
energy levels), might be essential for setting 
the period of the clock. The clock’s period 
became faster when the authors increased 
the NAD+:NADH ratio by overexpressing a 
bacterial NADH oxidase enzyme in these cells. 

Finally, the researchers demonstrated that 
the NAD+:NADH ratio changed the segmen-
tation clock by modulating the rate of pro-
tein translation. Exactly how mass-specific 
metabolic rate affects translation in PSM 
cells, and whether other cellular processes are 
also altered by metabolic perturbations, are 
exciting questions for future research.

Together, these results lay the groundwork 
for understanding how developmental time is 
set for each species. One hypothesis is that a 
reaction involving NAD+ — perhaps the biosyn-
thesis of specific amino acids, which governs 
the rate of protein translation — is rate-limiting. 
At a given enzyme concentration, the kinetics 
of the reaction would scale directly with NAD+ 

concentration (until the reaction is saturated). 
Lowering NAD+ levels would therefore result 
in slower translation in humans than in mice, 
because human cells would produce lower 
NAD+ concentrations in the larger cells, slow-
ing the reaction. Species-specific differences in 
cell volume and mass might also affect the con-
centration of other metabolites and enzymes, 
which could result in different rates for various 
biochemical reactions. 

Going forwards, a key question is whether 
Diaz-Cuadros and colleagues’ mechanism is 
universal. There are three aspects of univer-
sality to consider. First, does the NAD+:NADH 
ratio set the pace of other developmental 
processes7? Second, can it explain differences 
in the segmentation-clock period of other 
species8? And, third, is the NAD+:NADH ratio 
always the defining factor, or does the exact 
metabolite involved differ between processes 
and species? 

Another unknown is how interfering with 
developmental time affects overall organismal 
development. This could be investigated by 
overexpressing bacterial NADH oxidase in mice 
or in 3D in vitro models of human development 
known as gastruloids. Use of such models could 
also allow researchers to investigate how cell 
mass, volume and mass-specific metabolic rate 
are defined genetically.

Although the overall metabolic rate of 
an organism scales with body size, the 
mass-specific metabolic rates of individ-
ual cells are highly cell-type and cell-stage 
specific. Whether these differences govern 
signalling dynamics between the various cell 
types in a given species, and how they affect 
physiology, are unknown. For instance, there 
is a metabolic gradient along the PSM, with 
glycolysis being more active in cells closer to 
the embryo’s tail than in those closer to the 
head (which segment earlier)9,10, and with oscil-
lations being faster towards the tail11. So, does 
the glycolytic gradient affect the NAD+:NADH 

ratio, and therefore the clock’s period?  
Fluorescent sensors of NAD+ and NADH 
(ref. 12) or other metabolic molecules could 
be used to identify cell-type-specific variations 
in mass-specific metabolic rate. Similarly, 
these sensors could be used to compare how 
mass-specific metabolic rates influence cellu-
lar fitness in embryonic and adult cells — for 
example, in the context of cancer or ageing. 
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Cancer and infected cells are targeted by 
T cells of the immune system. On page 565, 
Duke-Cohan et al.1 present insights into the 
early events that drive the formation of T cells. 

Most mammalian T cells undergo a harsh 
selection process as they develop in the 
thymus gland2,3. Their survival depends on the 
ability of their T-cell receptors (TCRs; proteins 
composed of α- and β-chain components) to 
interact with major histocompatibility com-
plex (MHC) molecules bound to peptide 
fragments called antigens. 

For mature T cells that have left the thymus, 
an MHC molecule can present antigens to 
the TCR that are associated with ‘non-self’, 
abnormal agents such as viruses. However, in 
the thymus, MHC molecules form complexes 
with ‘self’ antigens that are normally present 
in the body. If the immature T cells fail to 
bind, or bind too tightly, to these self struc-
tures, the cells are killed. This checkpoint, 
which depends on TCRαβ, MHC and antigen, 
is called positive and negative selection. TCR 
binding specificity depends on TCRα- and 
TCRβ-encoding sequences, which are gener-
ated randomly by the rearrangement of the 
β-coding genes and then the α-coding genes. 
This error-prone process generates many 
non-functional rearrangements, as well as 
diverse combinations of TCRαβ structures. 

Most cells fail selection and die, but the yield 
of survivors is improved by a preliminary selec-
tion round, called β-selection, in which only 

cells that have successfully rearranged their 
β genes to express a functional TCRβ chain will 
advance to the next step. These cells are then 
stimulated to proliferate before undergoing 
α-chain rearrangement. This process causes 
enrichment in cells that can express diverse, 
functional TCR structures, before cells with 
TCRαβ that bind too tightly to complexes 
of self antigens and MHC are weeded out. 
Duke-Cohan et al. present evidence indicating 
that β-selection is also needed to clinch T-cell 
lineage identity itself (Fig. 1). 

T cells can acquire their identity in an early 
developmental process called T-cell lineage 
commitment. When they enter the thymus, 
cells that will subsequently form T  cells 
resemble cells known as multipotent blood 
precursors, and these early T-cell precur-
sors can still generate non-T cells if removed 
from the thymus. Such cells lose their ability 
to make non-T cells at commitment4–6, and 
this is accompanied by widespread changes 
in the nucleus, both in gene expression and 
in the parts of genomic DNA that are actively 
involved in gene regulation7. 

At this transition point, the developing 
T cells silence the expression of genes that 
keep alternative lineage options open, such 
as the regulatory gene Spi1,  and express genes 
that support T-cell differentiation. The viabil-
ity of cells also becomes highly dependent on 
signalling through the Notch pathway6. The 
genes silenced during commitment then 
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remain permanently ‘off’ in the T-cell lineage, 
except in the case of malignancy. 

The commitment and β-selection steps are 
separated by rounds of proliferation of fully 
committed cells, in addition to the cell-growth 
arrest needed to permit TCR-gene rearrange-
ment. Thus, the authors’ discovery of a con-
nection between these two distinct processes 
is noteworthy.

The biochemical interaction that detects 
the presence of a successful β-chain gene 
rearrangement has long been debated 
(reviewed in ref. 8). The TCRβ chain, lacking an 
α partner, forms a membrane complex called 
the pre-TCR, which has signalling partners sim-
ilar to those used by a mature TCR. Previous 
evidence8 indicates that the assembled pre-
TCR might signal to the cell that a successful 
β-chain rearrangement has occurred without 
necessarily interacting with a specific bind-
ing partner (ligand). For example, a hallmark 
of successful β-selection is that precursor 
T cells that lack expression of the proteins 
CD4 and CD8 (double negative, or DN, cells) 
transition to express both of these proteins 
(becoming double positive, or DP, cells), and 
this can occur even if parts of the TCRβ chain 
that mediate antigen contact are absent. Such 
antigen- or MHC-recognition independence 
would make β-selection different from the 
later positive or negative selection of cells 
on the basis of the interaction of their fully 
assembled TCRαβ complexes with self anti-
gens and MHC. 

However, some genetic and structural evi-
dence indicates that the pre-TCR can also inter-
act with the same MHC molecules that later 
interact with TCRαβ complexes to induce the 
more-stringent positive and negative selec-
tion processes9–12. That evidence indicates 
that a distinctive conformation for pre-TCR 

complexes with MHC removes the need for 
α-chain binding of MHC. 

The authors tested whether the pre-TCR 
interaction with MHC is important for 
β-selection by comparing the differentiation 
of normal T-cell precursors in well-defined 
in vitro environments using stromal cells that 
do or do not present MHC-bound antigens. 
T-lineage cells that developed without MHC 
in the environment could still differentiate to 
reach the DP stage. Therefore, superficially, 
the results concurred with earlier evidence8 
that the pre-TCR–MHC interaction can be 
bypassed. 

However, the authors looked more 
closely, using a combination of approaches 
(single-cell RNA sequencing and single-cell 
TCR-repertoire analyses) to characterize the 
gene-expression patterns in the cell subsets 
that result from differentiation in the pres-
ence or absence of MHC-bound antigens. The 
range of TCRβ structures conferring different 
binding specificities (called the TCRβ reper-
toire) that emerged after differentiation in 
an MHC-deficient experimental context was 
indeed skewed relative to that of the controls 
differentiating in the presence of MHC. More-
over, the gene-expression evidence reveals 
that β-selection without MHC contact was 
strikingly abnormal. 

The consequences of normal β-selection 
are known to go well beyond TCR selec-
tion. The DP cells that emerge through 
β-selection are profoundly different from 
their precursors, called DN3a cells, in terms 
of gene-expression patterns and in configura-
tions of the DNA and protein complex called 
chromatin, and these cells gradually lose their 
strong dependence on Notch-pathway signal-
ling13–15. The authors report that, during β-se-
lection in the absence of an interaction with 

MHC, the cells did not execute this gene-ex-
pression change fully, failing to switch prop-
erly from DN3a to the subsequent programs of 
DN3b, DN4 and DP cells, even though cell-sur-
face marker expression indicated that the cells 
had advanced beyond  the DN3a stage. 

Two of the cellular subsets that emerged 
from this MHC-deprived form of β-selection 
were even more aberrant. Despite express-
ing TCRβ and other T-cell-lineage-specific 
genes, the aberrant cells also expressed genes 
involved in the differentiation of cells of the 
neutrophil lineage of immune cells. These 
included genes that are normally silenced 
before or during T-cell lineage commitment, 
including Spi1. The authors used the gene 
sequences of unique TCRβ rearrangements 
not only to evaluate repertoire changes, but 
also as cell-lineage tracers. The cells in these 
highly aberrant groups were related to precur-
sors initiating more-normal development, but 
their lineages diverged from those of cells that 
went further on the normal path. 

Cells expressing the most aberrant gene 
profiles had abnormally high expression 
of cell-cycle genes, suggesting a possible 
connection to tumour formation. Therefore, 
having a signalling-competent pre-TCR with-
out appropriate binding partners such as MHC 
in the environment seems to destabilize the 
committed state of the cells. The implication 
is that commitment itself might remain pro-
visional in some cells, despite the intervening 
cycles of cell division, until it is locked down 
by β-selection.

A caveat regarding this study is its relation-
ship with what happens in an in vivo context. 
When the authors examined T-cell precursors 
in the thymus in MHC-deficient mice, there 
was a much subtler outcome, without the 
overtly aberrant cell types, except for one 

Multipotent
progenitor
cell Commitment

to T-cell lineage β-selection 
checkpoint passed
with MHC

β-selection 
checkpoint passed 
without MHC

β-selected cellsCommitted cellsUncommitted cells that express Spi1

Spi1 expression 

DN2a
cell

DN2b
cell

DN3a
cell

ETP cell

Myeloid cell

DN3b, DN4
cells
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Figure 1 | Early stages in the development of T cells of the immune system. 
Multipotent progenitor cells give rise to non-T cells such as myeloid cells, as 
well as producing cells that mature to form T cells. These maturing cells — early 
thymic progenitor (ETP) cells and various types of double negative (DN) cell 
and double positive (DP) cell — have characteristic gene-expression profiles. 
For example, the gene Spi1 is normally expressed only before cells become 
committed to the T-cell lineage. Duke-Cohan et al.1 investigated the role of 
β-selection, a type of checkpoint in T-cell formation through which cells have to 
pass to become mature DP cells. Cells can pass through this checkpoint only if 

they express a functional β-subunit of the T-cell receptor. Whether β-selection 
involves interaction between this subunit and a protein complex called the major 
histocompatibility complex (MHC) has been controversial. However, the authors 
report that MHC-independent β-selection is aberrant. A minority of cells that 
undergo such selection have gene-expression abnormalities and display a subset 
of the hallmarks (dashed arrows) of either myeloid cells or of cells associated with 
earlier stages of T-cell development. The most abnormal cells express Spi1 (red 
arrows), mildly affected cells do not (pink arrow). This indicates that β-selection 
affects cell identity and commitment to the T-cell lineage. 
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mouse that had a T-cell-precursor-derived 
cancer. 

There are several possible reasons why the 
in vivo and in vitro results differ. In vitro, a 
single group of precursor cells was followed 
to a particular time point in development, 
whereas, in vivo, multiple groups were present 
that would have been in the thymus for differ-
ent lengths of time. Therefore, in vivo, short-
lived cell types would be under-represented 
and aberrant cells might have been removed 
in the thymus by scavenger cells called 
macrophages. 

Furthermore, other microenvironmental 
differences might limit the generation of 
abnormal cells in vivo, if, for example, thymic 
stromal cells expressed a wider range of alter-
native β-selecting ligands, beyond MHC. Such 
ligands have not been identified. The differ-
ences might also occur because fetal cells 
were used in vitro and adult cells were analysed 
in vivo, and fetal and adult precursor cells have 
different developmental features16–18. 

Duke-Cohan et al. found intriguing evidence 
for a possible mechanism that could compen-
sate in vivo for the lack of conventional MHC. 
The thymic immune cells in MHC-deficient 
mutant mice had higher-than-normal expres-
sion of ‘non-classical’ MHC molecules, which 
are  related to, but different from, conven-
tional MHC molecules. Recognition of such 
ligands on fellow T-lineage cells by DP cells at 
a later stage can direct an alternative form of 
positive selection19. Conceivably, a high level 
of non-classical MHC might also provide an 
alternative ligand for β-selection.

The authors’ results indicate that 
interactions between MHC and pre-TCR in 
β-selection can shape the TCRβ repertoire of 
DP cells before positive selection, whereas it 
is usually assumed that DP cells are develop-
mentally equivalent before this step. But in the 
in vitro system that the authors used to study 
differentiation, only interactions with a type 
of MHC called class I could occur, whereas 
in the normal thymus, another type of MHC 
(class II) might also have a role in β-selection. 
After β-selection, during positive selection, 
the MHC class recognized by TCRαβ is known 
to direct ‘effector’ fate choices for T cells 
(whether these cells become helper or killer 
T cells). Would TCRβ chains selected on MHC 
class I cause the whole mature TCR complex 
to be biased towards class I in terms of their 
preferred type of MHC interaction partners, 
even after these TCRβ chains have paired with 
random TCRα? 

If so, then the DP population emerging 
from β-selection might be a mosaic of cells 
with different TCRβ repertoires based on 
the MHC that selected them, and potentially 
biased to alternative effector-fate prefer-
ences already. Thus, β-selection might influ-
ence the developmental identities of T cells, 
both through confirming the completion of 

the earlier commitment step and through a 
possible influence on the direction of the later 
positive-selection step. 
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Eyes are essential for revealing details that 
would otherwise stay hidden — even quiet or 
odourless objects cannot usually avoid inter-
acting with light. The brain then uses this 
information to identify where an object is 
and decide whether it is desirable or repellent,  
ultimately transforming the visual patterns 
into the muscle activations that define a behav-
ioural response. Topographic representations 
of visual space in the brain have been well 
documented in various species1,2, but it 
remains uncertain how neural circuitry con-
verts object locations into directional behav-
iour. On page 534, Dombrovski and colleagues3 
describe a pattern of neural connectivity that 
accounts for some such transformations, 
allowing fruit flies (Drosophila melanogaster) 
to escape looming visual threats. This might 
be a common mechanism for turning sensory 
input into appropriate motor actions.

Studies of fruit flies have allowed research-
ers to uncover the mechanisms underlying 
many neural computations, such as elemen-
tary motion detection4 and the regulation of 
circadian rhythms5. Now, to understand the 
directional implementation of escape behav-
iour in flies, Dombrovski et al. have combined 
genetic tools with behavioural analyses, neuro-
physiology and high-resolution anatomical 

images. In brief, they have found that topo-
graphic representations of visual space in the 
retina — formed by visual projection neurons 
(VPNs) — are transformed by gradients of the 
numbers of synaptic connections VPNs make 
with specific ‘descending’ neurons that can 
generate directional motor output. 

When a resting fly sees an object approach (a 
predator, for instance), it takes off in a sensible 
direction — backwards if the object is looming 
in front of the fly, or forwards if it is behind 
(Fig. 1). The retina conveys the position of the 
looming object through retinotopic columnar 
neurons in the first two of four optic neuro-
pils — regions of the brain’s optic lobe that 
contain densely packed neuronal processes 
called axons and dendrites  (which send and 
receive signals to and from other neurons, 
respectively). The signal is then passed to VPNs 
in the third optic neuropil, specifically, to a 
type of looming-sensitive VPN termed LC4. 
The dendrites of each LC4 cell (of which there 
are roughly 70 in each half of the brain) gather 
information from a small visual area known as 
the receptive field, which for each neuron has 
a diameter of 20° to 40° (ref. 6). Together, the 
receptive fields of the LC4 neurons cover the 
fly’s field of view. 

In turn, LC4 cells project their axons towards 
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