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Introduction

The fundamental principle of “survival of the fittest,” a 
cornerstone of Darwinian evolution, extends its relevance from 
the macroworld to the cellular level through a phenomenon 
known as cell competition. First observed in 1975, this 
phenomenon was characterized by the elimination of slower 
proliferating clones, specifically those carrying the ribosomal 
minute mutation, when near their wild-type counterparts [1]. 
Subsequent studies refined the concept, highlighting that not 
all disparities in cell proliferation rates trigger competition 

[2,3], ultimately defining cell competition as the selective 
elimination of viable yet suboptimal cells in the presence of 
fitter counterparts within the same tissue compartment [4].

This broadly defined process has been documented in 
various organisms, including Drosophila melanogaster [5], 
zebrafish [6], mice [7], and humans [8]. It has been implicated 
in various biological processes, from cancer initiation and 
proliferation to brain injury, senescence, stem cell niche 
dynamics, neurodegeneration, and aging [9-17].
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The focus of this work centers exclusively on Flower-
dependent cell competition, although other types of cell 
competition can be explored in [13].

Flower, a transmembrane protein with predicted calcium 
channel activity, plays a central role in cell competition 
[18,19]. Nevertheless, its predicted calcium channel function 
does not appear to influence the competitive process [8,11]. 
In Drosophila, Flower has three distinct isoforms - Flower Ubi, 
predominantly present in winner cells, and Flower LoseA and 
Flower LoseB (Fwe LB), traditionally associated with loser cells 
[18]. Flower is conserved in mice and humans, where it has 
been implicated in contexts such as cancer development and 
poor prognosis in COVID-19 cases [8,20,21].

After being labeled as such, loser cells must pass additional 
checkpoints before their elimination, as not all loser cells 
are eliminated [18]. In Drosophila, loser cells not meant for 
elimination express SPARC, which prevents their elimination 
[20]. Conversely, loser cells marked for elimination express azot, 
producing a four-EF-hand cytoplasmic protein responsible for 
inducing the pro-apoptotic gene hid [14]. Azot is a recognized 
prerequisite for Flower-dependent cell elimination, as its 
absence results in the accumulation of loser cells with time [14]. 
This depletion of azot correlates with a diminished lifespan 
and an increased prevalence of degenerative vacuoles [14]. 
Notably, alterations in azot expression in the gut correlate with 
corresponding changes in lifespan, reinforcing the pivotal role 
of Azot and cell competition in the aging process [23].

The primary objective of this study was to study whether 
the accumulation of loser cells, in a scenario where cell 
competition is compromised by azot depletion, persists over 
a 28-day timeframe in the optic lobes. Our findings unveil 
that, in the absence of azot, loser cells do not accumulate in 
perpetuity. The second objective was then to understand if 
Azot is essential for the elimination of the loser cells in a time-
dependent manner. Intriguingly, even in the absence of azot, 
loser cells continue to be eliminated by apoptosis, indicating 
that Azot is not an absolute requisite for loser cell elimination 
in this context. Finally, our investigation sought to elucidate 
the proportions of loser cells that undergo apoptosis and, 
reciprocally, the percentages of dying identified as loser cells, 
as not all loser cells are eliminated, and not all dying cells 
are losers [14,18]. Our calculations show that 50% of Fwe LB-
expressing cells also express Azot and undergo apoptosis and 
that over 50% of cells undergoing apoptosis at any given time 
point are positive for the loser markers Fwe LB and Azot.

This work contributes to the comprehensive understanding 
of fitness marker expression throughout time while shedding 
light on the contribution of cell competition in shaping the 
landscape of cell elimination. Moreover, it introduces the 
concept of compensatory mechanisms within animals to 
mitigate loser cell persistence when the canonical Flower-
dependent cell competition process is compromised.

Results

Accumulation of loser cells in an azot knockout scenario 
is not perpetual

In this study, we generated a transgenic Drosophila 
melanogaster to concomitantly mark the presence of Fwe 
LB and Azot. Specifically, Azot labeling was accomplished by 
replacing one copy of the azot gene with a LexA::p65 fusion 
protein (Figure 1A), which activates a LexAOP driving the 
expression of CD8::GFP under the azot promoter. The use of 
this genetic tool was based on prior research indicating that 
a single copy of the azot gene is sufficient for its functional 
role [14].

Employing this genetic tool, we were able to monitor the 
temporal manifestation of both Fwe LB and Azot over a period 
of 28 days, with observations conducted at seven-day intervals 
(Figure 1B). Intriguingly, our findings revealed a noteworthy 
reduction in the number of Fwe LB-positive and GFP-positive 
cells at the 14-day time point (Figure 1C and 1D).

Furthermore, this tool enabled us to assess the numbers of 
Fwe LB and Azot-positive cells in a genetic context where both 
copies of the azot gene were substituted with LexA::p65 – azot 
knockout (KO) - (Figure 1E). Our analysis revealed a 1.4-fold 
increase in the number of cells positive for Fwe LB and a 2.6-
fold increase in the number of cells positive for GFP at the 14-
day time point, compared to their respective levels at one day 
old. This observation aligns with prior findings by Merino et 
al. 2015 [14], suggesting the accumulation of cells attempting 
to express Azot, and additionally reveals a parallel increase in 
the population of Fwe LB-expressing cells (Figure 1F and 1G).

Surprisingly, at the subsequent time point of 21 days, there 
was a decline in Fwe LB-positive cells to 0.6-fold and in GFP-
positive cells to 1.0-fold, relative to their respective levels at 
one day old. These data contravene the view that accumulating 
“loser” cells in an azot KO scenario is perpetual and led us to 
hypothesize that these cells may undergo apoptosis.

Azot is not required for loser cell elimination in a time-
dependent scenario

To investigate whether loser cells in an azot KO scenario 
die, we used an antibody against Dcp1, a marker indicative 
of caspase activation. This analysis revealed the presence 
of apoptotic cells among the population lacking azot (as 
illustrated in Figure 2A). Notably, our data unveiled a peak in 
the population of cells simultaneously positive for Fwe LB, Azot, 
and Dcp1 at the 14-day stage (Figure 2B), strongly suggesting 
that the reduction in the number of loser cells within the optic 
lobes at 21 days is closely associated with the peak of apoptotic 
elimination of these cells at the 14-day time point.

These findings demonstrate that loser cells without azot 
are indeed subject to elimination through apoptosis. 
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  Figure 1. Expression of the fitness markers Flower LoseB and Azot over 28 days. (A) Scheme of the modified azot{KO;KI-LexA::p65} 
locus. This transgenic line was generated by integration of a knockin construct containing the LexA::p65 sequence under the control of 
the endogenous azot promoter, into the azot knockout locus. The vector backbone (w+, AmpR) was maintained in the knockin line. (B) 
Adult optic lobes of flies with one copy of azot, 1, 7, 14, 21 and 28 days old. Fwe LB is represented in red, GFP in green and DAPI in blue. 
Scale bars, 50 μm. Quantification of Fwe LB positive cells (C) or GFP (D) in the optic lobe of flies with one copy of azot, 1, 7, 14, 21 and 28 
days old normalized against their respective numbers at 1 day old. (E) Adult optic lobes of flies azot KO, 1, 7, 14, 21 and 28 days old. Fwe LB 
is represented in red, GFP in green and DAPI in bluei. Scale bars, 50 μm. Quantification of Fwe LB positive cells (F) or GFP (G) in the optic 
lobe of flies azot KO, 1, 7, 14, 21 and 28 days old normalized against their respective numbers at 1 day old. The numbers after the age of 
the flies indicate the number of optic lobes analyzed. Error bars indicate SD; NS indicates non-significant; *P<0.05; **P<0.01; ****P<0.0001. 
Statistical significance between groups was calculated using the nonparametric Kruskal-Wallis test and a Dunn’s test was applied for multiple 
comparisons between genotypes. 

Genotypes: ywF; azot{KO; KI-LexA::p65}/+; 26xLexAop-CD8::GFP, flower{KO; KI-flowerLoseB::mCherry}/+ (A-C). ywF; azot{KO; KI-LexA::p65}/ 
azot{KO; KI-LexA::p65}; 26xLexAop-CD8::GFP, flower{KO; KI-flowerLoseB::mCherry}/+ (D-F).
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Consequently, our data firmly establish that the depletion of 
azot alone is insufficient to impede the Flower-dependent 
process of cell elimination, at least in a time-dependent 
scenario.

Being labelled as loser is not a death sentence, and not all 
dying cells are loser

In the context of homeostatic Flower-dependent cell 
competition, which occurs in animals possessing functional 
Fwe LB and Azot proteins, and considering the hierarchical 
relationship between them, it is anticipated that only a 
subset of Fwe LB-positive cells will simultaneously express 
Azot. Furthermore, only a fraction of the Azot-positive cells 
is expected to undergo cell death. By marking the cells co-
expressing Fwe LB, Azot, and the Dcp1, we were able to 
quantify the proportion of loser cells (those expressing both 
Fwe LB and Azot) that undergo apoptosis in relation to the 
overall population marked with the loser fitness fingerprint 
Fwe LB or in relation to the overall population marked with 
Dcp1.

Our analysis revealed that the proportion of cells marked 
with Fwe LB, expressing Fwe LB, Azot, and Dcp1, remained 
relatively constant over time, with average values fluctuating 
between 33.8% and 50.0% (Figure 3A). This observation 
implies that less than half of the cells labelled with the loser 

fitness fingerprint Fwe LB actively engage in the Flower-
dependent cell competition pathway by expressing Azot and 
ultimately dying.

We also calculated the percentage of cells positive for Fwe 
LB, Azot, and Dcp1 in relation to the total number of cells 
undergoing apoptosis. Over the course of the experiment, this 
average percentage varied between 55.0% to 71.6% (Figure 
3B). This outcome indicates that more than half of the cells 
undergoing apoptosis in the optic lobe are expressing “loser” 
fitness markers, emphasizing the significance of the Flower-
dependent cell competition process in shaping cellular fate in 
this region.

Discussion

Over time, brain cells can become suboptimal due to wear 
and tear, excitotoxicity, reactive oxygen species-induced 
damage, or hypoglycemic episodes [24]. It is conceivable 
that the decrement in the functional state of certain cells 
precipitates their categorization as loser. Consequently, the 
upsurge in the quantity of Fwe LB and Azot-positive cells 
from day 14 to day 21 may be attributed to the natural aging 
process. However, it is intriguing to note that at 1 and 7 days, 
the count of Fwe LB and Azot-positive cells is higher compared 
to 14 days. Observations from murine models suggest that 
approximately 50% of neurons generated are eliminated 

 

 

 

Figure 2. Loser cells die in the absence of azot. (A) Detail of an optic lobe of flies azot KO at 14 days old. Fwe LB is represented in red, GFP 
in green, α-Dcp1 in magenta, and DAPI in blue. Scale bars, 5 μm. (B) Quantification of cells co-labelled with FweLB, GFP and α-Dcp1 at 1, 7, 
14, 21 and 28 days old normalized against their number at 1 day old, in optic lobes azot KO. The numbers after the age of the flies indicate 
the number of optic lobes analyzed. Error bars indicate SD; NS indicates non-significant; ***P<0.001; ****P<0.0001. Statistical significance 
between groups was calculated using the nonparametric Kruskal-Wallis test and a Dunn’s test was applied for multiple comparisons between 
genotypes.

Genotype (A-B): ywF; azot{KO; KI-LexA::p65}/ azot{KO; KI-LexA::p65}; 26xLexAop-CD8::GFP, flower{KO; KI-flowerLoseB::mCherry}/+.
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during the first postnatal week [25]. In the case of Drosophila, 
neurons participating in the ecdysis process experience 
rapid elimination within 24 hours following eclosion [26-28]. 
Analogous to the elimination of supernumerary ommatidia 
during the pupal stage, which is known to be Flower-
dependent [29], it is plausible that certain cells within the optic 
lobes, without function in the adult state, may also undergo 
elimination via the process of cell competition, explaining 
the high numbers of Fwe LB and Azot-positive cells at 1 and 
7 days. Subsequent research is warranted to substantiate this 
idea.

In the azot KO optic lobes, the initial accumulation of Fwe LB or 
GFP-positive cells, indicative of those that would express Azot, 
within the first 14 days, followed by subsequent diminishment, 
unveils that the accumulation of loser cells in this scenario does 
not persist over time. These compelling temporal dynamics 
warrant further investigation. Our data shows that those loser 
cells, marked by Fwe LB and GFP, still undergo apoptosis, with 
a noticeable peak observed at 14 days showing that Azot is not 
essential for the elimination of loser cells in a time-dependent 
manner. We propose that during the initial 14-day period, the 
pace of loser cell labeling surpasses their elimination rate, 
culminating in the accumulation of loser cells. At the 14-day 
mark, this equilibrium between accumulation and elimination 
is disrupted, leading to a surge in loser cell apoptosis. 
Intriguingly, the timeframe spanning from day 21 to day 
28 exhibits a resurgence in the accumulation of loser cells, 
concomitant with a reduction in their apoptosis compared to 
the 14-day mark. This observation suggests the cyclic nature 
of loser cell accumulation and elimination in the absence of 
azot. It is plausible that, in the absence of Azot, this process of 

accumulation and elimination may not be optimized, which 
aligns with the understanding that flies lacking Azot have 
reduced lifespans [14,23]. This observation may indicate the 
presence of compensatory mechanisms employed by flies 
to eliminate suboptimal cells when the canonical Flower-
dependent cell competition process is compromised, akin to 
the redundancy of caspases such as Dcp1 and drlCE in certain 
cellular contexts [30,31], which ensure the seamless execution 
of apoptosis.

Notably, fewer than 50% of Fwe LB-positive cells express Azot 
and subsequently undergo elimination, confirming that not 
all loser cells proceed along this trajectory toward elimination. 
From their labeling as a loser, cells can express SPARC [22], 
which protects them from elimination. Moreover, if loser cells 
do not have fitter neighbours, elimination does not occur 
[18]. Another intriguing observation is that over 50% of cells 
undergoing apoptosis exhibit the loser markers, Fwe LB and 
Azot. This underscores the active role of Flower-dependent 
cell competition in orchestrating most of the cell death in the 
optic lobes, aligned with Coelho et al. 2018 findings [10].

It is imperative to acknowledge a limitation within our 
experimental design. The cross-sectional nature of our study, 
characterized by data collection at discrete time points, may 
not entirely encapsulate the continuous dynamics governing 
the labeling and elimination of loser cells. This design 
precludes the possibility that certain Fwe LB-positive cells, 
which had not yet expressed Azot at the time of observation, 
may subsequently undergo this transition. This circumstance 
suggests that the calculated percentages may underestimate 
the overall prevalence of this process and reinforces the need 

 

 

  

 

 

Figure 3. Percentage of loser cells dying over the total number of loser or dying cells. (A) Percentage of cells co-labelled with FweLB, 
GFP and α-Dcp1 over the total number of Fwe LB positive cells, at 1, 7, 14, 21 and 28 days old, in optic lobes of flies with one copy of azot. 
(B) Percentage of cells co-labelled with FweLB, GFP and α-Dcp1 over the total number of Dcp1 positive cells, at 1, 7, 14, 21 and 28 days old, 
in optic lobes of flies with one copy of azot. The numbers after the age of the flies indicate the number of optic lobes analyzed. Error bars 
indicate SD; NS indicates non-significant; **P<0.01. Statistical significance between groups was calculated using the nonparametric Kruskal-
Wallis test and a Dunn’s test was applied for multiple comparisons between genotypes.

Genotype (A-B): ywF; azot{KO; KI-LexA::p65}/ +; 26xLexAop-CD8::GFP, flower{KO; KI-flowerLoseB::mCherry}/+.
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for further investigations with, for example, complementary 
short-live imaging videos at the various time points studied.

Conclusion

The findings discussed in this study shed light on the 
complex dynamics of cell competition within the Drosophila 
optic lobes over time. In the absence of azot, the temporal 
dynamics observed, from the initial accumulation of loser cells 
to their subsequent elimination, followed by a resurgence in 
accumulation, challenge prior assumptions about the linear 
nature of this process and suggest the fly has redundant 
mechanisms to eliminate loser cells when the canonical 
Flower-dependent cell elimination process is compromised. 
The cyclical nature of loser cell dynamics and the interplay 
between the pace of loser cell labeling and their elimination 
in the absence of azot emerge as compelling areas for 
future investigation. Furthermore, the active role of Flower-
dependent cell competition in orchestrating cell death shows 
its relevance in the cell homeostasis of the optic lobes. The 
intricacies of cell competition in the Drosophila optic lobes 
offer a rich field for further exploration and promise to deepen 
our understanding of the mechanisms governing cell fitness 
and survival in complex biological systems.

Experimental Procedures

Drosophila genetics

Stocks and crosses were kept at 25ºC, with a humidity level 
of 70%, in Vienna standard media with extra yeast. Flies 
were collected after eclosion and dissected at 1, 7, 14, 21, 
and 28 days old. The following stocks were used: azot{KO; 
KI-LexA::p65} (this work), 26xLexAop-CD8::GFP (Bloomington 
Drosophila Stock Center, stock #32207) and flower{KO; KI-
flowerLoseB::mCherry} [10].

Azot knockin generation

The azot knockout founder line was described by Merino et 
al. 2015 [14]. For the generation of the azot{KO; KI-LexA::p65}, 
the cDNA of LexA::p65 was generated and inserted into 
a vector w+, AmpR, and the knockin (KI) was generated as 
described in Huang et al. 2009 [32], following the same 
strategy as the azot{KO; Gal4} described by Merino et al. 2015 
[14]. Transformants were identified by PCR with primers for 
the LexA::p65 sequence. Primer sequences are available upon 
request.

Immunohistochemistry and image acquisition

Adult brains were dissected in cold PBS; the samples were 
fixated for 30 min in formaldehyde (4% v/v in PBS) and 
permeabilized with PBT 1% Triton. The brains were then 
incubated with rabbit α-Dcp1 (dilution 1:50) from Cell 
Signaling (#9578) for 2h at room temperature and washed 

three times for 10 min with PBT 1% Triton. Sequentially, the 
brains were incubated with donkey anti-rabbit IgG (H+L) 
Secondary Antibody Alexa Fluor 647 (dilution 1:200) from 
Invitrogen (#A31573) and washed three times for 10 min with 
PBT 1% Triton. Samples were mounted in Vectashield with 
DAPI (Vectorlabs), and the confocal images were acquired 
with Zeiss LSM 880 using the Plan-Apochromat 40x/1.4 Oil DIC 
M27 objective. Maximum intensity projections of the 71-µm-
wide images were obtained with Zeiss Zen Black.

Quantification and statistical analysis 

Image quantification was done with Fiji 1.53t from ImageJ. 
The number of Fwe LB, GFP, and Dcp1 positive cells was 
counted on 70-µm-wide maximum projections including the 
anterior part of the optic lobe. The images were smoothed, 
and the noise signal was removed by applying a background 
subtraction (rolling = 10) and using a Gaussian blur filter 
(sigma = 2). All particles with a size between 0.8 and 7 and 
circularity between 0.00 and 1.00 were quantified. For 
colocalization, the image calculator was used to add the 
channels and the particles quantified with size and circularity 
as mentioned above. A minimum number of 30 optic lobes 
were analyzed for each condition. Statistical analysis was 
performed using GraphPad Prism 9.2.0. Before analysis, all 
datasets underwent a normality test using the D’Agostino-
Pearson method to assess the asymmetry and shape of the 
distribution. Given that many of the datasets did not meet 
the assumptions of normality, nonparametric statistical tests 
were performed. Specifically, the Kruskal-Wallis test was used 
to assess statistical significance between groups, and Dunn’s 
test for multiple comparisons between genotypes.
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