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Abstract

Notch signaling is an evolutionarily conserved pathway for specifying binary neuronal fates,
yet its mechanism remains elusive. In our accompanying paper, using the Drosophila lamina
neurons (L1- L5) as a model, we show that the homeodomain transcription factor (HDTF) Bsh
specifies L4 and L5 fates. Here we test the hypothesis that Notch signaling enables Bsh to
differentially specify L4 and L5 fates. We show asymmetric Notch signaling between
newborn L4 and L5 neurons, but they are not siblings; rather, Notch signaling in L4 is due to
Delta expression in adjacent L1 neurons. While Notch signaling and Bsh expression are
mutually independent, Notch is necessary and sufficient for Bsh to specify L4 fate over L5.
With Notch signaling, L4 generates a distinct open chromatin landscape which results in
distinct Bsh genome-binding loci, leading to L4-specific gene transcription. We propose that
Notch signaling and HDTF function are integrated to diversify neuronal types.

eLife assessment

This paper explores how Notch activity acts together with homeodomain
transcription Bsh factors to establish distinct cell fates (L4 vs L5) in the visual system
of Drosophila. The findings are important and have theoretical or practical
implications beyond a single subfield. The methods, data and analyses are solid, and
broadly support the claims with only minor weaknesses.

Introduction

The extraordinary computational power of our brain depends on the vast diversity of neuron
types characterized initially by transcription factor (TF) combinatorial codes, followed by neuron
type-specific functional attributes such as cell surface molecules, neurotransmitters, and ion
channels. It has been well documented how initial neuronal diversity is generated: in both
invertebrate and vertebrate, spatial and temporal factors act combinatorially in progenitors to
generate diverse and molecularly distinct progeny, and asymmetric Notch signaling between two
newborn sister neurons further diversifies neuron types (Bayraktar and Doe, 2013     ; Bello-Rojas
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and Bagnall, 2022     ; Doe, 2017     ; Erclik et al., 2017     ; Holguera and Desplan, 2018     ; Peng et al.,
2007     ; Pierfelice et al., 2011     ; Sen et al., 2019     ; Spana and Doe, 1996     ). Yet, it remains unclear
how Notch signaling controls binary neuronal fate. Notch signaling is an evolutionarily conserved
pathway that controls many aspects of nervous system development, and the outcome of Notch
signaling often depends on its context-dependent integration with other pathways (Bray, 2016     ;
Louvi and Artavanis-Tsakonas, 2006     ). While most progenitor spatial and temporal factors are not
maintained in neurons, our companion paper shows that HDTF Bsh (Brain specific homeobox) is
persistently expressed in Drosophila lamina neurons, allowing it to couple initial fate decision to
subsequent circuit formation and expression of a spectrum of neuronal functional genes, such as
neurotransmitters and ion channels (Xu et al., 2023     ). This leads to the hypothesis that Notch
signaling integrates with HDTF activity to diversify neuron types. To test this, we use the
Drosophila lamina, the first ganglion in the optic lobe, to ask whether and how Notch signaling
acts with the Bsh HDTF to diversify lamina neuron types.

The Drosophila lamina has only five intrinsic neuron types (L1-L5), which are analogous to bipolar
cells in the vertebrate visual system (Sanes and Zipursky, 2010     ). During late larval and early
pupal stages, lamina progenitor cells (LPCs) give rise to L1-L5 neurons (Fernandes et al., 2017     ;
Huang et al., 1998     ). The cell bodies of each lamina neuron type are localized in a layer-specific
manner. L2/L3 cell bodies are intermingled in the most distal layer while L1, L4, and L5 form
distinct layers progressively more proximal (Tan et al., 2015     ; Xu et al., 2023     ). Each lamina
neuron type expresses unique TF markers: L1, L2 and L3 neurons express Zfh1/Svp, Bab2 and
Zfh1/Erm, respectively (Tan et al., 2015     ; Xu et al., 2023     ), while L4 and L5 neurons express the
HDTFs Bsh/Ap and Bsh/Pdm3, respectively (Hasegawa et al., 2013     ; Tan et al., 2015     ; Xu et al.,
2023     ). Our accompanying paper show that Bsh is initiated in LPCs and maintained in L4 and L5
neurons while Ap and Pdm3 are initiated in L4 and L5 neurons respectively (Xu et al., 2023     ).
Based on their initiation order, we refer to Bsh as a “primary” HDTF and Ap/Pdm3 as “secondary”
HDTFs (Xu et al., 2023     ). Bsh activates Ap and Pdm3 and specifies L4 and L5 fates (Xu et al.,
2023     ). However, it remains unknown how a single primary HDTF Bsh activates two different
secondary HDTFs and specifies two distinct neuron types (L4 and L5). Could Notch signaling
distinguish L4 and L5 fates?

Here, we elucidate the role of Notch and Bsh in specifying L4 and L5 neuronal fates, resulting in
the following findings. (1) Differential Notch signaling distinguishes L4 and L5 neurons. Unlike in
the medulla, central brain and ventral nerve cord (Lee et al., 2020     ; Li et al., 2013     ; Mark et al.,
2021     ), this is not due to an asymmetric partition of a Notch pathway component between sister
neurons. Newborn L4 and L5 neurons are differentially exposed to the Notch ligand Delta
expressed in L1, leading to asymmetric Notch activation in L4 but not L5. (2) Previously, the
relationship between the primary HDTF Bsh and Notch signaling was unknown. Here we show
while Notch and Bsh expression are mutually independent, they act together to differentially
specify L4 and L5 fates. (3) How Notch controls binary neuronal fates has remained elusive. We
hypothesize that Notch signaling might regulate chromatin accessibility. Indeed, we find that
compared to NotchOFF L5 neurons, NotchON L4 neurons exhibit distinct open chromatin landscape
which shapes distinct Bsh genome-binding loci, resulting in L4-specific gene transcription. We
propose that Notch signaling regulates the chromatin landscape in L4 neurons, leading to L4-
distinct Bsh genomic binding, and L4-specific Bsh-dependent gene expression.

Results

Notch signaling is activated in newborn L4 neurons but not L5
Binding of a Notch ligand in one cell to Notch in an adjacent cell results in the translocation of the
Notch intracellular domain (N-ICD) into the nucleus and the subsequent transcription of Notch
target genes, including Hey (Monastirioti et al., 2010     ) (Figure 1A     ). To test whether Notch
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signaling is activated in newborn lamina neurons, we stained for Hey as a reporter of active Notch
signaling. We found that Hey is colocalized with Bsh+ L4 newborn neurons but not Bsh+ L5
neurons (Figure 1B-B     ’’, D). We also examined the expression of another Notch target gene
E(spl)-mγ (Almeida and Bray, 2005     ) and found that it was not expressed in lamina neurons
(Figure 1—figure supplement 1     ). The primary HDTF Bsh activates the secondary HDTFs Ap and
Pdm3 in L4 and L5, respectively (Xu et al., 2023     ). Here we show that Notch signaling is activated
prior to the initiation of these secondary HDTFs, suggesting a potential causal relationship
between asymmetric Notch signaling and differential secondary HDTF activation in L4 and L5
neurons (Figure 1C-D     ). Together, we conclude that there is differential Notch activity, with
newborn L4, but not L5, expressing the Notch reporter Hey.

In most regions of the central nervous system, ganglion mother cells (GMCs) undergo asymmetric
terminal divisions to make NotchON/NotchOFF sibling neurons with distinct cell fates (Lee et al.,
2020     ; Li et al., 2013     ; Mark et al., 2021     ). To test whether L4 and L5 are NotchON/NotchOFF

siblings, we used twin-spot MARCM (Yu et al., 2009     ) to trace two sibling neurons, which are
divided from a single LPC cell, as a GFP and RFP pair. If L4 and L5 neurons are siblings generated
from an LPC asymmetric division, we predict L4 and L5 to be an invariant RFP and GFP pair. In
contrast, we found the GFP and RFP pair are either both L4 neurons or both L5 neurons (Figure
1E-H     ). This rules out an obligate asymmetric division to produce L4/L5 siblings, and suggests
that differential Hey expression is due to differential contact with an extrinsic Notch ligand.

L1 neurons express Delta and activate
Notch signaling in adjacent L4 neurons
We tested the possibility that the asymmetric Notch signaling between L4 and L5 is due to an
extrinsic exposure of L4 to Delta expression, one of the two Notch ligands in Drosophila
(Muskavitch, 1994     ). We found that during lamina neurogenesis, Delta is specifically expressed in
L1 neurons which are adjacent to L4 neurons but not L5 (Figure 2A-B     ). Furthermore, we found
that Delta is also expressed in the Tailless+ (Tll+) LPCs in the same row as the L1 neurons,
suggesting that LPCs may be more heterogeneous than previously thought (Apitz and Salecker,
2014     ; Huang et al., 1998     ) (Figure 2C-D     ). To test whether the L1-specific transcription factor
Svp is required to activate or maintain Delta expression in L1, we knocked down Svp expression in
the lamina. We found Svp expression is indeed almost gone following Svp-knockdown (Svp-KD),
yet Delta and Hey expression remains unaffected (Figure 2—figure supplement 1     ), suggesting
that Delta expression in L1 neurons might be inherited from Delta-expressing LPCs instead of
being activated by Svp. Together, we found that L1 neurons and a subset of LPCs express Delta,
and Delta expression in L1 neurons does not depend on Svp.

Next, we asked whether Delta expression in L1 neurons is required to activate Notch signaling in
adjacent newborn L4 neurons. We knocked down Delta expression in lamina using the LPC driver
27G05-Gal4 and Delta-RNAi. Indeed, Delta-KD shows the absence of Delta expression in lamina
(Figure 2E     ’, F’). Importantly, reduced Delta expression abolished Hey expression in the newborn
L4, showing that Delta expression in L1 neurons is required for activating Notch in L4 (Figure
2E     - F”). Taken together, we conclude that Delta expressed in L1 neurons activates Notch
signaling in L4 but not L5 neurons, making the Delta-Notch pathway a strong candidate for acting
together with Bsh activity to differentially specify L4 and L5 fates (Figure 2G     ).

Bsh without Notch signaling activates
Pdm3 and specifies L5 neuronal fate
To test whether the asymmetric Notch signaling between newborn L4 and L5 enables Bsh to
differentially specify distinct L4 and L5 fates, we first performed Notch loss of function in the
lamina using 27G05-Gal4 and UAS-Notch-RNAi. We found that this genotype caused embryonic
lethality, so to preserve Notch function during early development, we performed conditional
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Figure 1.

Notch signaling is activated in newborn L4 neurons but not L5.
(A) Schematic of Notch signaling pathway.
(B-B”) Hey as a reporter of active Notch signaling is only expressed in newborn L4 neurons but no other lamina neurons at
15h APF. Here and below, scale bar: 10 µm, n≥5 brains. Dashed line delineates the boundary between Bsh+ L4 and Bsh+ L5
neurons.
(C, D) Hey is expressed prior to the activation of the secondary HDTFs Ap and Pdm3 at 15h APF. Dashed line delineates the
boundary between Bsh+ L4 and Bsh+ L5 neurons.
(E-H) Using twin-spot MARCM, two sibling neurons generated by one progenitor are traced. RFP and GFP cells are either both
L4 neurons (Bsh+Pdm3-) or both L5 neurons (Bsh+Pdm3+). N=4.
Dashed line outlines RFP+ and GFP+ cell bodies.
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Figure 2.

L1 neurons express Delta and activate
Notch signaling in adjacent L4 neurons.
(A, A’) Svp+Zfh1+ L1 neurons are adjacent to both newborn L3 and L4 neurons. Newborn L3 neurons (Erm+) are localized
strictly above (distal to) L1 neurons (Svp+Zfh1+) and L1 neurons are localized strictly above (distal to) L4 neurons. Here and
below, scale bar: 10 µm, n≥5 brains. Dashed line delineates the boundary between L1 (Svp+Zfh1+) and L4 (Bsh+) cell bodies.
(B, B’) Delta is expressed in Zfh1+ L1 neurons which are adjacent to Bsh+ L4 neurons. Dashed line delineates the boundary
between L1 (Zfh1+) and L4 (Bsh+) cell bodies.
(C-C”) Delta is also expressed in a subset of LPCs (Tll+). Dashed line highlights Delta+ cell bodies.
(D) Summary of A-C data; triangles represent Delta expression.
(E-F”) Delta-KD (27G05-Gal4, tubP-GAL80[ts], UAS-Delta-RNAi) results in loss of Delta and Hey expression in lamina. HRP
labels the axons of the photoreceptors which represent the lamina column. Solid white line outlines the lamina and dashed
line delineates the boundary between Delta + cells and Hey+ cells.
(G) Summary
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Notch-KD (N-KD) using Gal80ts. We inactivated the Gal80ts activity, which abrogates the
suppression of 27G05-Gal4, from the beginning of the third instar stage to ensure the N-KD during
lamina neurogenesis. During lamina neurogenesis, in controls, the Notch reporter Hey is
expressed in newborn L4 neurons, followed by Bsh activation of Ap and Pdm3 and specification of
L4 and L5 fates, respectively (Xu et al., 2023     ) (Figure 3A-B     , Figure 3—figure supplement 1B-
B     ”). In contrast, in N-KD, Hey expression becomes absent, and Bsh now activates Pdm3 but not
Ap and specifies L5 fate (Figure 3C-D     , Figure 3—figure supplement 1B-C     ”). During late
pupal stages after the completion of lamina neurogenesis, control Bsh+ lamina neurons include
both Ap+ L4 neurons and Pdm3+ L5 neurons (Figure 3E-F     ). In N-KD, however, Bsh+ lamina
neurons are mainly Pdm3+ L5 neurons, though the number of Bsh+ lamina neurons remains
unaffected, suggesting that more L5 neurons are generated at the expense of L4 in N-KD (Figure
3E-J     ). Interestingly, Bsh+ cell bodies in N-KD settle together to mix in a single layer, in contrast to
Bsh+ cell bodies in controls segregating into two distinct layers with L4 distal to L5 (Figure 3E-
H     ). This suggests that L4 and L5 cell bodies in controls might express different cell surface
molecules to achieve their neuron type-specific settling layer.

Similarly, Delta-KD results in more L5 neurons generated at the expense of L4 (Figure 3— figure
supplement 2     ). Note that ectopic Ap expression in L5 is caused by the 27G05-Gal4 line alone
(Figure 3E-G     ”, Figure 3—figure supplement 2A-B     ”), probably due to its genome insertion
site in the Notch target gene E(spl)m4-BFM (Figure 3—figure supplement 1A     ), but this does not
affect our conclusion that Bsh without Notch signaling activates Pdm3 and specifies L5 fate. Taken
together, we conclude that in the absence of Notch signaling, the primary HDTF Bsh activates the
secondary HDTF Pdm3 and specifies L5 neuronal fate (Figure 3K     ).

Bsh with Notch signaling activates
Ap and specifies L4 neuronal fate
To test whether Notch signaling is sufficient for Bsh to activate Ap and specify L4 neuronal fate,
we first performed Notch gain of function broadly in the LPCs and lamina neurons. We used
27G05- Gal4 and Gal80ts to express the Notch intracellular domain (N-ICD; a constitutively active
form of Notch) from the middle of lamina neurogenesis at 0h APF (Figure 4—figure supplement
1A     ). Following Notch misexpression, we observed ectopic Hey expression in newborn L5
neurons generated after 0h APF, showing that Notch signaling was active in L5 neurons (Figure 4
—figure supplement 1B-C     ”). Similarly, Notch misexpression during late pupal stage results in
ectopic Bsh+ Pdm3-L4 neurons and a loss of Bsh+ Pdm3+ L5 neurons (Figure 4—figure
supplement 1D-G     ). Thus, broad activation of Notch signaling in lamina is sufficient for Bsh to
activate Ap and specify L4 neuronal fate at the expense of L5 neuronal fate.

Next, we wanted to activate Notch signaling precisely in newborn L5 neurons using Bsh-Gal4. We
confirmed that Bsh-Gal4 is turned on in newborn L5 and prior to Pdm3 initiation, making it the
perfect driver for Notch gain of function in newborn L5 (Figure 4—figure supplement 2A-B     ”).
In controls, newborn L4 neurons express Hey followed by Ap, whereas newborn L5 neurons lack
Hey expression and subsequently express Pdm3 (Xu et al., 2023     ) (Figure 4A-B     , Figure 4—
figure supplement 2C-C     ”). In contrast, expression of N-ICD in newborn "L5 neurons" resulted
in ectopic expression of Hey followed by expression of the L4 marker Ap (Figure 4C-D     , Figure 4
—figure supplement D-D     ”). The total number of Bsh+ lamina neurons remains unaffected,
confirming the ectopic L4 neurons are generated at the expense of L5 neurons (Figure 4E-J     ).
These data support our conclusion that Notch signaling is sufficient for Bsh to specify L4 neuronal
fate at the expense of L5 neuronal fate (Figure 4K     ).

To test whether Bsh with Notch signaling specifies L4 morphology and connectivity, we took
advantage of a Hey-ORF-Flp transgene (Mark et al., 2021     ) to trace the morphology of Hey+

neurons with myristoylated Tomato, and the Hey+ neuron presynaptic sites with Bruchpilot (Brp)
using the STaR method (Chen et al., 2014     ; Xu et al., 2019     ) (Figure 4—figure supplement
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Figure 3.

Bsh without Notch signaling activates
Pdm3 and specifies L5 neuronal fate.
(A-D) N-KD in lamina (27G05-Gal4, tubP-GAL80[ts], UAS-Notch-RNAi) shows Hey expression is absent, and Bsh only activates
Pdm3 and specifies L5 neuronal fate during lamina neurogenesis (19h APF). Here and below, scale bar, 10 µm, n≥5 brains.
(E-J) N-KD in lamina shows loss of Ap+Pdm3-L4 neurons and gain of Pdm3+ L5 neurons at 3-4d APF. (I-J) Quantification (single
optical section).
(K) Summary
Data are presented as mean ± SEM. Each dot represents each brain. n=6 brains in (I), (J).
***P<0.001, ns=not significant, unpaired t-test.
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Figure 4.

Bsh with Notch signaling activates Ap and specifies L4 neuronal fate.
(A-D) Ectopic expression of N-ICD in newborn L5 neurons (Bsh-Gal4>UAS-N-ICD) results in ectopic Hey and Ap activation and
an increased number of L4 neurons at 19h APF. Here and below, scale bar, 10 µm, n≥5 brains.
(E-J) N-ICD results in loss of Pdm3+ L5 neurons and gain of Ap+ L4 neurons at 3-4d APF. (I-J) Quantification (single optical
section).
(K) Summary.
Data are presented as mean ± SEM. Each dot represents each brain. n=6 brains in (I), (J).
***P<0.001, ns=not significant, unpaired t-test.
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3A     ). L4 neurons are the only lamina neurons that express Hey (Figure 1B     ’). Indeed, in
controls, Tomato+ neurons, which trace Hey+ neurons, exhibit L4-specific morphology and
connectivity in lamina: neurites and presynaptic Brp in the proximal lamina (Figure 4—figure
supplement 3B-C     ). Following N-ICD misexpression in newborn L5, Tomato+ neurons, which
trace the endogenous and ectopic Hey+ neurons, have L4-like morphology and connectivity:
neurites and presynaptic Brp in the proximal lamina (Figure 4—figure supplement 3D-E     ). The
slight deviations from control L4 morphology following N-ICD misexpression in newborn L5 might
be due to a higher Notch signaling level in N-ICD misexpression compared to control. Taken
together, we conclude that in the presence of Notch signaling, the primary HDTF Bsh activates the
secondary HDTF Ap and specifies L4 TF marker, morphology and connectivity (Figure 4K     ).

Notch signaling and Bsh expression are mutually independent
Notch signaling is widely used in newborn neurons to specify binary neuronal fates and HDTFs
are broadly expressed in neurons (Hobert, 2021     ; Jukam and Desplan, 2010     ; Louvi and
Artavanis-Tsakonas, 2006     ; Spana and Doe, 1996     ), yet the relationship between Notch signaling
and HDTF expression has remained elusive. Here we find that the secondary HDTFs Ap and Pdm3
are activated in a Notch-dependent manner: Notch signaling upregulates Ap expression and
downregulates Pdm3 expression (Figure 3     , 4). To test the relationship between Notch signaling
and the primary HDTF Bsh expression, we performed conditional N-KD during lamina
neurogenesis. This knockdown was highly effective, with Hey becoming undetectable, yet the
number of Bsh+ cells remain unaffected (Figure 5A-C     ). Thus, Bsh expression is independent of
Notch signaling. Conversely, we used 27G05-Gal4 and Bsh-RNAi to knock down Bsh in LPCs. This
resulted in Bsh becoming undetectable, yet Hey expression was unaffected (Figure 5D-F     ). Thus,
Notch signaling and Bsh expression are independent. Taken together, we conclude that while the
expression of the secondary HDTFs depends on Notch signaling, the expression of primary HDTF
Bsh and Notch signaling are mutually independent.

Notch signaling without Bsh specifies L3 neuron type
Our observation that Notch signaling remains unaffected following loss of Bsh raises an
interesting question: what is the identity of the Hey+ neurons in the absence of Bsh. To address
this question, we used genetic methods (schematic in Figure 5G     ) to trace Hey+ lamina neurons
with myristoylated GFP. L4 neurons are the only lamina neurons expressing Hey. Indeed, in
controls, GFP+ cells, which trace Hey+ neurons, express the L4 marker Bsh but not L3 markers
Zfh1 or Erm (Figure 5H     - H’’). In Bsh-KD, Bsh expression is lost and GFP+ cells instead express
the L3 markers Zfh1 and Erm (Figure 5I-I     ’’). Zfh1 is required for L1 and L3 fates, and Bsh
suppresses Zfh1 to inhibit ectopic L1 and L3 fates (Xu et al., 2023     ). Together, we conclude that in
the absence of Bsh, Notch signaling with ectopic Zfh1+ specifies L3 neuronal fate.

We next tested whether Hey+ neurons in Bsh-KD adopt L3 morphology. In controls, GFP+ neurons
express L4 marker Ap and exhibit L4-specific morphology: neurites in the proximal lamina and
axon targeting two layers in medulla (Figure 5J     ). In Bsh-KD, GFP+ neurons express the L3
marker Erm and adopt L3-specific morphology: one-direction (comb-like) neurites in lamina and
axon targeting in single layer in medulla (Xu et al., 2019     ) (Figure 5K     , L). We conclude that
Notch signaling without Bsh in lamina determines L3-specific TF marker expression and
morphology.

To test whether Hey+ neurons in Bsh-KD adopt L3 connectivity, we examined the location of
presynaptic sites of Hey+ neurons. We took advantage of Hey-ORF-Flp (Mark et al., 2021     ) to label
the presynaptic marker Brp of Hey+ neurons with the STaR method (Chen et al., 2014     ; Xu et al.,
2019     ) (schematic in Figure 5M     ). In controls, Tomato+ neurons in lamina exhibit L4-specific
morphology and connectivity, with neurites and presynaptic Brp in the proximal lamina (Figure
5N     ). In contrast, following Bsh-KD the Tomato+ neurons adopt L3-specific morphology and
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Figure 5.

Notch activation and Bsh expression are mutually independent;
Notch signaling without Bsh specifies L3 neuron type.
(A-F) Notch activation and Bsh expression are mutually independent. (A-C) N-KD in lamina (27G05-Gal4, tubP-GAL80[ts], UAS-
Notch-RNAi) results in loss of Hey expression without affecting Bsh expression. (C) Quantification (single optical section).
Here and below, scale bar, 10 µm, n≥5 brains. (D-F) Bsh-KD in lamina (27G05-Gal4>UAS-Bsh-RNAi) results in loss of Bsh
expression without affecting Hey expression. (F) Quantification (single optical section).
(G-L) Notch signaling without Bsh specifies L3 neuron type. (G) Schematic of the genetics used to trace the morphology of
Hey+ lamina neurons. (H, I) In controls, GFP+ neurons express the L4 marker Bsh (white arrowhead) at 19h APF. In Bsh-KD,
Bsh expression becomes absent in lamina and GFP+ cells now express L3 markers Zfh1 and Erm (white arrowhead). (J-L) In
controls, GFP+ cells express the L4 marker Ap (white arrowhead) and have L4 morphology (asterisk) at 2.5d APF. In Bsh-KD,
GFP+ cells express L3 marker Erm (white arrowhead) and adopt L3 morphology (asterisk). (L) Quantification for (J) and (K)
(single optical section).
(M-O) (M) Schematic of the genetics used to trace the morphology and presynaptic sites of Hey+ neurons. (N, O) In controls,
Tomato+ neurons have L4 morphology and presynaptic sites (Brp) in lamina. In Bsh-KD, Tomato+ neurons adopt L3
morphology and connectivity which lacks presynaptic localization in lamina (Xu et al., 2019     ).
(P) Summary.
Data are presented as mean ± SEM. Each dot represents each brain. n=5 brains in (C), (F) and (L).
***P<0.001, ns=not significant, unpaired t-test.
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connectivity: comb-like neurites in lamina and no significant Brp in lamina (Xu et al., 2019     )
(Figure 5O     ). Taken together, we conclude that in the absence of Bsh, Notch signaling with
ectopic Zfh1 specifies L3 TF marker, morphology, and connectivity (Figure 5P     ).

The NotchON L4 has correlated open chromatin, Bsh-bound loci

and transcription profile that is distinct from the NotchOFF L5
Bsh specifies two distinct neuron types: NotchON L4 and NotchOFF L5. How are Notch signaling
and Bsh activity integrated to specify L4 neuron type over L5? Bsh binds numerous L4 feature
genes: ion channels, synaptic organizers, cytoskeleton regulators, synaptic recognition molecules,
neuropeptide/receptor and neurotransmitter/receptor (Xu et al., 2023     ). This raises the
hypothesis that Notch signaling might generate L4-distinct open chromatin landscape which
determines the accessibility of Bsh target genes, resulting in L4-specific Bsh-dependent gene
transcription. To determine if L4 and L5 have differing open chromatin regions and Bsh genome-
binding sites, we used Targeted DamID (TaDa) (Marshall et al., 2016     ; Southall et al., 2013     ) to
profile both open chromatin (Dam-alone binding) (Aughey et al., 2018     ) and Bsh genome-binding
loci (Dam:Bsh binding) (Figure 6A     ). We performed these experiments with precise spatial and
temporal control: only in L4 neurons (using L4-Gal4) which we reported in our accompanying
paper (Xu et al., 2023     ) or L5 neurons (using L5-Gal4) (Luo et al., 2020     ; Nern et al., 2008     ) at
the time of synapse formation (46-76h APF; Figure 6—figure supplement 1A-B     ”). We confirmed
the function of the Bsh:Dam fusion protein previously (Xu et al., 2023     ). Here for L5 neurons, we
performed three biological replicates which had high reproducibility (Figure 6—figure
supplement 1C     ).

Our data show that the NotchON L4 neurons, compared to the NotchOFF L5, have distinct open
chromatin regions, which is consistent with the known role of Notch signaling driving histone
acetylation, a marker of active enhancers, in cultured Drosophila and mammalian cells (Oswald et
al., 2001     ; Skalska et al., 2015     ; Wang et al., 2014     ) (Figure 6B     , Supplementary File 1).
Indeed, we found the canonical binding motif of Suppressor of Hairless (Su(H)), the DNA-binding
partner of Notch (Bray and Furriols, 2001     ), is more likely to be enriched in L4-disinct open
chromatin regions (Figure 6—figure supplement 2A     ). To test whether L4-distinct open
chromatin regions result in L4- specific gene transcription, we took advantage of recently
published lamina neuron single cell RNA sequencing (scRNA-seq) data from the same
developmental stage (Jain et al., 2022     ). Indeed, our data show the significant enrichment of L4-
specific transcribed genes in L4-distinct open chromatin regions (Figure 6B     , Supplementary File
2). Similarly, we found L5-specific transcribed genes are enriched in L5-distinct open chromatin
regions (Figure 6—figure supplement 2B     , Supplementary File 3). Together, our data suggest
that Notch signaling directly or indirectly generates an L4-distinct open chromatin landscape
which correlates with L4-specific gene transcription (Figure 6D     ).

Next, we tested the hypothesis that L4-distinct open chromatin landscape leads to L4-distinct Bsh
genome-binding loci, which in turn results in L4-specific gene transcription. We found that L4 and
L5 neurons indeed show distinct Bsh genome-binding loci (Figure 6C     , Supplementary File 4).
Furthermore, L4-distinct Bsh-bound loci, similar to L4-distinct open chromatin, are enriched for
L4- specific transcribed genes (Figure 6C     , Supplementary File 2). This suggests that L4-distinct
open chromatin, via L4-distinct Bsh-bound loci, leads to L4-specific gene transcription.
Interestingly, we did not see the significant enrichment of L5-specific transcribed genes in L5-
distinct Bsh-bound loci, suggesting another unknown factor might be required for L5-specific gene
transcription (Figure 6— figure supplement 2C     , Supplementary File 3). Taken together, we
propose that Notch signaling creates a distinct open chromatin landscape leading to distinct Bsh-
bound loci in L4 neurons, and thus generating L4-specific Bsh-dependent gene transcription
(Figure 6D     ).

https://doi.org/10.7554/eLife.90136.1


Chundi Xu et al., 2023 eLife. https://doi.org/10.7554/eLife.90136.1 12 of 48

Figure 6.

The NotchON L4 has correlated open chromatin, Bsh-bound loci

and transcription profile that is distinct from the NotchOFF L5.
(A) Schematic of the Targeted DamID method. Upon GAL4 induction, low-levels of either Dam or Bsh:Dam are expressed,
allowing genome-wide open chromatin and Bsh binding targets to be identified.
(B) L4 and L5 neurons show distinct open chromatin regions (yellow), and L4-specific transcribed genes (red) are enriched in
L4-distinct open chromatin regions.
(C) L4 and L5 neurons show distinct Bsh-bound loci (yellow), and L4-specific transcribed genes (red) are enriched in L4-
distinct Bsh-bound loci. P values from Fisher’s exact test; odds ratios (OR) expressed as L4/L5 in all cases.
(D) Model.

https://doi.org/10.7554/eLife.90136.1
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Discussion

Notch signaling is an evolutionarily conserved pathway for controlling binary cell fates in worms,
flies, and mammals (Artavanis-Tsakonas et al., 1999     ; Bray, 2016     ; Ehebauer et al., 2006     ;
Jukam and Desplan, 2010     ; Louvi and Artavanis-Tsakonas, 2006     ; Pierfelice et al., 2011     ). Here
we identified a pair of NotchON and NotchOFF Bsh+ newborn neurons. Bsh and Notch signaling
together specifies L4 fate while Bsh alone specifies L5 fate. With Notch signaling, L4 neurons
generate distinct open chromatin landscape, allowing distinct Bsh target loci, leading to L4-specific
gene transcription. Notch signaling and Bsh expression are mutually independent. In the absence
of Bsh, the NotchON and NotchOFF neurons with ectopic HDTF Zfh1 adopt L3 and L1 (Xu et al.,
2023     ) fates respectively (Figure 7     ). Our findings propose a model that the unique
combination of HDTF and open chromatin landscape (e.g. by Notch signaling) specifies distinct
neuron types.

Despite the important roles of Notch signaling in development, its function in lamina development
has remained unknown. Here we discovered that L1 neurons express Delta and activate Notch
signaling in adjacent newborn L4 but not in the more distant L5. L3 is also adjacent to the Delta+
L1; might L3 be a NotchON neuron? If so, it would use a different effector, as Hey is not expressed
in newborn L3 neurons. Yet, it seems likely for several reasons: (1) like L4, newborn L3 neurons
are strictly adjacent to Delta+ L1; (2) Asymmetric Notch signaling between L3 and L1 would allow
Zfh1 to differentially specify L3 and L1 neuronal fates; (3) in Bsh-KD, Notch signaling with ectopic
Zfh1 specifies ectopic L3 neuron type. Besides lamina neurons, we also detected Delta expression
in a small pool of LPCs in the L1 row, suggesting that LPCs are more heterogeneous than
previously thought (Apitz and Salecker, 2014     ; Fernandes et al., 2017     ). It would be interesting
to characterize the molecular heterogeneity of LPCs using scRNA-seq and explore the potential
role of Notch signaling in this population.

It is well-known that Notch signaling controls binary cell fates. Yet, its mechanism remains
unclear. We found that Notch signaling and primary HDTF Bsh activity are integrated to specify
two distinct neuron types: L4 and L5. Notch signaling directly or indirectly generates L4-distinct
open chromatin landscape which specifies L4-distinct Bsh-bound loci, resulting in L4-specific Bsh-
dependent gene transcription. This is consistent with in vitro findings of Notch function. In
cultured mammalian cells, upon Notch activation, Notch transcription complexes recruit p300
which acetylates H3K27 and produce large increase in H3K27 acetylation levels, an active
enhancer marker, across the entire breadth of super-enhancers (Oswald et al., 2001     ; Wang et al.,
2014     ). In cultured Drosophila cells, Notch activation induces a robust increase in H3K56
acetylation (Bray, 2016     ; Skalska et al., 2015     ). One intriguing future direction would be testing
whether Notch signaling directly generates open chromatin landscape in vivo.

Our brain function depends on the vast diversity of neuron types. The role of TFs in specifying
neuron types has been well studied. For example, each temporal transcription factor (TTF) acts
transiently in progenitors to generate specific neuron types during its expression window (Doe,
2017     ; Isshiki et al., 2001     ; Li et al., 2013     ). While most TTFs are not maintained in neurons,
their function is likely maintained by another TF, e.g. HDTF, which is persistently expressed in
neurons. Indeed, HDTFs function as terminal selectors and control the expression of neuronal
identity genes (Cros and Hobert, 2022     ; Hobert, 2021     ; Howell et al., 2015     ; Reilly et al., 2022     ,
2020     ). The primary HDTF Bsh specifies L4 and L5 neuronal fates (Xu et al., 2023     ). However,
the role of open chromatin in specifying neuron type is less well characterized. In vitro, during
programming of mouse embryonic stem cells to neurons, proneural factors Ascl1 and
Neurogenin2 establish distinct chromatin landscapes, resulting in induced neurons with different
subtype identities (Aydin et al., 2019     ; Wapinski et al., 2013     ). Here, we found that, with Notch
signaling, L4 generates distinct open chromatin landscape which correlates with distinct Bsh
genome-binding loci, and subsequent L4- specific gene transcription. Furthermore, in Bsh-KD, L3
and L1 are ectopically generated at the expense of L4 and L5 respectively (Figure 7     ). This

https://doi.org/10.7554/eLife.90136.1
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Figure 7.

Model; see the discussion section for details.
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elegant one-to-one fate switch (L4>L3; L5>L1) raises an open question: would newborn L4 and L3
share the open chromatin landscape which is distinct from the one shared by newborn L5 and L1?
Our findings provide a testable model that the unique combination of HDTF and open chromatin
landscape specifies distinct neuron types.
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Figure 1—figure supplement 1.

E(spl)-mγ is not expressed in lamina neurons.
(A-A”) E(spl)-mγ-GFP is expressed in LPC region but not lamina neurons. Erm labels L3; Svp labels L1; Bsh labels Bsh+ LPCs, L4
and L5. Solid white line outlines LPC region.

Figure 2—figure supplement 1.

Svp is not required to initiate or maintain Delta expression in L1 neurons.
(A-D) In Svp-KD (27G05-Gal4>UAS-Svp-RNAi), there is a loss of Svp while Hey expression remains unaffected at 19h APF. (C-D)
Quantification (single optical section). Here and below, scale bar, 10 µm, n≥5 brains.
(E-G) In Svp-KD (27G05-Gal4>UAS-Svp-RNAi), Delta expression remains unaffected at 19h APF.
(G) Quantification (single optical section).
Data are presented as mean ± SEM. Each dot represents each brain. n=5 brains in (C) and (D). n=6 brains for control and n=5
brains for Svp-KD in (G). ***P<0.001, ns=not significant, unpaired t-test.

https://doi.org/10.7554/eLife.90136.1
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Figure 3—figure supplement 1.

27G05-Gal4 is inserted in between two Notch target genes; Bsh
without Notch signaling activates Pdm3 and specifies L5 morphology.
(A) Schematic of 27G05-Gal4 insertion site in between two Notch target genes (E(spl)m4-BFM and E(spl)m5-HLH).
(B-C”) Bsh without Notch signaling activates Pdm3 and specifies L5 morphology. In N-KD (27G05- Gal4, tubP-GAL80[ts], UAS-
Notch-RNAi), Bsh activates Pdm3 but not Ap and specifies L5 neuronal fate during lamina neurogenesis (19h APF). White line
outlines Bsh+ lamina cells. Scale bar, 10 µm, n≥5 brains.

https://doi.org/10.7554/eLife.90136.1
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Figure 3—figure supplement 2.

Bsh specifies L5 neuronal fate over L4 following Delta-KD.
(A-C) Delta-KD (27G05-Gal4, tubP-GAL80[ts], UAS-Delta-RNAi) in lamina shows the decrease of Ap+ Pdm3-L4 neurons and
increase of Pdm3+ L5 neurons at 3-4d APF. (C) Quantification (single optical section). Scale bar, 10 µm.
Data are presented as mean ± SEM. Each dot represents each brain. n=5 brains. **P<0.01, ns=not significant, unpaired t-test.

https://doi.org/10.7554/eLife.90136.1
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Figure 4—figure supplement 1.

Temporally-restricted activation of Notch signaling by
27G05- Gal4 enables Bsh to specify L4 neuronal fate over L5.
(A) Schematic of the genetics for temporally-restricted activation of Notch signaling.
(B-C”) Activation of Notch signaling from 0h APF (affected region circled) results in ectopic Hey expression at 19h APF. Here
and below, scale bar, 10 µm, n≥5 brains.
(D-G) Activation of Notch signaling from 0h APF (affected region circled) results in no change to Bsh expression, loss of
Pdm3+ L5 neurons and gain of Ap+Pdm3-L4 neurons at 3-4d APF. (F and G) Quantification (single optical section).
Data are presented as mean ± SEM. Each dot represents each brain. ***P<0.001, ns=not significant, unpaired t-test.

https://doi.org/10.7554/eLife.90136.1
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Figure 4—figure supplement 2.

Bsh-Gal4 is expressed in newborn L5 neurons; Bsh does
not activate L5 marker Pdm3 when Notch signaling is
activated in newborn L5 by Bsh-Gal4 and UAS-N-ICD.
(A-B”) Bsh-Gal4 is expressed in newborn L5 neurons. (A-A”) GFP+ cells (white line circle; Bsh-Gal4>UAS-myrGFP) label L5
neurons which are in the bottom (proximal) row of Bsh+ cells during lamina neurogenesis (13h APF). Here and below, scale
bar, 10 µm, n≥5 brains. (B-B”) GFP+ cells (white line circle; Bsh-Gal4>UAS-myrGFP) label Pdm3+ newborn L5 and early born L5
neurons during lamina neurogenesis (16h APF).
(C-D”) Bsh does not activate L5 marker Pdm3 when Notch signaling is activated in newborn L5 by Bsh-Gal4 and UAS-N-ICD.
Pdm3 expression is initiated in L5 neurons in control but not in N-ICD (Bsh-Gal4>UAS-N-ICD).

https://doi.org/10.7554/eLife.90136.1
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Figure 4—figure supplement 3.

Bsh-Gal4 activation of Notch signaling in newborn L5
neurons specifies L4-like morphology and presynaptic sites.
(A) Schematic of the genetics used to trace the morphology and presynaptic site (Brp) of Hey+ neurons.
(B-E) In controls, Tomato+ neurons in lamina have L4 morphology and presynaptic sites labeled by Brp-V5. In Bsh-KD,
Tomato+ cells, which trace the endogenous and ectopic Hey+ neurons, have L4-like morphology and presynaptic sites labeled
by Brp-V5 in the lamina. Scale bar, 10 µm. n≥5 brains.

https://doi.org/10.7554/eLife.90136.1
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Figure 6—figure supplement 1.

6-60-Gal4 used for TaDa experiment is specifically
expressed in L5 neurons at 46h-76h APF.
(A) Schematic of the genetics used to perform targeted Dam ID experiments (see Figure 6     ).
(B-B”) 6-60-Gal4, which is expressed at 46h-76h APF, drives GFP expression in all Pdm3+ L5 neurons and weak GFP expression
in some Ap+ L4 neurons. Scale bar, 10 µm. n≥5 brains.
(C) Both Dam and Bsh:Dam show high Pearson correlation coefficients among their three biological replicates, with lower
Pearson correlation coefficients between Dam and Bsh:Dam. Heat map is generated using the multiBamSummary and
plotCorrelation functions of deepTools.

https://doi.org/10.7554/eLife.90136.1
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Figure 6—figure supplement 2.

L4-disinct open chromatin regions are more likely to contain the
Su(H) binding motif; L5-specific transcribed genes are correlated with
L5-distinct open chromatin regions but not L5-distinct Bsh-bound loci.
(A) L4 and L5 neurons show distinct open chromatin regions (yellow), and the Su(H) binding motif (blue) is more likely to be
present in L4-distinct open chromatin regions.
(B) L4 and L5 neurons show distinct open chromatin regions (yellow), and L5-specific transcribed genes (red) are enriched in
L5-distinct open chromatin regions.
(C) L4 and L5 neurons show distinct Bsh-bound loci (yellow); L5-specific transcribed genes (red) and L5-distinct Bsh-bound
loci do not show correlation. P values from Fisher’s exact test; odds ratios (OR) expressed as L4/L5 in all cases.
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Chundi Xu et al., 2023 eLife. https://doi.org/10.7554/eLife.90136.1 24 of 48

Materials and Methods

Key resources table
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Contact for reagent and resource sharing

Further information and requests for resources and reagents should be directed to and will be
fulfilled by the Lead Contact Chundi Xu (cxu3@uoregon.edu) or Chris Doe (cdoe@uoregon.edu).

Experimental model and subject details

All flies were reared at 25°C on standard cornmeal fly food, unless otherwise stated.

Method details

Animal collections
For all RNAi knockdown experiments without tubP-GAL80[ts], crosses were kept at 25°C and the
progeny were kept at 27.5°C with 16:8 hours light-dark cycle from the embryo stage until
dissection.

For the experiment R27G05GAL4>UAS-Notch-RNAi, tubP-GAL80[ts], the crosses were kept at 18°C
and the progeny were moved to 29.2°C after six days in 18°C. Pupae at 0h APF were staged at
29.2°C and then dissected after 15 hours at 29.2°C. Pupae 3-4d APF at 25°C were dissected once
they turned dark.

For the experiment 27G05GAL4>UAS-N-ICD, tubP-GAL80[ts], the crosses were kept at 18°C and the
progeny were moved to 29.2°C at 0hAPF. Pupae at 19h APF or 3.75d APF were dissected.

For the experiment Bsh-Gal4>UAS-N-ICD, the crosses were kept in 25°C and the progeny were
moved to 29.2°C at early L3 stage for 15 hours (19 hours APF at 25°C) or until dark (3-4d APF at
25°C).

For twin-spot MARCM, the crosses (virgin: hsFlp122; frt40a, UAS-CD2-RFP, UAS-GFP-miRNA;
Tm2/tm6b; male: w; frt40a, UAS-CD8-GFP, UAS-CD2-miRNA; 27g05Gal4/tm6b) were kept in 25°C.
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Progeny at 0h APF were heat shocked at 34°C for 2 minutes and 50 seconds and dissected 24 hours
after heat shock.

Generating Bsh antibody
Bsh protein and antibody were made by GenScript (Piscataway, NJ) in guinea pigs, and immunized
with the following portion of the Bsh open reading frame:

MHHHHHHAMLNEASLSPADAHAHANATTPTHSKAAAMASATTMLTTKTPFSIE
HILFQNLNSASNNNNSSDTNGIAANTNNYAPKSSRNAVKSARSAFAHDNNPHKH
PSQHSHPPQSHPPASASASATATARSNQAASGYAGEDYGKSMHSTPRSNHHSRH
GTSHYNGDQISQQLGSGAAQHPPVPTTQPQPPPPPPLNGGSGASNGVLYPNAPYT
DHGFLQMTLGYLSPSSGTYKSVDPYFLSQASLFGGAPFFGAPGCVPELALGLGM
GVNALRHCRRRKARTVFSDPQLSGLEKRFEGQRYLSTPERVELATALGLSETQV
KTWFQNRRMKHKKQLRRRDNANEPVDFSRSEPGKQPGEATSSSGDSKHGKLNP
GSVGGTPTQPTSEQQLQMCLMQQGYSTDDYSDLEADSGDEDNSSDVDIVGDAK LYQLT.

Immunohistochemistry
Fly brains were dissected in Schneider’s medium and fixed in 4% paraformaldehyde in phosphate
buffered saline (PBS) for 25 min. After fixation, brains were quickly washed with PBS with 0.5%
Triton X-100 (PBT) and incubated in PBT for at least 2 hr at room temperature. Next, samples were
incubated in blocking buffer (10% normal donkey serum, 0.5% Triton X-100 in PBS) overnight at
4°C. Brains were then incubated in primary antibody (diluted in blocking buffer) at 4°C for at least
two nights. Following primary antibody incubation, brains were washed with PBT. Next, brains
were incubated in secondary antibody (diluted in blocking buffer) at 4°C for at least one day.
Following secondary antibody incubation, brains were washed with PBT and mounted in
SlowFade Gold antifade reagent (Thermo Fisher Scientific, Waltham, MA). Images were acquired
using a Zeiss 800 confocal and processed with Image J, Adobe Illustrator (San Jose, CA) and Adobe
Photoshop (San Jose, CA).

TaDa in L4 and L5 neurons at the time of synapse formation
For TaDa in L4, homozygous tubP-GAL80[ts]; 31C06-Gal4, UAS-myristoylated-tdTomato males were
crossed to homozygous virgin females (FlyORF-TaDa line for Dam; Bsh-TaDa line for Bsh:Dam). For
TaDa in L5, homozygous tubP-GAL80[ts]; 6-60-Gal4 UAS-myristoylated-tdTomato males were
crossed to homozygous virgin females (FlyORF-TaDa line for Dam; Bsh-TaDa line for Bsh:Dam).
Crosses were reared at 18°C. To perform TaDa in L4 and L5 neurons during the synapse formation
window, we collected pupae with the age of 46h APF and moved them to 29°C to activate 31C06-
Gal4 (L4) or 6-60-Gal4 (L5) for 24 hours (Figure 6     —figure supplement 1). Then lamina were
dissected (age equivalent at 25°C: 76h APF) in cold PBS within one hour and stored at -20°C
immediately until sufficient laminae were collected for each group—about 70 lamina from 35
pupae. The published (Marshall et al., 2016     ) TaDa experimental pipeline was followed with a
few modifications. Briefly, DNA was extracted using a QIAamp DNA Micro Kit (Qiagen,
Germantown, MD) digested with DpnI (NEB, Ipswich, MA) overnight, and cleaned up using Qiagen
PCR purification columns. DamID adaptors were ligated using T4 DNA ligase (NEB, Ipswich, MA)
followed by DpnII (NEB, Ipswich, MA) digestion for 2 h and PCR amplification using MyTaq HS
DNA polymerase (Bioline, Memphis, Tennessee). The samples were sequenced on the NovaSeq at
118 base pairs and 27-33 million single end reads per sample.

Bioinformatic analysis
DamID-seq NGS sequencing reads were processed using damidseq_pipeline v1.5.3 (Marshall and
Brand, 2015     ). For generating Bsh binding profile bedGraphs, the default settings were used. For
generating Dam-alone coverage bedGraphs, the pipeline was run on the Dam-alone sequencing
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files with the --just_coverage setting. For both datasets (Bsh binding and Dam-alone), peaks were
identified using find_peaks (Marshall et al., 2016     ) on separate replicates.

All downstream analyses were conducted using R (Team, 2016     ). Significant peaks from all
replicates were combined using the GenomicRanges R package (Lawrence et al., 2013     ), and the
average occupancy over each significant peak was determined for each replicate. As the overall
Bsh binding profiles between L4 and L5 neurons were highly correlated, the binding profiles of all
replicates were quantile normalized prior to further analysis.

Differentially-open regions in the Dam-alone dataset, and differentially-bound regions in the Bsh
binding dataset, were identified using NOIseq (Tarazona et al., 2015     ) as previously described
(Hatch et al., 2021     ) at a threshold of q=0.85. Separately, peaks were assigned to genes, with all
genes within 1kb of a peak assigned as putative regulatory targets of that peak.

Tests for enrichment were conducted using Fisher’s exact test, with contingency tables derived
from differentially open or bound regions and the overlap of these with lineage-specific gene
expression targets. The alternative hypothesis was that Bsh-bound targets or open chromatin
would be enriched for genes expressed in the same lineage. Odds ratios were expressed as L4/L5
for all samples.

Motif searches were conducted using the core YGTGRGAAM motif, obtained as a PWM from CisBP
(Weirauch et al., 2014     ) (Motif ID: M10415_2.00), using the R Biostrings package (Pagès et al.,
2022). For motif searches, open chromatin regions were limited to a maximum size of 1kb around
the center of the region. Motifs with a match score >= 85% were counted as a match.

Statistical Analysis
Statistics were performed using either Microsoft Excel or Prism (GraphPad, San Diego, California)
software. Unpaired t-test was used, unless otherwise noted. Data are presented as mean ± SEM
unless otherwise noted. A 95% confidence interval was used to define the level of significance. *
P< 0.05, **P<0.01, ***P<0.001, ns=not significant. All other relevant statistical information can be
found in the figure legends.

https://doi.org/10.7554/eLife.90136.1


Chundi Xu et al., 2023 eLife. https://doi.org/10.7554/eLife.90136.1 36 of 48

References

Almeida MS, Bray SJ (2005) Regulation of post-embryonic neuroblasts by Drosophila
Grainyhead Mech Dev 122:1282–1293 https://doi.org/10.1016/j.mod.2005.08.004

Apitz H, Salecker I (2014) A Challenge of Numbers and Diversity: Neurogenesis in the
Drosophila Optic Lobe J Neurogenet 28:233–
249 https://doi.org/10.3109/01677063.2014.922558

Artavanis-Tsakonas S, Rand MD, Lake RJ (1999) Notch Signaling: Cell Fate Control and Signal
Integration in Development Science 284:770–
776 https://doi.org/10.1126/science.284.5415.770

Aughey GN, Estacio Gomez A, Thomson J, Yin H, Southall TD (2018) CATaDa reveals global
remodelling of chromatin accessibility during stem cell differentiation in vivo eLife
7 https://doi.org/10.7554/eLife.32341

Aydin B, Kakumanu A, Rossillo M, Moreno-Estellés M, Garipler G, Ringstad N, Flames N, Mahony
S, Mazzoni EO (2019) Proneural factors Ascl1 and Neurog2 contribute to neuronal subtype
identities by establishing distinct chromatin landscapes Nat Neurosci 22:897–
908 https://doi.org/10.1038/s41593-019-0399-y

Bayraktar OA, Doe CQ (2013) Combinatorial temporal patterning in progenitors expands
neural diversity Nature 498:449–455 https://doi.org/10.1038/nature12266

Bello-Rojas S, Bagnall MW (2022) Clonally related, Notch-differentiated spinal neurons
integrate into distinct circuits eLife 11 https://doi.org/10.7554/eLife.83680

Bray S, Furriols M (2001) Notch pathway: Making sense of Suppressor of Hairless Curr Biol
11:R217–R221 https://doi.org/10.1016/S0960-9822(01)00109-9

Bray SJ (2016) Notch signalling in context Nat Rev Mol Cell Biol 17:722–
735 https://doi.org/10.1038/nrm.2016.94

Chen C-K, Chen W-Y, Chien C-T (2012) The POU-domain protein Pdm3 regulates axonal
targeting of R neurons in the Drosophila ellipsoid body Dev Neurobiol 72:1422–
1432 https://doi.org/10.1002/dneu.22003

Chen Y, Akin O, Nern A, Tsui CYK, Pecot MY, Zipursky SL (2014) Cell-type-Specific Labeling of
Synapses In Vivo through Synaptic Tagging with Recombination Neuron 81:280–
293 https://doi.org/10.1016/j.neuron.2013.12.021

Cros C, Hobert O (2022) Caenorhabditis elegans sine oculis/SIX-type homeobox genes act
as homeotic switches to define neuronal subtype identities Proc Natl Acad Sci
119 https://doi.org/10.1073/pnas.2206817119

Doe CQ (2017) Temporal Patterning in the Drosophila CNS Annu Rev Cell Dev Biol 33:219–
240 https://doi.org/10.1146/annurev-cellbio-111315-125210

Ehebauer M, Hayward P, Arias AM (2006) Notch, a Universal Arbiter of Cell Fate Decisions
Science 314:1414–1415 https://doi.org/10.1126/science.1134042

https://doi.org/10.7554/eLife.90136.1
https://doi.org/10.1016/j.mod.2005.08.004
https://doi.org/10.3109/01677063.2014.922558
https://doi.org/10.1126/science.284.5415.770
https://doi.org/10.7554/eLife.32341
https://doi.org/10.1038/s41593-019-0399-y
https://doi.org/10.1038/nature12266
https://doi.org/10.7554/eLife.83680
https://doi.org/10.1016/S0960-9822(01)00109-9
https://doi.org/10.1038/nrm.2016.94
https://doi.org/10.1002/dneu.22003
https://doi.org/10.1016/j.neuron.2013.12.021
https://doi.org/10.1073/pnas.2206817119
https://doi.org/10.1146/annurev-cellbio-111315-125210
https://doi.org/10.1126/science.1134042


Chundi Xu et al., 2023 eLife. https://doi.org/10.7554/eLife.90136.1 37 of 48

Erclik T, Li X, Courgeon M, Bertet C, Chen Z, Baumert R, Ng J, Koo C, Arain U, Behnia R, Del Valle,
Rodriguez A, Senderowicz L, Negre N, White KP, Desplan C. (2017) Integration of temporal
and spatial patterning generates neural diversity Nature 541:365–
370 https://doi.org/10.1038/nature20794

Fernandes VM, Chen Z, Rossi AM, Zipfel J, Desplan C (2017) Glia relay differentiation cues to
coordinate neuronal development in Drosophila Science 357:886–
891 https://doi.org/10.1126/science.aan3174

Hasegawa E, Kaido M, Takayama R, Sato M (2013) Brain-specific-homeobox is required for
the specification of neuronal types in the Drosophila optic lobe Dev Biol 377:90–
99 https://doi.org/10.1016/j.ydbio.2013.02.012

Hatch HA, Belalcazar HM, Marshall OJ, Secombe J (2021) A KDM5–Prospero transcriptional
axis functions during early neurodevelopment to regulate mushroom body formation
eLife 10 https://doi.org/10.7554/eLife.63886

Hobert O (2021) Homeobox genes and the specification of neuronal identity Nat Rev
Neurosci 22:627–636 https://doi.org/10.1038/s41583-021-00497-x

Holguera I, Desplan C (2018) Neuronal specification in space and time Science 362:176–
180 https://doi.org/10.1126/science.aas9435

Howell K, White JG, Hobert O (2015) Spatiotemporal control of a novel synaptic organizer
molecule Nature 523:83–87 https://doi.org/10.1038/nature14545

Huang Z, Shilo BZ, Kunes S (1998) A retinal axon fascicle uses Spitz, an EGF receptor ligand,
to construct a synaptic cartridge in the brain of Drosophila Cell 95:693–
703 https://doi.org/10.1016/S0092-8674(00)81639-6

Isshiki T, Pearson B, Holbrook S, Doe CQ (2001) Drosophila Neuroblasts Sequentially Express
Transcription Factors which Specify the Temporal Identity of Their Neuronal Progeny Cell
106:511–521 https://doi.org/10.1016/S0092-8674(01)00465-2

Jain S, Lin Y, Kurmangaliyev YZ, Valdes-Aleman J, LoCascio SA, Mirshahidi P, Parrington B,
Zipursky SL (2022) A global timing mechanism regulates cell-type-specific wiring
programmes Nature :1–7 https://doi.org/10.1038/s41586-022-04418-5

Janssens DH, Komori H, Grbac D, Chen K, Koe CT, Wang H, Lee C-Y (2014) Earmuff restricts
progenitor cell potential by attenuating the competence to respond to self-renewal
factors Dev Camb Engl 141:1036–1046 https://doi.org/10.1242/dev.106534

Jukam D, Desplan C (2010) Binary fate decisions in differentiating neurons. Curr Opin
Neurobiol Development 20:6–13 https://doi.org/10.1016/j.conb.2009.11.002

Langmead B, Salzberg SL (2012) Fast gapped-read alignment with Bowtie 2 Nat Methods
9:357–359 https://doi.org/10.1038/nmeth.1923

Lawrence M, Huber W, Pagès H, Aboyoun P, Carlson M, Gentleman R, Morgan MT, Carey VJ
(2013) Software for Computing and Annotating Genomic Ranges PLOS Comput Biol
9 https://doi.org/10.1371/journal.pcbi.1003118

https://doi.org/10.7554/eLife.90136.1
https://doi.org/10.1038/nature20794
https://doi.org/10.1126/science.aan3174
https://doi.org/10.1016/j.ydbio.2013.02.012
https://doi.org/10.7554/eLife.63886
https://doi.org/10.1038/s41583-021-00497-x
https://doi.org/10.1126/science.aas9435
https://doi.org/10.1038/nature14545
https://doi.org/10.1016/S0092-8674(00)81639-6
https://doi.org/10.1016/S0092-8674(01)00465-2
https://doi.org/10.1038/s41586-022-04418-5
https://doi.org/10.1242/dev.106534
https://doi.org/10.1016/j.conb.2009.11.002
https://doi.org/10.1038/nmeth.1923
https://doi.org/10.1371/journal.pcbi.1003118


Chundi Xu et al., 2023 eLife. https://doi.org/10.7554/eLife.90136.1 38 of 48

Lee Y-J, Yang C-P, Miyares RL, Huang Y-F, He Y, Ren Q, Chen H-M, Kawase T, Ito M, Otsuna H,
Sugino K, Aso Y, Ito K, Lee T (2020) Conservation and divergence of related neuronal
lineages in the Drosophila central brain eLife 9 https://doi.org/10.7554/eLife.53518

Li H, Handsaker B, Wysoker A, Fennell T, Ruan J, Homer N, Marth G, Abecasis G, Durbin R (2009)
The Sequence Alignment/Map format and SAMtools Bioinforma Oxf Engl 25:2078–
2079 https://doi.org/10.1093/bioinformatics/btp352

Li X, Erclik T, Bertet C, Chen Z, Voutev R, Venkatesh S, Morante J, Celik A, Desplan C (2013)
Temporal patterning of Drosophila medulla neuroblasts controls neural fates Nature
498:456–462 https://doi.org/10.1038/nature12319

Louvi A, Artavanis-Tsakonas S (2006) Notch signalling in vertebrate neural development Nat
Rev Neurosci 7:93–102 https://doi.org/10.1038/nrn1847

Luo J, Ting C-Y, Li Y, McQueen P, Lin T-Y, Hsu C-P, Lee C-H (2020) Antagonistic regulation by
insulin-like peptide and activin ensures the elaboration of appropriate dendritic field
sizes of amacrine neurons eLife 9 https://doi.org/10.7554/eLife.50568

Mark B, Lai S-L, Zarin AA, Manning L, Pollington HQ, Litwin-Kumar A, Cardona A, Truman JW,
Doe CQ (2021) A developmental framework linking neurogenesis and circuit formation in
the Drosophila CNS eLife 10 https://doi.org/10.7554/eLife.67510

Marshall OJ, Brand AH. (2015) damidseq_pipeline: an automated pipeline for processing
DamID sequencing datasets Bioinformatics 31:3371–
3373 https://doi.org/10.1093/bioinformatics/btv386

Marshall OJ, Southall TD, Cheetham SW, Brand AH (2016) Cell-type-specific profiling of
protein– DNA interactions without cell isolation using targeted DamID with next-
generation sequencing Nat Protoc 11:1586–1598 https://doi.org/10.1038/nprot.2016.084

Monastirioti M, Giagtzoglou N, Koumbanakis KA, Zacharioudaki E, Deligiannaki M, Wech I,
Almeida M, Preiss A, Bray S, Delidakis C (2010) Drosophila Hey is a target of Notch in
asymmetric divisions during embryonic and larval neurogenesis Development 137:191–
201 https://doi.org/10.1242/dev.043604

Muskavitch MAT (1994) Delta-Notch Signaling and Drosophila Cell Fate Choice Dev Biol
166:415–430 https://doi.org/10.1006/dbio.1994.1326

Nern A, Zhu Y, Zipursky SL (2008) Local N-Cadherin Interactions Mediate Distinct Steps in
the Targeting of Lamina Neurons Neuron 58:34–
41 https://doi.org/10.1016/j.neuron.2008.03.022

Oswald F, Täuber B, Dobner T, Bourteele S, Kostezka U, Adler G, Liptay S, Schmid RM (2001)
p300 Acts as a Transcriptional Coactivator for Mammalian Notch-1 Mol Cell Biol 21:7761–
7774 https://doi.org/10.1128/MCB.21.22.7761-7774.2001

Peng C-Y, Yajima H, Burns CE, Zon LI, Sisodia SS, Pfaff SL, Sharma K (2007) Notch and MAML
Signaling Drives Scl-Dependent Interneuron Diversity in the Spinal Cord Neuron 53:813–
827 https://doi.org/10.1016/j.neuron.2007.02.019

Peng J, Santiago IJ, Ahn C, Gur B, Tsui CK, Su Z, Xu C, Karakhanyan A, Silies M, Pecot MY (2018)
Drosophila Fezf coordinates laminar-specific connectivity through cell-intrinsic and cell-
extrinsic mechanisms eLife 7 https://doi.org/10.7554/eLife.33962

https://doi.org/10.7554/eLife.90136.1
https://doi.org/10.7554/eLife.53518
https://doi.org/10.1093/bioinformatics/btp352
https://doi.org/10.1038/nature12319
https://doi.org/10.1038/nrn1847
https://doi.org/10.7554/eLife.50568
https://doi.org/10.7554/eLife.67510
https://doi.org/10.1093/bioinformatics/btv386
https://doi.org/10.1038/nprot.2016.084
https://doi.org/10.1242/dev.043604
https://doi.org/10.1006/dbio.1994.1326
https://doi.org/10.1016/j.neuron.2008.03.022
https://doi.org/10.1128/MCB.21.22.7761-7774.2001
https://doi.org/10.1016/j.neuron.2007.02.019
https://doi.org/10.7554/eLife.33962


Chundi Xu et al., 2023 eLife. https://doi.org/10.7554/eLife.90136.1 39 of 48

Pierfelice T, Alberi L, Gaiano N (2011) Notch in the Vertebrate Nervous System: An Old Dog
with New Tricks Neuron 69:840–855 https://doi.org/10.1016/j.neuron.2011.02.031

Ramírez F, Ryan DP, Grüning B, Bhardwaj V, Kilpert F, Richter AS, Heyne S, Dündar F, Manke T
(2016) deepTools2: a next generation web server for deep-sequencing data analysis
Nucleic Acids Res 44:W160–W165 https://doi.org/10.1093/nar/gkw257

Reilly MB, Cros C, Varol E, Yemini E, Hobert O (2020) Unique homeobox codes delineate all
the neuron classes of C. elegans Nature 584:595–601 https://doi.org/10.1038/s41586-020-
2618-9

Reilly MB, Tekieli T, Cros C, Aguilar GR, Lao J, Toker IA, Vidal B, Leyva-Díaz E, Bhattacharya A,
Cook SJ, Smith JJ, Kovacevic I, Gulez B, Fernandez RW, Bradford EF, Ramadan YH, Kratsios P, Bao
Z, Hobert O (2022) Widespread employment of conserved C. elegans homeobox genes in
neuronal identity specification PLOS Genet 18 https://doi.org/10.1371/journal.pgen.1010372

Robinson JT, Thorvaldsdóttir H, Winckler W, Guttman M, Lander ES, Getz G, Mesirov JP (2011)
Integrative genomics viewer Nat Biotechnol 29:24–26 https://doi.org/10.1038/nbt.1754

Sanes JR, Zipursky SL (2010) Design Principles of Insect and Vertebrate Visual Systems
Neuron 66:15–36 https://doi.org/10.1016/j.neuron.2010.01.018

Santiago IJ, Zhang D, Saras A, Pontillo N, Xu C, Chen X, Weirauch MT, Mistry M, Ginty DD, Pecot
MY, Peng J (2021) Drosophila Fezf functions as a transcriptional repressor to direct layer-
specific synaptic connectivity in the fly visual system Proc Natl Acad Sci
118 https://doi.org/10.1073/pnas.2025530118

Schindelin J, Arganda-Carreras I, Frise E, Kaynig V, Longair M, Pietzsch T, Preibisch S, Rueden C,
Saalfeld S, Schmid B, Tinevez J-Y, White DJ, Hartenstein V, Eliceiri K, Tomancak P, Cardona A
(2012) Fiji: an open-source platform for biological-image analysis Nat Methods 9:676–
682 https://doi.org/10.1038/nmeth.2019

Sen SQ, Chanchani S, Southall TD, Doe CQ (2019) Neuroblast-specific open chromatin allows
the temporal transcription factor, Hunchback, to bind neuroblast-specific loci eLife
8 https://doi.org/10.7554/eLife.44036

Skalska L, Stojnic R, Li J, Fischer B, Cerda-Moya G, Sakai H, Tajbakhsh S, Russell S, Adryan B, Bray
SJ (2015) Chromatin signatures at Notch-regulated enhancers reveal large-scale changes
in H3K56ac upon activation EMBO J 34:1889–1904 https://doi.org/10.15252/embj.201489923

Southall TD, Gold KS, Egger B, Davidson CM, Caygill EE, Marshall OJ, Brand AH (2013) Cell-Type-
Specific Profiling of Gene Expression and Chromatin Binding without Cell Isolation:
Assaying RNA Pol II Occupancy in Neural Stem Cells Dev Cell 26:101–
112 https://doi.org/10.1016/j.devcel.2013.05.020

Spana EP, Doe CQ (1996) Numb Antagonizes Notch Signaling to Specify Sibling Neuron Cell
Fates Neuron 17:21–26 https://doi.org/10.1016/S0896-6273(00)80277-9

Struhl G, Greenwald I (2001) Presenilin-mediated transmembrane cleavage is required for
Notch signal transduction in Drosophila Proc Natl Acad Sci U S A 98:229–
234 https://doi.org/10.1073/pnas.98.1.229

https://doi.org/10.7554/eLife.90136.1
https://doi.org/10.1016/j.neuron.2011.02.031
https://doi.org/10.1093/nar/gkw257
https://doi.org/10.1038/s41586-020-2618-9
https://doi.org/10.1371/journal.pgen.1010372
https://doi.org/10.1038/nbt.1754
https://doi.org/10.1016/j.neuron.2010.01.018
https://doi.org/10.1073/pnas.2025530118
https://doi.org/10.1038/nmeth.2019
https://doi.org/10.7554/eLife.44036
https://doi.org/10.15252/embj.201489923
https://doi.org/10.1016/j.devcel.2013.05.020
https://doi.org/10.1016/S0896-6273(00)80277-9
https://doi.org/10.1073/pnas.98.1.229


Chundi Xu et al., 2023 eLife. https://doi.org/10.7554/eLife.90136.1 40 of 48

Tan L, Zhang KX, Pecot MY, Nagarkar-Jaiswal S, Lee P-T, Takemura S, McEwen JM, Nern A, Xu S,
Tadros W, Chen Z, Zinn K, Bellen HJ, Morey M, Zipursky SL (2015) Ig Superfamily Ligand and
Receptor Pairs Expressed in Synaptic Partners in Drosophila Cell 163:1756–
1769 https://doi.org/10.1016/j.cell.2015.11.021

Tarazona S, Furió-Tarí P, Turrà D, Pietro AD, Nueda MJ, Ferrer A, Conesa A (2015) Data quality
aware analysis of differential expression in RNA-seq with NOISeq R/Bioc package Nucleic
Acids Res 43 https://doi.org/10.1093/nar/gkv711

Team RC. (2016) R: A language and environment for statistical computing. R Foundation
for Statistical Computing, Vienna, Austria

Tian X, Hansen D, Schedl T, Skeath JB (2004) Epsin potentiates Notch pathway activity in
Drosophila and C. elegans Dev Camb Engl 131:5807–5815 https://doi.org/10.1242/dev.01459

Wang H, Zang C, Taing L, Arnett KL, Wong YJ, Pear WS, Blacklow SC, Liu XS, Aster JC (2014)
NOTCH1–RBPJ complexes drive target gene expression through dynamic interactions
with superenhancers Proc Natl Acad Sci 111:705–
710 https://doi.org/10.1073/pnas.1315023111

Wapinski OL, Vierbuchen T, Qu K, Lee QY, Chanda S, Fuentes DR, Giresi PG, Ng YH, Marro S,
Neff NF, Drechsel D, Martynoga B, Castro DS, Webb AE, Südhof TC, Brunet A, Guillemot F,
Chang HY, Wernig M (2013) Hierarchical Mechanisms for Direct Reprogramming of
Fibroblasts to Neurons Cell 155:621–635 https://doi.org/10.1016/j.cell.2013.09.028

Weirauch MT, Yang A, Albu M, Cote AG, Montenegro-Montero A, Drewe P, Najafabadi HS,
Lambert SA, Mann I, Cook K, Zheng H, Goity A, van Bakel H, Lozano J-C, Galli M, Lewsey MG,
Huang E, Mukherjee T, Chen X, Reece-Hoyes JS, Govindarajan S, Shaulsky G, Walhout AJM,
Bouget F-Y, Ratsch G, Larrondo LF, Ecker JR, Hughes TR. (2014) Determination and inference
of eukaryotic transcription factor sequence specificity Cell 158:1431–
1443 https://doi.org/10.1016/j.cell.2014.08.009

Xu C, Ramos TB, Rogers EM, Reiser MB, Doe CQ (2023) Xu C, Ramos TB, Rogers EM, Reiser
MB, Doe CQ. 2023. Homeodomain proteins hierarchically specify neuronal diversity and
synaptic connectivity. doi:10.1101/2021.10.01.462699 Homeodomain proteins hierarchically
specify neuronal diversity and synaptic connectivity https://doi.org/10.1101/2021.10.01.462699

Xu C, Theisen E, Maloney R, Peng J, Santiago I, Yapp C, Werkhoven Z, Rumbaut E, Shum B,
Tarnogorska D, Borycz J, Tan L, Courgeon M, Griffin T, Levin R, Meinertzhagen IA, de Bivort B,
Drugowitsch J, Pecot MY. (2019) Control of Synaptic Specificity by Establishing a Relative
Preference for Synaptic Partners Neuron 103:865–
877 https://doi.org/10.1016/j.neuron.2019.06.006

Yu H-H, Chen C-H, Shi L, Huang Y, Lee T (2009) Twin-spot MARCM to reveal the
developmental origin and identity of neurons Nat Neurosci 12:947–
953 https://doi.org/10.1038/nn.2345

https://doi.org/10.7554/eLife.90136.1
https://doi.org/10.1016/j.cell.2015.11.021
https://doi.org/10.1093/nar/gkv711
https://doi.org/10.1242/dev.01459
https://doi.org/10.1073/pnas.1315023111
https://doi.org/10.1016/j.cell.2013.09.028
https://doi.org/10.1016/j.cell.2014.08.009
https://doi.org/10.1101/2021.10.01.462699
https://doi.org/10.1016/j.neuron.2019.06.006
https://doi.org/10.1038/nn.2345


Chundi Xu et al., 2023 eLife. https://doi.org/10.7554/eLife.90136.1 41 of 48

Article and author information

Chundi Xu
Institute of Neuroscience, Howard Hughes Medical Institute, University of Oregon; Eugene, OR
97403, USA
For correspondence: cxu3@uoregon.edu
ORCID iD: 0000-0002-1056-8893

Tyler B. Ramos
Institute of Neuroscience, Howard Hughes Medical Institute, University of Oregon; Eugene, OR
97403, USA

Owen Marshall
Menzies Institute for Medical Research, University of Tasmania, Hobart, Tasmania 7000,
Australia
ORCID iD: 0000-0003-1605-3871

Chris Q. Doe
Institute of Neuroscience, Howard Hughes Medical Institute, University of Oregon; Eugene, OR
97403, USA
For correspondence: cdoe@uoregon.edu

Copyright

© 2023, Xu et al.

This article is distributed under the terms of the Creative Commons Attribution License
(https://creativecommons.org/licenses/by/4.0/) , which permits unrestricted use and
redistribution provided that the original author and source are credited.

Editors
Reviewing Editor
Hugo Bellen
Baylor College of Medicine, United States of America

Senior Editor
K VijayRaghavan
National Centre for Biological Sciences, Tata Institute of Fundamental Research, India

Reviewer #1 (Public Review):

Like the "preceding" co-submitted paper, this is again a very strong and interesting paper in
which the authors address a question that is raised by the finding in their co-submitted paper
- how does one factor induce two different fates. The authors provide an extremely satisfying
answer - only one subset of the cells neighbors a source of signaling cells that trigger that
subset to adopt a specific fate. The signal here is Delta and the read-out is Notch, whose
intracellular domain, in conjunction with, presumably, SuH cooperates with Bsh to
distinguish L4 from L5 fate (L5 is not neighbored by signal-providing cells). Like the back-to-
back paper, the data is rigorous, well-presented and presents important conclusions. There's
a wealth of data on the different functions of Notch (with and without Bsh). All very
satisfying.
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I have again one suggestion that the authors may want to consider discussing. I'm wondering
whether the open chromatin that the author convincingly measure is the CAUSE or the
CONSEQUENCE of Bsh being able to activate L4 target genes. What I mean by this is that
currently the authors seem to be focused on a somewhat sequential model where Notch
signaling opens chromatin and this then enables Bsh to activate a specific set of target genes.
But isn't it equally possible that the combined activity of Bsh/Notch(intra)/SuH opens
chromatin? That's not a semantic/minor difference, it's a fundamentally different
mechanism, I would think. This mechanism also solves the conundrum of specificity - how
does Notch know which genes to "open" up? It would seem more intuitive to me to think that
it's working together with Bsh to open up chromatin, with chromatin accessibility than being
a "mere" secondary consequence. If I'm not overlooking something fundamental here, there
is actually also a way to distinguish between these models - test chromatin accessibility in a
Bsh mutant. If the author's model is true, chromatin accessibility should be unchanged.
I again finish by commending the authors for this terrific piece of work.

Reviewer #2 (Public Review):

Summary:

In this work, the authors explore how Notch activity acts together with Bsh homeodomain
transcription factors to establish L4 and L5 fates in the lamina of the visual system of
Drosophila. They propose a model in which differential Notch activity generates different
chromatin landscapes in presumptive L4 and L5, allowing the differential binding of the
primary homeodomain TF Bsh (as described in the co-submitted paper), which in turn
activates downstream genes specific to either neuronal type. The requirement of Notch for L4
vs. L5 fate is well supported, and complete transformation from one cell type into the other is
observed when altering Notch activity. However, the role of Notch in creating differential
chromatin landscapes is not directly demonstrated. It is only based on correlation, but it
remains a plausible and intriguing hypothesis.

Strengths:

The authors are successful in characterizing the role of Notch to distinguish between L4 and
L5 cell fates. They show that the Notch pathway is active in L4 but not in L5. They identify L1,
the neuron adjacent to L4 as expressing the Delta ligand, therefore being the potential source
for Notch activation in L4. Moreover, the manuscript shows molecular and
morphological/connectivity transformations from one cell type into the other when Notch
activity is manipulated.

Using DamID, the authors characterize the chromatin landscape of L4 and L5 neurons. They
show that Bsh occupies distinct loci in each cell type. This supports their model that Bsh acts
as a primary selector gene in L4/L5 that activates different target genes in L4 vs L5 based on
the differential availability of open chromatin loci.

Overall, the manuscript presents an interesting example of how Notch activity cooperates
with TF expression to generate diverging cell fates. Together with the accompanying paper, it
helps thoroughly describe how lamina cell types L4 and L5 are specified and provides an
interesting hypothesis for the role of Notch and Bsh in increasing neuronal diversity in the
lamina during evolution.

Weaknesses:

Differential Notch activity in L4 and L5:
● The manuscript focuses its attention on describing Notch activity in L4 vs L5 neurons.
However, from the data presented, it is very likely that the pool of progenitors (LPCs) is
already subdivided into at least two types of progenitors that will rise to L4 and L5,

https://doi.org/10.7554/eLife.90136.1


Chundi Xu et al., 2023 eLife. https://doi.org/10.7554/eLife.90136.1 43 of 48

respectively. Evidence to support this is the activity of E(spl)-mɣ-GFP and the Dl puncta
observed in the LPC region. Discussion should naturally follow that Notch-induced
differences in L4/L5 might preexist L1-expressed Dl that affect newborn L4/L5. Therefore, the
differences between L4 and L5 fates might be established earlier than discussed in the paper.
The authors should acknowledge this possibility and discuss it in their model.
● The authors claim that Notch activation is caused by L1-expressed Delta. However, they use
an LPC driver to knock down Dl. Dl-KD should be performed exclusively in L1, and the fate of
L4 should be assessed.
● To test whether L4 neurons are derived from NotchON LPCs, I suggest performing MARCM
clones in early pupa with an E(spl)-mɣ-GFP reporter.
● The expression of different Notch targets in LPCs and L4 neurons may be further explored.
I suggest using different Notch-activity reporters (i.e., E(spl)-GFP reporters) to further
characterize these differences. What cause the switch in Notch target expression from LPCs to
L4 neurons should be a topic of discussion.

Notch role in establishing L4 vs L5 fates:
● The authors describe that 27G05-Gal4 causes a partial Notch Gain of Function caused by its
genomic location between Notch target genes. However, this is not further elaborated. The
use of this driver is especially problematic when performing Notch KD, as many of the
resulting neurons express Ap, and therefore have some features of L4 neurons. Therefore,
Pdm3+/Ap+ cells should always be counted as intermediate L4/L5 fate (i.e., Fig3 E-J, Fig3-
Sup2), irrespective of what the mechanistic explanation for Ap activation might be. It's not
accurate to assume their L5 identity. In Fig4 intermediate-fate cells are correctly counted as
such.
● Lines 170-173: The temporal requirement for Notch activity in L5-to-L4 transformation is
not clearly delineated. In Fig4-figure supplement 1D-E, it is not stated if the shift to 29{degree
sign}C is performed as in Fig4-figure supplement 1A-C.
● Additionally, using the same approach, it would be interesting to explore the window of
competence for Notch-induced L5-to-L4 transformation: at which point in L5 maturation can
fate no longer be changed by Notch GoF?

L4-to-L3 conversion in the absence of Bsh
● Although interesting, the L4-to-L3 conversion in the absence of Bsh is never shown to be
dependent on Notch activity. Importantly, L3 NotchON status is assumed based on their
position next to Dl-expressing L1, but it is not empirically tested. Perhaps screening Notch
target reporter expression in the lamina, as suggested above, could inform this issue.
● Otherwise, the analysis of Bsh Loss of Function in L4 might be better suited to be included
in the accompanying manuscript that specifically deals with the role of Bsh as a selector gene
for L4 and L5.

Different chromatin landscape in L4 and L5 neurons
● A major concern is that, although L4 and L5 neurons are shown to present different
chromatin landscapes (as expected for different neuronal types), it is not demonstrated that
this is caused by Notch activity. The paper proves unambiguously that Notch activity, in
concert with Bsh, causes the fate choice between L4 and L5. However, that this is caused by
Notch creating a differential chromatin landscape is based only in correlation (NotchON cells
having a different profile than NotchOFF). Although the authors are careful not to claim that
differential chromatin opening is caused directly by Notch, this is heavily suggested
throughout the text and must be toned down.
e.g.: Line 294: "With Notch signaling, L4 neurons generate distinct open chromatin landscape"
and Line 298: "Our findings propose a model that the unique combination of HDTF and open
chromatin landscape (e.g. by Notch signaling)" . These claims are not supported well enough,
and alternative hypotheses should be provided in the discussion. An alternative hypothesis
could be that LPCs are already specified towards L4 and L5 fates. In this context, different
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early Bsh targets in each cell type could play a pioneer role generating a differential
chromatin landscape.

● The correlation between open chromatin and Bsh loci with Differentially Expressed genes
is much higher for L4 than L5. It is not clear why this is the case, and should be discussed
further by the authors.

Author Response

Reviewer #1 (Public Review):

Like the "preceding" co-submitted paper, this is again a very strong and interesting
paper in which the authors address a question that is raised by the finding in their co-
submitted paper - how does one factor induce two different fates. The authors provide an
extremely satisfying answer - only one subset of the cells neighbors a source of signaling
cells that trigger that subset to adopt a specific fate. The signal here is Delta and the
read-out is Notch, whose intracellular domain, in conjunction with, presumably, SuH
cooperates with Bsh to distinguish L4 from L5 fate (L5 is not neighbored by signal-
providing cells). Like the back-to-back paper, the data is rigorous, well-presented and
presents important conclusions. There's a wealth of data on the different functions of
Notch (with and without Bsh). All very satisfying.

Thanks!

I have again one suggestion that the authors may want to consider discussing. I'm
wondering whether the open chromatin that the author convincingly measure is the
CAUSE or the CONSEQUENCE of Bsh being able to activate L4 target genes. What I mean
by this is that currently the authors seem to be focused on a somewhat sequential model
where Notch signaling opens chromatin and this then enables Bsh to activate a specific
set of target genes. But isn't it equally possible that the combined activity of
Bsh/Notch(intra)/SuH opens chromatin? That's not a semantic/minor difference, it's a
fundamentally different mechanism, I would think. This mechanism also solves the
conundrum of specificity - how does Notch know which genes to "open" up? It would
seem more intuitive to me to think that it's working together with Bsh to open up
chromatin, with chromatin accessibility than being a "mere" secondary consequence. If
I'm not overlooking something fundamental here, there is actually also a way to
distinguish between these models - test chromatin accessibility in a Bsh mutant. If the
author's model is true, chromatin accessibility should be unchanged.

I again finish by commending the authors for this terrific piece of work.

Thanks! It is a crucial question whether Notch signaling regulates chromatin landscape
independently of a primary HDTF. We will include this discussion in the text and pursue it in
our next project. We think Notch signaling may regulate chromatin accessibility
independently of a primary HDTF based on our observation: in larval ventral nerve cord, all
motor neurons are NotchON neurons while all sensory neurons are NotchOFF neurons;
NotchON neurons share similar functional properties, despite expressing distinct HDTFs,
possibly due to the common chromatin landscape regulated by Notch signaling.
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Reviewer #2 (Public Review):

Summary:

In this work, the authors explore how Notch activity acts together with Bsh
homeodomain transcription factors to establish L4 and L5 fates in the lamina of the
visual system of Drosophila. They propose a model in which differential Notch activity
generates different chromatin landscapes in presumptive L4 and L5, allowing the
differential binding of the primary homeodomain TF Bsh (as described in the co-
submitted paper), which in turn activates downstream genes specific to either neuronal
type. The requirement of Notch for L4 vs. L5 fate is well supported, and complete
transformation from one cell type into the other is observed when altering Notch activity.
However, the role of Notch in creating differential chromatin landscapes is not directly
demonstrated. It is only based on correlation, but it remains a plausible and intriguing
hypothesis.

Thanks for the positive feedback!

Strengths:

The authors are successful in characterizing the role of Notch to distinguish between L4
and L5 cell fates. They show that the Notch pathway is active in L4 but not in L5. They
identify L1, the neuron adjacent to L4 as expressing the Delta ligand, therefore being the
potential source for Notch activation in L4. Moreover, the manuscript shows molecular
and morphological/connectivity transformations from one cell type into the other when
Notch activity is manipulated.

Thanks!

Using DamID, the authors characterize the chromatin landscape of L4 and L5 neurons.
They show that Bsh occupies distinct loci in each cell type. This supports their model that
Bsh acts as a primary selector gene in L4/L5 that activates different target genes in L4 vs
L5 based on the differential availability of open chromatin loci.

Thanks!

Overall, the manuscript presents an interesting example of how Notch activity cooperates
with TF expression to generate diverging cell fates. Together with the accompanying
paper, it helps thoroughly describe how lamina cell types L4 and L5 are specified and
provides an interesting hypothesis for the role of Notch and Bsh in increasing neuronal
diversity in the lamina during evolution.

Thanks for the positive feedback on both manuscripts.

Weaknesses:

Differential Notch activity in L4 and L5:

● The manuscript focuses its attention on describing Notch activity in L4 vs L5 neurons.
However, from the data presented, it is very likely that the pool of progenitors (LPCs) is
already subdivided into at least two types of progenitors that will rise to L4 and L5,
respectively. Evidence to support this is the activity of E(spl)-mɣ-GFP and the Dl puncta
observed in the LPC region. Discussion should naturally follow that Notch-induced
differences in L4/L5 might preexist L1-expressed Dl that affect newborn L4/L5. Therefore,
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the differences between L4 and L5 fates might be established earlier than discussed in
the paper. The authors should acknowledge this possibility and discuss it in their model.

We agree. Historically, LPCs are thought to be homogenous; our data suggests otherwise. We
now emphasize this in the Discussion as requested. We are also investigating this question
using single cell RNAseq on LPCs to look for molecular heterogeneities. Thanks for the great
comment!

● The authors claim that Notch activation is caused by L1-expressed Delta. However, they
use an LPC driver to knock down Dl. Dl-KD should be performed exclusively in L1, and the
fate of L4 should be assessed.

Dl is transiently expressed in newborn L1 neurons. To knock down Dl in L1, we need to
express Dl-RNAi before Dl protein is expressed in newborn L1; the only known Gal4 line
expressed that early is the LPC-Gal4 that we used. There is no L1-gal4 line expressed early
enough to eliminate L1 expression of Dl.

● To test whether L4 neurons are derived from NotchON LPCs, I suggest performing
MARCM clones in early pupa with an E(spl)-mɣ-GFP reporter.

We agree! Whether L4 neurons are derived from NotchON LPCs is a great question. However,
MARCM clones in early pupa with an E(spl)-mɣ-GFP reporter will not work because E(spl)-
mɣ-GFP reporter is only expressed in LPCs but not lamina neurons. We now mention this in
the Discussion.

● The expression of different Notch targets in LPCs and L4 neurons may be further
explored. I suggest using different Notch-activity reporters (i.e., E(spl)-GFP reporters) to
further characterize these. differences. What cause the switch in Notch target expression
from LPCs to L4 neurons should be a topic of discussion.

Thanks! It is a great question why Notch induces Espl-mɣ in LPCs but Hey in new-born
neurons. However, it is not the question we are tackling in this paper and it will be a great
direction to pursue in future. We will add this to our Discussion.

Notch role in establishing L4 vs L5 fates:

● The authors describe that 27G05-Gal4 causes a partial Notch Gain of Function caused
by its genomic location between Notch target genes. However, this is not further
elaborated. The use of this driver is especially problematic when performing Notch KD, as
many of the resulting neurons express Ap, and therefore have some features of L4
neurons. Therefore, Pdm3+/Ap+ cells should always be counted as intermediate L4/L5
fate (i.e., Fig3 E-J, Fig3-Sup2), irrespective of what the mechanistic explanation for Ap
activation might be. It's not accurate to assume their L5 identity. In Fig4 intermediate-
fate cells are correctly counted as such.

Thanks for the comment! We will annotate Pdm3/Ap+ as L4/L5 fate in the corresponding
figures.

● Lines 170-173: The temporal requirement for Notch activity in L5-to-L4 transformation
is not clearly delineated. In Fig4-figure supplement 1D-E, it is not stated if the shift to
29{degree sign}C is performed as in Fig4-figure supplement 1A-C.

Thank you for catching this. We will correct it in the text.
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● Additionally, using the same approach, it would be interesting to explore the window of
competence for Notch-induced L5-to-L4 transformation: at which point in L5 maturation
can fate no longer be changed by Notch GoF?

Our data show that Bsh with Notch signaling in newborn neurons specifies L4 fate while Bsh
without Notch signaling in newborn neurons specifies L5 fate. Therefore, we think the
window of fate competence is during newborn neurons. We will include the data to support
this.

L4-to-L3 conversion in the absence of Bsh

● Although interesting, the L4-to-L3 conversion in the absence of Bsh is never shown to
be dependent on Notch activity. Importantly, L3 NotchON status is assumed based on
their position next to Dl-expressing L1, but it is not empirically tested. Perhaps screening
Notch target reporter expression in the lamina, as suggested above, could inform this
issue.

Our data show that the L4-to-L3 conversion in the absence of Bsh and in the presence of
Notch activity while the L5-to-L1 conversion in the absence of Bsh and in the absence of
Notch activity. Therefore, Notch activity is necessary for the L4-to-L3 conversion.
Unfortunately, currently we only have Hey as an available Notch target reporter in new-born
neurons. To tackle this challenge in the future, we will profile the genome-binding targets of
endogenous Notch in newborn neurons. This will identify novel genes as Notch signaling
reporters in neurons for the field.

● Otherwise, the analysis of Bsh Loss of Function in L4 might be better suited to be
included in the accompanying manuscript that specifically deals with the role of Bsh as a
selector gene for L4 and L5.

That is an interesting suggestion, but without knowing that Bsh + Notch = L4 identity the
experiment would be hard to interpret. Note that we took advantage of Notch signaling to
trace the cell fate in the absence of Bsh and found the L4-to-L3 conversion (see Figure 5G-K).

Different chromatin landscape in L4 and L5 neurons

● A major concern is that, although L4 and L5 neurons are shown to present different
chromatin landscapes (as expected for different neuronal types), it is not demonstrated
that this is caused by Notch activity. The paper proves unambiguously that Notch activity,
in concert with Bsh, causes the fate choice between L4 and L5. However, that this is
caused by Notch creating a differential chromatin landscape is based only in correlation.
(NotchON cells having a different profile than NotchOFF). Although the authors are
careful not to claim that differential chromatin opening is caused directly by Notch, this
is heavily suggested throughout the text and must be toned down.e.g.: Line 294: "With
Notch signaling, L4 neurons generate distinct open chromatin landscape" and Line 298:
"Our findings propose a model that the unique combination of HDTF and open
chromatin landscape (e.g. by Notch signaling)" . These claims are not supported well
enough, and alternative hypotheses should be provided in the discussion. An alternative
hypothesis could be that LPCs are already specified towards L4 and L5 fates. In this
context, different early Bsh targets in each cell type could play a pioneer role generating
a differential chromatin landscape.

We agree and appreciate the comment, it is well justified. We have toned down our
comments and clearly state that this is a correlation that needs to be tested for a causal
relationship. Thank you for requesting it!
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● The correlation between open chromatin and Bsh loci with Differentially Expressed
genes is much higher for L4 than L5. It is not clear why this is the case, and should be
discussed further by the authors.

We agree, and think in L5 neurons, the secondary HDTF Pdm3 also contributes to L5 specific
gene transcription during synaptogenesis window, in addition to Bsh. We will include this in
the text.
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