-GFP;UAS-GatRNAi) leads to reduction in GSH levels 

in the progenitor cells, (E) Serine supplementation to (I) GatRNAi (Serine, domeMeso-Gal4,UAS-

GFP;UAS-GatRNAi) leads to rescue of GSH levels of GatRNAi on RF (H). For quantifications, refer to F. 

(J-L) Representative images showing cysteine expression in lymph gland progenitor cells (J) control 

(RF, domeMeso-Gal4,UAS-GFP/+) lymph gland showing cysteine levels in the progenitor-cells, 

expressing (K) GatRNAi (RF, domeMeso-Gal4,UAS-GFP;UAS-GatRNAi) leads to reduction in cysteine 

levels in the progenitor cells, (L) Serine supplementation to (L) GatRNAi (Serine, domeMeso-Gal4,UAS-

GFP;UAS-GatRNAi) leads to rescue of cysteine levels of GatRNAi on RF (K). For quantifications, refer to 

M. (M) Quantification of cysteine levels in domeMeso>GFP/+ (control, RF, n=32), 

domeMeso>GFP/GatRNAi (RF, n=28, p<0.0001), and domeMeso>GFP/GatRNAi (Serine, n=30, p<0.0001). 

RF is regular food. Data is presented as median plots (*p<0.05; **p<0.01; ***p<0.001, ****p<0.0001), 

Kruskal-Wallis test, Dunn's multiple comparisons test and Mann-Whitney test for B. Scale bar: 

20µm.‘n’=lymph gland lobes. DAPI marks DNA.  

 

4.6 Pyruvate fueling to different metabolic outputs control GSH synthesis and lymph 

gland ROS homeostasis 

Metabolic underpinnings coupling GABA catabolic pathway to GSH synthesis were 

explored next. Our previous work has shown that GABA catabolic pathway regulates 

Pdha, the entry step of pyruvate to acetyl-CoA to control TCA cycle activity in the 

lymph gland and consequent ROS generation (179). Moreover, it is known that pyruvate 

shuttling to the gluconeogenic arm leads to serine formation in cells (312,313) (Fig. 

37A). We hypothesized the existence of such regulation on pyruvate shuttling towards 

different metabolic pathways by GABA catabolism to control GSH formation in lymph 

gland progenitor cells. Therefore, we checked for the glutathione levels in conditions 

where pyruvate entry to TCA cycle was perturbed, we downregulated the enzyme 

catalysing entry of pyruvate into TCA, Pdha. Our analysis showed that blocking the 

flux of pyruvate into TCA lead to increased GSH levels in the lymph glands (Fig. 37B, 

C, F). Further, we knocked-down Pdha in GatRNAi conditions and assessed for GSH 

levels. When we checked for GSH levels in these genetic backgrounds, interestingly, 

we found that, inhibiting pyruvate entry into TCA cycle by downregulating pyruvate 

dehydrogenase (Pdha), along with GatRNAi in the progenitor cells rescued the reduced 

GSH phenotype of GatRNAi (Fig. 37D-F). This showed that GABA catabolic pathway 

regulates GSH levels in the blood-progenitor cells by controlling pyruvate entry into 

TCA cycle and subsequent, TCA activity. We extended our analysis to check cysteine 

levels in these genetic backgrounds and found that downregulation of TCA entry 

enzyme Pdha in GABA mutant backgrounds (GatRNAi) also rescued the reduced 

cysteine phenotype of GatRNAi (Fig. 37G-K). Further, we checked for serine levels in 

PdhARNAi;GatRNAi and a rescue in serine levels was observed as compared to GatRNAi 
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alone (Ap. Fig. 8A). While the regulation of TCA cycle activity by GABA catabolic 

pathway to control GSH synthesis is evident from our above experiments, TCA cycle 

activity is not directly controlling GSH synthesis in the progenitor cells, as 

downregulating Pdha inhibitory enzyme pyruvate dehydrogenase kinase (Pdk), which 

inhibits the function of enzyme Pdha by inhibitory phosphorylation and thus leads to 

increased flux of pyruvate to TCA did not lead to reduction in lymph gland GSH levels 

(Ap. Fig. 8B, C), indicating the existence of complex metabolic rewiring between these 

pathways which are controlled by GABA catabolism to maintain redox homeostasis of 

the blood-progenitor cells. To delineate this, we undertook a 13C-isotope based 

isotopic-labelling analysis approach to understand the metabolic dynamics involving 

glutathione synthesis in lymph glands. 
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Figure 37. GABA catabolism derived PDH regulation is central to control glutathione levels in the lymph 

gland progenitor cells.  

(A) Schematic representation of the serine, cysteine and GSH synthesis from pyruvate by the involvement 

of gluconeogenic arm. Pyruvate forms 3-phosphoglycerate (3-PG, a gluconeogenic intermediate), which 

converts to serine by two step process involving enzymes PHGDH and PSAT (aay). Serine undergoes 

transsulfuration reaction (TSP) to form cysteine, which further combines with glutamate and glycine to 

form glutathione (GSH). (B-E) Representative lymph gland images showing GSH levels in the (B) 

control (domeMeso-Gal4,UAS-GFP/+), expressing (C) PdhaRNAi (domeMeso-Gal4,UAS-GFP;UAS-

PdhaRNAi) leads to an increase in blood-progenitor GSH levels, expressing (D) GatRNAi (domeMeso-

Gal4,UAS-GFP;UAS-GatRNAi) leads to a reduction in blood-progenitor GSH levels, expressing (E) 

PdhaRNAi;GatRNAi (domeMeso-Gal4,UAS-GFP;UAS-PdhaRNAi;UAS-GatRNAi) rescues the reduced GSH 

phenotype of (D) GatRNAi. For quantifications, refer to F. (F) Quantification of GSH levels in 

domeMeso>GFP/+ (control, RF, n=71), domeMeso>GFP/PdhaRNAi (n=62, p=0.0102), 

domeMeso>GFP/GatRNAi (RF, n=32, p=0.0007), and domeMeso>GFP/PdhaRNAi;GatRNAi (n=32, 
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p=0.0008 in comparison to GatRNAi). (G-J) Representative lymph gland images showing cysteine levels 

in the (G) control (domeMeso-Gal4,UAS-GFP/+), expressing (H) PdhaRNAi (domeMeso-Gal4,UAS-

GFP;UAS-PdhaRNAi) leads to a slight increase in blood-progenitor cysteine levels, expressing (I) GatRNAi 

(domeMeso-Gal4,UAS-GFP;UAS-GatRNAi) leads to a reduction in blood-progenitor cysteine levels, 

expressing (J) PdhaRNAi;GatRNAi (domeMeso-Gal4,UAS-GFP;UAS-PdhaRNAi;UAS-GatRNAi) rescues the 

reduced cysteine phenotype of (I) GatRNAi. For quantifications, refer to K. (K) Quantification of cysteine 

levels in domeMeso>GFP/+ (control, RF, n=35), domeMeso>GFP/PdhaRNAi (n=33, p>0.9999), 

domeMeso>GFP/GatRNAi (RF, n=22, p=0.0016), and domeMeso>GFP/PdhaRNAi;GatRNAi (n=16, 

p=0.0003 in comparison to GatRNAi). RF is regular food. Data is presented as median plots (*p<0.05; 

**p<0.01; ***p<0.001, ****p<0.0001), Kruskal-Wallis test, Dunn's multiple comparisons test. Scale bar: 

20µm.‘n’=lymph gland lobes. DAPI marks DNA.  

 

4.7 Metabolic pathway fluxes in wandering 3rd instar larval lymph glands 

13C-based isotopic labelling analysis is an approach utilised to unravel the metabolic 

pathway activity and metabolite flux into different metabolic arms. To understand the 

dynamics of metabolic pathways in the blood-progenitor cells, we undertook a 13C-

isotope based metabolic analysis in wandering 3rd instar larval lymph glands. For our 

analysis, we utilized U13C-pyruvate labelling and dissected lymph glands were 

incubated in 10mM of 13C-pyruvate label for 30 minutes and post incubation 13C label 

incorporation in downstream metabolites were checked in the lymph glands. Pyruvate 

is at the nexus of various metabolic pathways, including TCA cycle, gluconeogenesis, 

lactate formation and fatty acid synthesis (Fig. 38A). 

Pyruvate is a 3 carbon acid, that contribute two carbons to the TCA cycle through the 

pyruvate dehydrogenase (PDH) dependent generation of acetyl-CoA, which combines 

with oxaloacetate to form citrate and other TCA metabolites. Alternatively, pyruvate 

can fuel its full 3 carbons to the TCA cycle by generating oxaloacetate through the 

activity of pyruvate carboxylase (PC) (314). We followed 13C label in the TCA 

metabolites and performed the analyses for different isotopic combinations of labelled 

carbon (13C) such as percentage content of m+2, m+3, m+4. m+2 label provided the 

information about carbon label derived from PDH mediated TCA to acetyl-CoA 

conversion and further metabolism and higher carbon labels indicated about the overall 

TCA activity in the lymph glands. m+2 label in oxaloacetate is derived from PDH, while 

m+3 label incorporation is mediated by PC, which directly converts pyruvate to 

oxaloacetate by decarboxylation reaction and thus contribute to 3 carbons in OAA. As 

various steps of TCA cycle are reversible and also feeds cyclically, 3 carbon label (m+3) 

is contributed from PC derived OAA conversion and m+2 label is contributed from 

PDH derived acetyl-CoA conversion in TCA metabolites and leading to higher 13C 

incorporation as the cycle continues. Our analysis showed that in control lymph glands 
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13C-pruvate label incorporation in citrate and other TCA metabolites increased with 

time (Fig. 38B), whereas OAA showed almost 40% label incorporation (m+3) even at 

5 min. incubation time point (Fig. 38C). These data indicated that pyruvate conversion 

to acetyl-CoA via PDH (m+2) (Fig. 38B) happens at relatively lower rate, while, 

pyruvate majorly converts into OAA by PC (m+3) (Fig. 38C). Nonetheless, the 

incorporation for higher label 13C in citrate and αKG was observed, which increases 

with a corresponding increase in incubation time till 2 hrs (Fig. 38 and Ap. Fig. 9), this 

indicated an overall flux of pyruvate towards TCA cycle. Pyruvate converts into lactate 

in the reversible reaction catalysed by Ldh and thus 13C incorporation could be seen 

for all the 3C of lactate (Ap. Fig. 9G, H). However, pyruvate flux towards lactate was 

seen at relatively lower rate as compared to pyruvate flux towards TCA cycle. These 

data confirmed that in control homeostatic conditions, lymph glands TCA activity is 

relatively high as compared to lactate formation. However, the possibility of lactate 

being shunted out from the lymph gland system cannot be ignored and could be the 

reason of lower relative label observed in our analysis.  

Since, the isotopic labelling analysis showed dynamics of pyruvate shuttling towards 

different metabolic arms, the regulation of pyruvate shuttling in controlling GSH 

synthesis by GABA catabolic pathway was explored further. 
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Figure 38. Metabolic pathways activity during homeostatic lymph gland development. 

(A) Schematic representation of the U13C-pyruvate isotopic labelling in TCA metabolites, lactate, 

gluconeogenic components, serine, cysteine and GSH. U13C-pyruvate contributes two 13C carbons to 

TCA metabolites via PDH and labels three carbons (13C) via PC mediated metabolism. Since, TCA is a 

cyclic pathway and many of the TCA steps are reversible, higher carbon label occurs in TCA metabolites 

in the subsequent series of reactions. U13C-pyruvate labels all the three carbons of lactate, which is a 

reversible reaction. Following the gluconeogenic arm, U13C-pyruvate labels either two or three carbons 

of serine and cysteine. GSH is a ten-carbon compound and U13C-pyruvate labels GSH carbons differently 

based on the metabolic pathways followed and the intermediates utilized. (B-C) U13C-pyruvate labelling 

analysis in wandering 3rd instar control lymph glands showing the label incorporation, (B) Citrate is a 

TCA metabolite, which is synthesized from the acetyl-CoA and oxaloacetate, a reaction catalysed by 

enzyme citrate synthase (CS). Over a period of 5 min. to 4hr. an increase in label incorporation was 

observed, as the higher C label (13C4, 13C5 and 13C6) appears over time and gradually with increase in 

incubation time a decrease in label incorporation is seen at 4 hr. time point, indicating the flux of pyruvate 

towards TCA metabolites, (C) oxaloacetate (OAA), shows label incorporation from both PC (13C3, blue) 

and PDH (13C2, black) derived metabolism. Interestingly, the 13C3 (green) label incorporation in OAA 

occurs at much higher rate as compared to 13C2 (black), PDH derived label incorporation. At 5 min. time 

point around 40% of 13C3 (green) label is observed, indicating the higher flux of pyruvate to OAA via 

PC in wandering 3rd instar larval lymph glands as compared to PDH derived 13C2 (black) label. 
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4.8 GABA catabolism controls pyruvate fueling to different metabolic pathways to 

maintain redox homeostasis of blood-progenitor cells 

We extended our 13C based flux analysis in GatRNAi lymph glands and analysed for 

label incorporation in TCA cycle metabolites and lactate. Due to technical limitations 

and experimental complexity, the label incorporation analysis in serine from lymph 

glands could not be done and is currently under standardization. Upon U13C-pyruvate 

label incorporation analysis for TCA metabolites and lactate in GatRNAi lymph glands 

(Fig. 39 and Ap. Fig. 10), we found that label incorporation was increased for higher 

isotopic carbons in citrate and αKG in domeMeso>GatRNAi condition compared to 

control (Fig. 39A, C, D and Ap. Fig. 10A, B, E-G). Further, Label incorporation in 

lactate was decreased upon downregulation of GatRNAi in the progenitor cells (Ap. Fig. 

10D, H). Pyruvate to lactate conversion mediated glycolytic switch and decreased TCA 

activity is central to lamellocyte formation during the immune-response scenarios 

(94,179) and our isotopic labelling analysis strengthened the metabolic control of 

GABA catabolic pathway on pyruvate shuttling into lactate and TCA activity which 

governs the lamellocyte formation potential of progenitor cells during immune response 

conditions. Interestingly, in domeMeso>GatRNAi the m+3 label incorporation for OAA, 

which was PC derived was less as compared to the control lymph glands (Fig. 39B, E), 

which showed another contribution of GABA catabolic pathway in controlling the 

metabolic homeostasis of blood-progenitors. Taken together, our flux analysis showed 

the dynamics of TCA cycle via PC and Pdh in GatRNAi and control lymph glands.  

Isotopic labelling analysis alluded to the fact that GABA catabolism positively regulates 

PC derived OAA metabolism and inhibits PDH derived TCA cycle activity. As 

demonstrated by our earlier research (179), GABA catabolism inhibits PDH to regulate 

TCA activity and subsequent ROS generation. The positive control of the GABA 

catabolic pathway at the level of PC metabolism is highly intriguing. This shows that 

GABA catabolism functions as a critical regulator for pyruvate metabolism to govern 

ROS homeostasis and blood-progenitor growth.  

Since, PC derived OAA generation is the reaction occurring at relatively higher rate in 

the progenitor-cells and GABA catabolism (GatRNAi) downregulation led to deceased 

PC derived OAA generation, we checked for GSH levels in progenitor specific 

downregulation of PC. Our data showed that progenitor specific loss of PC 

(domeMeso>PCRNAi), indeed led to decreased GSH levels in the lymph glands 

progenitor cells along with a corresponding reduction in lymph gland size (Ap. Fig. 8D) 



 81 

implementing the importance of PC derived pyruvate metabolism in blood-progenitor 

ROS homeostasis and lymph gland development. Thus, GABA catabolic pathway act 

as a central regulator of pyruvate metabolism towards metabolic arms of PC, PDH and 

Ldh to control blood-progenitor ROS homeostasis and consequently, its development. 

 

Figure 39. GABA catabolic pathway regulates metabolic pathways activity in the lymph gland.  

(A-B) Wandering 3rd instar control and domeMeso>GatRNAi lymph glands showing the label incorporation 

after U13C-pyruvate label incubation in (A) citrate and (B) oxaloacetate (OAA), (A) in citrate, increased 

label incorporation is seen for higher 13C in GatRNAi lymph glands as compared to control and (B) relative 

label incorporation for OAA is less for 13C in GatRNAi lymph glands as compared to control. (C) U13C-

pyruvate label incubation in domeMeso>GatRNAi (n=7, p=0.0175) lymph glands show an increase in 

relative label incorporation for 13C5 (m+5) in citrate as compared to control (n=7). (D) U13C-pyruvate 

label incubation in domeMeso>GatRNAi (n=7, p=0.0541) lymph glands show an increase in relative label 

incorporation for 13C4 (m+4) in α-ketoglutarate (αKG) as compared to control (n=8). (E) U13C-pyruvate 

label incubation in domeMeso>GatRNAi (n=6, p=0.1722) lymph glands show a reduction in relative label 

incorporation for 13C3 (m+3) in oxaloacetate (OAA) as compared to control (n=8). Data is presented as 

median plots (*p<0.05; **p<0.01; ***p<0.001, ****p<0.0001), Mann-Whitney test is applied.  

4.9 Olfactory control of blood-progenitor metabolism and GSH synthesis regulation 

GABA detected by lymph gland progenitor cells is under olfactory control and is 

released by the Kurs6+ neurosecretory cells upon olfactory stimulation (172). Our 

previous studies (94,179) have shown that perturbation of olfactory activity leads to 

impaired lamellocyte formation in the lymph glands, affect blood-progenitor ROS 

homeostasis and development. We have shown that olfactory ablation leads to 

heightened PDK and PDH phosphorylation resulting in increased TCA activity and 
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hence, ROS generation (179). Elevation in lymph gland ROS levels leads to retardation 

of lymph gland growth. Previously, we have shown that wasp odor sensing (WOF) leads 

to immune benefit to the animals and results in increased lamellocyte formation due to 

elevated GABA levels and its catabolism (94). Along with providing immune benefit 

to the animals, WOF sensitized animals also showed a reduction in blood-progenitor 

ROS levels and significant increase in lymph gland growth (Fig.30L, O, P). Here, we 

explored the role of olfaction in regulation of blood-progenitor metabolic pathway 

activity by employing U13C-Pyruvate based isotopic labelling in WOF and GABA 

supplementation conditions. Upon U13C-Pyruvate incubation, label incorporation was 

checked in TCA metabolites, lactate and glutathione. We found decreased 13C label 

incorporation for higher carbons in TCA metabolites, citrate and αKG in olfactory 

sensitized condition of WOF and GABA supplementation (Fig. 40 and Ap. Fig. 11). 

This ascertained that wasp odor sensing leads to decreased TCA activity, corroborating 

with our previous analysis where increased pPDH was observed in WOF condition as 

compared to the control (Fig. 30M, Q). Similarly, label incorporation was found to be 

increased towards lactate as compared to control in WOF condition (Ap. Fig. 11D, J), 

which is in line with the requirement of more lactate for bringing the glycolytic switch 

needed for lamellocyte formation upon parasitic wasp-infections (94,179), however 

GABA supplementation did not show an increase in lactate m+3 label incorporation 

(Ap. Fig. 11D, J) either due to more labelled lactate being shunted out from the system 

or the systemic effect of GABA supplementation on the blood-progenitor compartment. 

When we checked for m+3 label incorporation in OAA, a measure for PC derived 

metabolism, an increase in label incorporation was observed in WOF conditions (Fig. 

40B, E), indicating the requirement of this regulation in GSH synthesis. Similar to less 

label seen in lactate (m+3) in GABA supplementation, OAA m+3 label was also less 

indicating the existence of some systemic effect of GABA supplementation on lymph 

glands, as lowering of GABA internalization by Gat downregulation led to a decrease 

in pyruvate to OAA flux which is supported by an increase in flux of pyruvate towards 

OAA (m+3) seen in WOF conditions. Moreover, olfactory perturbation, where 

olfactory neurons were genetically killed by overexpressing the pro-apoptotic gene, hid, 

led to increased label from U13C-Pyruvate in citrate and αKG (Fig. 40A, C, D and Ap. 

Fig. 11A-C, E-I), similar to genetic ablation of Gat in the progenitor cells. Likewise, 

less label incorporation in lactate (m+3, Ap. Fig. 11D, J) and OAA (m+3, Fig. 40B, E) 

was observed in Orco>hid condition. Overall, these data showed that metabolic 
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rewiring derived by GABA catabolic pathway is under olfactory control and odor 

sensing is important to control metabolic pathway activity to regulate redox 

homeostasis of blood-progenitor cells and maintenance of blood-progenitor 

development. 

 

Figure 40. Olfactory control of metabolic pathways activity in the lymph gland. 

(A-B) Wandering 3rd instar control, wasp odor food (WOF), GABA supplementation and olfactory 

perturbation (Orco>hid) lymph glands showing the label incorporation after U13C-pyruvate label 

incubation in (A) citrate and (B) oxaloacetate (OAA), (A) in citrate, relatively lower label incorporation 

is seen for higher 13C in WOF and GABA Supp. lymph glands as compared to control and on the other 

hand, Orco>hid does not show any significant change in label incorporation for higher 13C isotopes (B) 

relative label incorporation for OAA increases for 13C isotope in WOF lymph glands, GABA Supp. Did 

not show much change, however a slight reduction was observed, and Orco>hid leads to a decrease in 

relative label incorporation for 13C isotope as compared to control. (C) U13C-pyruvate label incubation 

in WOF (n=3, p=0.0124) and GABA Supp. (n=6, p=0.0069) lymph glands lead to a decrease in relative 

label incorporation and Orco>hid (n=4, p=0.9234) lymph glands do not show any change in relative label 

incorporation for 13C5 (m+5) in citrate as compared to control (n=8). (D) U13C-pyruvate label incubation 

in WOF (n=3, p=0.3308) and GABA Supp. (n=6, p=0.0014) lymph glands lead to a decrease in relative 

label incorporation and Orco>hid (n=4, p>0.9999) lymph glands does not show any change in relative 

label incorporation for 13C4 (m+4) in α-ketoglutarate (αKG) as compared to control (n=8). (E) U13C-

pyruvate label incubation in WOF (n=3, p=0.5917) lymph glands leads to an increase in relative label 

incorporation, GABA Supp. (n=6, p=0.9238) show a mild decrease in relative label incorporation and 

Orco>hid (n=4, p=0.4433) lymph glands show a reduction in relative label incorporation for 13C3 (m+3) 
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in oxaloacetate (OAA) as compared to control (n=8). Data is presented as median plots (*p<0.05; 

**p<0.01; ***p<0.001, ****p<0.0001), Kruskal-Wallis test, Dunn's multiple comparisons test is applied.  

 

 

Figure 41. Metabolic dynamics of glutathione (GSH) synthesis in the Drosophila lymph gland.  

(A) Glutathione labelling pattern with U13C pyruvate isotope incorporation, pyruvate labels GSH via 

cysteine, glutamate as well as glycine. Depending upon the fragmentation pattern used, labelling in GSH 

can be derived from either cysteine or glycine and glutamate or all of its constituents, (B) 13C label 

incorporation analysis in GSH from control lymph glands, labelling from glutamate, cysteine, glycine 

(first bar, black) is comparatively higher than the 13C label incorporation from cysteine (second bar, 

black) alone, (C) Total 13C label incorporation analysis in GSH from control, domeMeso>GatRNAi and 

Orco>hid lymph glands, (C’) U13C-pyruvate label incubation in domeMeso>GatRNAi (n=8, p=0.9310) 

lymph glands show mild increase in relative total 13C label incorporation in GSH and Orco>hid (n=6, 

p=0.5338) lymph glands lead to a mild decrease in relative total 13C label incorporation in GSH as 

compared to control (n=9), (D) 13C label incorporation analysis specifically from cysteine in GSH from 

control, domeMeso>GatRNAi and Orco>hid lymph glands, (D’) U13C-pyruvate label incubation in 

domeMeso>GatRNAi (n=8, p>0.9999) and Orco>hid (n=6, p=0.5754) lymph glands lead to a mild 

decrease in relative label incorporation 13C from cysteine in GSH as compared to control (n=9). These 

data showed the decrease flux of pyruvate towards GSH synthesis in domeMeso>GatRNAi and Orco>hid 

conditions, (E) Schematic representation highlighting the control of GABA catabolism on ROS 
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homeostasis, where TCA activity leads to ROS generation and GSH leads to ROS scavenging. GABA 

catabolism balances ROS in the cell by controlling TCA activity and GSH levels. 

U13C-pyruvate based isotopic labelling analysis was further extended to check the label 

incorporation in glutathione (GSH). Glutathione is a ten carbon peptide, constituted 

from five carbons contributed from glutamate, three carbons from cysteine and two 

from glycine U13C-pyruvate labelling in GSH leads to various combination of isotopic 

possibilities as pyruvate can form glutamate, glycine, and cysteine by following 

different routes and the number of 13C incorporated from each of these amino acids 

varies under different conditions or tissues, which makes it difficult to predict the 

fragments contributions. However, utilization of specific combination of LC/MS 

parameters can provide the information on incorporation of carbon from pyruvate via 

different intermediates in GSH (Fig. 41A).  

Our U13C-Pyruvate based isotopic labelling analysis for glutathione could differentiate 

among the carbon derived from the amino acid components that finally contributes to 

GSH formation due to different fragmentation parameters used in the analysis (Fig. 

41A, B). In control lymph glands, labelling from glutamate, glycine and cysteine was 

observed as pyruvate contributes to all the three amino acids components of GSH (Fig. 

41B) and specifically the 13C label contribution from cysteine was also seen (Fig. 41B). 

These data confirmed that indeed in Drosophila lymph glands pyruvate contributes to 

GSH formation via cysteine. Interestingly, when analysed for the label contribution in 

GSH from domeMeso>GatRNAi and Orco>hid lymph glands (Fig. 41C-D’), dynamics 

of 13C label contribution in GSH as compared to label incorporation in TCA was 

observed (Fig. 41C-F). Although, total 13C label incorporation (Fig. 41C, C’) and 

labelling from cysteine in GSH (Fig. 41D, D’) in the domeMeso>GatRNAi and Orco>hid 

conditions did not show dramatic change as compared to control, the dynamics in the 

extent of labelling as compared to the labelling seen in TCA cycle (Fig. 39 and Fig. 40) 

was seen. Pyruvate shuttles proportionally towards TCA cycle and glutathione synthesis 

in control conditions and relative increase in flux of pyruvate towards TCA cycle in the 

domeMeso>GatRNAi and Orco>hid conditions revealed an overall change in the 

pyruvate metabolism, which leads to ROS imbalance in the lymph gland progenitor 

cells (Fig. 41E). Taken together, these data showed that olfaction mediated GABA 

catabolic pathway regulates pyruvate shuttling to different metabolic pathways to 

control lymph gland ROS homeostasis and consequently, blood development (Fig. 42). 
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Figure 42. Olfactory control of glutathione (GSH) synthesis in the Drosophila lymph gland.  
Odor sensing controls metabolic pathway activity and GSH synthesis in the lymph glands. Olfaction 

leads to GABA release from the neurosecretory cells in brain (172), which gets internalized by GABA 

transporter in the progenitor cells. GABA metabolism and its conversion to succinate controls pyruvate 

shuttling to different metabolic pathways to control progenitor homeostasis. GABA catabolism derived 

succinate directs pyruvate towards serine synthesis via controlling PDH activity and thus regulates GSH 

synthesis in the progenitor cells. This is important to maintain the ROS balance of the hematopoietic 

compartment, which regulates homeostatic development of blood-progenitor cells. 
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4.10 Olfactory neuron metabolic status impact lymph gland homeostasis and 

development 

Understanding the intricate interaction between distinct ORNs and their corresponding 

glomeruli, as well as how they regulate PN activity, is starting to emerge. This is 

particularly true for specialized ORNs like Or49a, whose signaling mechanism is 

distinct (315). Early Or49a activation during larval development is thought to be a stress 

response that benefits the animal by enhancing its immunological capabilities. Larval 

Or49a is designed to identify the volatiles that Leptopilina wasps exclusively create, 

known as iridomyrmecin (316). The development of olfactory glomeruli, which are key 

in this crosstalk, is influenced by interactions between various cell types, including 

ORNs, glial cells, and mitral/tufted cells (317). The nuclear aggregation of olfactory 

receptor genes, as observed in mouse olfactory neurons, further contributes to the 

monogenic expression of these genes (318). The differential effects of specific olfactory 

receptors on epidermal proliferation and differentiation also highlight the diverse 

functions of these receptors in non-olfactory tissues (319).  

Role of olfaction in Drosophila blood-progenitor development is undoubtedly obvious. 

The olfactory dysfunction leads to loss of progenitor maintenance, smaller lymph 

glands, elevated ROS levels and dysregulated differentiation both in homeostasis as 

well as during immune response conditions (94,172,179). There are 21 ORNs in 

Drosophila larvae, which sense specific volatiles and relay the signals to downstream 

higher brain centers (279). It has been shown that Or42a is food-sensing olfactory 

receptor neuron (ORN) and controls progenitor homeostasis and basal immune 

response in Drosophila larvae (172), whereas Or49a, which is wasp-odor sensing ORN, 

provide immune response advantage and lamellocyte formation potential under pre-

exposed predatory conditions such as WOF (Wasp odor food), though its requirement 

is dispensable for basal immune response (94). These studies allude to the existence of 

specific olfactory signaling and metabolic influences, that govern blood-progenitor 

development.  

We undertook progenitor maintenance and differentiation analysis in homeostatic as 

well as immune response conditions upon metabolic alterations of olfactory receptor 

neurons. To understand the metabolic dynamics of these ORNs affecting blood 

progenitor development specifically amino acid sensing was perturbed in olfactory 

neuronal subsets. 
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4.10.1 Effect of ORNs metabolic dynamics on blood progenitor development in 

homeostasis 

During homeostatic development of blood-progenitors, olfactory receptor neurons 

mediated GABA release from Kurs6+ neurosecretory cells in brain and its downstream 

sensing and GABA receptor derived signaling in the progenitor cells is important for 

blood-progenitor homeostatic development (172). Moreover, GABA metabolism in the 

progenitor cells control lymph gland growth and blood-progenitor ROS homeostasis 

(179). The physiological control of olfaction on hematopoietic development is 

intriguing and olfactory mechanisms harnessing this control remains unknown. To 

understand the mechanisms of olfactory regulation of blood development, we explored 

the effect of metabolic state change of olfactory receptor neurons on blood-

development. Specifically, the amino acid transporter, slimfast (slif) was 

downregulated in the entire subset of ORNs (Orco) and the effect of metabolic state 

change of ORNs was investigated. To achieve this olfactory receptor co-receptor (Orco) 

Gal4 was utilized and amino acid transport in the ORNs was perturbed using slimfast 

antisense (slifAs). Interestingly, in homeostatic conditions, perturbation of amino-acid 

transport in ORNs led to a decrease in lymph gland growth (Fig. 42). The lymph glands 

were significantly smaller in Orco>slifAs condition as compared to control. We checked 

for the progenitor differentiation status in amino-acid sensing perturbation condition of 

ORNs and found that amino acid sensing in ORNs indeed control progenitor 

differentiation. Orco>slifAs led to an increase in plasmatocytes differentiation marker, 

P1 (Fig. 42A, B). However, the progenitor/early differentiation marker PXN levels 

remain unchanged (Fig. 42C, D). Previous studies have shown that GABA signaling 

and metabolism in the progenitor cells regulate progenitor maintenance and 

differentiation. To understand the mechanism of this regulation, GABA levels were 

checked in Orco>slifAs genetic background and a reduction in GABA levels was 

observed (Fig. 42E, F). This data showed that amino acid sensing by ORNs control 

lymph gland size and progenitor differentiation through mechanisms involving GABA. 

However, the complete understanding of the involvement of ORNs amino acid sensing 

mechanisms in blood-progenitor development control remains unclear and warrants 

further investigation. 
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Figure 43. Olfactory neurons metabolic status regulates blood progenitor development.  

(A, B) Downregulation of amino-acid transporter (B) slimfast (Orco-Gal4;UAS-slifAs) in olfactory 

receptor neurons leads to a decrease in lymph gland size and increase in plasmatocytes differentiation, 

P1 as compared to (A) control (Orco-Gal4;/+), (C, D) expressing (D) slifAs in (Orco-Gal4;UAS-slifAs) in 

olfactory receptor neurons does not change PXN status as compared to (C) control (Orco-Gal4;/+), (E, 

F) downregulation of amino-acid transporter (F) slimfast (Orco-Gal4;UAS-slifAs) in olfactory receptor 

neurons leads to a decrease lymph gland GABA levels as compared to (E) control (Orco-Gal4;/+). 

 

4.10.2 Effect of ORNs Metabolic dynamics on blood progenitor development in 

immune-response conditions 

Olfactory sensing mediated GABA catabolism in blood-progenitor cells is a critical 

regulator of Drosophila larval immune potential (94). Olfactory receptor neurons 

(ORNs) ablation leads to a weakened immune response and such animals are not able 

to form the lamellocytes. To understand olfactory mechanisms controlling lamellocyte 

formation upon parasitic wasp infection, dynamics of lamellocyte production upon 

amino-acid sensing perturbation in ORNs was assessed. Surprisingly, downregulation 

of amino acid sensing in ORNs led to heightened immune response post parasitic wasp 

infections. We found that Orco>slifAs had elevated immune potential as it showed a 

significant increase in lamellocyte formation at 24HPI in the lymph glands (Fig.43A, 

B). Increased lamellocyte formation upon amino acid sensing perturbation of ORNs 

indicated the role of metabolic dynamics of ORNs in blood-progenitor differentiation 

in immune-response scenarios as well.  
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Figure 44. Olfactory neurons metabolic status regulates blood progenitor differentiation during wasp-

infection conditions. 

(A, B) Downregulation of amino-acid transporter (B) slimfast (Orco-Gal4;UAS-slifAs) in olfactory 

receptor neurons leads to an increase in lymph gland lamellocyte formation as compared to (A) control 

(Orco-Gal4;/+) at 24HPI. HPI indicates hours post infection. 

 

As, it has been shown previously that distinct ORN subset control the lamellocyte 

potential differently, ie. Or42a is required for basal lamellocyte formation, whereas 

Or49a is involved during the sensitized immune response conditions of wasp odor 

infusion (94). Therefore, we checked for the effect of amino acid sensing in these 

separate subsets of ORNs on lamellocyte formation upon wasp infections. Surprisingly, 

these receptor neurons showed distinct responses. Ablation of amino acid sensing in 

Or42a (Or42a>slifAs) neurons did not affect lamellocyte formation and no significant 

change was observed (Fig. 44A, B). On the contrary, downregulation of amino acid 

sensing in Or49a (Or49a>slifAs) neuronal subset led to a significant elevation in 

lamellocyte formation potential of the lymph gland progenitor cells (Fig. 44C, D). 

However, the increase in lamellocyte formation was much more heightened upon amino 

acid sensing perturbation in entire subset of olfactory receptor neurons (Orco>slifAs).  

 

Figure 45. Distinct subset of olfactory receptor neurons metabolic status impact blood progenitor 

differentiation during wasp-infection conditions. 

(A, B) Downregulation of amino-acid transporter (B) slimfast (Or42a-Gal4;UAS-slifAs) in olfactory 

receptor neurons (Or42a) does not change lymph gland lamellocyte formation as compared to (A) control 

(Or42a-Gal4;/+) at 24HPI, (C, D) downregulation of amino-acid transporter (C) slimfast (Or49a-

Gal4;UAS-slifAs) in olfactory receptor neurons (Or49a) leads to an increase in lymph gland lamellocyte 

formation as compared to (C) control (Or49a-Gal4;/+) at 24HPI. HPI indicates hours post infection. 
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These data show that the metabolic status of olfactory receptor neurons is important for 

deciding the fate of progenitor cells, however, these metabolic states of specific subset 

of ORNs affect the blood-progenitor development in association with other subset of 

ORNs, while some of these olfactory neuronal subsets might be dispensable for blood-

progenitor development.   
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5 Metabolite measurement of the lymph gland cells to decipher the role of metabolic 

pathways in growth and differentiation. 

This chapter of the thesis deals with standardization of metabolite analysis protocols 

utilizing liquid chromatography-mass-spectrometry (LC/MS) technique from 

Drosophila larval lymph glands. These protocols were also applied to another 

Drosophila larval tissues to understand the dynamics of metabolic pathways. 

Following methods are standardized for the metabolite analysis from Drosophila larval 

lymph glands. 

5.1 Steady State Metabolite analysis 

a. OBHA derivatization for TCA metabolite analysis 

b. HILIC method for amino acid analysis 

c. T3 column method for GSH:GSSG and cysteine analysis 

d. BEH amide column method for CoA analysis 

e. NAD:NADH analysis 

Sr. 

No. 

Method Column Buffer Metabolites 

a OBHA C18/C8 A: Water, 0.1% FA, 

B: ACN, 0.1% FA 

TCA metabolites, 

Lactate, Glutamate, 

Glycine 

b HILIC-AA Imtakt # WAA25, 

Intrada Amino Acid, 

2.0x150mm, 3um 

A: ACCN+0.3% FA, 

B: ACCN:100mM Ammonium 

Formate (20/80 v/v) 

Amino Acids 

c T3 HSS T3 A: Water, 0.1% FA, 

B: ACN, 0.1% FA 

GSH, GSSG, Cys, 

NAC 

d BEH amide Acquity BEH Amide A: 95% LCMS H2O, + 5% ACN 

and 20mM Ammonium Acetate 

+20mMNH4OH, 

B: ACN 

Acetyl-CoA, 

Malonyl CoA 

e NAD: NADH HSS-T3 A: 100% Water, 

B: 100% ACN 

NAD, NADH 

Table 1. Different methods for metabolite analysis 

 

5.1.1 OBHA derivatization for TCA metabolite analysis 

Steps: 

1. Cells/Tissue Extraction in ice-cold methanol only or Chloroform: Methanol 

extraction (if need to collect lipid and proteins) and store the samples O/N at 

minus 80 degrees and speed vac dry.  

2. OBHA-EDC derivatization and speed vac dry. 
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Note: Speed vac dry of samples is faster at stage 2 takes around 2 hrs depending upon 

the instrument and step 1 takes longer around 4-6 hrs. Do not leave samples O/N in the 

speedvac. It will not affect much the metabolites but will affect samples for lipidomic 

analysis. 

Other important points: 

• Prepare a minimum of 4 biological replicate per sample. 

• For Normalization purpose, Save the protein layer (middle layer) from Chloroform: 

Methanol extraction for protein estimation (BCA) of samples. 

• Prepare 80% methanol (LCMS grade) with LC/MS water and keep at minus 80 

degrees for 4-6 hours and store at 4 degrees for later use. 

1a. Cells/Tissue Extraction in ice-cold methanol only  

1. Add 200 µL of 80% ice-cold methanol to samples (cells/tissue). 

2. Vortex/shake according to tissue type. For cells, a gentle vortex works. 

3. Centrifuge at 13000 RPM for 10 min. at 4 degrees. 

4. Transfer the supernatant to fresh tube. 

5. Repeat step 1-3. ie. again add 200 µL of 80% ice-cold methanol to the tube with 

sample and vortex, centrifuge. 

6. Transfer the supernatant to fresh tube and store at -80 degrees. 

1b. Chloroform: Methanol extraction (Store the samples O/N at minus 80 degrees) 

1. Add 400 µL of 80% ice-cold methanol to samples (cells/tissue). Vortex/shake 

according to tissue type. For cells, a gentle vortex works. 

2. Add 200 µL of ice-cold LCMS grade water. 

3. Incubate at 4 degrees/ice for 30 min. 

4. Add 300 µL of Chloroform. 

5. Vortex well 

6. Centrifuge at 13000 RPM for 10 min. at 4 degrees. 

7. Top layer= metabolite, bottom= lipid and middle layer for protein estimation. 

8. Stores the samples at this stage in -80 degrees for at least 1 hr. or O/N 

The metabolite layer (top) will be processed for EDC-OBHA derivatization. 

2. OBHA-EDC Derivatization: Processing of samples for derivatization 

1. For derivatization, add 50 μL of LC/MS grade water to speed-vac dried samples. 
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2. Take TCA metabolite and lactate standard/the analyte standard (10ng) for 

derivatization in 50 µL LC/MS grade water. Also consider, having a LCMS H2O 

blank for a derivatization. 

3. Sonicate for 5 minutes. 

4. Add 50 μL of 1M EDC (in Pyridine buffer).  

5. Keep samples on a thermomixer for 10 min. at room temperature. 

6. Add, 100 μL of 0.5 M OBHA (in Pyridine buffer). 

7. Incubate the samples again for 1.5 hours on the thermomixer at 25°C.  

8. Add 300 μL of ethyl acetate to extract metabolites and keep the samples on 

thermomixer/shaker for ten minutes. 

9. Carefully Collect the top layer in a new Eppendorf tube. 

10. Repeat the step 7 and 8 thrice. 

11. Dry down the samples in a Vacufuge plus speed-vac at room temperature. 

12.  Store at -80°C until run or shipment for LC/MS analysis.  

Pyridine Buffer: Pyridine buffer was prepared by combining 540 µL of conc. HCl 

(12.1 M), 860 µL of pyridine, and 8.6 ml of water. The pH was measured with pH paper 

to be around 5.0. (Pyridine-Solvent, dry Box), Pyridine Buffer: Store at -20 degrees. 

EDC: 1-ethyl-3 (3-dimethylaminopropyl) carbodiimide (powder, storage -20) 

OBHA: O-benzylhydroxylamine (Powder, storage-Dry Box, RT) 

This method is adapted from (320,321). For RT and Q1/Q3, refer to Appendix Table 2. 
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Figure 46. Peak areas and RT for TCA standards with OBHA-EDC derivatization. 

For OBHA analysis, in majority of the experiments, a significant change in peak areas 

for fumarate and succinate was not observed across different experiments. If succinate 

and Fumarate are primary metabolites that need to be tested, please consider using other 

methods. The method works well for other metabolites. 
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5.1.2 HILIC method for amino acid analysis  

1. Precipitate protein with 100% TCA solution, then mix Solution with organic for 

HILIC separation.  

2. Take tissues in 200 µL of PBS (adjust depending upon the sample size) 

3. Add 10ug ABA ISTD (1ug/µL x 10µL spike) 

4. Add 40µL of 100% TCA solution (500mg/350µL water), Note: For 200µL of 

sample volume 40µL of TCA is used and for 100ul, use 25µL of TCA solution. 

5. Incubate for 10 min. at 4C. 

6. Centrifuge at 13000 RPM for 10 min 

7. Collect Solution and store at -80 degrees. 

8. Just prior to analysis, mix 50% by volume Solution with 100% ACN for HILIC 

separation. 

Note: Cysteine and methionine were not detectable in lymph gland samples with this 

method, although the peaks in aa standard were resolved well. 

For RT and Q1/Q3, refer to Appendix Table 3. 
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Figure 47. Peak areas and RT for amino acid standard with TCA precipitation (HILIC). 
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5.1.3 GSH: GSSG and Cysteine analysis 

1.  Buffer and ISTD preparation 

a. Prepare GSH: GSSG buffer by dissolving 3mg EDTA, 5mg NaHCO3 to pH to ~7.5 

into 2mL of 3/2 water/MeOH and Mix well.  

b. Add 250mM NEM (62.5mg in 2mL vol) to the buffer just before the sample 

preparation. 

c. For GSH-NEM/GSSG ISTD: Use GSSG "as is" in water at 10ng/µL conc. Make 

fresh GSH NEM by mixing 200µL of GSH (+TCEP) @ 20ng/µL with 200µL of 

5M NEM. Final conc is 10ng/uL.  

2. Sample Preparation:  

a. Take 200 µL of buffer with NEM and add to the dissected tissues or cells. 

b. Add the GSH, GSSG ISTD at 10ng/µL (10µL volume) to the prepared samples. 

c. Quickly store the samples at -80 degrees until further processing. 

3. For TCA precipitation and extraction, Thaw, vortex if need to mix: 

a. Add 40µL of TCA (0.5g/mL solution in water)  

b. Vortex and centrifuge 13000rpm/10min  

c. Collect Solution. 

d. Add 100µL of water and 500µL of DCM. 

e. Vortex to remove excess NEM.  

f. Centrifuge at 13000rpm/10min. 

g. Collect Aq. Fraction. 

h. Dry in speedvac.  

i. Store -20C or resuspend in 100µL of water for LC/MS analysis. 

Note: This method can also be utilized for Cysteine, homocysteine and NAC analysis. 

For RT and Q1/Q3, refer to Appendix Table 4. This method is adapted and modified 

from (322). 
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Figure 48. Peak areas and RT for GSH, GSSG, cysteine and NAC standard. 

5.1.4 NAD:NADH analysis 

1. Collect tissues into 200µL of MeOH.  

2. Add d4-MeNAM as ISTD (~10ng).  

3. Homogenize and Centrifuge at 5000 rpm for 1min. 

4. Collect Solution.  

5. Dry in speedvac ~2 hr at RT. 

6. Resuspend in 50µL of T3 buffer.  

7. Analysis on LC/MS with HSS T3 column. 

For RT and Q1/Q3, refer to Appendix Table 4. 
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Figure 49. Peak areas and RT for NAD, NADH from lymph glands. 

5.1.5 BEH-Amide column method for CoA analysis 

For sample preparation: Chloroform: Methanol extraction (Store the samples O/N at 

minus 80 degrees) 

1. Add 400 µL of 80% ice-cold methanol to samples (cells/tissue). Vortex/shake 

according to tissue type. For cells, a gentle vortex works. 

2. Add 200 µL of ice-cold LCMS grade water. 

3. Incubate at 4 degrees/ice for 30 min. 

4. Add 300µL of Chloroform. 

5. Vortex well. 

6. Centrifuge at 13000 RPM for 10 min. at 4 degrees. 

7. Top layer= metabolite, bottom= lipid and middle layer for protein estimation. Stores 

the samples at this stage in -80 degrees or directly prepares the samples in 80% 

MeOH if protein quantification is not required. 

Note: No derivatization is needed for CoA analysis. 

8. Dissolve the speed-vac dried samples in 70% MeOH and run on LC/MS. 

For RT and Q1/Q3, refer to Appendix Table 4. This method is adapted from (323). 
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Figure 50. Peak areas and RT for Acetyl-CoA and Malonyl-CoA standard. 

For LC/MS reagents, refer to Appendix Table 5. 

5.1.6 Steady state analysis 

For relative quantification between control and sample, ideally two types of 

normalization are needed: 

1. Protein estimation, (BCA assay): is a read-out for sample size normalization, which 

is done for tissue samples, and cell-count can be done for normalization when cells 

are used.  

• For protein estimation, either use the protein layer extracted during CHCl3:MeOH 

preparation or prepare a duplicate sample for each condition with same number of 

cells or tissue weight. 

• Or normalization with the cell count, if possible. 

2. Total ion count or internal standards (ISTD): Either total ion count for each MS data 

or an ISTD need to be added to MS samples. The sample peak areas need be 

normalized against peak areas of ISTD in each sample. 

MassHunter Quant software is used for peak area correction and then the area values 

are normalized to protein content and TIC/ISTD as mentioned above for relative 

quantification. 

5.2 13C isotopic labelling Analysis 

A non-radioactive, naturally occurring carbon 13 (13C) isotopomer in which all or 

specific carbons are 13C. It allows the detailed quantification of all intracellular fluxes 

in the central metabolism of an organism. 
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The process of 13C-isotopomer analysis by LC/MS (QQQ) comprises of following 

steps: 

a. 13C-isotopic labelling of sample 

b. Sample preparation/extraction 

c. LC/MS run and data acquisition. 

d. Data analysis 

 

Figure 51. 13C-isoptoic labelling pattern for TCA cycle and lactate. 

(2C label happens from PDH derived conversion and 3C label happens from PC derived conversion). 

5.2.1 13C incubation of sample 

Either universal 13C or specific (e.g. 2,3) 13C labelled isotope are used and these can 

be procured from Cambridge Isotope Laboratories (CIL). U13C Pyruvate is utilized in 

the below description. 

1. Cells or tissue samples are incubated in 10mMof 13C Pyruvate for 30 min. in 1X 

PBS. PBS is prepared in LC/MS grade water.  

2. For standardization purpose, different conc of 13C Pyruvate, ie. 1mM, 10mM and 

20mM were tried and 10mM was chosen as it gave the optimum labelling pattern. 

3. Similarly, to draw a saturation analysis, 13C Pyr-10mM labelling was done at 

different time points ranging from 5 min.-4 hr. and 30 min. was used further. 

4. The duration of label incubation might vary across different cell or tissue types. 

5. 13C-incubation was done at room temperature. 

Note:  
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1. Cell culture, custom-made media can also be used for 13C-isotope incubation 

depending upon cell or tissue types. Although, incubation in PBS also worked well. 

2. It is better to have a minimum of 4 biological replicates per sample. 

3.  It is advisable to have an unlabeled control in each experiment to avoid the false 

labelling pattern upon 13C-incorporation. Ideally, the unlabeled control should not 

show the peaks for 13-C label incorporation, or these should be very small, 

compared to the labelling samples. 

 

Figure 52. Timeline adopted for U13C-Pyr incubation and sample preparation from Drosophila tissues. 

5.2.2 13C label incorporation analysis in TCA metabolites 

OBHA-EDC method was followed for preparing the samples for TCA analysis for the 

labelling analysis like the steady-state analysis. 

1. Tissues are quickly rinsed in LCMS water and transferred to ice-cold 80% methanol 

or the desired buffer for respective LC/MS analysis. 

2. For sample preparation and LC/MS run the same protocol is followed, as mentioned 

in the steady-state analysis for OBHA-EDC derivatization. 

3. The Q1/Q3 transitions for respective isotopes are added in the acquisition method.  

 

Figure 53. Peak areas and RT for U13C Pyruvate in labelled vs unlabelled condition. 

C. For LC/MS QQQ run: The QQQ transitions for different isotopomer were added in 

the method section on MassHunter Acquisition software. All other parameters remain 

the same, as done for steady state analysis.  
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Q1/Q3 transitions will vary depending upon the label used. Since, in OBHA derivation 

Q3 remains 91.1 for each analyte it does not change for M+n, mass additions. But, for 

different analysis both Q1 and Q3 need to be checked carefully, depending upon the 

label incorporation and fragmentation pattern. 

5.2.3 Data analysis 

The following steps are followed for TCA metabolite data analysis. (Label 

incorporation in citrate is shown upon incubating the sample with 10mM U-13C 

Pyruvate in 1X PBS for 30 min.) 

1. The peak area for each isotope is checked and corrected for similar retention time 

and peak width in Mass Hunter Quant software and data is exported as excel file 

and below procedure is followed for data analysis. 

2. Peak area data from acquired LC/MS data for each isotope of citrate from U-13C 

Pyr label. 

3. Percentage of label in each isotope (for 6 carbons in citrate) from U-13C Pyr label. 

4. Graph plotted from percentage data for percentage label in citrate from 10mM U-

13C Pyr label for 30 min. in blood-cells. 

 

Figure 54. Representative image showing label incorporation in citrate. 

Post U13C-pyruvate incubation in unlabeled and labeled conditions. First bar represents the percentage 

label in unlabeled condition, where U-13C Pyruvate was not added, and sample was incubated in only 

PBS without any label, and the second bar shows the percentage label incorporation in citrate from 10mM 

U-13C Pyr label for 30 min. 

Note: Our analysis for TCA metabolites with OBHA-EDC derivatization show the 

peaks for M+1 in unlabeled control, and the peak area for higher isotopes are very small 

or negligible as compared to U13C Pyruvate incubated samples. 

For further analysis and natural-isotope abundance correction, INCA or any other MFA 

software can be used, depending upon the metabolite analysis in question. 
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5.3 Label incorporation analysis in GSH 

 

Figure 55. Chemical Formula of glutathione, GSH. 

 

 

Figure 56. Different fragments of GSH upon ionization in the LC/MS. 

GSH is composed of glutamate, cysteine and glycine and it is fragmented to different ions comprising 

the carbons contributed from different constituents (adapted from (324). 
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5.3.1 Fragment ion formation upon utilization of different isotopic labels 

In case of label incorporation analysis in GSH, if a more complex condition like U13C 

pyruvate is used for label incorporation analysis in GSH, it leads to various combination 

of Q1 and Q3 fragments, as pyruvate can form glutamate, glycine, and cysteine by 

following different routes and the number of 13C incorporated from each of these amino 

acids will vary under different conditions or tissues, which makes it difficult to predict 

the fragments. But utilization of specific combination of Q1 and Q3 fragments will give 

the information on flux of pyruvate towards GSH.  

 

Figure 57. Glutathione labelling pattern with U-13C Pyruvate isotope incorporation 

As, GSH comprises of 10 carbons and the different combinations of Q1/Q3 fragments 

can be utilized to understand the contribution of glutamate, glycine, or cysteine in GSH 

formation from pyruvate. Although, it is preferrable to use the terminal label isotopes 

e.g. cysteine, glycine, glutamate etc. for GSH to have a better understanding of 

contribution/flux and regulation of these individual components towards GSH.  
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6 Materials and methods 

 

Drosophila husbandry, stocks, and genetics 

The following Drosophila melanogaster stocks were used in this study: w1118 (wild 

type, wt), domeMeso-Gal4,UAS-GFP and TepIV-Gal4,UAS-mCherry (Banerjee lab), 

Hml△-Gal4, UAS-2xEGFP (S. Sinenko), Orco-Gal4 (BDSC 26818), Or42a-Gal4 

(BDSC 9969), Or49a-Gal4 (BDSC 9985), UAS-Hph (C. Frei) and UAS-Gat (M. 

Freeman). The RNAi stocks were either obtained from VDRC (Vienna) or BDSC 

(Bloomington) Drosophila stock centres. The lines used in this study are: GatRNAi 

(BDSC 29422), SsadhRNAi (VDRC 106637, BDSC 55683), SdhARNAi (VDRC 330053), 

HphRNAi (VDRC 103382), PdhaRNAi (BDSC 55345), PdkRNAi (BDSC 28635, BDSC 

35142), CatalaseRNAi (CatRNAi, BDSC 43197), Sod2RNAi (BDSC 24489), simaRNAi (BDSC 

33894), PCRNAi (VDRC 105936), UAS-Catalase (Cat, BDSC 24621), UAS-Hid (BDSC 

65403) and UAS-slifAs (BDSC 52655).  

All fly stocks were reared on corn meal agar food medium with yeast supplementation 

at 25°C incubator unless specified. Tight collections were done for 4-6 hours to avoid 

over-crowding and for synchronous development of larvae. The crosses involving 

RNAi lines were maintained at 29ºC to maximize the efficacy of the Gal4/UAS RNAi 

system. Controls correspond to Gal4 drivers crossed with w1118.  

ROS (DHE) detection in lymph glands 

Lymph glands dissected from the wandering 3rd instar larvae were stained for ROS 

levels following the protocol of (325). The dissected lymph gland tissues were stained 

in 1:1000 DHE (Invitrogen, Molecular Probes, D11347) dissolved in 1X PBS for 15 

min in the dark. Tissues were washed in 1X PBS twice and fixed with 4% formaldehyde 

for 6-8 min. at room temperature in the dark. Tissues were again quickly washed in 1X 

PBS twice and then mounted in Vectashield (Vector Laboratories). The lymph glands 

were imaged immediately. A minimum of five animals were analysed per experiment 

and each experiment was repeated at least three times. One representative image (one 

lymph gland lobe) is shown in the figure panels. 

Immunostaining and immunohistochemistry 

Immunohistochemistry on lymph gland tissues were performed with the following 

primary antibodies: mouse-αP1 (I. Ando, 1:30), rabbit-αPPO (1:1000, H. M. Müller), 

mouse-αMys (1:100, DSHB, CF.6G11), mouse-αPDH (ab110334, 1:250), mouse-
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αPDK (ab110025, 1:500), rabbit-αpPDK (TYR243, SAB #11597, 1:100), rabbit-

αpPDH (S293, ab177461, 1:250), rabbit-αGat (1:2000, M. Freeman Lab), rabbit 

αGlutathione (1:100, abcam #5543), mouse αCysteine (1:20 # sc-69954), mouse-

αGlutamate (1:100, #ab9440). The secondary antibodies Alexa Flour 488, 546 and 647 

(Invitrogen) were used at 1:400 and Phalloidin (Invitrogen) at 1:100 dilutions. Nuclei 

were visualized using DAPI (Sigma). Samples were mounted with Vectashield (Vector 

Laboratories).  

Lymph glands dissected from wandering 3rd instar larvae were stained following the 

protocol of (62). Lymph gland tissues from synchronized larvae of required 

developmental stage were dissected in cold PBS (1X Phosphate Buffer Saline, pH-7.2) 

and fixed in 4% Paraformaldehyde (PFA) for 40 min. at room temperature. Tissues were 

then washed thrice (15 min. each wash) in 0.3% PBT (0.3% triton-X in 1X PBS) for 

permeabilization and were further blocked in 5% NGS, for 45 min at RT. Tissues were 

next incubated in the respective primary antibodies with appropriate dilution in 5% 

NGS overnight at 4°C. After primary antibody incubation, tissues were washed thrice 

in 0.3% PBT for 15 min each. This was followed by incubation of tissues in respective 

secondary antibodies for 2-3 hrs at RT. After secondary antibody incubation, tissues 

were washed in 0.3% PBT for 15 min. following a DAPI+0.3% PBT wash for 15 min. 

Excess DAPI was washed off by a wash of 0.3% PBT for 15 min. Tissues were mounted 

in Vectashield (Vector Laboratories) and then imaged utilizing confocal microscopy. A 

minimum of five animals were analysed per experiment and each experiment was 

repeated at least three times. One representative image (one lymph gland lobe) is shown 

in the figure panels. 

Image acquisition and processing 

DHE stained (ROS) and immuno-stained lymph gland tissues images were acquired 

using Olympus FV3000 Confocal Microscopy 40X oil-immersion objective. 

Microscope settings were kept constant for each sample in every experiment. 

Specifically, for ROS the image acquisition settings were chosen to capture the 

difference between MZ and CZ ROS levels. Medullary zone containing the blood 

progenitor cells has elevated ROS than the differentiating cells of the cortical zone (72). 

The image acquisition settings were chosen to capture this difference in control lymph 

glands without causing saturation in majority of the pixels. This setting was thereafter 

kept constant for all other genotypes that were conducted in the corresponding 
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experimental batch and were processed for analysis and quantifications. Lymph gland 

images were processed using ImageJ (NIH) and Adobe Photoshop CS5 software. 

Quantification of lymph gland phenotypes  

All images were quantified using ImageJ (NIH) software and Microsoft Excel. Images 

were acquired as z-stacks and quantifications were done as described previously (326). 

For lymph gland area analysis, middle two z-stacks were merged, and total lymph gland 

area was marked using the free-hand tool of ImageJ and then analysed further for 

quantifications. The relative fold change in ROS levels and the intensities per lobe was 

calculated using mean fluorescence intensity values. ROS quantifications were done 

from the entire lymph gland lobe. The genetic backgrounds where progenitor specific 

knockdown was done, intensity quantifications was done only from the dome+ (blood 

progenitor cells) area and in other backgrounds entire lymph gland lobe was marked 

and then quantified. The area covering the entire lymph gland lobe or the dome+ region 

was marked, and mean fluorescence intensity was calculated. Background noise was 

quantified from the unmarked zones at four random regions (marked by equal sized 

square boxes) and subtracted from the mean intensity values. The relative fold change 

was calculated from the final mean fluorescence intensity values in Microsoft excel and 

graph plotting, and statistical data analysis was performed using GraphPad Prism 

software. For all intensity quantifications, the laser settings for each individual 

experimental set-up were kept constant and controls were analysed in parallel to the 

mutant conditions every time.  

Lymph gland differentiation analysis  

A single middle stack image was obtained from each lymph gland lobe from which 

areas of the respective populations was obtained by using the free hand tool on Image J 

to select areas in the respective channels. The images were marked accordingly to 

extract total lymph gland area (DAPI+ channel, C1), total dome+ area (Dome-GFP+ 

channel only, C2), total P1+ area (P1 channel only, C3) and total area covering all dome+ 

and P1+ regions (Dome-GFP+ channel merge with P1channel, C4). From here the 

percentage of Dome+P1+ double positive cells was obtained by subtracting the area of 

all dome+ and P1+ region (C4) with combined areas from the individually marked 

Dome+ (C2) and P1+ (C3) regions. This was then represented as percentage with respect 

to total lymph gland area (C1, Dome+P1+ double positive = (C2+C3)-C4/C1*100). To 

calculate percentage Dome-P1- area, dome+P1+ area (C4) was subtracted from total 
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lymph gland area (C1, Dome-P1- = C1-C4/C1*100). 

Wasp culture and infection 

Leptopilina boulardi wasps were maintained as previously described (145). For wasp 

infections, protocol of (327) was followed. Early 3rd instar larvae were exposed to 10-

15 females and 5-8 male L. boulardi wasps for a duration of 6 hrs at 25°. After removing 

wasps, the infected Drosophila larvae were kept back to 29° until respective analyses 

i.e., 24hrs for lymph gland lamellocyte analyses and 48hrs for circulation lamellocyte 

analyses. 

Crystal cells and lamellocytes count 

For crystal cells analysis, lymph glands were stained with PPO1 to mark the crystal 

cells. The stained tissues were then imaged, and z-stacks were acquired. Crystal cells 

were counted manually from entire z-stacks per lymph gland lobe utilizing ImageJ.  

For lamellocyte count at 24HPI, the lymph gland tissues were stained with Myospheroid 

to mark the lamellocytes and imaged to obtain z-stacks. Lamellocytes were then 

manually counted as done for crystal cells. For circulating lamellocytes count at 48HPI, 

individual larvae were bled on Teflon printed microscopic slides (Immuno-Cell Int., 

one larva per well), then counterstained with phalloidin and lamellocytes were counted 

manually based on their large flattened morphology under the microscope as described 

previously (94).  

Metabolite supplementation  

Succinate (Sodium succinate dibasic hexahydrate, Sigma, S9637), N-Acetyl-L-cysteine 

(NAC, Sigma, A7250), methionine (Sigma, M9625) serine (Sigma, S4500) and GABA 

(Sigma, A2129) enriched diets were prepared by supplementing regular fly food with 

weight/volume measures of succinate and NAC to achieve 3% (Succinate) and 0.1% 

(NAC, methionine and serine) concentrations, respectively. Eggs were transferred in 

these supplemented diets and reared until analysis of the respective tissues (lymph 

gland).  

Wasp odor stimulation  

Wasp odor food (WOF) was prepared as described previously in (94). Sealed dialysis 

tubing (Spectra/Por Dialysis Membrane) containing L. boulardi wasps (15-20 females 

and 5–8 males) were kept in regular food media vials. This setup allowed odorant cues 
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to pass, without exposing the larvae to parasitic wasps. The food was freshly prepared 

each time and Drosophila eggs were transferred in these WOF vials and reared until 

analysis of the respective tissues (lymph gland).  

TCA metabolite extraction and derivatization  

For metabolite extraction, 5-10 lymph glands from wandering 3rd instar (WI) larvae 

were taken per sample in 300 μl of 80% ice-cold Methanol and samples were 

homogenized briefly. Then 100 μl of LC/MS grade water was added and the samples 

were incubated in ice for 30 min. After addition of 200 μl chloroform, samples were 

vortexed for 30 seconds and centrifuged at 15000 RPM for 10 min. at 4°C. The upper 

phase was transferred into a fresh tube, dried down in a Vacufuge plus speed-vac at 

room temperature and derivatized further with OBHA/EDC for metabolite analysis. The 

interphase was taken for protein estimation for normalization purpose. Proteins were 

resuspended in 5% SDS and heated at 37°C for 30 minutes. The protein concentration 

was determined using the Pierce BCA Protein Assay Kit Assay (ThermoFisher). For 

steady state analysis, the metabolite levels were normalized by per sample per total 

protein amount in μg. 

For derivatization (328,329), the dried samples were dissolved in 50 μl of LC/MS grade 

water and 50 μl of 1M EDC (in Pyridine buffer, pH 5) was added. These samples were 

kept on a thermomixer for 10 min. at room temperature and 100 μl of 0.5M OBHA (in 

Pyridine buffer, pH 5) was added. The samples were incubated again for 1.5 hours on 

the thermomixer at 25°C, and metabolites were extracted by adding 300 μl of ethyl 

acetate and this step was repeated thrice. Samples were dried down in a Vacufuge plus 

speed-vac at room temperature and stored at -80°C until run for LC/MS analysis. A 

minimum of 3 biological replicates were taken per experiment. 

13C-isotopic labelling and stable isotope tracer analysis for TCA metabolite 

measurements 

For isotopomer tracer analysis, wandering 3rd instar (WI) larvae were washed twice in 

PBS and lymph glands were dissected. Larval lymph glands were incubated in 10mM 

of U13C-Pyruvate (Cambridge Isotope Laboratories, CLM-2440-0.5) in 1X PBS for 30 

min. Samples were quickly rinsed in LC/MS grade water and processed for metabolite 

extraction and derivatization or amino acid extraction as done for steady state analysis.  

Liquid chromatography-mass spectrometry (LC/MS/MS) analysis for TCA metabolites 
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The metabolite extract was separated using a Waters XBridge C18 Column (2.1 mm, 

100 mm, 3.5 mm) on an Agilent QQQ 6470 system coupled to a Agilent 1290 UPLC 

system. The autosampler and column oven were kept at 4°C and 25°C, respectively. 

The buffers utilised for the analysis were, buffer A: Water plus 0.1% Formic Acid and 

buffer B 100% acetonitrile (ACN) plus 0.1% Formic Acid. A flow rate of 0.300 

ml/minute was used for the chromatographic gradient as follows: 0 min- 10% B; 0.50 

min: 10% B; 8 min: 100% B; 10 min: 10% B; 11 min: 10% B and at 16 min gradient 

was held at 10%B. MRM, positive ion mode was used for running the LC/MS and mass 

spectrometry detection was carried out on a QQQ Agilent 6470 system with ESI source 

attached to a UPLC system. For metabolite quantification, Peak areas were processed 

using MassHunter workstation (Agilent). Microsoft Excel 2016 and GraphPad Prism 9 

software was used for statistical analysis. 

Amino acid extraction and LC/MS/MS analysis from lymph glands 

For amino acid analysis, TCA (trichloroacetic acid) precipitation method was utilized. 

Briefly, dissected lymph glands (5) were incubated in 200ul of 1X PBS (Gibco) and 

40ul of TCA (100% TCA soln.) was added later. 10ul of ABA was added to each vial 

as an internal control. Samples were homogenized and incubated in ice for 10 minutes. 

After this, samples were centrifuged at 13000 RPM for 10 minutes at 4 degrees. 

Supernatant was transferred to fresh Eppendorf tubes and stored at -80 degrees until 

analysis. LC/MS/MS based analysis for amino acids was done utilizing HILIC column 

on Agilent UPLC-QQQ3 6470 system. 

Targeted GSH:GSSG LC/MS/MS analysis 

5 Drosophila larvae or 10 lymph glands per sample were dissected and kept in 200μl of 

GSH:GSSG buffer solution (62.5 mg NEM, 3 mg EDTA, 5 mg NaHO3 dissolved in 2 

mL of 3:2 parts Water/MeOH (v/v)). Once all lymph glands were added to the buffer 

solution 10 μl of 100ng/ul of each internal standard was added 13C2-15N-GSH-NEM 

and 13C4-15N2-GSSG. Samples were homogenized using and stored at -80 degrees 

until further processing. TCA precipitation and extraction was done. Briefly samples 

were thawed, vortexed and centrifuged at 13000 RPM for 10 min. Solution was 

collected to new tubes and to this 100μl LC/MS grade water and 500μl of DCM 

(Dichloromethane) was added and vortexed to remove excess NEM. Samples were 

centrifuged again at 13000 RPM for 10 min. and aqueous fraction was collected, which 
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was speed-vac dried at room temperature. The dried samples were stored at -80 degrees 

until analysis (330). 

LC/MS/MS analysis of GSH:GSSG was done on an Agilent 1290 Rapid Resolution 

liquid chromatography (UPLC) system coupled to an Agilent 6470 series QQQ mass 

spectrometer (MS/MS) (Agilent Technologies, Santa Clara, CA) and Waters T3 2.1 mm 

x 100 mm, 1.7 μm column was utilized for the LC separation (Water Corp, Milford, 

MA) (331). The autosampler and column oven were kept at 4°C and 25°C, respectively. 

The buffers utilised for the analysis were, buffer A: Water plus 0.1% Formic Acid and 

buffer B 100% acetonitrile (ACN) plus 0.1% Formic Acid. A flow rate of 0.300 

ml/minute was used for the chromatographic gradient as follows: 0 min.: gradient 0% 

B; 2 min.: gradient 0% B; 8 min.: gradient 30% B; 9 min.: gradient 95% B; 9.1 min. 

gradient: 0% B; and at 15 min.: gradient 0% B. MRM, positive ion mode was used for 

running the LC/MS and mass spectrometry detection was carried out on a QQQ Agilent 

6470 system with ESI source attached to a UPLC system. The other parameters for MS 

included jet stream ESI interface gas temperature of 350°C, gas flow rate at 9 L/min., 

nebulizer pressure 35 psi, sheath gas temp. 300°C, sheath gas flow rate at 9 L/min., 

capillary voltage was 4000V in positive ion mode, nozzle voltage of 1000V and ΔEMV 

voltage was kept 450V. For metabolite quantification, Peak areas were processed using 

MassHunter workstation (Agilent). Microsoft Excel 2016 and GraphPad Prism 9 

software was used for statistical analysis. 

Sample size and Statistical analyses 

In all experiments “n” implies the total number of samples analysed which were 

obtained from multiple independent experimental repeats (N). All experiments have 

been repeated a minimum of three times and in each experimental setup, at least 5-10 

animals were analysed. For LC/MS based steady-state and flux analysis five lymph 

glands per replicates were taken and each experiment included a minimum of three 

biological replicates. Drosophila are not limiting, therefore no power calculations were 

used to pre-determine sample size.  

All statistical analyses and quantifications were performed using GraphPad Prism Nine 

and Microsoft Excel 2016. Graphs are plotted as median plots and non-parametric two 

tailed Mann-Whitney U test is employed for pairwise comparisons and Kruskal-Wallis 

test-Dunn’s multiple comparison test is utilized for multiple comparisons to account for 

the variation between and within the experiments (332). Two-way ANOVA, Dunnett’s 
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multiple comparison test is utilised for differentiation analysis and graphs are plotted as 

mean±SD plots. For LC/MS based data analysis is based on the methods of 

(314,333,334).  
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7 Discussion 

The current thesis work has described the role of olfactory sensory in blood progenitor 

development which is achieved via regulation of redox homeostasis. In the first part of 

the study, we show that blood-progenitor cells of the lymph gland rely on TCA and 

OXPHOS to generate intracellular ROS. While its physiological levels do not control 

growth, its increased generation leads to retardation of lymph gland growth. Therefore, 

to control ROS production, the progenitor cells internalize olfaction-derived systemic 

GABA and via its breakdown into succinate, the cells activate PDK function. This 

facilitates PDH phosphorylation which limits TCA activity and consequently ROS 

production and supports lymph gland growth. In conditions with low progenitor GABA 

metabolism, the lack of succinate generation from this pathway promotes Hph function 

and reduction in PDK activation. This consequently leads to heightened TCA, increased 

ROS production and abrogation of lymph gland growth. Thus, conditions leading to 

block in progenitor GABA metabolism are susceptible to alterations in redox balance 

and subsequently hematopoietic growth defects. The second part of thesis describes the 

mechanism of glutathione synthesis regulation by GABA catabolic pathway. 

Glutathione, GSH is a potent antioxidant in the cells which regulate ROS scavenging 

by undergoing oxidation-reduction reactions. GABA catabolism derived succinate 

controls GSH synthesis in the blood-progenitor cells by controlling pyruvate 

metabolism. This regulation of GABA catabolic pathway on pyruvate flux is important 

to control cell fate decision including ROS homeostasis and lymph gland growth. 

GABA catabolic pathway controls serine synthesis, which is made in the cells from an 

intermediate step of glycolysis/gluconeogenic pathway. Serine further fuels cysteine 

formation which contributes to GSH formation and hence maintain glutathione levels 

in the progenitor cells. In this regard, animals with olfactory dysfunction that show a 

reduction in systemic GABA (172) have heightened ROS and smaller lymph glands. 

Taken together, we propose that Drosophila larvae rely on environmental odor-sensing 

derived GABA, as a means to moderate blood-progenitor TCA activity and ROS 

balance to maintain normal lymph gland growth and development. 

7.1 GABA in myeloid development  

A growing body of research has demonstrated that the mammalian nervous system 

controls innate immune responses via neuronal and hormonal pathways. Immune 

organs are directly innervated by the sympathetic and parasympathetic nervous systems, 
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whereas neuroendocrine variables regulate inflammation on a systemic scale. 

Moreover, the concept that the nervous system contributes to immunity is supported by 

the fact that immune cells express receptors for a variety of neuronal factors (335,336). 

Since the central nervous system is often assumed to suppress immunological 

responses, brain dysfunction, particularly some neurodegenerative illnesses, induces 

heightened immune responsiveness (337). 

Recent findings have showcased the importance of GABA in myeloid immunity 

specifically with its role in metabolic-programming of myeloid cells during innate 

immune training (259,261–263). These studies indicate commonalities between the 

myeloid system of mammals and Drosophila. Our findings in the Drosophila 

hematopoietic system highlight the multiple developmental roles performed by GABA 

in myeloid development, progenitor homeostasis and immunity. The underlying 

crosstalk of GABA with other pathways to moderate such diverse functions (94,179) is 

also apparent. In homeostasis, the role of GABA as a ligand to activate GABABR 

signaling and regulation of intra-cellular calcium homeostasis in progenitor-cells, 

maintains these cells in their undifferentiated state (172). In the context of immunity, 

GABA via its metabolism inhibits Hph and promotes Hifα/Sima stabilization to support 

a successful immune response (94). In this study, we show GABA as a necessary 

metabolite for hematopoietic growth. While the loss of GABA breakdown leads to 

hematopoietic growth retardation, its increase in blood cells is accompanied by a 

concomitant increase in lymph gland size. The regulation of PDK by GABA 

metabolism maintains homeostatic levels of progenitor ROS which supports normal 

lymph gland growth. The growth advantage provided by increased GABA as seen in 

Gat overexpression is via a TCA/ROS independent pathway which remains to be 

understood. In this study, we further find that GABA-mediated regulation of TCA 

activity is also necessary for proper lamellocyte induction during immune challenge. 

Together, the data reveal that in addition to promoting Sima (94), GABA via PDK 

inhibits TCA to bring about a successful immune response. Moreover, the requirement 

of GABA catabolism in regulation of GSH synthesis describes GABA as a central 

metabolic regulator in the blood-progenitor cells. GABA catabolism play dual role in 

control of ROS homeostasis of blood-progenitor compartment by both regulating ROS 

generation via controlling TCA activity and ROS scavenging by controlling GSH 

synthesis in the blood compartment. Thus, GABA in Drosophila myeloid-progenitor 

cells functions at the nexus of coordinating multiple intracellular signaling and 
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metabolic events that define cell fate decisions. The importance of GABA as a central 

regulator of myeloid development and function across systems including higher 

mammals is likely to emerge from such studies.  

7.2 Regulators of blood-progenitor ROS  

The central theme of the work undertaken in this study was based on the understanding 

that ROS as a signaling entity is critical for blood stem-progenitor development and 

maintenance as reported both in invertebrates and vertebrates 

(217,219,293,294,296,297). However, to sustain its developmental role, mechanisms 

controlling ROS levels that are critical towards its functioning in myeloid progenitor 

cells remain fairly uncharacterized. We show the importance of TCA activity and 

OXPHOS in the generation of ROS in progenitor-cells during homeostasis and the 

importance of pyruvate oxidation driving TCA activity. Loss of PDK function data 

proves PDK importance in the overall growth of the blood tissue. However, loss of 

either Pdha or SdhA function in progenitor cells, which resulted in further lowering of 

TCA and OXPHOS, failed to show any lymph gland growth phenotype. This implied 

that physiological levels of ROS did not contribute to lymph gland growth, it is only 

when ROS levels were over and above the basal threshold that it manifested a growth 

defect. The independence of physiological ROS in growth control is intriguing but 

needs a more thorough investigation. Additional sources of ROS, like Duox and NOx 

dependent mechanisms (338) or TCA derived succinate in reverse electron transport 

(RET) (339) are possibilities that have not been addressed. The regulation of ROS by 

catabolism of GABA derived succinate as opposed to TCA derived succinate that drives 

ROS generation, the data also reveal spatial localization and the availability of 

metabolites as distinct regulators of intracellular outcomes. Like the TCA, GABA 

breakdown also takes place in the mitochondria, but our data from the recent past and 

the current work highlights a distinct role for GABA-derived succinate in controlling 

cytosolic functions like Sima stabilization (94) and PDK enzyme activity. This raises 

the question of why TCA-derived succinate is not available to perform functions 

conducted by GABA-derived succinate? The TCA rate may be a limiting factor, or the 

two pathways contribute to spatially and temporally distinct pools of succinate that 

perform different functions. While this remains a speculation, metabolic flux analysis 

and spatial resolution of metabolites at a subcellular level are approaches that will 

address such fundamental questions.  
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Our work also describes the tight regulation on ROS scavenging mechanisms to 

maintain ROS homeostasis in the progenitor cells. We show that GABA catabolism 

derived succinate controls glutathione biosynthesis in the progenitor compartment and 

it is crucial not only to control ROS levels but is required for metabolic pathway 

homeostasis. It has been demonstrated that glutathione plays a crucial role in the 

development of blood progenitors, particularly in the context of red blood cell 

formation. Research has indicated that the production of glutathione is operative in 

leukocytes derived from preterm new-borns, implying its significance in preserving 

cellular glutathione concentrations (340). Glutathione is the predominant thiol found in 

red blood cells in embryonic mice, and its levels are kept constant at a particular ratio 

during development (341). Together, these results highlight the role that glutathione 

plays in the formation of blood progenitor cells. Here, we describe the mechanism of 

glutathione synthesis regulation in blood-progenitor cells. Glutathione (GSH) synthesis 

in blood-progenitors is tightly regulated, with key determinants being the availability 

of cysteine and the activity of the rate-limiting enzyme, glutamate cysteine ligase (GCL) 

(342,343). Indeed, our work show that cysteine is the limited amino acid that restricts 

glutathione formation in GABA mutant conditions. Furthermore, the production of 

glutathione is metabolically regulated, with different metabolic pathways being driven 

by pyruvate fuelling mediated by the GABA catabolic pathway. 

Another unexpected finding from the study is the regulation of PDH and PDK function 

in ROS control by Hph, which is independent of Sima. In general, the inhibition of PDH 

activity is considered to be a downstream event of HIFα stabilization (344,345), which 

is mediated by the transcriptional induction of PDK expression. However, in our study 

loss of Sima from progenitor cells, a functional ortholog of mammalian Hifα, did not 

affect expression or activity of either PDH or PDK. On the contrary, our study identifies 

Hph function as a regulator of PDK activity in blood progenitor cells. Hifα independent 

functions of prolyl hydroxylases (Hph) are not unusual, but a mechanistic link between 

Hph and PDK independent of Hifα /Sima has not been described. The known Hifα 

independent function of prolyl hydroxylase, include regulation of transcriptional 

activity of NFκB (346) or Map organizer 1 (Morg1), a WD-repeat protein. Of these, 

NFκB activation via prolyl hydroxylase regulation is conducted by regulating activity 

of IKKβ, a kinase that in its non-hydroxylated form phosphorylates an inhibitory factor 

promoting NFκB activation. A similar mechanism for regulation of PDK activity by 
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Hph can be predicted, but a thorough understanding of this regulation requires further 

investigation.  

7.3 Metabolic pathway dynamics in blood-development 

The recent growth of metabolic studies in a developmental context has also shed light 

on increasing evidences that metabolic signals are involved in regulation of biological 

processes (347,348). Rather than merely running in the background, metabolism can 

shape developmental trajectories by participating in cellular signaling. Metabolites 

acting as direct signals or substrates for post-translational modifications, and 

‘moonlighting’ metabolic enzymes have all been implicated in mediating the crosstalk 

between metabolism and developmental signaling (349–352). 

Metabolic pathways play diverse role in maintenance and differentiation of blood-

progenitor cells. HSC metabolism regulate their fate, it has been shown that loss of TCA 

inhibitory enzyme pyruvate dehydrogenase kinase (Pdk), responsible for inhibitory 

phosphorylation of PDH, an enzyme that converts pyruvate to acetyl CoA, leads to loss 

of HSC stemness capacity (295). PDK as a regulator of growth is evident in hypoxic 

conditions (295,353). PDK activity shunts pyruvate away from the citric acid cycle into 

lactate which keeps the hypoxic cell alive and growing (344). PDK activity in 

progenitor cells can be predicted as a central switch necessary for lymph gland growth 

and differentiation. Thus, regulation of PDK activity in progenitor cells can be 

envisaged as a core component whose regulation allows pyruvate availability for other 

processes contributing to growth. By directing pyruvate utilization into lactate via Ldh 

and other processes like the pentose phosphate pathway, lymph gland growth is 

supported. By invoking on PDK axis, GABA limits pyruvate’s availability for its 

oxidation via the TCA. This sustains ROS homeostasis more efficiently and allows 

pyruvate availability for other metabolic arms necessary for lymph gland growth and 

progenitor maintenance.  

 Here, we demonstrate that pyruvate metabolism regulates blood-progenitor 

maintenance and differentiation by controlling their ROS levels. Pyruvate entry to TCA 

cycle is regulated by GABA catabolic pathway. Pyruvate is at the nexus of various 

metabolic pathways, it conversion to lactate is important for the glycolytic switch and 

thus mediate lamellocyte formation. Any increase in pyruvate conversion to acetyl-CoA 

and downstream TCA cycle leads to loss of ROS homeostasis and impairs lymph gland 

growth. Pyruvate feeding into gluconeogenic arm controls glutathione synthesis in the 
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progenitor cells and thus important for maintaining ROS homeostasis. The regulation 

of pyruvate flux in glutathione synthesis is a complex process involving various 

metabolic changes. (354) demonstrated that a decrease in pyruvate dehydrogenase 

(PDH) activity, which converts pyruvate to acetyl-CoA, can lead to a decrease in carbon 

flux from pyruvate to acetyl-CoA. This suggests a potential impact on the availability 

of acetyl-CoA for glutathione synthesis. The utilization of pyruvate and its conversion 

to glutamate, a precursor of glutathione, is also discussed by (355), providing further 

insight into the potential role of pyruvate in glutathione synthesis. Pyruvate metabolism 

is shown to impact stem cell homeostasis (356), pyruvate transport and its metabolism 

impacts intestinal stem cell homeostasis, where limiting pyruvate metabolism in the 

mitochondria is important to maintain stem cell homeostasis (357) and similarly, in 

context of adult neural stem cells, controlling pyruvate metabolism is important to 

regulate stem cell activation (358). Here, we have described the role of pyruvate in 

serine and downstream cysteine synthesis, which constitutes glutathione. Pyruvate 

availability and shunting to gluconeogenesis pathway in the blood-progenitor cells 

decides serine synthesis from 3-phosphoglycerate, which is a glycolytic intermediate. 

Thus, shunting of pyruvate towards other metabolic arms rather than TCA cycle 

maintain ROS homeostasis of blood progenitors and regulates homeostatic 

development of the lymph glands. 

7.4 Olfactory mechanisms to control blood development 

Olfaction is a central stress-sensing sensory input in animal. Research on a variety of 

systems has demonstrated the strong connection between immunity and smell (359). 

For example, mice with genetically altered olfactory systems exhibit elevated 

inflammatory signatures, reduced cellular immune function, and an inability to 

overcome an immune challenge (360). Certain odorants that are inhaled enhance the 

immune system's response to skin immunological reactions (361). This is achieved by 

modifying the activity of myeloid (362) and lymphoid (363) cells, which in turn reduces 

stress. These investigations demonstrate that there is pertinent interaction between 

immunity and olfaction. Research on the intricate physiological and mechanical 

foundations of this relationship is ongoing. We speculate the sensory module has 

perhaps also evolved to engage with the immune system to modulate its development 

as per environmental demands. Depending on the environmental context, odor-sensing 

and the types of odors sensed, relays information to the immune progenitor cells to 
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moderate their development or differentiation accordingly. When Drosophila larvae are 

dwelling in their food medium, the environmental odor conditions evolve from larval 

feeding stage to the wandering stage, when they leave the food medium and exposed to 

the external environment. During these time points, lymph gland transitions from being 

an actively growing and a proliferating organ, to an organ that has ceased its growth 

and embarks on a differentiation trajectory (20). When infested with predators, the 

olfaction axis is co-opted to enable improved hematopoietic growth and immune 

priming for the generation of successful immune responses. Thus, the importance of 

olfaction to enable the development of a competent immune system that functions 

superiorly when in need is a key point evident from this work as well. The results 

demonstrate that myeloid metabolism and ROS balance in them is sensitive to olfaction-

derived GABA. This axis is necessary to maintain proper lymph gland growth and 

development. Whether the findings presented here are relevant for the development of 

blood-cells in higher organisms with complex lineages remains to be tested.  

7.5 Significance of the study 

Published literature has setup distinct metabolic demands of the myeloid progenitor 

development and differentiation (364,365). While recent evidences do point to distinct 

metabolic requirements of myeloid cells across systems ranging from mammals to 

invertebrates, a comprehensive study of this scale has not been attempted (21,366). Part 

of the problem is due to the developmental complexity seen in vertebrate model systems 

and general diversity seen in immune cell types, while in invertebrate systems the 

technical limitations have restricted the metabolic analysis. As a result the distinct 

metabolic process that regulate myeloid cell development and differentiation has been 

unexplored. In particular, metabolic and systemic effects on blood cell development are 

difficult to investigate in vivo in mammalian systems, and the Drosophila larval lymph 

gland presents an excellent genetically tractable model system to shed light on these 

complex issues, where an in vivo metabolic analysis can be performed. We have found 

that GABA catabolism in Drosophila blood progenitors regulates TCA cycle activity 

to control lymph gland growth (179). The function of neurotransmitters as signaling 

entities and metabolites in regulating myeloid progenitor development is quite 

intriguing. We show that, in homeostasis, myeloid-like blood progenitor cells of the 

Drosophila larvae, which reside in a specialized hematopoietic organ termed the lymph 

gland, use TCA to generate ROS. However, excessive ROS production leads to lymph 
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gland growth retardation. Therefore, to moderate blood progenitor ROS, Drosophila 

larvae rely on olfaction and its downstream systemic GABA. GABA internalization and 

its breakdown into succinate by progenitor cells activates pyruvate dehydrogenase 

kinase (PDK), which controls inhibitory phosphorylation of pyruvate dehydrogenase 

(PDH). PDH is the rate-limiting enzyme that connects pyruvate to the TCA cycle and 

to oxidative phosphorylation. Thus, GABA metabolism via PDK activation maintains 

TCA activity and blood progenitor ROS homeostasis, and supports normal lymph gland 

growth. Consequently, animals that fail to smell also fail to sustain TCA activity and 

ROS homeostasis, which leads to lymph gland growth retardation. Overall, this study 

describes the requirement of animal odor-sensing and GABA in myeloid ROS 

regulation and hematopoietic growth control.  

Our findings also highlight a second important function of the olfactory derived GABA 

in lymph gland progenitor cells. GABA catabolism restricts pyruvate metabolism to 

control ROS scavenging by regulating glutathione (GSH) synthesis, a prime 

antioxidant. We found that GABA catabolism regulate cysteine synthesis by 

modulating serine levels in lymph gland, resulting from a regulation on pyruvate flux 

in the lymph gland blood-progenitor cells. This enables the blood progenitor cells with 

a capacity to generate, glutathione, a potent antioxidant. Together, this dual modality 

keeps ROS levels in the blood progenitor cells in check. Upon olfactory stimulation, 

neuronally derived systemic GABA is utilized by blood progenitors cells and 

metabolized. In animals with olfactory dysfunction the low GABA in them leads to, 

loss of ROS homeostasis. Taken together, these findings link animal odor-sensing to 

systemic moderation of blood progenitor metabolism and redox homeostasis.  

Further, to decipher the role of metabolic pathways in lymph gland growth and 

differentiation, a more comprehensive metabolic analysis is undertaken. We have 

standardized and established the 13C-isotope based metabolic flux analysis from 

Drosophila larval lymph glands. Our analysis has shown the dynamics of various 

metabolic pathways that contribute to the homeostatic development and growth of the 

blood-progenitor compartment. As Drosophila blood progenitors are akin to vertebrate 

myeloid lineage, this analysis will indicate the existence of similar type of metabolic 

regulation in the vertebrate myeloid development.  
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7.6 Concluding remarks and future directions 

Various studies have unveiled the distinct metabolic requirements of myeloid 

development across systems ranging from mammals to invertebrates. Diverse signaling 

cues have been shown to regulate blood progenitor development and the involvement 

of metabolic pathways in myeloid development is emerging. However, the distinct 

metabolic process that regulate myeloid cell development and differentiation has been 

unexplored. In the current work, we show that olfaction derived GABA release and its 

downstream catabolism in blood-progenitor cells regulate ROS homeostasis, blood-

progenitor development and supports lymph gland growth. We undertook a 

comprehensive study of metabolic pathways and metabolites during blood cell 

development utilizing genetics, immunohistochemistry, microscopy and mass-

spectrometry based approaches. Our analysis show that GABA catabolic pathway 

restricts pyruvate metabolism in blood-progenitor cells, and it determines the fate of 

pyruvate towards distinct metabolic pathways to control blood-progenitor maintenance 

and differentiation. Collectively, we show that olfaction derived GABA catabolism 

control blood progenitor development and homeostasis by regulating ROS generation 

and ROS scavenging mechanisms. We have identified the metabolic requirement of 

odor sensing and GABA in regulating redox homeostasis during Drosophila myeloid 

progenitor development, the relevance of which may be broadly conserved. 

The present study raises a number of questions that require investigation and is 

presently being worked on. Understanding the importance of metabolic pathway 

dynamics in controlling blood-progenitor development lymph gland homeostasis is 

intriguing. Nonetheless, the current research work has outlined the several routes by 

which olfaction derived GABA regulation of pyruvate metabolism controls blood 

progenitor development and differentiation. More research is necessary to understand 

how this metabolic pathway, specifically, the TCA cycle builds up during blood 

development and regulate homeostasis. The current work also shows that the 

olfaction/GABA axis is required for the regulation of GSH synthesis; nevertheless, the 

role that GSH plays in regulating other cellular activities and fate specification, aside 

from controlling ROS homeostasis, is still unclear. Another area of active research is 

how the olfaction/GABA axis regulates metabolic pathways to generate a competent 

cell type like a lamellocyte. Olfactory cues affect GABA release and its detection by 

the blood-progenitors. Examining the mechanism of ORN regulation in mediating 

GABA release from brain is another question that demands further exploration. Our 
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initial research in this area highlights the significance of ORN metabolic status in 

triggering downstream controls that lead to blood formation. It is fascinating to see how 

the metabolic state of various ORNs control blood development under homeostatic and 

immune response scenarios. This will highlight the significance and mechanism of 

olfactory sensing in blood development. These findings call for further research into 

these mechanisms in more complex systems because they go beyond the context of 

invertebrate model systems and are not exclusive to Drosophila blood development. 
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9 Appendix Figures and Tables 

 

Appendix Figure 1 

 
 

Ap. Fig. 1. GABA catabolism in Drosophila blood progenitor cells control lymph gland growth. (A) 

Quantifications of lymph gland size in TepIV-Gal4;UAS-mCherry/+ (control, N=5, n=40), TepIV-

Gal4;UAS-mCherry;UAS-GatRNAi (N=3, n=32, p<0.0001) and TepIV-Gal4;UAS-mCherry;UAS-

SsadhRNAi (N=4, n=30, p<0.0001). (B) Quantifications of lymph gland size in domeMeso>GFP/+ 

(control, N=3, n=30) and domeMeso>GFP/SsadhRNAi (BL55683) (N=3, n=30, p<0.0001). (C,C’) 

Representative images showing Gat protein expression in control lymph gland (HmlΔ-Gal4;UAS-

GFP/+), (C) with Hml+ overlap (green) and (C’) without Hml+ overlap, Hml+ region show lesser Gat 

levels as compared to Hml-. For quantifications, refer to D. (D) Relative fold change in Gat levels in 

HmlΔGFP>/+ in the Hml+ (N=3, n=16) and Hml- region (N=3, n=16, p=0.0153) of the lymph gland. (E-

F) Representative images showing lymph gland size in differentiating cells specific (Hml+) loss of Gat, 

(F) expressing GatRNAi (HmlΔ-Gal4,UAS-GFP;UAS-GatRNAi) does not show any reduction in lymph gland 
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size as compared to (E) control (HmlΔ-Gal4;UAS-GFP/+). For quantifications, refer to G. (G) 

Quantifications of lymph gland size in HmlΔGFP>/+ (control, N=3, n=34) and HmlΔGFP>/GatRNAi (N=3, 

n=30, p=0.1921). Data is presented as median plots 

(*p<0.05;**p<0.01;***p<0.001,****p<0.0001,n.s.=non-significant), two-way ANOVA, Tukey’s 

multiple comparisons test. f.c.= fold change. Scale bar: 20µm.‘n’=lymph gland lobes. ‘N’= number of 

experimental repeats (green dot). DAPI marks DNA. In this and all the following figures, lymph gland 

lobes are outlined with a white border and for clarity purpose the accompanying background containing 

other tissues like ring gland, brain, dorsal vessel etc. have been removed. 

 

Appendix Figure 2 

 

Ap. Fig. 2. ROS regulation by GABA shunt pathway in Drosophila blood progenitors is important 

for lymph gland growth. (A-F) Representative lymph gland images showing ROS levels, (A) control 

(domeMeso-Gal4,UAS-GFP/+) lymph gland showing higher ROS levels in the blood progenitor cells, 
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(B) expressing Sod2RNAi (domeMeso-Gal4,UAS-GFP;UAS-Sod2RNAi) in blood progenitor cells leads to 

increase in ROS levels as compared to (A) control, (C-F) NAC supplementation to (D) domeMeso-

Gal4,UAS-GFP;UAS-GatRNAi and (F) domeMeso-Gal4,UAS-GFP;UAS-SsadhRNAi rescues the increased 

ROS phenotype as compared to (C) domeMeso-Gal4,UAS-GFP;UAS-GatRNAi and (E) domeMeso-

Gal4,UAS-GFP;UAS-SsadhRNAi on RF respectively. For quantifications, refer to G. (G) Relative fold 

change in lymph gland ROS (DHE) levels in domeMeso>GFP/+ (control, N=6, n=49), 

domeMeso>GFP/Sod2RNAi (N=3, n=10, p<0.0001), domeMeso>GFP/GatRNAi (RF, N=3, n=24, 

p=0.0092), domeMeso>GFP/GatRNAi (NAC, N=3, n=28, p<0.0001), domeMeso>GFP/SsadhRNAi (RF, 

N=4, n=23, p=0.0431) and domeMeso>GFP/SsadhRNAi (NAC, N=3, n=24, p=0.0019). (H) 

Quantifications of lymph gland area in domeMeso>GFP/+ (control, N=5, n=37), 

domeMeso>GFP/Sod2RNAi (N=3, n=40, p<0.0001), domeMeso>GFP/GatRNAi (RF, N=5, n=42, 

p<0.0001), domeMeso>GFP/GatRNAi (NAC, N=3, n=26, p=0.0003), domeMeso>GFP/SsadhRNAi (RF, 

N=4, n=35, p<0.0001) and domeMeso>GFP/SsadhRNAi (NAC, N=3, n=20, p=0.0001). RF is regular food; 

SF is succinate food and NAC is N-acetylcysteine supplemented food. Data is presented as median plots 

(*p<0.05;**p<0.01;***p<0.001,****p<0.0001,n.s.=non-significant), two-way ANOVA, Tukey’s 

multiple comparisons test. f.c.= fold change. Scale bar: 20µm.‘n’=lymph gland lobes. ‘N’= number of 

experimental repeats (green dot). DAPI marks DNA. Comparisons for significance are with control 

values, unless marked by horizontal lines for other respective comparisons and red bars represent rescue 

combinations. 

 

Appendix Figure 3 

 

Ap. Fig. 3. GABA catabolism control lymph gland growth by diverse mechanisms. 
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(A) Relative fold change in lymph gland area in domeMeso>GFP /+ (control, N=3, n=26), 

domeMeso>GFP/GatRNAi (RF, N=3, n=26, p<0.0001 compared to control), domeMeso>GFP/GatRNAi (SF, 

N=3, n=26, p<0.0001), domeMeso>GFP/Cat;GatRNAi (N=3, n=26, p=0.0079) and 

domeMeso>GFP/GatRNAi (NAC, N=3, n=26, p=0.0162) compared to domeMeso>GFP/GatRNAi. (B) 

Relative fold change in dome+ GFP intensity in domeMeso>GFP /+(control, N=3, n=23), 

domeMeso>GFP/GatRNAi (RF, N=3, n=19, n=0.8701), domeMeso>GFP/Cat;GatRNAi (N=3, n=19, 

p>0.9999), domeMeso>GFP/PdhaRNAi;GatRNAi (N=3, n=20, p=0.7488), 

domeMeso>GFP/SdhARNAi;GatRNAi (N=3, n=18, p>0.9999) and domeMeso>GFP/HphRNAi;GatRNAi (N=3, 

n=21, p=0.9565). RF is regular food, SF is succinate food and NAC is N-acetylcysteine supplemented 

food. Data is presented as median plots (*p<0.05;**p<0.01;***p<0.001,****p<0.0001,n.s.=non-

significant), two-way ANOVA, Tukey’s multiple comparisons test. f.c.= fold change. ‘n’=lymph gland 

lobes. ‘N’= number of experimental repeats (green dot). Comparisons for significance are with control 

values, unless marked by horizontal lines for other respective comparisons and red bars represent rescue 

combinations. 
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Appendix Figure 4 

 

Ap. Fig. 4. TCA activity regulates blood-progenitor ROS levels and lymph gland growth. 

(A-C) Representative lymph gland images showing PDH (red), (A) control (domeMeso-Gal4,UAS-

GFP/+), (B) expressing PdhaRNAi in progenitor cells (domeMeso-Gal4,UAS-GFP;UAS-PdhaRNAi) show 

reduction in medullary zone PDH levels and (C) expressing PdkRNAi in progenitor cells (domeMeso-

Gal4,UAS-GFP;UAS-PdkRNAi) does not show reduction in medullary zone PDH levels as compared to 

(A) control. For quantifications, refer to G. (D-F) Representative lymph gland images showing pPDH 

(red), (A) control (domeMeso-Gal4,UAS-GFP/+), (B) expressing PdhaRNAi in progenitor cells 

(domeMeso-Gal4,UAS-GFP;UAS-PdhaRNAi) show reduction in medullary zone pPDH levels and (C) 

expressing PdkRNAi in progenitor cells (domeMeso-Gal4,UAS-GFP;UAS-PdkRNAi) also show reduction in 

medullary zone pPDH levels as compared to (D) control. For quantifications, refer to H. (G-H) Relative 

fold change in lymph gland MZ (G) PDH levels in domeMeso>GFP/+ (control, N=4, n=41), 

domeMeso>GFP/PdhaRNAi (N=3, n=29, p<0.0001) and domeMeso>GFP/PdkRNAi (N=3, n=33, p=0.9240) 

and (H) pPDH levels in domeMeso>GFP/+ (control, N=4, n=49), domeMeso>GFP/PdhaRNAi (N=4, 

n=38, p<0.0001), and domeMeso>GFP/PdkRNAi (N=3, n=48, p<0.0001). (I) Relative fold change in 
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lymph gland ROS (DHE) levels in domeMeso>GFP/+ (control, N=3, n=37), and 

domeMeso>GFP/PdkRNAi (BL35142) (N=3, n=31, p<0.0001). (J) Quantifications of lymph gland area in 

domeMeso>GFP/+ (control, N=3, n=30), and domeMeso>GFP/PdkRNAi (BL35142) (N=3, n=30, p<0.0001). 

(K-L) lamellocyte formation in (K)  control (domeMeso-Gal4,UAS-GFP/+) is not seen in uninfected 

condition, expressing (L) PdhaRNAi (domeMeso-Gal4,UAS-GFP;UAS-PdhaRNAi) does not affect 

lamellocyte formation in uninfected condition. Data is presented as median plots 

(*p<0.05;**p<0.01;***p<0.001,****p<0.0001,n.s.=non-significant), two-way ANOVA, Tukey’s 

multiple comparisons test. f.c.= fold change. MZ=Medullary Zone. Scale bar: 20µm.‘n’=lymph gland 

lobes. ‘N’= number of experimental repeats (green dot). DAPI marks DNA.  

 

 

Appendix Figure 5 

 

Ap. Fig. 5. Total PDH and Total PDK level in Hph loss and gain of function conditions. 

(A-B) Relative fold change in lymph gland MZ (A) PDH levels in domeMeso>GFP/+ (control, N=3, 

n=40), domeMeso>GFP/Hph (N=3, n=14, p=0.0746), and domeMeso>GFP/HphRNAi (N=3, n=36, 

p=0.8879) and (B) PDK levels in domeMeso>GFP/+ (control, N=3, n=35), domeMeso>GFP/Hph (N=3, 

n=24, p=0.1651), and domeMeso>GFP/HphRNAi (N=3, n=28, p=0.0705). Data is presented as median 

plots (*p<0.05;**p<0.01;***p<0.001,****p<0.0001,n.s.=non-significant), two-way ANOVA, Tukey’s 
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multiple comparisons test. f.c.= fold change. ‘n’=lymph gland lobes. ‘N’= number of experimental 

repeats (green dot).  
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Appendix Figure 6 

 
Ap. Fig. 6. Increased GABA uptake increases lymph gland growth and regulates ROS homeostasis. 

(A-F) Over-expressing (B, D, F) Gat in progenitor cells (domeMeso-Gal4,UAS-GFP;UAS-Gat) leads to 

significant reduction in (B) ROS levels, increase in (D) pPDH and (F) pPDK levels as compared to (A, 

C, E) control (domeMeso-Gal4,UAS-GFP/+). For quantifications, refer to H, I, J. (G) Quantification for 

lymph gland area in domeMeso>GFP/+ (control, N=4, n=50) and domeMeso>GFP/Gat (N=4, n=40, 

p=0.0023). (H) Relative fold change in lymph gland ROS (DHE) levels in domeMeso>GFP/+ (control, 

N=3, n=34) and domeMeso>GFP/Gat (N=3, n=30, p<0.0001). (I-L), Relative fold change in lymph 

gland MZ (I) pPDH levels in domeMeso>GFP/+ (control, N=3, n=40) and domeMeso>GFP/Gat (N=3, 

n=31, p=0.0022) (J) pPDK levels in domeMeso>GFP/+ (control, N=3, n=42) and domeMeso>GFP/Gat 

(N=3, n=30, p<0.0001), (K) PDH levels in domeMeso>GFP/+ (control, N=3, n=37) and 

domeMeso>GFP/Gat (N=3, n=17, p=0.4426) and (L) PDK levels in domeMeso>GFP/+ (control, N=3, 

n=31) and domeMeso>GFP/Gat (N=3, n=40, p=0.4377). (M, N) Relative fold change in lymph gland 
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(M) PDH levels in Orco>/+ (control, N=3, n=24) and Orco>/Hid (N=3, n=33, p=0.9983) and (N) PDK 

levels in Orco>/+ (control, N=3, n=34) and Orco>/Hid (N=3, n=32, p=0.1166). Data is presented as 

median plots (*p<0.05;**p<0.01;***p<0.001,****p<0.0001,n.s.=non-significant), two-way ANOVA, 

Tukey’s multiple comparisons test. f.c.= fold change. MZ=Medullary Zone. Scale bar: 20µm.‘n’=lymph 

gland lobes. ‘N’= number of experimental repeats (green dot). DAPI marks DNA. 
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Appendix Figure 7 

 

Ap. Fig. 7. GABA catabolic pathway is dispensable for majority of amino acids levels in the lymph 

glands. 

Comparison of various amino acids levels in control (domeMeso-Gal4,UAS-GFP/+) and 

domeMeso>GatRNAi lymph glands. While, majority of the amino acids levels remain comparable between 

control and domeMeso>GatRNAi conditions, isoleucine, leucine and valine showed a significant reduction 
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in domeMeso>GatRNAi condition as compared to control lymph glands. For n values and p values, please 

refer to the appendix table 1. 

 

 

Appendix Figure 8 

 

 

Ap. Fig. 8. GABA catabolism derived PDH regulation is central to control glutathione levels in the lymph 

gland progenitor cells. 

(A) Relative steady state amount (fold change, f.c.) of serine in domeMeso>GFP/+ (control, RF, n=9), 

domeMeso>GFP/GatRNAi (RF, n=10, p=0.0081) and domeMeso>GFP/PdhaRNAi;GatRNAi (RF, n=3, 

p=0.3497 in comparison to GatRNAi). (C) Expressing PdkRNAi in progenitor cells (domeMeso-Gal4,UAS-

GFP;UAS-PdkRNAi) does not reduce blood-progenitor GSH levels and (D) expressing PcRNAi in progenitor 

cells (domeMeso-Gal4,UAS-GFP;UAS-PcRNAi) leads to reduction of blood-progenitor GSH levels in 

comparison to (B) control (domeMeso>GFP/+). Kruskal-Wallis test, Dunn's multiple comparisons test. 
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Appendix Figure 9 

 

 

Ap. Fig. 9. Metabolic pathways activity during homeostatic lymph gland development 

(A) U13C-Pyruvate incubation and labelling analysis in pyruvate metabolite at different time points of 5 

min., 15 min., 30 min., 2 hr and 4hr. (B-C) U13C-pyruvate labelling analysis in wandering 3rd instar 

control lymph glands showing the label incorporation in (B, E) αKG, (C, F) Malate, (D) citrate and (G, 

H) lactate at different time points of 5 min., 15 min., 30 min., 2 hr and 4hr. 13C label is detected in the 

TCA metabolites at 5 min. time point and an increase in label incorporation was observed with increase 

in incubation time and gradually with increase in incubation time a decrease in label incorporation is seen 

at 4 hr. time point, indicating the flux of pyruvate towards TCA metabolites. 
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Appendix Figure 10 

 

Ap. Fig. 10. GABA catabolic pathway regulates metabolic pathways activity in the lymph gland. 

(A-D) Wandering 3rd instar Control and domeMeso>GatRNAi lymph glands showing the label 

incorporation after U13C-pyruvate label incubation in (A) Pyruvate, (B) αKG, (C) Malate, and (D) lactate, 

(E) U13C-pyruvate label incubation in domeMeso>GatRNAi (n=7, p=0.9551) lymph glands show a 

decrease in relative label incorporation for 13C2 (m+2) in pyruvate as compared to Control (n=7). (F) 

U13C-pyruvate label incubation in domeMeso>GatRNAi (n=7, p=0.1520) lymph glands show an increase 

in relative label incorporation for 13C4 (m+4) in citrate as compared to Control (n=8). (G) U13C-pyruvate 
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label incubation in domeMeso>GatRNAi (n=7, p=0.3357) lymph glands show an in relative label 

incorporation for 13C5 (m+5) in αKG OAA as compared to Control (n=8). (H) U13C-pyruvate label 

incubation in domeMeso>GatRNAi (n=6, p=0.3969) lymph glands does not show a change in relative label 

incorporation for 13C3 (m+3) in malate as compared to Control (n=8). (I) U13C-pyruvate label incubation 

in domeMeso>GatRNAi (n=6, p=0.2810) lymph glands show an increase in relative label incorporation for 

13C2 (m+2) in malate as compared to Control (n=8). (J) U13C-pyruvate label incubation in 

domeMeso>GatRNAi (n=6, p=0.5728) lymph glands show a decrease in relative label incorporation for 

13C3 (m+3) in lactate as compared to Control (n=8). Data is presented as median plots (*p<0.05; 

**p<0.01; ***p<0.001, ****p<0.0001), Mann-Whitney test is applied.  
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Appendix Figure 11 

 

Ap. Fig. 11. Olfactory control of metabolic pathways activity in the lymph gland. (A-D) Wandering 

3rd instar Control, WOF, GABA feeding (GABA Supp.) and Orco>hid lymph glands showing the label 

incorporation after U13C-pyruvate label incubation in (A) Pyruvate, (B) αKG, (C) Malate, and (D) lactate, 

(E) U13C-pyruvate label incubation in WOF (n=3, p>0.9999) and GABA Supp. (n=6, p=0.4690) lymph 

glands does not show any change in relative label incorporation and Orco>hid (n=4, p=0.3430) lymph 

glands leads to a decrease in relative label incorporation for 13C2 (m+2) in pyruvate as compared to 

Control (n=8). (F) U13C-pyruvate label incubation in WOF (n=3, p=0.1118) and GABA Supp. (n=6, 
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p=0.1170) lymph glands leads to a decrease in relative label incorporation and Orco>hid (n=4, p>0.9999) 

lymph glands does not show any change in relative label incorporation for 13C4 (m+4) in citrate as 

compared to Control (n=8). (G) U13C-pyruvate label incubation in WOF (n=3, p=0.3726) and GABA 

Supp. (n=6, p=0.3785) lymph glands leads to a decrease in relative label incorporation and Orco>hid 

(n=4, p=0.2437) lymph glands show an increase in relative label incorporation for 13C5 (m+5) in α-

ketoglutarate (αKG) as compared to Control (n=8). (H) U13C-pyruvate label incubation in WOF (n=3, 

p=0.1909), GABA Supp. (n=6, p=0.0104) and Orco>hid (n=4, p=0.2802) lymph glands leads to a 

decrease in relative label incorporation for 13C2 (m+2) in malate as compared to Control (n=8). (I) U13C-

pyruvate label incubation in WOF (n=3, p=0.7018) and GABA Supp. (n=6, p=0.0756) lymph glands 

leads to a decrease in relative label incorporation and Orco>hid (n=4, p>0.9999) lymph glands does not 

show any change in relative label incorporation for 13C3 (m+3) in malate as compared to Control (n=8). 

(J) U13C-pyruvate label incubation in WOF (n=3, p>0.9999), lymph glands show a mild increase in 

relative label incorporation, GABA Supp. and (n=6, p=0.3092) Orco>hid (n=4, p=0.9710) lymph glands 

leads to a decrease in relative label incorporation for 13C3 (m+3) in lactate as compared to Control (n=8). 
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Appendix Table 1 

Amino acid level in Control and domeMeso>GatRNAi lymph glands 

Amino acids n value p-value 

Threonine 

Control= 9 

GatRNAi= 10  0.0653 

Proline 

 Control= 9 

GatRNAi= 10  0.9682 

Phenylalanine 

 Control= 6 

GatRNAi= 6  0.6991 

Lysine 

 Control= 9 

GatRNAi= 10  0.7802 

Tyrosine 

 Control= 6 

GatRNAi= 7  0.2949 

Tryptophan 

 Control= 6 

GatRNAi= 6  0.5887 

Histidine 

 Control= 9 

GatRNAi= 10  0.4470 

Glutamine 

 Control= 9 

GatRNAi= 10  0.6038 

Aspartate 

 Control= 9 

GatRNAi= 9  >0.9999 

Glutamate 

 Control= 9 

GatRNAi= 10  0.8421 

Glycine 

 Control= 9 

GatRNAi= 10  0.5490 

Alanine 

 Control= 9 

GatRNAi= 10  0.6607 

Asparagine 

 Control= 6 

GatRNAi= 7  0.6282 

Arginine 

 Control= 9 

GatRNAi= 10  >0.9999 

Isoleucine 

 Control= 6 

GatRNAi= 7  0.0177 

Leucine 

 Control= 8 

GatRNAi=9  0.0464 

Valine 

 Control= 9 

GatRNAi=10  0.0057 
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Appendix Table 2 

Peak areas and RT for metabolite isotopes for flux analysis (QQQ3) with OBHA 

derivatization method 

 

Analyte Q1/Q3 

Retention 

Time (RT) 

a-ketoglutaric acid [M+0] 462.1 -> 91.1 6.224 

a-ketoglutaric acid [M+1] 463.1 -> 91.1 6.224 

a-ketoglutaric acid [M+2] 464.1 -> 91.1 6.224 

a-ketoglutaric acid [M+3] 465.1 -> 91.1 6.224 

a-ketoglutaric acid [M+4] 466.1 -> 91.1 6.224 

a-ketoglutaric acid [M+5] 467.1 -> 91.1 6.224 

citric acid [M+0] 508.1 -> 91.1 5.329 

citric acid [M+1] 509.1 -> 91.1 5.329 

citric acid [M+2] 510.1 -> 91.1 5.329 

citric acid [M+3] 511.1 -> 91.1 5.329 

citric acid [M+4] 512.1 -> 91.1 5.329 

citric acid [M+5] 513.1 -> 91.1 5.329 

citric acid [M+6] 514.1 -> 91.1 5.329 

fumaric acid [M+0] 327.1 -> 91.1 5.877 

fumaric acid [M+1] 328.1 -> 91.1 5.877 

fumaric acid [M+2] 329.1 -> 91.1 5.877 

fumaric acid [M+3] 330.1 -> 91.1 5.877 

fumaric acid [M+4] 331.1 -> 91.1 5.877 

Glutamate [M+0] 253.1 -> 91.1 3.651 

Glutamate [M+1] 254.1 -> 91.1 3.651 

Glutamate [M+2] 255.1 -> 91.1 3.651 

Glutamate [M+3] 256.1 -> 91.1 3.651 

Glutamate [M+4] 257.1 -> 91.1 3.651 

Glutamate [M+5] 258.1 -> 91.1 3.651 

Glycine [M+0] 181.1 -> 91.1 3.628 

Glycine [M+1] 182.1 -> 91.1 3.628 
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Glycine [M+2] 183.1 -> 91.1 3.628 

lactic acid [M+0] 196.1 -> 91.1 3.032 

lactic acid [M+1] 197.1 -> 91.1 3.032 

lactic acid [M+2] 198.1 -> 91.1 3.032 

lactic acid [M+3] 199.1 -> 91.1 3.032 

malic acid [M+0] 345.1 -> 91.1 4.207 

malic acid [M+1] 346.1 -> 91.1 4.207 

malic acid [M+2] 347.1 -> 91.1 4.207 

malic acid [M+3] 348.1 -> 91.1 4.207 

malic acid [M+4] 349.1 -> 91.1 4.207 

oxaloacetic acid [M+0] 448.1 -> 91.1 7.357 

oxaloacetic acid [M+1] 449.1 -> 91.1 7.357 

oxaloacetic acid [M+2] 450.1 -> 91.1 7.357 

oxaloacetic acid [M+3] 451.1 -> 91.1 7.357 

oxaloacetic acid [M+4] 452.1 -> 91.1 7.357 

pyruvate [M+0] 299.1 -> 91.1 6.354 

pyruvate [M+1] 300.1 -> 91.1 6.354 

pyruvate [M+2] 301.1 -> 91.1 6.354 

pyruvate [M+3] 302.1 -> 91.1 6.354 

Serine [M+0] 211.1 -> 91.1 4.396 

Serine [M+1] 212.1 -> 91.1 4.396 

Serine [M+2] 213.1 -> 91.1 4.396 

Serine [M+3] 214.1 -> 91.1 4.396 

succinic acid [M+0] 329.1 -> 91.1 4.477 

succinic acid [M+1] 330.1 -> 91.1 4.477 

succinic acid [M+2] 331.1 -> 91.1 4.477 

succinic acid [M+3] 332.1 -> 91.1 4.477 

succinic acid [M+4] 333.1 -> 91.1 4.477 
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Appendix Table 3 

Peak areas and RT for amino acid (HILIC method) extracted from TCA precipitation 

 

Amino acids RT Q1/Q3 

Alanine 10.067 90.1/44.1 

Arginine 22.13 175.2/116.2 

Asparagine 5.688 133.2/87.1 

Aspartate 11.406 134.2/88.1 

Cysteine 8.402 122.2/76.1 

Glutamine 15.053 147.2/84.1 

Glutamate 20.557 148.2/130.2 

Glycine 10.598 76.1/30.1 

Histidine 11.057 156.2/110.2 

Isoleucine 5.689 132.2/86.1 

Leucine 5.689 132.2/86.1 

Lysine 20.557 147.2/84.1 

Methionine 6.419 150.2/104.2 

Phenylalanine 4.988 166.2/120.2 

Proline 7.292 116.2/70.1 

Serine 11.581 106.2/60.1 

Threonine 10.309 120.2/74.1 

Tryptophan 5.243 205.2/146.2 

Tyrosine 6.661 182.2/165.2 

Valine 7.462 118.2/72.1 
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Appendix Table 4 

Peak areas and RT for analytes  

 

Analyte Retention Time (RT) Q1/Q3  

Glutathione (GSH, reduced) 

[M+0] 

 5.517  433.5/201.1 

     304.5 

 

Glutathione (GSSG, oxidized)  4.308  613.7/231.4 

      355.4 

      484.2 
 

N-Acetyl Cysteine  6.805 289.5/201.5 

Cysteine  4.309  247.1/158.1 

      201.1 

      230.1 

Homocysteine  3.654 261.1/56.1 

NAD+  8.184 664.5/136.1 

NADH  8.710 666.5/514.3 

Acetyl CoA 9.835 810.2/303.1 

Malonyl CoA 
10.264 855.5/347.1 

 

GSH [M+2] (from cysteine) 
5.517 435/203 

    306 

GSH [M+2]  

(from glutamate/glycine) 

5.517 435/201 

    304 
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Appendix Table 5 

Reagents utilized for LC/MS 

 

Sr. No. Reagent name Supplier Catalog 

Number 

1 OBHA  Sigma B22984 

2 EDC  Sigma 03450 

3 SODIUM PYRUVATE (13C3, 99%)  Cambridge 

Isotope Lab. 

CLM-2440-0.5 

4 D-GLUCOSE (U-13C6, 99%)  Cambridge 

Isotope Lab. 

CLM-1396-PK 

5 Hamilton® syringe, 1000 series GASTIGHT®,  

removable needle  

Hamilton 22192-U 

6 Pyridine  Sigma 270407-100ML 

7 Lactate Sigma L1750 

8 Pyruvate Sigma P2256 

9 Citrate Sigma C3674 

10 a-Ketoglutarate Sigma K3752 

11 Succinate Sigma S2378 

12 Malate Sigma 112577 

13 Fumarate Sigma F1506 

14 OAA Sigma O4126 

15 Glutamate Sigma G1251 

16 Glycine Sigma G7126 

17 Serine Sigma S4500 

18 GABA Sigma A5835 

19 Ethyl Acetate Sigma 270989 

20 Waters, XBridge BEH C18 Column, 130Å, 3.5 µm, 

2.1 mm X 100 mm  

Waters SKU: 

186003022 
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21 Waters, Atlantis Silica T3 Column, 100Å, 3 µm, 2.1 

mm X 75 mm  

Waters SKU: 

186005652 

22 Pierce™ Formic Acid, LC-MS Grade Thermo 

Scientific 

28905 

23 Acetonitrile, LC-MS Grade, 99.8% Thermo 

Scientific 

047138 

24 Pierce™ Water, LC-MS Grade  Thermo 

Scientific 

85189 

25 Gibco™ PBS (10X), pH 7.4,  Thermo 

Scientific 

70011044 

26 Eppendorf: Protein LoBind Tubes, Protein 

LoBind®, 1.5 mL, PCR clean, colourless, 1 bag × 

500 tubes Catalog 

Eppendorf 0030108442 

27 N-Ethylmaleimide Sigma 04260  

28 

Dichloromethane 

Thermo 

Scientific 

610050040 

29 

Glutathione Disulfide-13C4,15N2 Ammonium Salt 

(ISTD: https://www.trc-canada.com/product-

detail/?G597972) 

Toronto 

Research 

Chemicals 

(TRC) 

G597972 

30 

Glutathione (glycine-13C2,15N) Sodium Salt 

(ISTD: https://www.trc-canada.com/product-

detail/?G597952) 

Toronto 

Research 

Chemicals 

(TRC) 

G597952 

 


	DECLARATION BY THE CANDIDATE
	ACKNOWLEDGEMENTS
	LIST OF FIGURES
	LIST OF TABLES
	ABBREVIATIONS
	SYNOPSIS
	LIST OF PUBLICATIONS FROM PH.D. STUDIES
	LIST OF PH.D. WORK PRESENTATION IN CONFERENCES
	1 Introduction
	1.1 Hematopoiesis and its developmental phases
	1.2 Molecular mechanisms of hematopoietic development
	1.3 Drosophila hematopoietic system
	1.4 Drosophila hematopoietic organ: the lymph gland
	1.4.1 Zonation of lymph gland primary lobes
	1.4.1.1 Posterior Signaling Centre (PSC)
	1.4.1.2 Medullary Zone (MZ)
	1.4.1.3 Cortical Zone (CZ)
	1.4.1.4 Intermediate Zone
	1.4.1.5 Posterior lobes of lymph gland


	1.5 Cell types in Drosophila hematopoietic system
	1.5.1 Medullary zone progenitor cells
	1.5.2 Differentiated blood cell types
	1.5.2.1 The plasmatocytes
	1.5.2.2 The crystal cells
	1.5.2.3 The lamellocytes


	1.6 Regulation of lymph gland development
	1.6.1 Autonomous regulation of progenitor development
	1.6.2 Non-Autonomous regulation of Progenitor development
	1.6.3 Systemic control of progenitor development

	1.7 Reactive oxygen species and blood progenitor development
	1.7.1 What are reactive oxygen species (ROS)?
	1.7.2 Sources of ROS
	1.7.2.1 ETC as source of ROS
	1.7.2.2 Nicotinamide adenine dinucleotide phosphate (NADPH) oxidases (NOXs)

	1.7.3 ROS Scavenging: antioxidants and antioxidant enzymes
	1.7.3.1  Superoxide dismutase (SOD) and Catalase
	1.7.3.2 Glutathione (GSH)

	1.7.4 ROS in cellular signaling
	1.7.5 ROS in HSC and blood progenitor development

	1.8 GABA: canonical and non-canonical functions
	1.8.1 GABA: a neurotransmitter
	1.8.2 GABA neurotransmission
	1.8.3 GABA signaling in HSC development
	1.8.4 GABA metabolism in Blood-progenitor development

	1.9 Neuronal Control of organismal homeostasis
	1.9.1 Role of olfaction in development and disease
	1.9.2  Drosophila olfactory system


	2 Aims and Objectives
	2.1 Understand the metabolic control of olfaction derived GABA catabolic pathway in blood-progenitor homeostasis and development.
	2.2 Investigate the regulation of ROS scavenging mechanisms (glutathione, GSH) by olfaction derived GABA catabolism in the blood-progenitor cells.
	2.3 Establish the protocol for 13C-isotopic labelling and metabolic flux analysis from Drosophila lymph gland blood-progenitor cells.

	3 Olfaction derived GABA catabolic pathway control blood-progenitor homeostasis and development via redox regulation
	3.1  Introduction
	3.2 GABA metabolism in blood-progenitor cells control overall size of the lymph gland
	3.3 GABA catabolism in blood-progenitor cells controls their ROS levels
	3.4 TCA activity, a prime producer of ROS in blood-progenitor cells
	3.5  GABA catabolism regulates TCA activity by regulating PDK function and moderates ROS generation in blood-progenitor cells.
	3.6 GABA-catabolism via succinate controls PDK activity necessary for ROS homeostasis in blood-progenitor cells
	3.7 Physiological regulation of GABA in lymph gland growth

	4 GABA catabolism regulates pyruvate cycling to control GSH formation and Redox homeostasis in Drosophila blood-progenitors
	4.1  Introduction
	4.2 Antioxidant glutathione is present in the blood-progenitors
	4.3 Glutathione levels in the blood-progenitor cells are controlled by GABA catabolism
	4.4 Regulation of glutathione synthesis by GABA catabolic pathway
	4.5 Mechanism of Cysteine synthesis regulation by GABA catabolic pathway
	4.6 Pyruvate fueling to different metabolic outputs control GSH synthesis and lymph gland ROS homeostasis
	4.7 Metabolic pathway fluxes in wandering 3rd instar larval lymph glands
	4.8 GABA catabolism controls pyruvate fueling to different metabolic pathways to maintain redox homeostasis of blood-progenitor cells
	4.9 Olfactory control of blood-progenitor metabolism and GSH synthesis regulation
	4.10 Olfactory neuron metabolic status impact lymph gland homeostasis and development
	4.10.1 Effect of ORNs metabolic dynamics on blood progenitor development in homeostasis
	4.10.2 Effect of ORNs Metabolic dynamics on blood progenitor development in immune-response conditions


	5 Metabolite measurement of the lymph gland cells to decipher the role of metabolic pathways in growth and differentiation.
	5.1 Steady State Metabolite analysis
	5.1.1 OBHA derivatization for TCA metabolite analysis
	5.1.2 HILIC method for amino acid analysis
	5.1.3 GSH: GSSG and Cysteine analysis
	5.1.4 NAD:NADH analysis
	5.1.5 BEH-Amide column method for CoA analysis
	5.1.6 Steady state analysis

	5.2 13C isotopic labelling Analysis
	5.2.1 13C incubation of sample
	5.2.2 13C label incorporation analysis in TCA metabolites
	5.2.3 Data analysis

	5.3 Label incorporation analysis in GSH
	5.3.1 Fragment ion formation upon utilization of different isotopic labels


	6 Materials and methods
	7 Discussion
	7.1 GABA in myeloid development
	7.2 Regulators of blood-progenitor ROS
	7.3 Metabolic pathway dynamics in blood-development
	7.4 Olfactory mechanisms to control blood development
	7.5 Significance of the study
	7.6 Concluding remarks and future directions

	8 References
	9 Appendix Figures and Tables

