
someone has an immune response to a drug.
These data are highly sensitive, so it is 

essential that contributors can protect their 
competitive interests. We suggest that each 
founding member of the consortium shares 
a minimum amount of data as a condition of 
accessing the platform. Once initial models 
have been trained, active learning would pro-
vide a mechanism to calculate the current 
value of the model, and new participants 
would join the consortium by contributing 
data sets that add a set value.

On the basis of our experience with MELLO-
DDY, we expect that there will be differences in 
the improvements each participant sees. Some 
companies might see the biggest advance in 
their ability to predict viscosity, others in pre-
dicting drug metabolism, for instance. But all 
participants should ultimately find that they 
can develop medicines faster and at lower 
cost — we expect this to be enticement enough 
to draw companies in.

We are standing at a tipping point in drug 
development. Behind us are the slow and 
iterative methods by which a protein found in 
nature is gradually moulded into a drug. Ahead 
is the possibility of generative biology being 
harnessed for computational development of 
multi-specific protein drugs. We call on our 
peers to collaborate to accelerate the arrival 
of this exciting future.
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Scale up trials to validate 
modified crops’ benefits
Merritt Khaipho-Burch, Mark Cooper, Jose Crossa, Natalia de Leon, James 
Holland, Ramsey Lewis, Susan McCouch, Seth C. Murray, Ismail Rabbi, Pamela 
Ronald, Jeffrey Ross-Ibarra, Detlef Weigel & Edward S. Buckler

With a changing climate 
and a growing population, 
the world increasingly 
needs more-productive and 
resilient crops. But improving 
them requires a knowledge 
of what actually works in 
the field.

Over the past two decades, many 
journals, including this one, have 
published papers describing how 
modifying one or a few genes can 
result in substantial increases in crop 

yields (see ‘Genes and yield’). The reported 
increases range from 10% to 68%, and the crops 
analysed include rice, maize (corn), tobacco 
and soya bean1–4.

These studies have contributed important 
insights in molecular biology and gene 
discovery. But many are the results of tests 
conducted in greenhouses or in small-scale 
field trials — the latter typically involving 
plants grown in small plots. Few, if any, have 
used the experimental designs needed to eval-
uate crop performance in real-world environ-
ments. And hardly any findings have translated 
into yield increases on actual farms.

Especially in the context of climate change 
and a growing human population, the growth 
of misleading claims around yields has become 
a cause of concern to us. As plant breed-
ers, quantitative geneticists, evolutionary 
biologists and plant biologists, many of us 
have worked on national projects or on crop 
breeding in collaboration with multinational 
companies.

To encourage more impactful science, we 
ask researchers, reviewers and journal editors 
to ensure that at least five criteria are met 
whenever claims are made about the effects 
of single genes or a few genes on the yield of 
a crop. We also urge researchers across our 

range of disciplines to work together much 
more than they currently do, and to use 
well-established yield-testing approaches.

Perspective is needed
Promising reports of the possible effects on 
crop yields of introducing a gene from another 
species, or of using the gene-editing technique 
CRISPR–Cas9 to modify a gene or multiple 
genes, attract considerable media atten-
tion. Yet, more-conventional plant-breeding 
approaches used over decades paint a very dif-
ferent picture of what genetic modifications 
are likely to achieve, in relation to yields, in the 
coming decades.

What breeders and quantitative geneticists 
consider true breakthroughs in crop produc-
tivity have entailed yield increases of the 
order of 1–5% in a single generation5–7. These 
validated increases come from multi-year 
experiments involving multiple plots and loca-
tions around the world. Although seemingly 
modest, these increases are actually remark-
able in the context of total global production.

Take the two-decade long project conducted 
by the seed company Corteva Agriscience, 
based in Indianapolis, Indiana, the results of 
which were published in 2021 in Plant Science. 
Investigators tested the effect of 1,671 genes, 
taken from 47 species, on yield, nitrogen use, 
water use and other traits in maize. Only 1% of 
these genes (22 genes) increased yield enough 
in an initial trial to warrant more investigation7. 
And in subsequent rounds of testing, only one 
gene — zmm28, which encodes a transcription 
factor — generated the kind of yield improve-
ments that the company had been hoping for.

To interrogate the effects of zmm28 in the 
field, researchers introduced genetic changes 
that result in the overexpression of the gene 
into two elite inbred lines. (Intense selection 
over the past 100 years has produced maize 
elite inbred lines, which can be crossed to 
produce high-yielding hybrids.) These were 
used to create 48 types of hybrid plant, which 
were tested over 4 years in 58 location–year 
combinations worldwide. All this field test-
ing showed that the overexpression of zmm28 
could increase the yield of maize by around 
2% (ref. 5).

Thousands of genes affect crop yields indi-
rectly. In maize alone, around 20–30 genes, 
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such as those in the liguleless family, which 
alter the angle of leaves, have allowed farm-
ers to increase the density of plants on their 
farms by 3–4 times over the past 100 years or 
so8. About 8.5–17% of the observed growth 
in yield can be attributed to a rise in planting 
density (refs 8 & 9). But yield itself is a highly 
complex, polygenic trait — meaning that it is 
controlled by thousands of variants, each with 
a small effect10.

Although single genes can affect yield, 
such genes always operate in conjunction 
with soil and fertilizer management regimes, 
the hundreds of other genes involved in crop 
domestication and adaptation, and so on. The 
drastic increase in crop yields and agricul-
tural production of the Green Revolution, for 
instance, stemmed from the introduction of 
the gene variants Rht-B1 and Rht-D1 into wheat 
and sd1 into rice, in combination with greater 
use of synthetic fertilizer. These variants short-
ened the plants, reducing their susceptibility 
to damage in high winds.

In our view, it is unlikely that more than a 

handful of genes with major beneficial effects 
on yield — in the absence of environmental 
stressors and pathogens — exist. Crop yield has 
evolved under intense selection, such that any 
gene variant that significantly increases yield 
across most of the environments and varieties 
of a crop in existence today has already been 
incorporated into breeding lines.

Given all this, it is unsurprising that none 
of the published studies claiming that a sin-
gle gene or a few genes affect yield has been 
validated under conditions resembling those 
on farms. But why are such claims being pub-
lished in the first place?

We think the main reasons are a lack of 
appropriate expertise being included among 

research teams, and journal editors not con-
sulting peer reviewers with the appropriate 
breadth of expertise.

Without plant breeders, quantitative 
geneticists or agronomists (researchers 
focused on soils and agricultural practices) 
in their teams, researchers might fail to ensure 
that yield assessments are conducted using 
appropriate experimental designs. Likewise, 
without enough reviewers and editors famil-
iar with the intricacies of experimental design 
and statistics used in larger-scale crop trials, 
problematic claims about yield increases 
could persist in published papers.

In high-impact, non-specialist journals such 
as Nature or Science, the problem might stem 
from editors not having enough contact with 
specialists in crop breeding and quantitative 
genetics — scholars who are trained to critically 
examine field-based experiments and yield 
trials. Papers in these journals tend to devote 
just a few sentences to the results of green-
house experiments or small-scale field trials. 
The reviewers are more likely to be molecular 

Maize fields near Londrina in southern Brazil. 

“In our view, it is unlikely 
that more than a handful of 
genes with major beneficial 
effects on crop yields exist.”
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biologists or geneticists, and to focus most of 
their attention on the main contribution of a 
paper — often the molecular-biology changes 
caused by a genetic improvement.

Five criteria
To evaluate the impact of a genetic change (or 
multiple changes) on crop productivity, inves-
tigators should adhere to testing methods that 
have worked well for nearly a century11. At a 
minimum, researchers, reviewers and journal 
editors should ensure that these five criteria 
are met.

Studies should use standard definitions of 
yield. For the world’s seven most-grown crops 
(maize, wheat, rice, soya bean, cassava, potato 
and sorghum), farmers and breeders describe 
yield as either the weight of dry grain har-
vested per unit area, or the dry-matter content 
of the roots and tubers harvested per unit area. 
Researchers reporting changes to yield should 
use these measures, not some other metric 
such as grain length or grain width.

Trials should be replicated across plots, 
geographical locations and years. In some 
cases, researchers record data from multi-
ple plots in small-scale field studies but then 
report yields only from the best-performing 
plots or plants. More commonly, investigators 
measure yield in unreplicated trials, without 
considering variable environmental conditions 
(including future ones predicted by climate 

modelling), or the harvesting and other 
practices typical for that crop on real farms.

This might be partly due to the strict regu-
latory constraints some countries impose on 
the testing of genetically modified plants, and 
the high costs associated with testing under 
such constraints. Yet the impact of genes with 
hugely variable effects across genotypes and 
environmental conditions might not be sta-
ble enough to be commercially competitive6,7. 
So it is crucial that researchers design experi-
ments with sufficient statistical power to deal 
with whatever constraints they face.

Varieties, planting densities and other 
conditions should closely match those 
on farms. As much as possible, researchers 
should factor into their experimental designs 
the conditions and practices of the farms that 
could ultimately produce the crop. This means 
striving to replicate real-world practices for 
fertilizer application, tilling, irrigation, sow-
ing, harvesting and so on. It means adopting 
plot designs that avoid edge effects, which can 
distort yield estimates, and growing plants at 
standard densities.

Over the past century, breeders have 
selected crop variants that tolerate high den-
sities, but in many small-scale trials, plants are 
spaced at low, commercially irrelevant densi-
ties. In fact, yield is sometimes measured from 
single plants, rather than from whole plots. Yet 
genotypes that result in a significant increase 
in yield from individual plants — for instance 

by making them grow taller than neighbouring 
ones — could fail to affect the yield of an entire 
plot when the plants are grown at densities 
typically used by farmers9.

Lastly, it means using, wherever possible, 
elite, commercially competitive varieties — 
not older ones — as comparative standards in 
field trials. The yields of older varieties can be 
4–17 times less than for today’s commercial 
varieties12,13. Indeed, breeding companies 
always test the effects of single genes in hun-
dreds of thousands of plants, grown from 
numerous elite varieties, before they consider 
commercializing a product that incorporates 
such a gene14.

Appropriate controls should be used. 
Measurements of yield in modified crops 
should be compared with the local or national 
yield of whatever crop is being investigated, 
not with some older variety that’s no longer 
used. The performance of hybrid varieties 
should be compared with that of other hybrid 
varieties, not inbred lines, and so on. Controls 
should also include ‘null constructs’ — plants 
that carry the molecular improvements 
accompanying the modification of interest 
(such as a reporter gene, which signals that the 
gene of interest has been successfully intro-
duced), but not the key genetic change itself.

Researchers should prioritize genes that 
plant breeding might have missed. Before 
investing considerable time and money in 

A farmer in Sunamganj, Bangladesh, moves harvested rice by boat after rains triggered flooding.
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conducting research on a particular gene of 
interest, investigators should check that com-
parable alleles are not already present or fixed 
in commercial crop varieties. If plant breeders 
have already worked with a gene for decades, 
it is extremely unlikely that it will suddenly 
deliver major yield gains.

A better path
In commercial plant-breeding programmes, 
researchers use clearly defined testing phases 
to reliably turn discoveries into products. The 
same thing happens in drug development. Just 
as consistent criteria are used in clinical-trial 
registries and molecular-assay reporting15, 
plant scientists should develop criteria to 
define minimum standards for yield testing 
at each stage. 

Certainly, more collaboration between 
molecular biologists, plant breeders, agrono-
mists and quantitative geneticists would help 
to ensure that all the steps we outline here are 
taken when assessing the impact of a genetic 
modification on yield (see ‘Genomic selection’). 

Yet we’ve been surprised by the number of 
molecular biologists and other researchers who 
are unaware of the number of publicly funded 
organizations conducting field trials that could 
help them with testing. Every year, for instance, 
the publicly funded Genomes to Fields Initia-
tive in the United States tests maize varieties 
in 30 locations across the country in rigorous 
yield trials16. Internationally, university-based 
breeding programmes run field trials at the 
scale of farms, and crop-innovation centres, 
such as those run by the international part-
nership known as the Consultative Group on 
International Agricultural Research (CGIAR), 
lead large-scale field trials that test crop varie-
ties all over the world. With sufficient support, 
even for-profit organizations will be moti-
vated to test the impact of a researcher’s ‘gene 
of interest’.

Today, maize, rice, wheat and soya bean 
together provide two-thirds of the world’s 

agricultural calories. Yet the rates of yield 
improvement in these crops are not enough to 
match anticipated demand, owing to climate 
change and a growing population17. Against 
such enormous challenges around global food 
security, we urge researchers to adopt tried-
and-tested methods to accurately measure 
the impact of genetic changes on crop yields.
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GENES AND YIELD
The number of studies investigating the impact of 
modifying a gene or a few genes on the yield of a 
crop has soared in the past decade.

*Derived from a search of the PubMed literature database, 
using the terms yield, plant and transgenic or transgene.
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The tool complements existing strategies 
for genetically improving crops.

Over the past two decades, a tool called 
genomic selection has revolutionized 
plant breeding18. It uses modelling and 
statistical approaches to assess which 
combinations of genetic variants can 
result in the highest yield (or whatever trait 
is being investigated) across a range of 
environmental conditions19.

Genomic selection does not require 
an understanding of exactly how traits 
are genetically controlled, or of the 
specific effects of individual genes. And 
it works well for highly polygenic traits, 
such as yield, because thousands of 
favourable genomic variants are modelled 
and selected simultaneously. Globally, 
genomic selection has had a significant 
and consistent effect on the yields of major 
food crops19,20.

We do not advocate that genomic 
selection be applied instead of other 
possible approaches to the genetic 
improvement of crops. But meaningful 
yield improvements are most likely to 
result from plant breeders and quantitative 
geneticists applying genomic selection, 
in partnership with molecular biologists 
identifying the pathways that could deliver 
the biggest contributions to a crop’s yield 
and its ability to adapt to environmental 
conditions. 

Genomic 
selection
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