
electromagnetic wave propagating through 
the wire. The free electrons in the pulse then 
interacted with and amplified this wave. The 
short nature of the pulses and the properties 
of the iron medium ensured that the emissions 
always occurred near the crest of the electro-
magnetic wave, leading to a guaranteed trans-
fer of energy from the electrons to the field 
until the electrons and the light drifted apart.  

A crucial aspect of Zhang and colleagues’ 
study is the detailed characterization of the 
build-up of light. By placing a terbium gallium 
garnet crystal in the vicinity of the iron wire, 
they were able to read out the magnetic field 
of the light as the waves were seeded and 
amplified. The electric field could be similarly 
determined using a zinc telluride crystal. The 
presence of an electromagnetic field modifies 
the optical properties of these crystals, which 
can be measured by a second laser beam. The 
authors’ detailed spatio-temporal mapping of 
the field revealed that it built up  over one milli-
metre of the iron wire, and within a few picosec-
onds (1 ps is 10–12 s). These results are consistent 
with the expected dynamics of a short electron 
pulse in a self-generated electromagnetic field.

Zhang and colleagues’ innovative approach 
to free-electron stimulated emission could 
be extended by considering other media 
that support electromagnetic waves. The 
authors used a simple wire made of iron, with 
no geometrical structure in the direction of 
electron propagation. The effects reported 
here could be amplified and enhanced by 
structures whose electromagnetic properties 
vary in space (for example, artificial materials 
called photonic crystals or metamaterials)8. 
Such spatially structured materials can offer 
marked control over the behaviour of light — a 
capability that has been used extensively in the 
field of nanophotonics to shape the sponta-
neous and stimulated emission of visible and 
infrared light.

Another potential extension of this exper-
imental set-up involves the amplification of 
radiation at optical (visible and infrared) fre-
quencies, which are higher than those used 
by the authors. Ultrafast amplification of vis-
ible radiation would require subfemto second 
pulses of electrons, but these are already 
becoming available, owing to advances in our 
understanding of how electrons interact with 
strong laser fields9. The prospect of replicating 
Zhang and colleagues’ findings with visible 
radiation is particularly exciting, because it 
could lead to highly compact sources of ampli-
fied light. This could be especially useful in 
materials, such as silicon, that are widespread 
and readily fabricated, but that have so far 
proved challenging to use as media for lasers.
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Heatwaves associated with climate warm-
ing are predicted to continue to increase in 
frequency and intensity this century1. These 
events have already caused catastrophic 
population declines and the reorganiza-
tion of biological communities in certain 
places2. Understanding how quickly, and 
to what extent, temperature extremes will 
have consequences for organisms is pivotal 
to predicting the effects of future climate 
warming. On page 93, Jørgensen et al.3 look 
at the rate at which biological functions vary 
with survivable changes in temperature and 
compare that with the rate at which death 
occurs at extreme (stressful) temperatures. 
Their analysis reveals that, at stressful tem-
peratures, even a small temperature rise will 
quickly result in strikingly negative effects on 
the survival of organisms.

The authors’ study focused on organisms 
called ectotherms. Creatures in this group, 
such as insects and reptiles, have only a limited 
ability to internally regulate their own tem-
peratures. Ectotherm body temperatures 
are therefore tightly linked to environmental 
conditions, and their temperature tolerances 
largely predict their species distributions, 
especially for marine groups4. 

Using a large compilation of published data, 
Jørgensen and colleagues calculated the rate 
at which various biological traits respond to 
temperature across a wide range of organisms. 
However, unlike the approach taken in previous 
studies, Jørgensen et al. distinguished between 
the temperature sensitivity of traits in permis-
sible temperature ranges and those in stressful 
temperature ranges (Fig. 1). The permissible 
range reflects temperatures that enable ani-
mal homeostasis and growth, despite potential 
detrimental effects relating to ageing and lim-
ited performance. Numerous and diverse sets 
of traits have been assessed in this permissible 

range, from biochemical pathways to aspects 
of whole-organism performance (such as 
movement rate, or cellular processes that 
produce the energy-carrying molecule ATP). 
By contrast, the stressful range encompasses 
temperatures that result in the imminent death 
of the organism owing to irreversible heat 
injury — known as heat failure. 

Although mechanisms that underpin heat 
failure are less-well understood than are those 
underlying performance in the permissible 
range, many scientists have determined the 
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The point of no return for 
species facing heatwaves
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A climate-driven rise in exposure to extreme temperatures will 
hasten mortality. To predict such losses, we need to know how 
quickly organisms succumb to stressful temperatures. A study 
shows how heat-failure rates vary across species. See p.93

Figure 1 | High temperature has a severe effect 
on the rate of animal mortality. Jørgensen 
et al.3 studied the effects of heatwaves due to 
climate change. The authors used published data 
to examine how changes in temperature affect 
the rate of biological processes at temperatures 
at which species function normally (permissive 
temperatures), and how they affect the rate of heat 
failure (irreversible changes leading to lethality) at 
stressful temperatures. Rising temperatures drive a 
rapid increase in heat-failure rates (as indicated by 
steep slopes in this graph). (Data taken from ref. 3.) 
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time it takes for a variety of organisms to die 
across a range of temperatures. These rate 
effects (also called thermal sensitivity of trait 
responses) are typically reported as Q10 values, 
which reflect the change in the trait value when 
the temperature varies by 10 °C. Alternatively, 
rate effects can be expressed more formally as 
average activation-energy values (Ea). Report-
ing Ea values for thermal sensitivities of traits is 
often, but not always5, preferred to reporting 
Q10 values, because of the underlying model-
ling connection between Ea and the kinetics of 
biochemical reactions5,6. 

The authors found that the temperature 
sensitivities (Q10 and Ea values) of biological 
processes in the permissible temperature 
range, taken from assessments of more than 
300 species, were consistent with those pre-
viously reported for traits such as movement, 
feeding and metabolism. By contrast, the 
temperature sensitivity of heat failure, calcu-
lated using data from more than 100 species, 
was extremely high and well above the rates 
of temperature sensitivity typically reported 
in the permissible range. 

These high sensitivities for heat failure 
suggest that when there are no options to 
escape hot events, species can, on average, 
encounter strikingly high heat-failure rates, 
estimated as a doubling of this rate per 1 °C 
increase in temperature. Furthermore, 
the thermal sensitivities of heat failure for 
vertebrates, such as fishes and amphibians, 
were higher than those for insects and marine 
invertebrates, suggesting that vertebrates are 
particularly vulnerable when facing extreme 
warm conditions near their survival limit. 

By combining the estimates of thermal 
sensitivity for terrestrial and aquatic species 
with average and maximum temperatures 
predicted to occur because of climate change, 
Jørgensen et al. find that both aquatic and 
terrestrial ecosystems will experience rates 
of heat failure approximately two to eight 
times higher than under current conditions. 
Using two species as examples — an ant and 
a fish — the authors reveal that terrestrial 
and aquatic species are already experienc-
ing maximum temperatures that fall in the 
stressful-temperature region, and that future 
scenarios of rising temperatures will only 
exacerbate these patterns. 

These predicted increases in heat-failure 
rates could be catastrophic for local popula-
tions, despite potential buffering mechanisms 
such as variations in temperature over time or 
the use of sites that provide thermal refuges. 
The authors recognize that the value of these 
warming-risk estimates also requires a good 
understanding of temperatures experienced 
by ectotherms in the wild, including the timing, 
severity and duration of maximum tempera-
tures7. Moreover, other processes might also 
protect organisms from the potentially lethal 
effects of heatwaves, including behavioural 

and physiological strategies to combat heat, 
or having the ability to mount a response 
to extreme temperatures after an acute 
pre-exposure to a high temperature8.  

A deeper understanding of the responses 
underlying heat failure is urgently needed. For 
example, what is the relative order in which 
various cellular and system processes break 
down at extreme temperatures? And is this 
order maintained across different groups 
of related species? Key repair mechanisms 
might have a role in combating exposures to 
lethal temperatures, up to a point. However, 
determining the transition temperature at the 
boundary between permissive and stressful 
temperatures (which Jørgensen et al. term 
the critical temperature, Tc) can be highly 
challenging. Indeed, lethal tests of the kind 
needed to investigate these processes are 
often not possible in vertebrates for ethical 
reasons, or might be less appropriate for 
immobile life stages (such as eggs), which have 
no or limited behavioural responses. 

There is clearly a need to develop innovative 
methods to examine the progression of cellu-
lar stress responses leading to heat death9 in 
both controlled and wild populations. More-
over, the use of multiple-inference approaches 
to model temperature-sensitivity data for 

both biochemical and trait responses will be 
essential to advance the field10. Jørgensen and 
colleagues’ study highlights the complexity 
underlying lethal limits, and the urgent need 
to scrutinize these limits to better predict the 
vulnerability of species to climate warming.
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Proteins in cellular membranes contain one 
or more segments known as transmembrane 
domains (TMDs). Insertion of these TMDs into 
the membrane is a key step during the produc-
tion of new membrane proteins. In eukaryotic 
cells (those with a nucleus), this insertion 
process occurs mainly at one organelle — the 
endoplasmic reticulum (ER). Here, TMDs are 
integrated into the membrane as they emerge 
from the protein-producing ribosome. For 
many decades, the accepted view has been 
that TMD insertion occurs through the Sec61 
protein complex — the same machinery that 
transports proteins into the interior of the 
ER1,2. However, Smalinskaitė et al.3 (page 161) 
and Sundaram et al.4 (page 167) now challenge 
this understanding.

These two papers show that when ribosomes 

insert membrane proteins with multiple TMDs 
(termed multipass proteins), they recruit not 
only the Sec61 complex, but also other mem-
brane proteins to form an ensemble called 
the multipass translocon (MPT). Moreover, 
Smalinskaitė et al. report the remarkable find-
ing that some multipass proteins that trigger 
assembly of the MPT are inserted into the 
membrane without passing through the classic 
Sec61 complex at all. These studies overturn 
current thinking that TMDs are usually inserted 
into the membrane exclusively by the Sec61 
complex. The findings suggest that, in fact, 
responsibility for TMD integration passes to 
the MPT as protein synthesis proceeds.

It is well established that the Sec61 com-
plex has a role in the insertion of membrane 
proteins. However, previous work by some 
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Membrane-spanning proteins have many crucial roles in the 
cell. New findings challenge our current understanding of the 
route by which such proteins are inserted into the membranes 
of animal cells. See p.161 & p.167
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