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with individuals of H. pardalinus — a type of
reproductive isolation known as assortative
mating. Furthermore, there is evidence that,
inatleast some populations, hybrid female off-
spring from the two species cannot produce
offspring of their own —another type of repro-
ductive isolation known as hybrid sterility®.

Rosser et al. further demonstrate that
H. elevatus is strongly reproductively iso-
lated from H. melpomene, but more weakly
isolated from H. pardalinus. Nonetheless,
despite a clear history of gene flow between
H.elevatus and H. pardalinus, the two species
formdistinct genetic groups, indicative of the
maintenance of speciesboundariesinthe face
of high gene flow.

The third and final criterion for being con-
sidered ahybrid speciesisthe hardest to meet
and happens most rarely: researchers must
show evidence that gene flow has directly led
to reproductive isolation. Rosser et al. use
a technique called quantitative trait locus
mappingtorelate genetic variants at different
regions (loci) of the genome with variationin
numerous traits that are associated with assor-
tative mating, such as the colour and shape of
the butterfly’s wings, its preference of male
mate and its preferred plant on which to lay
eggs. They find a striking alignment between
the loci underlying key differences between
H. elevatus and H. pardalinus and regions of
introgression from H. melpomene. This mon-
umental mapping effort provides powerful
evidence for the directrole of hybridizationin
the origin of barriers to reproduction.

Remarkably, despite the history of gene
flow between H. elevatus and H. pardalinus,
thedistinctionbetween the two species, or dif-
ferentiation, is maintained at several key loci.
Importantly, these loci are found throughout
the genome, and cannot be entirely explained
by pleiotropy (in which a single locus affects
multiple traits) or inversions (through which
matching alleles at different loci become
physically locked together).In 2023, asimilar
patternto this was uncovered in Penstemon, a
wildflower that exhibits multiple evolutions of
hummingbird-pollinated flowers from closely
related bee-pollinated species’. As with the
butterflies, the two groups are distinguished
by asuite of traits that always appear together.
These phenotypes are controlled by numer-
ous independent ‘barrier’ loci found across
the genome, but gene flow is rampant outside
these distinct regions.

It is often theorized that the build-up of
many differences across the genome should
lead to differentiation between species as the
effects of the barrier loci spread to neighbour-
ing neutral loci', but for both Heliconius and
Penstemon, thereisnoevidence thatlociunder-
lying species differences prevent gene flow at
nearby neutralloci. Crucially, the dynamics of
ongoinggene flow canbe stable, persisting for
hundreds of thousands of generations'. Studies
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such as these can reshape scientists’ thinking
about what is required to maintain species
distinctionsin the face of high gene flow.

The story of H. elevatus is not only the
story of a rare, homoploid hybrid speciation
event, but one of the complex nature of gene
flow itself. Gene flow can be both a homoge-
nizing and a diversifying force in evolution.
Researchers will require both broad views of
genome-wide patterns and detailed informa-
tion about the genetic basis of multiple phe-
notypes to fully understand the relationship
between genomic and phenotypic evolution.
Scientists are still just beginning to disentan-
gle the complex histories that have produced
modern biodiversity, and studies such as that
by Rosser et al., which combine large-scale
genomics with genetic mapping for multiple
phenotypes, provide a clear path forwardsin
our developing understanding of speciation.
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Sensitive detection
method madeless tricky

Peter J. Vikesland

Atechnique called surface-enhanced Raman spectroscopy can
detect tiny quantities of compounds in solution, but has been
difficult to use for quantitative analysis. A digital approach
involving nanoparticles suggests a way forward. See p.771

Detecting trace quantities of substances
in complex aqueous media, such as river
water, sewage and treated drinking water,
can be like looking for the proverbial needle
in a haystack. Numerous sensitive methods
have been developed’, but they often rely
on complicated sample-processing and
signal-acquisition steps, and are typically time
consuming and costly. An approach known
as surface-enhanced Raman spectroscopy
(SERS) can detect single molecules®? and has
long been promoted as a promising alterna-
tive tosuch methods. But SERS is anotoriously
finicky technique, with intrinsic variabilities,
which makes it hard to use to quantify low
concentrations of dissolved compounds.
On page 771, Bi et al.* report a digitized SERS
method for detecting waterborne substances
that addresses this fundamental issue.
Discovered in 1928, Raman spectroscopy is
alaser-based technique that depends on the
inelastic scattering of light by molecules — a
phenomenoninwhichlight excitesavibration
inthe molecules, producing scattered photons
thathaveadifferentenergy thando theincom-
ing photons. The frequencies of the scattered
photons depend onthebondsinthemolecules,

andthus provide adiagnostic fingerprint that
readily differentiates one type of molecule
fromanother. Unfortunately, the signal intensi-
tiesinRamanspectroscopy areinherently weak
and therefore challenging to detect. Thisissue
haslong hindered the use of Raman spectros-
copy for practical applications.

The outlook for Raman-based diagnostic
techniques changed, however, after the
unexpected discovery in1974 that the Raman
scatteringsignal canbe greatlyincreased when
amolecule is adsorbed to aroughened silver
electrode’. Subsequent studies® have shown
that the signal enhancement arises asaresult
of interactions between the molecule and
electrons on the metal surface. This enhance-
ment forms the basis of the SERS technique.

Akey challenge that undermines the analyt-
ical capability of SERS is the spatial and tem-
poral variability of the signal enhancement.
Thisvariation arises because acombination of
eventsisrequiredtodetect moleculesin solu-
tion. First, a dissolved molecule must travel
to the surface of a metal (typically gold or sil-
ver) and adsorb to that surface. Crucially, to
achieve the lowest detection limits, the mole-
culemustadsorb ataSERS ‘hotspot’ —aregion



of the surface with geometric and electronic
characteristics that best enhance the Raman
signal — and it must then reside there for long
enoughto facilitate signal enhancement. Given
that molecular motion and adsorption are
random processes, and that hotspots can be
challenging to fabricate reproducibly, it has
been difficult to develop SERS methods that
consistently and reliably quantify the concen-
tration of molecules in solution.

Improvements in reproducibility and
quantification have been achieved by precise
engineering of metal surfaces® and through
hotspot normalization’ — a process that cal-
ibrates the intensity of Raman signals on the
metal surface by using inelastic scattering of
photons at the surface as an internal refer-
ence. Digital SERS methods have also been
reported® in which the number of spatially
discrete Ramansignalsis counted, rather than
signal intensities being measured — mostly
as away to improve the detection limits of
surface-bound arrays of metal nanoparticles.
Although such arrays are valuable for many
applications, they cannot be used in all cir-
cumstances (inbiological cells, for example).

Bi et al. now report a digital SERS protocol
thatuses colloids — nanoparticles dispersedin
aqueous solution —rather thansurface-bound
nanoparticles. In this approach (Fig. 1), the
authors mix silver colloid particles (20 to
50 nanometres in diameter) with target mole-
culesto produce colloidally stable (minimally
aggregated), uniform suspensions. SERS
spectra are acquired at thousands of posi-
tions (voxels) inacapillary tubefilled with the
suspension, and are then digitized by consid-
ering the signal intensities measured at each
position: signals exceeding a chosen threshold
value correspond to the detection of a single
target molecule and are given a value of 1,
whereasthose below the threshold correspond
tonodetection and are assigned a value of 0.

Because the number of detection events
per unit volume follows a Poisson statisti-
cal distribution, the total number of events
measured inasamplereflects the concentra-
tion of target molecules. Thisapproach gives
reproducible measurements of ultralow
concentrations (down to 10 molar), and
overcomes the problems of signal variabil-
ity by measuring the number of detection
signals, rather than their intensity.

Biand colleagues’ extension of the digital
SERS approach to suspended colloidal par-
ticles greatly expands the portfolio of condi-
tions under which the technique can be used
for molecular detection. With theirmethod, a
sample suspected to containatarget molecule
can be collected, processed and analysed
using silver nanoparticles, which are inex-
pensive and easy to produce. For example,
the authors show that they can detect toxic
herbicides and fungicides in lake water and
in extracts of bean sprouts.
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Figure1|Digitization of surface-enhanced Raman spectroscopy (SERS) using suspended
nanoparticles. Bi et al.* report a technique for quantifying ultralow concentrations of dissolved molecules
in water. A suspension of silver nanoparticles is mixed with a solution of the target molecules, placed in a
capillary tube and then irradiated by light at sequential positions along the tube. When target molecules
adsorb to the surface of a nanoparticle, inelastic light scattering sometimes occurs, producing a signal
known as aRaman spectrum. The signal is assigned a value of 1 when the amplitude of the spectral peaks
exceeds a predetermined threshold, indicating that a target molecule has been detected. When the
amplitude does not exceed the threshold, the signal is given a value of 0, indicating no detection. The total
number of spatially discrete detections in the experiment is used to determine the concentration of target

molecules. (Adapted from Fig. 1a of ref. 4.)

A limitation of the study is that the target
molecules are restricted to those that readily
associate with the surface of a noble metal
(such as silver). The authors use several sur-
face-engineering approaches to strengthen
the interactions between the targets and
the metal, but such enhancement might be
challenging for all molecules of interest. Fur-
thermore, the method as it stands involves a

“The authors show that
they candetect toxic
herbicides and fungicides
inlake water and in extracts
ofbeansprouts.”

potentially cumbersome calibration, in which
optimal nanoparticle concentrations and sig-
nal-acquisition times need to be determined
foreachtarget molecule before that molecule
canbeanalysed. Given that future applications
will involve diverse targets and increasingly
large data sets, it will be interesting to inves-
tigate whether machine-learning methods
could be used to develop general rules that
relate the structures of target molecules to
appropriate conditions for analysis.

Finally, the samples being analysed cur-
rently require extensive dilution to attenuate

any possible signal interference from non-tar-
get substances in the aqueous medium, and
the extent of dilution needs to be experi-
mentally determined for each system. Such
an approach will not always be practical, and
will often prolong the time between sample
acquisition and quantification.

Itis likely that these issues will be resolved as
thenewmethodis puttothetestby analytical
chemists and forensic scientists. In the mean-
time, Bi et al. have gifted researchers work-
ing with SERS afitting 50th birthday present,
which will help to push this exciting method
towards true field applications.
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