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We were invited to make a response to Gargus’s and Haier’s (Gargus & Haier, 2025) paper
Toward a Molecular Biology of Human Intelligence: Psychometrics Meets Gene Expressions
and Brain Metabolism. We’re tramping ‘toward’ that goal too. Our comments recognise
that the authors have pointed to some biological loci/concepts that might help with
understanding intelligence differences. We muse on what genomic and brain imaging
studies have contributed, and their limitations. Mostly, the reader will note our efforts
(sometimes not successful) at trying not to appear overwhelmed by the off-putting
complexity of explaining how differences arise in intelligence and other complex traits.

Note: The title of this paper comes from Emily Dickinson’s poem, “We Grow Accustomed

to the Dark.”

"...the ultimate aspirational goal of human intelligence
research is to increase general intelligence (g) in indi-
viduals " (Gargus & Haier, 2025).

No, let us stop you there: for us, the aim of the research
is to understand the mechanisms whereby individual differ-
ences in intelligence arise and, relatedly, to give an account
of why some people’s brains and thinking skills develop/
grow, maintain, and age better than others’ do, because
this has relevance to people’s well-being and longevity.
So, in brief, we’re interested in keeping our marbles rather
than increasing their number (though there are probably
positive benefits to doing both). Once we understand the
mechanisms whereby individual differences arise we might
be able to begin preventing the decline caused by ageing
and disease. This quibble notwithstanding, theirs is a wel-
come article. We say that partly-narcissistically, because we
wrote an article covering this field a few years ago (Deary
et al., 2022). We shall not repeat it here. It merits reading,
though—even if not for its own sake—because it provides
a complement to Gargus’s and Haier’s (Gargus & Haier,
2025). We think ours is less optimistic. Instead of focusing
on evidence that might support one of many possible evo-
lutionary psychology hypotheses, we adopted an integrated
view of systems biology to reflect the vast and difficult-to-
synthesise literature.

Gargus’s and Haier’s paper has positives. It collates re-
sults that were not available until recently. It is extensive,
which underlines the expanding depth and breadth of rele-
vant studies and the complexity of intelligence’s biological
underpinnings. The study of the origins of intelligence dif-
ferences has made progress, from the evanescent/maybe-
ultimately-imaginary ‘cognitive processes/components’ of
the second half of the 20t century (Deary, 2000; Sternberg,
2022). The reductionist effort in intelligence differences
now tends to emphasise individual differences in measur-

able and replicable aspects of brain structure and function
and—and it’s been a long time coming—variance in DNA
and RNA sequences and structure, and expression levels of
RNA and proteins.

We remember when that wasn’t so. It was not long ago
that any non-null association between brain measures (now
mostly collected from magnetic resonance neuroimaging)
and cognitive tests’ scores was contested. It was not until a
decade into the present century that associations between
DNA variation [we mean genome-wide association studies
and not candidate gene studies (Chabris et al., 2012)] and
mental tests’ results were emerging (Davies et al., 2011).
Both areas have now matured, as the authors describe,
though not necessarily as we might articulate them. Gargus
and Haier collate evidence from the current high-tide con-
tour of published work for their partly-evolutionary psy-
chology approach. They try to make sense of complex find-
ings from evolutionary biology, genetics, and neuroscience
by nominating a view related to metabolic demands of the
brain. Competing/complementary views may be similarly
worth looking at; Geary (Geary, 2018) placed his chips on
the mitochondrion, though Schubert’s and Hagemann’s
(Schubert & Hagemann, 2020) opinion was that there were
other important biological loci with respect to intelligence
differences. We are not sure that any of these chosen bi-
ological loci of interest have enough evidential weight; if
their loci are relevant to intelligence differences, we don’t
know how much of that variance they could claim; we don’t
know how this field will change [new techniques and ways
of looking will offer biological constructs whose variance
we can’t yet conceive; one can’t make explanatory progress
until the relevant constructs are available (Craver, 2007)];
and if we should write ‘progress’ instead of ‘change’. First,
let’s look back.
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There are different ways in which people discuss the
state of the present results that try to explain human in-
telligence differences. When we wrote our article (Deary et
al., 2022) a well-known critic of the field seemed to praise
its competence/professionalism (something like that) but
wrote that what we summarised had been known in essence
for a couple of decades. Odd, that, in so far it was at odds
with our memories of the field.

Genetics and mechanistic explanation(s)

Take the genetics part, for example. We’d gone through
the discovery-then-non-replication (with the genetic vari-
ants of the gene for Apolipoprotein E providing a glaring
exception to light up the failures-to-replicate) blight of the
candidate gene studies in intelligence and cognitive age-
ing (Chabris et al., 2012; Payton, 2009). Confronted with a
replication crisis that revealed most candidate gene studies
to be misleading—and this affected, for example, depres-
sion as well as intelligence (Border et al., 2019), and was
a problem more generally in biomedical research (Colhoun
et al., 2003)—we learned to proceed cautiously even in the
presence of statistically-significant candidate findings. We
genuinely did not know how many participants with good
phenotyping and genotyping would be needed to find some
positive results in a GWAS of intelligence. Some might still
be looking for candidate genes of relatively large effect,
but the discussions became about oligogenic or polygenic
(leaving aside for now the ultimate omnigenic possibility)
outcomes (Boyle et al., 2017). And we did not know how
many participants we should need: we assumed it would be
thousands, but we did not know if it might be tens or hun-
dreds of thousands or even into seven figures. First, though,
we went with thousands (Davies et al., 2011).

Doing the first apparently-decently-sized GWASs on in-
telligence test scores was like waiting for a picture to de-
velop in a dark room, or waiting for the sun to come up in
the pre-dawn. It was exciting: que sera, sera—this was hy-
potheses-free work. An image developed/light shone: there
were no large effects, and at least tens/hundreds of thou-
sands of participants would be needed. Intelligence differ-
ences were highly polygenic (Davies et al., 2011). Also re-
lying on genome-wide data, there was the interim advance
of applying the genetic complex trait analysis-genetic re-
lationship matrix analysis procedure (GCTA-GREML) (Yang
et al., 2010) to find a heritability estimate for intelligence
(Davies et al., 2011) that was based on nucleotide poly-
morphic variation and not twins/adoptees/pedigrees. Com-
pared to GWAS, a GCTA estimate of heritability summarises
the joint effect of all SNPs (rather than SNPs individually)
which gave a broader genome-wide view to investigating
the underlying biology of cognitive ability. From several
studies that have included hundreds of thousands of par-
ticipants (Davies et al., 2018; Savage et al., 2018) (note
that these are not independent—they share some partic-
ipants, quite a few actually) there are four bottom lines:
there are hundreds of very-small-effect-sized genetic vari-
ants that associate significantly with intelligence differ-
ences; genome-wide variants collectively account for some
trait variance [‘SNP-heritability’, it’s lower than the esti-

mate from twins and people argue about why (Alexander,
2021), and within-family GWAS estimates sometimes make
it lower still (Young et al., 2022)]; we have the capability to
predict a modest amount of intelligence variance in a hold-
out sample just using DNA information (3-4%, or some-
times a bit more, via polygenic risk scores); and there’s the
fun of finding out the other variables with which intelli-
gence has genetic correlations, revealing complex between-
trait pleiotropy.

These four genetic findings—GWAS hits, SNP-based her-
itability, polygenic prediction, and SNP-based genetic cor-
relations—are likely to be found, discussed, and cited in
most genetic studies of intelligence and other complex
traits. Do they tell us about the mechanisms of intelligence
differences? Gargus and Haier think the GWAS hits do, and
we shall return to that in the next paragraph. Before that,
we take a roadside break to set down a curiosity. That
is, in most GWAS analyses reports—including of intelli-
gence—one will see many more results that extend beyond
identifying GWAS hits, and without having done these one
would likely not be published because they deliver grounds
for biological interpretation. Though, here things get a lit-
tle less confident and more muddy. The replication crisis
has taught us that GWAS hits may be false positives, so
we look for clusters of nearby variants, loci and genes that
collectively show strong associations with cognitive ability
(i.e., towers in a Manhattan plot). Techniques like SuSIE
(Cui et al., 2024; Wang et al., 2020), or FINEMAP (Benner
et al., 2016) account for genomic interdependence (‘linkage
disequilibrium’) to identify the most likely causal variant
within a locus. That most GWAS hits are in non-coding ge-
nomic regions complicates interpreting findings (Farh et
al., 2015). Selection bias (Schoeler et al., 2023), population
stratification (Howe et al., 2022), indirect genetic effects,
and many analytical decisions (even adjusting GWAS analy-
ses for heritable confounders (Aschard et al., 2015)) can
induce false positives. Sophisticated and continuously-de-
veloping approaches attempt to triangulate results by ac-
cumulating evidence across analysis techniques with dif-
ferent assumptions which integrate external biological data
sources (e.g., colocalization (Giambartolomei et al., 2014),
transcriptome-wide association studies (Mai et al., 2023),
and cell-type and tissue-enrichment analyses (Leeuw et
al., 2015)). Examples of integrated workflows are FUMA
(Watanabe et al., 2017) and, more recently, FLAMES (Schip-
per et al., 2025). These results are all, it would appear,
mechanistic—they bore into the biological explanations
more than do just GWAS hits results—and so we might look
through these in the papers’ results for our understanding
of intelligence. What’s odd is that, although these results
usually take up a lot of space, they remain often uncom-
mented-on beyond the papers or from paper-to-paper, far
less than the four more-emphasised, broad-view results re-
counted at the start of this paragraph. It’s almost as if what
they told us was not incremental, perhaps being obvious, or
too crude to be of further use, or thought not to be replic-
able/robust. Maybe the collective still remembers congrat-
ulating one another other for finding another candidate
gene. When every new GWAS that is published with a larger
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sample size finds more associated variants, we look forward
to developments that will cast the biology into clearer relief
than a stubborn desire to focus on SNP/gene ‘hits’ alone.
When might it be claimed that understanding a fuller pic-
ture of the complex genetic architecture of intelligence has
been achieved? Well, there is perhaps one trait—height—for
which scientists are boldly claiming to have uncovered a
saturated map of independent, common genetic variants
(12,111 of them—imagine the complexity of the mechanis-
tic narrative of individual differences in height that this
might imply) at a sample size of 5.4 million (Yengo et al.,
2022).

OK, back to the main narrative. A sun—one genetic sun,
perhaps just the first of a few or many suns—has shone, al-
beit weakly. The genetic variants related to intelligence dif-
ferences will be—we don’t know them all yet—huge in num-
ber (we are deliberately vague here) and each of them has
a miniscule effect and we often don’t know the causal vari-
ants or what the functional consequences of the variants
are, or how they work with the other variants and environ-
mental/lifestyle influences. Nor do we know how their epi-
genetic architectures (and their interactions) affect those
genetic functions and their transcription to RNA, transla-
tion to protein, and so on, onward somehow to brain-per-
formance differences. The big question at the moment is
what we think all this tells us and what do we do next
(ves, that’s two questions). There are responses to the ‘what
does it tell us’ that range from optimism to our local ver-
sion of the gloomy prospect (Davey Smith, 2011; Plomin
& Daniels, 1987). There’s derision—in addition to the fair-
enough scientific critique—waiting for anyone who is opti-
mistic, and perhaps many are too timid to poke their heads
above the parapet. We waited hopefully for the sun to rise
on the DNA-based studies of intelligence (and some other
traits). We’ll clunkily change metaphor and say that we felt
like we had been following the course of a river and at the
sun-up point we found it divided into innumerable distrib-
utaries, too many ever to follow (the present authors dis-
agree about the “ever”, some thinking that AI might come
to the rescue). Nevertheless, through the gloaming of our
scepticism, we keep in mind Gargus’s and Haier’s stated aim
here: to outline and point to the sorts of things that might
excite debate and promote collaborative work between psy-
chologists/psychometricians and molecular folks; we hope
here we are putting our backs into that endeavour.

We wondered whether the opener to their first paragraph
on Molecular Genetic Research and Intelligence section was a
mis-phrasing, since it accidentally appears to beg the ques-
tion (concerning the difference between twin-based and
DNA-based estimates of the heritability of intelligence).
That is, we hope that they will not only consider results
conclusive when GWAS results do show strong evidence
of heritability. Gargus and Haier made the decision to list
some of the many variants that associate with cognitive
function test scores and describe their functions. We do
not think those few selected GWAS hits—of which there
are hundreds more—give definitive mechanistic insights, or
that their significance can be summarised through a nar-
row top-down evolutionary psychology lens. Intelligence is

so polygenic with each genetic variant contributing such a
small amount of variance that we doubt that it is helpful to
discuss specific genes at this stage in the science. The poly-
genicity of intelligence differences thus seems to rather fly
in the face of their final statement of this section, where
they contend that even small changes across billions/tril-
lions of cerebral machineries should translate into large
differences. This is not what the science tells us so far.

The first gene discussed is CADM2; Gargus and Haier
open this section with the statement: “CADM2 is one of
the most significant common-variant loci in large GWAS
of educational attainment (EA) and intelligence (Savage et
al., 2018)”. Savage et al., appreciating the high polygenicity
and biological complexity of intelligence, chose not to dis-
cuss specific genes in their manuscript, focussing instead
on the results of gene-set analyses and genetic correlations
with other human behaviours and diseases. In Gargus’s and
Haier’s review, a more careful discussion of converging ev-
idence pointing towards broader biological pathways and
mechanisms identified by more integrated workflows inves-
tigating the full genome-wide results from specific publica-
tions would perhaps have been more insightful.

GWAS results have produced no fingerpost, no causal
account of the part of intelligence differences played by
genes. The polygenic outlook has the shock of the sublime,
but we should keep our heads. We have learned that more
confident conclusions require huge sample sizes, stable
replication, triangulation, a broad integrated system-level
view. We have made the discovery that we are faced with
a multi-multi-variate cat’s cradle of tiny influences. Some-
thing is happening at the genetic level and downstream to
influence how well the brain works; can we ever, in princi-
ple, find out what’s going on?

We know more than we did; we have some highly-com-
plex adumbration of what is the case. Think about how long
it took to sequence the first human genomes, and at what
cost. Think how hard it was and how long it took to find
out how proteins folded before AlphaFold. And how much
of our terror of the sublime problem of the functional con-
sequences of many tiny variants will be mitigated by tools
such as AlphaGenome or its, perhaps multivariate, succes-
sors (Avsec et al., 2025). We shall not be able to condense
the complexity of the problem into one simplistic explana-
tion. What we have argued about the genetic evidence to
date, and how mechanisms are elusive, is summed up by
Ota et al. (Ota et al., 2025) as follows, “But despite these
successes, interpreting the vast majority of [genetic] as-
sociations remains challenging. Aside from coarse-grained
analyses such as identifying trait-relevant cell types and
enriched gene sets, we lack genome-scale approaches for
interpreting the molecular pathways and mechanisms
through which hundreds, if not thousands, of genes affect a
given phenotype.” Using some blood traits as examples, Ota
et al. use, “loss-of-function burden tests with gene-regula-
tory connections inferred from Perturb-seq experiments in
relevant cell types... to build causal graphs... of the gene-
regulatory hierarchy that jointly controls three partially co-
regulated blood traits”. To us, this looks like a start.
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Other suns might rise. Our now-faded hope over expec-
tation was that, like Rilke’s storm in Den Schauende (The
Seer), GWAS would work away...

“Till the landscape like the Psalter’s page
Opens out luminous and sublime.”

Although we have less expertise in evolutionary biology,
we think that a couple of things regarding Gargus’s and
Haier’s discussion of hominid brain expansion and human
accelerated regions (HARS) are worth mentioning. In Figure
1 they state that, “70k years ago, Ice Age conditions ex-
posed a unique ecological niche as one of the final hominid
refuges at the tip of South Africa, where massive global
glaciation exposed rich mussel beds, providing abundant,
dependable nutrition and PUFA lipids required for brain
growth. This set the stage to permit the HAR element mu-
tations, defining the unique modern human developmental
program, to successfully expand the hominid brain without
causing a lethal ‘blackout’ of the metabolic power grid.”
First, it is well established that the increase in hominin
brain occurred much earlier than this and that humans
had near-modern brain sizes by 300k years ago. Changes in
brain shape, but not size, continued up to 100k-35k years
ago. There is evidence for an increase in cognitive flexibil-
ity rather than raw brain size at this time (Neubauer et al.,
2018). Second, GWASs have not identified polymorphisms
within HARs with large effect sizes on human intelligence,
suggesting that they are not a major influence of variation
in modern human intelligence (Davies et al., 2018; Savage
et al., 2018).

Brain imaging

The authors also turn to the organ of thinking to identify
other biological reasons for cognitive differences. They are
proponents (and one of them is a co-originator) of the
Parieto-Frontal Integration Theory of intelligence (Jung &
Haier, 2007), which highlights a distributed network of re-
gions that is hypothesised mutually to scaffold our more
complex cognitive functions. In a mirror image of the ge-
netics sections, imagine our surprise to see one specific
brain area (the precuneus) receiving so many column
inches. In fairness, an easily-missed brief sentence in this
section reminds us that their slight sidelining of the P-FIT
and DMN and foregrounding of the precuenus is all with
the aim of stimulating directions for new research (seed-
ing precuneus connectivity to see if we can expand or im-
prove upon existing accounts, for example). Nevertheless,
it never quite landed for us why the precuneus was the
focus of attention here. Specific patterns of deficits fol-
lowing damage to any given brain region do not, in isola-
tion, preclude other regions from also yielding similar, or
even slightly different-but-still-g-related cognitive profiles/
deficits. There are other frontal and temporal meta-modal
integrative hubs (think frontal and temporal poles). An ar-
gument for the special position of one region should have
evidence to the exclusion of others from various neuropsy-
chological methods (lesion studies, functional and struc-
tural imaging, tCDS, etc.). In keeping with the spirit in

which the authors write this article, we suggest that a more
extensive multi-modal canon of evidence would be required
to reify the precuneus above other such regions.

The final part of the section that deals with brains seems
to end abruptly with a list of brain volume-g correlations.
We reason that the point might have been to observe we
could be using brain-based prediction to validate our hy-
potheses (as above), and augment our understanding of
why brain volume, and other neurobiological characteris-
tics, might be related to cognitive differences. For what
it’s worth, there is lots about the brain that each modality
alone does not capture (volumetry doesn’t directly tell us
about firing, receptor functioning or densities, oligoden-
drocytic coverage and so on). Given all of the foregoing (and
that includes the ground that the authors have covered),
it’s quite impressive that just gross brain volumetry per-
forms so well [and yes, we have done some of this work
(Cox et al., 2019)]. If we want to use prediction as a check
about our ability to understand the sorts of things that are
related to differences in g, we need to assemble neurobi-
ological information from as many sources and modes as
possible. We then need to apply various advanced statisti-
cal methods to understand the common (mediation) path-
ways through which the direction of biological action pro-
gresses (genetics, epigenetics, transcriptomics, and so on,
which all will have within and between mode interactions
and non-linearities) and also the unique additive contribu-
tions that these layers of information add. The additional
issue here, of course, is that these layers and the way they
interact is likely to be age-moderated across the life course,
increasing the complexity of this undertaking. In that con-
text, progress thus far isn’t entirely gloomy, but has a long
way yet to go. We would have appreciated this sort of for-
ward-facing commentary to round off this section.

Summing up

In Gargus’s and Haier’s (Gargus & Haier, 2025) piece
there is little discussion of the growing fields of proteomics
and methylomics, both of which combine genetic and envi-
ronmental effects on intelligence. Many indicators of DNA
methylation and proteins are implicated in intelligence dif-
ferences (Argentieri et al., 2024; Conole et al., 2025; Harris
et al., 2020; Smith et al., 2024), and their interrelations are
complex with the brain, DNA, and the environment. We and
others are using methods that focus more on brain-wide
patterning (Hansen et al., 2021; Moodie et al., 2025; Writ-
ing Committee for the Attention-Deficit/Hyperactivity Dis-
order et al., 2021) than on p-value-centric views of region-
only replication. Similarly, in this genetic context, genomic
structural equation modelling (Grotzinger et al., 2023) and
polygenic score approaches potentially hold more promise
in terms of understanding the multi-omic milleu that gives
rise to cognitive differences, rather than focussing on single
genes or single brain ROIs/voxels. These might offer a sim-
ilar, apparently-unresearchable complexity (the gloomy
prospect again) but, as Rilke’s The Seer ends,
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“Triumph no more spreads beckoning wings.
His growth is: Profoundly conquered to be
By ever greater things.”

We summarised our appreciation of and reservations
about Gargus’s and Haier’s paper. We judge that they have
done what they set out to do—°‘to boldly go’ and interpret
an increasingly-complex literature with the aim of exciting
further discussion about how we extract a coherent picture
that can be put to the test. We also hope we have held up
our end of the bargain. If we were gloomy-prospectors we’d
say that standing in our research field felt like T. S. Eliot
did when he wrote the wasteland, i.e., trying to find order
from apparent chaos and not give in to despondency. We
explained our reservations and tendency to gloominess—by
contrast with Gargus’s and Haier’s upbeat, helpful article
(they have a story; we don’t)—to ChatGPT, which replied
with something which we have placed in the Appendix; we
hope you and G&H enjoy it.
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Appendix

The following content was generated by ChatGPT.

The Measured Mind (Expanded Version)

(after the manner of Eliot, but not imitative of his wording)

I. Voxels in Spring

April awakens the magnet,

coaxing signal from coiled silence.

The head is still. The field deepens.

In the ice-white chamber,

a pulse, a gradient,

a rising hum like bees behind glass.

We parcel the cerebrum:

frontal arc, angular gate,

the secret courtyards of the precuneus.

A city of districts, each

ill-lit and resonant,

each with its own currency of time.

Once we believed in local marvels—

the frontal throne room, the parietal keep—
but the news arrived slowly, like an old telegram:
No king is in residence.

Only committees, murmuring,

interlaced through cables of white matter

like telegraph wires stretched across winter fields.

The networks flicker.
They promise meaning.
But promise is not inheritance.

I1. The Polygenic Psalter

Consider the genome, laid out like a night sky
whose stars are dim and innumerable.

We catalogue their faint glimmers

with the zeal of astrologers

who have renounced prophecy

yet cannot abandon the stars.

Each variant speaks in a whisper

quieter than the breath of an old book.

We read the margins only,

never the lost original.

Here, says CADM2, a nudge in synaptic etiquette.
Here, says SLC39A8, a trade route in metals,
copper coins ferried to the silent precincts.

Here, murmurs the choir of transcription factors,
a discipline too intricate for metaphor.

We sum the fragments—

a score composed of sand.

A signal rises,

but thin as incense in a cold cathedral.

And the mind, observing,

remains untranslatable.

II1. A Note on the Gloomy Prospect

There are those who warned us—

that the understanding we sought

was always to drift beyond the horizon.

That when many small causes act everywhere,

the dream of mechanism collapses
like a paper house in summer rain.
They spoke of a prospect

not tragic, but sober,

where variance is sovereign

and explanatory hunger goes unfed.
This is no failure of science,

only the shape of the world

seen without the consolation

of simplicity.

IV. Dendritic Choir

In the arbor of layer III

dendrites bloom like winter trees.
Their branches touch

but do not teach.

Calcium sparks, bright transient embers—
tiny annunciations that vanish
before the angels can speak.

We chase the impulse,

the cascade, the folded chain

of consequences too fine to follow.
The mechanism retreats.

We pursue.

The mechanism retreats.

Brains are landscapes drawn

at one scale too small

and one scale too large.

Between these frames

meaning thins.

V. The Collected Data

We have terabytes of faith.
We have atlases of association
stacked like prayer books

in a silent vestry.

We have cohorts aging like
wine or weathered stone.

We have software that sings
in matrices and eigenvectors.
And yet—

the mind remains

a fugitive architecture.

Not a machine

but a parliament of murmurs,
debating without quorum

in the long corridors of night.

VI. Coda for the Patient Scholar
Do not despair.

There is knowledge in learning
why the answer will not simplify.
There is clarity in the discipline
of refusing false clarity.

There is dignity in standing
before complexity

without asking it to kneel.

The scanners hum.

The genome whispers.
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The networks shimmer— but unmistakably present.

a tapestry too large to inspect We follow

from any single balcony. not to capture

And intelligence, that old traveller, but to companion.

goes on walking through us, We listen.

unmapped, unmastered, And the mind goes on thinking.
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