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&f’g@ he pigweed did not look like much of a threat. Barely knee-high when the first spray
&'

, went down, Amaranthus palmeri is the kind of plant that farm manuals have always
2850 described as controllable. In fields across the American South in the early 2000s, though, it
&% stopped dying. Farmers sprayed glyphosate—the world's most widely used herbicide, the
0525%0 active ingredient in Roundup—and the plants grew anyway. By 2010, researchers at the
& University of Georgia had confirmed what cotton and soybean growers had long suspected:
o5, these weeds carried up to 160 copies of the gene encoding 5-enolpyruvylshikimate-3-
&% phosphate synthase (EPSPS), the very enzyme that glyphosate is designed to disable. More

Cg,gg_@ gene copies meant more enzyme. More enzyme meant the herbicide exhausted its binding
&% capacity before it could do any real damage. Through a mechanism no one had previously
el observed in a field weed—gene amplification—A. palmeri had found its way around one of
Ty agriculture’'s most powerful tools (Gaines et al., 2010). That episode was not a freak event. It
Y was a signal. And in the years since, the signal has only grown louder.

" AResistance Census
The International Herbicide-Resistant Weed Database, maintained by lan Heap and a global

% network of contributing weed scientists, is the closest thing to a global ledger for this
2 problem. It currently lists 548 unique confirmed cases of herbicide resistance, spanning 275
5% weed species (156 dicots and 119 monocots), 76 countries, and 102 crops (Heap, 2026).

Wi Weeds have now evolved resistance to 21 of the 31 recognized herbicide sites of action,
By against 168 different active ingredients. The numbers have been climbing since the 1950s,
Ctg%g_@ when the first triazine-resistant biotypes appeared, but the slope steepened sharply after
08 Roundup Ready crops—engineered to tolerate glyphosate—were commercialized in 1996.
Qs Farmers could now spray entire fields without killing their crop, and millions did, repeatedly,
“gﬁf for years on end. Weeds that happened to survive the first application were, almost by
o definition, those carrying some heritable degree of tolerance. Their descendants inherited it.
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The rest is basic Darwinian selection at continental scale (Heap & Duke, 2018).

Resistance is not evenly distributed across herbicide chemistry. ALS inhibitors—
workhorse herbicides widely adopted from the mid-1980s for their low use rates and broad
weed spectrum—now face documented resistance in 176 weed species, the highest of any site
of action. PSII inhibitors, the older urea and triazine chemistry that includes atrazine and
isoproturon, follow at 94 species. Glyphosate, despite being a relative newcomer to the
resistance problem, has quietly overtaken several longstanding chemistries: 62 confirmed
i resistant species, against 56 for the ACCase inhibitors that dominate grass-weed control in
’g@ cereals, with the glyphosate count having roughly doubled in the past decade (Heap, 2026;
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b Sammons & Gaines, 2014). The global picture is shown in Figure 1.
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Figure 1. (A) Cumulative global growth in confirmed herbicide-resistant weed cases, 1950—
2026. The dashed vertical line marks the 1996 commercial release of glyphosate-tolerant
Roundup Ready crops. (B) Herbicide sites of action with the greatest number of resistant
weed species. (C) Schematic of the four principal resistance mechanisms identified in field
weed populations. Data: Heap (2026); mechanistic framework from Délye et al. (2013) and
Powles & Yu (2010).

How Weeds Beat Herbicides

Mechanistically, resistance takes two main forms—and both matter for how we respond to it.
Target-site resistance is the simpler story. A mutation alters the herbicide's binding site so the
molecule no longer fits. In weeds resistant to acetyl-CoA carboxylase (ACCase) inhibitors—
widely used against grass weeds in cereal crops—a single amino acid substitution in the
enzyme's active domain can reduce herbicide binding by several orders of magnitude (Délye
et al., 2013). The weed's biochemistry carries on, largely undisturbed. The herbicide has
nowhere to attach.

Non-target-site resistance is messier and, in many ways, more worrying. It
encompasses a range of mechanisms: enhanced metabolic detoxification, often via
cytochrome P450 and glutathione S-transferase enzymes that dismantle herbicide molecules
before they reach their target; reduced cuticular uptake and altered phloem translocation that
limits how much herbicide gets inside the plant in the first place; and vacuolar sequestration,
where the molecule is stored harmlessly away from active cellular machinery (Ghanizadeh &
Harrington, 2017; Powles & Yu, 2010). Crucially, because these mechanisms tend to be
chemically non-specific, a weed that evolves metabolic resistance to one herbicide class
frequently acquires partial tolerance to structurally unrelated herbicides at the same time—a
phenomenon called cross-resistance. Blackgrass (Alopecurus myosuroides), which now
infests several million hectares of European cereal fields, has become notorious precisely for
this kind of multi-herbicide metabolic resistance (Délye et al., 2013).
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Herbicide application does not create resistance—it selects for it. Rare alleles that confer
tolerance were already there, waiting in the population.

What makes resistance especially difficult to outmanoeuvre is that it generally does not
require new mutations to arise on demand. Most resistance alleles pre-exist in weed
populations at very low frequency, maintained by natural genetic variation. A population of
10 billion weed seeds—not unusual for a heavily infested field—will contain many
individuals carrying alleles that confer marginal tolerance. Under sustained herbicide
selection pressure, those individuals survive when their neighbours do not. Within a handful
of generations, alleles that were present at one-in-a-million frequency can become near-
universal in the population (Vila-Aiub et al., 2009).

A Warning From India's Wheat Belt

India’s own experience predates much of the discussion above, and it follows the same logic
with uncomfortable precision. Phalaris minor (littleseed canarygrass), a grass weed that
mimics wheat closely enough in its early growth stages to escape hand-weeding, was brought
under control through the 1970s and 1980s almost entirely with one herbicide: isoproturon, a
PSII inhibitor adopted across Punjab, Haryana, and western Uttar Pradesh because it
controlled the weed cheaply and left wheat untouched. It worked for nearly twenty years.
Then it did not. In fields surveyed across Haryana between 1990 and 1993, control of P.
minor with isoproturon fell from 78% to 21%, and resistant biotypes were formally
confirmed in 1992-93, the first documented case of herbicide resistance in an Indian field
weed (Malik & Singh, 1995). At the time, the affected area was estimated at under one
million hectares.

The response that followed is now a familiar pattern. Growers and extension
agronomists rotated onto new chemistry—clodinafop and fenoxaprop (ACCase inhibitors)
through the late 1990s, sulfosulfuron (an ALS inhibitor) from 2002, and eventually
pinoxaden and mesosulfuron-iodosulfuron combinations through the 2010s (Chhokar &
Malik, 2002). Each provided a few years of relief before P. minor populations carrying
resistance to that chemistry, too, began to dominate. By the most recent comprehensive
assessment, multiple-resistant P. minor biotypes—resistant to three or more herbicide modes
of action in the same population—had been confirmed across roughly 7—8 million hectares of
the rice—wheat belt of the Indo-Gangetic Plains, within a total P. minor-infested wheat area
closer to 15 million hectares (Soni et al., 2023). Figure 2 traces that thirty-year sequence.
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Figure 2. (A) Wheat area in the Indo-Gangetic Plains affected by isoproturon-resistant
Phalaris minor at the time of first confirmation (1992-93) compared with the current extent
of multiple-resistant biotypes. (B) Sequential accumulation of resistance to successive
herbicide modes of action deployed against P. minor in Indian wheat fields, 1992-2012.
Data: Malik & Singh (1995); Chhokar & Malik (2002); Soni et al. (2023).
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The Indian case is instructive for a reason that has nothing to do with geography: it shows the
rotation strategy failing not because rotation was a poor idea, but because each new herbicide
was deployed the same way the last one had been—as a single, repeated, stand-alone solution
rather than one tactic embedded in a wider system. The same Haryana fields that lost
isoproturon to resistance in 1992 had, within two decades, also lost meaningful efficacy from
three subsequent and chemically unrelated herbicide classes. Mode-of-action rotation buys
time. It is not, by itself, a permanent fix.

A Thinning Pipeline

One reasonable response to mounting resistance would be a continuous supply of herbicides
with new modes of action—fresh chemical targets that resistant populations haven't
encountered. In practice, the pipeline for genuinely novel herbicide chemistry dried up
decades ago. No herbicide with a new mode of action has reached commercial markets since
the 1980s. The reasons were largely economic: regulatory approval for a new agricultural
chemical now costs hundreds of millions of dollars, a burden that pushed agrochemical
companies toward incremental refinement of existing molecule classes rather than discovery
of new targets (Duke, 2012). The result is that global crop production has been managed with
a toolkit whose core chemistry has been essentially static for forty years.

This constraint matters because the standard management recommendation—rotating
between herbicide modes of action to slow resistance evolution—can only work while there
are meaningfully different modes of action to rotate through. Where resistant populations
have accumulated resistance to multiple classes simultaneously, rotation offers diminishing
returns. Waterhemp (Amaranthus tuberculatus) populations in Illinois have been documented
with resistance to six different herbicide modes of action (Sammons & Gaines, 2014).
Farmers confronting those populations have very few registered chemical options left.

What It Actually Costs

Herbicide-resistant weeds cost farmers money in direct, measurable ways. In the United
States alone, Palmer amaranth is estimated to cause more than USD 2 billion in annual yield
losses across cotton and soybean production. In Australia, herbicide-resistant annual ryegrass
(Lolium rigidum) has spread across the wheat belt to an extent that has fundamentally altered
how dryland cropping systems are designed and managed, following the country's first
confirmed case of glyphosate resistance in this species in the mid-1990s (Pratley et al., 1996).
The FAO projects global population reaching 9.7 billion by 2050; feeding that many people
from a roughly fixed agricultural land base requires sustained productivity gains. Herbicide-
resistant weeds, which can reduce yields by 20-80% where management has broken down,
apply direct counter-pressure on those gains (Norsworthy et al., 2012).

The costs are not only on-farm. Increased herbicide applications—farmers' first
instinct when a product stops working is to spray more of it, or add a second product—drive
up the environmental load of herbicide residues in soil and water. Some resistant weeds have
also altered ecological dynamics in non-crop habitats by spreading beyond field margins into
roadside and riparian vegetation, where the selection pressure of regular spraying is absent
but the resistance trait persists regardless.

Managing The Crisis

The evidence base for managing herbicide resistance points consistently toward
diversification. Rotating herbicide modes of action reduces the probability that any single
mechanism sweeps to fixation in a weed population. Integrating chemical control with cover
cropping, mechanical soil disturbance, competitive crop varieties, and narrow row spacing
reduces weed emergence and seed set, cutting the numerical base on which selection acts.
Managing the weed seed bank—specifically preventing resistant survivors from producing
new seeds—slows the rate at which resistant alleles accumulate from one season to the next
(Beckie, 2006; Norsworthy et al., 2012; Owen, 2016).
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None of these are cost-free. Cover crops add seed and labour expenses. Mechanical weeding
is time-intensive at large scales. In a farming sector where margins are frequently thin, the
economic logic of the cheapest available intervention—apply more herbicide—remains
compelling in the short run, even when it is self-defeating over a longer horizon. Extension
services and cost-sharing programmes that shift the economic calculus toward integrated
weed management have shown some success, but adoption has been uneven, a pattern Beckie
(2006) found consistent across input-intensive cropping systems worldwide: growers tend to
adopt diversified practices reactively, after resistance has already evolved, rather than
proactively to prevent it.

Looking further forward, researchers are developing RNA interference (RNAI) as a
way to silence essential weed genes with targeted double-stranded RNA (dsRNA) sprays. A
2025 study demonstrated topical application of dsSRNA targeting the EPSPS gene in sourgrass
(Digitaria insularis), a glyphosate-resistant weed of major agronomic importance in Latin
American cropping systems, achieving partial silencing of the target gene through this spray-
induced gene-silencing approach (Cintra et al., 2025). The same year, a critical review of the
broader field cautioned that delivery efficiency and dsRNA stability under field conditions
remain substantial unsolved problems, and that no RNAi-based herbicide product is close to
commercial deployment (Panozzo et al., 2025). Parallel efforts are exploring bioherbicide
formulations based on natural phytotoxic compounds and—maore controversially—evaluating
whether gene-drive technologies could reduce fitness in resistant weed populations. These are
mostly still at experimental or early field-trial stages, years from broad deployment, and each
carries its own ecological uncertainty. What they share is an acknowledgment that chemistry
alone, applied relentlessly and without diversification, will not hold.

Conclusion

The paradox of herbicide resistance is that it was always coming. Selection pressure on
populations with heritable genetic variation produces adaptation—that is biology at its most
fundamental. What turned resistance from an inevitability into a crisis was the failure, across
decades and across continents, to take diversification seriously before the situation forced it.
From the cotton fields of Georgia to the wheat belt of Haryana, the tools to slow that
process—mode-of-action rotation, integrated management, weed seed bank reduction—
existed long before resistance reached its current scale. They were mostly set aside because
spraying was cheaper.

The question for the coming decade is not whether farmers, agronomists, and
policymakers will need to change how weed management works. They will. The question is
whether the political will, economic incentives, and research investments needed to build
genuinely new tools—new chemical targets, improved biological controls, smarter integrated
systems—will arrive in time to matter.
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