
Vertebrate embryos go through developmen-
tal stages during which different species are 
very similar to one another morphologic ally, 
before each diverges towards its own body 
plan. Each species passes through these stages 
of similarity at a characteristic rate, which 
scales roughly with body size1. Similarly, for 
many species, the rate of metabolism also 
scales with body size2. Diaz-Cuadros et al.3 
bring these two phenomena together on 
page 550 to reveal how the pace of develop-
ment is determined.

Somites are transient embryonic structures 
that develop into vertebrae, ribs, skeletal  
muscle and other tissues. They form one at 
a time along the embryo’s ‘head-to-tail’ axis, 
through repeated segmentation of a tissue 
called the presomitic mesoderm (PSM). This 
process is governed by a network of oscillatory 
gene expression known as the segmentation 
clock4, the periodicity of which can serve as a 
proxy for developmental time.

In 2020, three research groups5–7 (including 
the group involved in the current study5) devel-
oped stem-cell-based techniques to compare 
the pace of development in human and mouse 
cells in vitro. Two of the groups5,6 visualized 
oscillations of the segmentation clock in stem-
cell-derived PSM tissue using fluorescence 
microscopy. They demonstrated that gene 
expression oscillates with a period of 5 hours 
in human cells and 2.5 hours in mouse cells. All 
three studies discovered that basic processes 
such as cell division take twice as long in human 
cells, at least in part because of differences in 
the rate at which messenger RNA is translated 
into proteins.

Diaz-Cuadros et al. asked whether differ-
ences in metabolic activity could account for 
species variation in the segmentation clock’s 
oscillation period. They updated their 2020 
protocol to improve the efficiency with which 
stem cells differentiated into PSM cells, and 

to ensure that differentiation occurred under 
identical conditions for cells of both mice and 
humans. They confirmed that oscillations 
and cell divisions took twice as long in human 
PSM cells as in mouse PSM cells. They then 
cultured mouse and human PSM cells together, 
and showed that each cell maintained its 
species-specific oscillation period, even when 
outnumbered by cells from the other species. 
This indicates that the timing of the segmen-
tation clock is determined cell-intrinsically. 

Next, the authors quantified metabolic activ-
ity in human and mouse PSM cells. They found 

that levels of oxygen consumption, glycolytic 
flux (a measure of glucose metabolism) and 
numbers of organelles called mitochondria (in 
which many metabolic processes take place) 
were all similar in the two species. However, 
the volume and mass of human cells were twice 
those of mouse cells. Thus, the mass-specific 
metabolic rate in human cells was half that in 
mouse cells (Fig. 1). 

The researchers then focused on functional 
analysis of two key metabolic molecules: the 
energy-carrying molecule ATP and nicotinamide 
adenine dinucleotide (NAD+), a substrate for 
cellular redox reactions. ATP is produced when 
glucose is metabolized, which reduces NAD+ to 
NADH. In turn, NADH can be oxidized to NAD+ 
as part of another ATP-producing process called 
the electron-transport chain.

Diaz-Cuadros and colleagues disrupted 
the metabolic activity of human and mouse 
PSM cells by blocking the steps of the elec-
tron-transport chain that revert NADH to 
NAD+, thereby lowering the ratio of NAD+ to 
NADH. They found that this perturbation 
slowed the segmentation clock. By contrast, 
blocking the final step of the chain, which 
produces ATP, did not affect the clock. This 
implies that the NAD+:NADH ratio, rather 
than ATP abundance (a proxy for the cell’s 

Figure 1 | Mass-specific metabolic rate determines the pace of gene oscillation. Diaz-Cuadros et al.3 show 
that, although human presomitic mesoderm (PSM) cells are about twice the volume of mouse PSM cells, both 
have a similar number of metabolic organelles called mitochondria and undergo key metabolic processes at 
similar rates. Thus, the mass-specific metabolic rate of human cells is half that of mouse cells. This difference 
in metabolic rate affects the oxidation of NADH molecules to NAD+ by electron-transport chain (ETC) proteins 
in mitochondria in such a way that the NAD+:NADH ratio is lower in human than in mouse cells. This results in 
a lower rate of protein translation from messenger RNA. PSM cells exhibit oscillations in a network of genes 
known as the segmentation clock, the pace of which is governed by translation — thus, the segmentation clock 
oscillates at a slower pace in human than in mouse PSM cells. 
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Mouse and human embryos undergo similar developmental 
steps, but the exact timings differ. An analysis reveals that 
differences in metabolic activity set the timing of one such 
step on the road to formation of the vertebrae. See p.550 
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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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T cells of the immune system develop through a lineage-
commitment step followed by two checkpoints. The finding 
that the first checkpoint is needed to complete commitment 
offers a fresh perspective on T-cell development. See p.565
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