
and represent the evolutionary foundation for 
the two familiar sets of paired fins. This pro-
vides a new twist to a long-standing hypoth-
esis8, pointing to a stepwise regionalization 
of the fin fold leading first to pectoral fins (in 
the lineage leading to gnathostomes and their 
closest jawless relatives, another ostracoderm 
group called osteostracans) and then pelvic 
fins (in jawed fishes themselves).

Although no single fossil is likely to settle the 
debate between competing models of paired-
fin evolution9, Tujiaaspis nevertheless adds an 
important palaeontological constraint to the 
problem. What function might the folds have 
served? Computational fluid dynamics indi-
cates a role in passively generating lift in the 
absence of regionalized paired fins, providing 
an adaptation-based hypothesis for the first 
steps in the origin of a major structural novelty.

In contrast to whole ostracoderm fossils 
from the Silurian and Ordovician periods, 
traces of gnathostomes of a similar vintage 
remain elusive. The skeletal debris that 
domi nates the pre-Devonian record of jawed 
vertebrates provides few characters to help 
with identification, leading to a need for ample 
caution when interpreting such specimens. 
Fossils of intact animals are more compelling, 
but vanishingly rare; before 2009, all pub-
lished examples of more-or-less complete 
Silurian jawed fishes could be counted on 
the fingers of one hand2. This changed with a 
dedicated programme of fieldwork in China 
that led to a flood of discoveries10–13 dating to 
the late Silurian, around 425 million years ago. 

A fitting encore to those remarkable finds is 
the trio of papers by Andreev et al.4,5 and Zhu 
et al.6 on jawed fishes from early Silurian strata 
that are some 11 million to 14 million years 
older than the previous discoveries. Unlike 
material of similar2 or older14 ages reported 
before, these fossils leave little doubt as to 
their affinities.

The isolated tooth whorls of Qianodus 
duplicis reported by Andreev et al.4 (page 964) 
are the calling card of jaws, that most essen-
tial of gnathostome traits. Andreev and col-
leagues’ second report (page 969) describes 
Fanjingshania renovata, found in the same 
rock deposits that yielded Qianodus, on the 
basis of partial remains corresponding to 
a specific subgroup of acanthodians, a col-
lection of extinct fishes related to today’s 
chondrich thyans (sharks, rays and ratfishes). 
The non-overlapping remains of Qianodus 
(teeth) and Fanjingshania (spines, scales and 
plates) raise questions about whether they 
belong to different animals, but this does not 
undermine confidence in their chondrichthyan 
affinities. This is  notable because all living gna-
thostomes belong to one of two evolutionary 
lineages: chondrichthyans on one hand, and 
our own group, the osteichthyans, on the 
other. Firmly anchored to the chondrichthyan 
branch, Qianodus and Fanjingshania indicate 

unambiguously that the last common ancestor 
of today’s jawed vertebrates lived no later than 
the earliest Silurian.

Zhu et al. (page 954) report an exceptional 
site, found in a rock deposit only a few million 
years younger, that yields complete jawed fish 
fossils — by far the oldest remains preserved 
in this manner. Xiushanosteus mirabilis dom-
inates this palaeontological bonanza. It is 
unmistakably a type of early armoured jawed 
fish called a placoderm that, surprisingly, 
looks broadly similar to species known from 
rocks many millions of years younger. It is 
joined by a single specimen of Shenacanthus 
vermiformis, an early relative of chondrich-
thyans that bears armoured plates on its trunk 
resembling those of placoderms. There will be 
a lively debate about the specific features of 
these newly discovered fossils and the finer 
details of their classification. But there is no 
escaping their collective message: the diversi-
fication of jawed vertebrates was already well 
under way by the earliest parts of the Silurian, 
an exceptional confirmation of earlier infer-
ences from less-complete material14.

The resulting evolutionary chronology 
places the early history of jawed fishes amid 
two formative episodes in the early Palaeozoic 
era (539 million to 444 million years ago). These 
vertebrates are likely to be products of what is 
called the Great Ordovician Biodiversification 
Event (around 485 million to 445 million years 
ago) — a sequel to an episode of diversification 
called the Cambrian explosion (roughly 539 mil-
lion to 520 million years ago) — as well as sur-
vivors of the Late Ordovician Mass Extinction 
(about 444 million years ago). These finds will 
force a reconsideration of aquatic eco systems 
around this time, as well as prompting another 
look at old hypotheses concerning major 

changes to the vertebrate fauna apparent in 
younger parts of the fossil record15. 

The variety of newly discovered jawed fishes 
from the early Silurian poses a puzzle. How 
could a group that was already so diversified 
leave such a meagre record, particularly of 
whole fishes? One possibility is that, like their 
closest ostracoderm relatives16, the earliest 
gnathostomes were both geographically and 
environmentally restricted. But this gap in our 
knowledge might already be closing. These 
early Silurian sites have yielded more jawed 
fishes that are as yet undescribed, placing us 
on the cusp of an exciting new period, both 
conceptually and chronologically, for the 
study of the evolution of early gnathostomes.
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Hybrid technique lights 
the way for neutral atoms
Giulia Semeghini

An experimental platform that uses two different tools for 
controlling neutral atoms with laser light combines speed 
with scalability. The approach provides a crucial step towards 
realizing innovative quantum algorithms and simulations.

Over the past four decades, researchers 
have explored a range of fascinating 
quantum phenomena by inventing creative 
ways to manipulate large ensembles of 
neutral atoms with light (see, for example, 
go.nature.com/3bjqvfr). Hundreds of thou-
sands of atoms can be trapped by laser beams 

in arrays known as optical lattices1 and used to 
simulate the quantum behaviour of materials. 
Atoms can also be manipulated one by one, 
using a tool known as optical tweezers — a 
promising avenue to scalable quantum com-
puting. Now,  writing in Science, Young et al.2 
have developed a platform that combines 

©
 
2022

 
Springer

 
Nature

 
Limited.

 
All

 
rights

 
reserved. ©

 
2022

 
Springer

 
Nature

 
Limited.

 
All

 
rights

 
reserved.



optical lattices with optical tweezers to access 
unexplored physical regimes, offering an 
exciting way of  controlling atoms for quantum 
computation and simulation.

Optical lattices are essentially artificial 
 crystals. They are generated by trapping atoms 
in the patterns that emerge when laser beams 
interfere with each other. These interference 
patterns produce a periodic array of sites that 
are energetically favourable for the atoms to 
occupy. Once trapped, the atoms can mimic 
the behaviours of electrons in real crystals; for 
this reason, they offer a powerful platform for 
simulating quantum phenomena in materials.

Optical tweezers can also be used to create 
atomic arrays, providing an unprecedented 
level of programmability that has taken 
neutral-atom research in new directions3,4. 
 Tweezers trap single atoms with tightly 
focused laser beams that can be individually 
controlled. So, instead of the fixed, global 
structure provided by the interference pattern 
of an optical lattice, each tweezer-based trap 
can be modified and moved independently, 
allowing the atoms to be arranged in defect-
free geometries3,4. Despite being among the 
youngest in the family of platforms used to 
understand and take advantage of quantum 
physics, programmable tweezer arrays have 
already achieved impressive results in quan-
tum simulation and computation5–7.

One fundamental difference between 
these two platforms involves a phenomenon 
known as tunnelling, which allows the atoms 

to ‘hop’ between different traps, owing to their 
quantum-mechanical wave-like nature. Opti-
cal lattices naturally enable atoms to tunnel 
between neighbouring sites — but in tweezer 
arrays, the atoms are typically frozen in place. 
This is because the individual tweezers are 
more difficult to control with high accuracy 
than are lattice interference patterns, and even 
small inhomogeneities in the traps can sup-
press the ability of the atoms to tunnel between 
them. Much work has been undertaken in the 
past decade to improve tweezer homogeneity 
enough to enable tunnelling, with promising 
results in arrays of up to eight tweezers8–10.

The two platforms also come with technical 
advantages and disadvantages. For example, 
optical lattices can incorporate hundreds of 
thousands of atoms, but they are typically 
slow to initialize (prepare) and difficult to 
control in real time. Conversely, tweezer 
arrays offer unparalleled programmability, 
and each experiment cycle can be performed 
much more rapidly than in a standard optical 
lattice, but atom numbers have been limited so 
far to a few hundred. An experiment that com-
bines the best of these two techniques would 
therefore provide an extremely useful quan-
tum platform. Young and co-authors present 
such an approach, in which the atoms are 
initially loaded into optical tweezers, before 
being transferred into an optical lattice (Fig. 1).

To demonstrate the functionality of their 
platform, Young et al. initialized a single atom 
in one site of an optical lattice and observed its 

evolution over time. Because the atom could 
tunnel into the neighbouring sites, the authors 
found that it undertook a type of dynamics 
known as a quantum walk, which is the quan-
tum analogue of a classical random walk — the 
path mapped out by a succession of steps in 
random directions. In the quantum version, 
there is no randomness. Instead, the atom is in 
a ‘superposition’ of all the states correspond-
ing to different possible paths.

This property distinguishes the quantum 
walk from its classical equivalent: the differ-
ent paths interfere with each other, and this 
results in an observable interference pattern in 
the probability distribution describing where 
the atom appears after a given time. Through 
this quantum walk, the atom in Young and 
co-authors’ experiment effectively explored a 
region spanning around 200 sites, making it an 
intriguing prospect for implementing search 
algorithms — ones designed to search for a 
specific element in an unsorted database of N 
items, where N is typically a very large number.

A classical algorithm needs to sample such 
a system some fraction of N times to find the 
correct element. But quantum algorithms can 
speed this process up, so that, in some cases, 
the number of times a quantum searcher need 
sample the system to find the answer is only 
around the square root of N. Mapping the 
elements of the search to the sites of an opti-
cal lattice means that a quantum walk can be 
used to explore the potential solutions more 
efficiently than would be possible in a classical 
setting, thanks to quantum superposition and 
interference.

Young and co-authors carried out a 
proof-of-principle experiment in which they 
used the tweezers to pin one of the sites of the 
lattice at  random, thus making it the object of 
the search. Through careful initialization and 
control, they then mapped this unknown solu-
tion to the dynamical evolution of an atom, 
so that the time-dependent behaviour of the 
atom could reveal the site’s location. Even 
though this specific search mechanism is not 
faster than a classical algorithm, it represents 
an intriguing demonstration of what Young 
and colleagues’ tool can achieve — making 
 neutral-atom platforms amenable to a new 
class of quantum algorithm.

The development of this platform paves the 
way for several exciting opportunities. The 
authors’ study can be extended to explore 
different quantum search algorithms that 
are potentially superior to the corresponding 
classical approaches11. Such algorithms could 
even go beyond the single-particle regime to 
incorporate many particles, which would 
provide access to a broader class of quantum 
algorithm than those currently available. 
Furthermore, the combination of optical 
 lattices with the programmability and speed 
of tweezer arrays could substantially influence 
studies of physical models that are relevant to 
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Figure 1 | A ‘quantum walk’ through an array of neutral atoms. Young et al.2 cooled strontium atoms 
using a laser-based tool known as optical tweezers, and then used the tweezers to insert the atoms into the 
sites of an array, called an optical lattice, which is constructed with interfering laser beams. The 2D lattice 
contained around 2,000 sites, between which atoms could ‘tunnel’, meaning that they could hop between 
the sites, thanks to their quantum wave-like nature. The authors realized a proof-of-principle experiment in 
which the dynamics of the atoms in the array reproduced a quantum algorithm known as a search algorithm. 
One site of the array was pinned by the tweezers, and the atoms explored the whole array to find this target. 
They did so by performing a ‘quantum walk’, in which they simultaneously probed different paths using a 
phenomenon known as quantum superposition. (Adapted from Fig. 1a of ref. 2.)
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the understanding of long- studied phenom-
ena in condensed-matter physics12,13. Several 
steps still need to be made to reach these 
ambitious goals, but Young and co-authors’ 
work certainly sets the stage for some exciting 
results ahead.

Giulia Semeghini is in the Department of 
Physics, Harvard University, Cambridge, 
Massachusetts 02138, USA.
e-mail: semeghini@g.harvard.edu

1. Gross, C. & Bloch, I. Science 357, 995–1001 (2017).
2. Young, A. W., Eckner, W. J., Schine, N., Childs, A. M. & 

Kaufman, A. M. Science 377, 885–889 (2022).

3. Ebadi, S. et al. Nature 595, 227–232 (2021).
4. Scholl, P. et al. Nature 595, 233–238 (2021).
5. Bluvstein, D. et al. Nature 604, 451–456 (2022).
6. Chen, C. et al. Preprint at https://arxiv.org/abs/2207.12930 

(2022).
7. Semeghini, G. et al. Science 374, 1242–1247 (2022).
8. Kaufman, A. M. et al. Science 345, 306–309 (2014).
9. Murmann, S. et al. Phys. Rev. Lett. 114, 080402 (2015).
10. Spar, B. M., Guardado-Sanchez, E., Chi, S., Yan, Z. Z. & 

Bakr, W. S. Phys. Rev. Lett. 128, 223202 (2022).
11. Aaronson, S. & Ambainis, A. in 44th Annu. IEEE Symp. 

Foundations of Computer Science 200–209 (IEEE 
Computer Soc., 2003).

12. Onari, S., Arita, R., Kuroki, K. & Aoki, H. Phys. Rev. B 70, 
094523 (2004).

13. Ohgoe, T., Suzuki, T. & Kawashima, N. Phys. Rev. B 86, 
054520 (2012).

The author declares no competing interests.

900 | Nature | Vol 609 | 29 September 2022

News & views

Biotechnology

Life brought 
to artificial cells
N. Amy Yewdall

Can artificial cells be built from basic components? Systems 
that have complex architectures and functions evocative of 
natural cells have been prepared by recycling the contents of 
bacterial cells in synthetic droplets. See p.1029 

Global collaborations have made  promising 
strides towards building artificial cells 
 ‘bottom up’ from constituent parts1, but the 
current state-of-the art results are still far 
from resembling anything alive. The difficulty 
lies in organizing functional features, such 
as enzymes, at the nanoscale and ensuring 
network connectivity between all the com-
ponents. Xu et al.2 report on page 1029 that 
they have tackled this challenge by organiz-
ing pieces of broken-down cells on a synthetic 
scaffold, thereby producing artificial cells with 
functional and compositional complexity rem-
iniscent of living ones. The findings take us a 
step closer to life-like systems that could be 
used for industrial applications — and towards 
a better understanding of life itself.

Xu et al. use compartments known as 
 coacervates to make the synthetic scaffold 
for their artificial cells. Coacervates are 
 membrane-free droplets made of a dense 
liquid phase that form and separate sponta-
neously from aqueous solutions — a process 
known as  liquid–liquid phase separation. The 
authors’ coacervates form through the associ-
ative interactions between a synthetic polymer 
and a nucleotide molecule, ATP.

The authors use this platform to capture, 
and then rupture, a mixture of two types 
of bacterium, thereby generating artificial 
cells consisting of a coacervate with an outer 
membrane and internal subcompartments 
(Fig. 1). The ruptured bacterial cells release 

their contents of proteins and metabolite 
molecules, most of which are retained in the 
dense coacervate core. This creative method 
results in the localization of active enzymes 
inside the ‘cytoplasm’ of the artificial cell. The 
authors also demonstrate that the coacervate 

core has the ability to make small quantities of 
proteins — that is, it carries out in vitro tran-
scription and translation (IVTT) — using the 
protein-synthesis machinery released from 
the bacteria.

Artificial cells have previously been made 
from living cells or purified cell-derived com-
ponents3, but none of those involved such a 
direct approach as Xu and colleagues’ strategy. 
The authors’ work suggests the thrilling poten-
tial of using coacervates as platforms to host 
and harness a variety of cells, connecting their 
functionality in original ways. For example, 
coacervates could combine the components 
of mixtures of bacteria that contain different 
types and concentrations of enzymes, for 
 synthetic biology applications.

How do these artificial cells differ from 
actual cells? In the current work, essentially 
the whole artificial cell is a coacervate, whereas 
liquid–liquid phase separation is responsible 
only for the formation of subcellular compart-
ments — called biomolecular condensates — in 
natural cells4. Nevertheless, Xu et al. show that 
subcellular organization can also be achieved 
in their system. The authors use an enzyme 
to cleave bacterial DNA into short strands in 
the ‘cytoplasm’ of their artificial cells, and 
then add a negatively charged polymer and 
histones (the proteins with which DNA is asso-
ciated in the nucleus), which causes the DNA 
to condense into a nucleus-like structure. This 
type of hierarchical organization, in which a 
condensed phase forms inside another, had 
previously been observed in multiphase 
coacervates5,6, and hints at how DNA might 
be compartmentalized in living cells7.

The DNA core in Xu and colleagues’ artificial 
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Figure 1 | Construction of an artificial cell. Xu et al.2 introduced two types of bacterium into membrane-
free droplets, known as coacervates. One type localized inside the droplets and the other on the droplets’ 
surface. The authors ruptured the bacteria, releasing the cell components. This resulted in the formation 
of an artificial cell with a bacterium-derived membrane, surrounding a coacervate core that contains active 
enzymes, functional protein-synthesis machinery, water-filled chambers (vacuoles) and circular bacterial 
DNA (plasmids). Enzymatic cleavage of the plasmids into short strands enabled the DNA to be condensed 
into a nucleus-like structure. Actin proteins could be introduced, which assembled into fibres, providing a 
rudimentary cytoskeleton. The addition of live bacterial cells resulted in the artificial cell’s morphing into an 
amoeba-like shape.
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