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Needs for and environmental risks from
transgenic crops in the developing world
Jonathan Gressel

Department of Plant Sciences, Weizmann Institute of Science, Rehovot 76100, Israel

The developing world has many unique constraints to crop production and, lacking inputs, they are best

overcome if solutions are seed borne. Classical breeding cannot overcome many of these constraints

because the species have attained a ‘genetic glass ceiling’, the genes are not available within the species.

Transgenics can supply the genes, but typically not as ‘hand me down genes’ from the developed world

because of the unique problems: mainly parasitic weeds, and weedy rice, stem borers and post-harvest

insects, viral diseases, tropical mycotoxins, anti-feedants, toxic heavy metals and mineral deficiencies.

Public sector involvement is imperative for genetically engineering against these constraints, as the

private biotechnology sector does not see the developing world as a viable market in most instances. Rice,

sorghum, barley, wheat and millets have related weeds, and in certain cases, transgenic gene containment

and/or mitigation is necessary to prevent establishment of transgenes in the weedy relatives.

Contents

Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 522

Major weed problems requiring genetic engineering solutions . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 523

Weedy rice in rice. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 523

Parasitic weeds . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 523

Insect constraints to crop production requiring biotech interventions . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 524

Stem borers . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 524

Grain weevils and moths . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 524

Diseases where the breeders have not found resistance. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 524

Mobilisation of minerals/prevention of mineral uptake . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 525

Transgenes to deal with toxins/anti-feedants . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 525

Wasted feed in biofuel crops proposed for the developing world . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 525

Environmental biosafety considerations – gene flow . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 525

Containing gene flow . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 526

Mitigation of transgene flow. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 526

Concluding remarks . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 526

References. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 526

Introduction
The least developed areas of the world are dependent on a small

number of crops for caloric input: S.E. Asia depends predomi-

nantly on rice; Africa on maize, sorghum or cassava; with strong
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regional predominance of single crops. The world as a whole is not

much less diverse with 80% of human and livestock calories

coming from but four crops. This lack of crop biodiversity is

frightening considering what a single new disease or other con-

straint might do to these four, wheat, rice, maize and soybeans.

The globalisation of a few crops is actually due to the greater

genetic diversity within these few crops allowing them to be

cultivated in many areas. Indigenous or other crops do not have

the same genetic potential to spread and overcome constraints; if

the necessary genes are lacking, no amount of traditional or

sophisticated breeding can cause them to come forth; each crop

has its own ‘genetic glass ceiling’ [1], which can only be breached

by bringing the needed genes from wherever they might occur by

genetic engineering. Even the four major crops have their own

genetic glass ceilings, as demonstrated by the phenomenal success

of engineering herbicide resistance or insect resistance into their

genomes, allowing cost/environmentally friendly control of weeds

and insects. The Irish potato famine could have been obviated and

present extensive fungicide use can be replaced by transgenes

conferring blight resistance that have been generated [2], but

not commercialised.

A number of constraints to developing world agriculture are

described below as examples of problems that have not been

solved by breeding owing to lack of endogenous genes, with

possible biotechnological solutions. One major constraint – the

lack of pro-vitamin A from grain crops, is discussed in a separate

paper in this issue. Many of these solutions will have to be

developed by the public sector, as there is not enough interest

by the large, major crop, developed world focused, multi-

nationals. They will then have to be commercialised by public–

local private sector cooperation. Only the agronomic constraints

are discussed below, not the infrastructural problems that must be

solved by politicians and cannot be solved by biologists and

genetic engineers.

While all transgenic crops released so far are clearly devoid of

environmental risks, and do bear environmental benefits [3], there

are instances where there can be agro-environmental risks. These

risks are limited to those cases where a crop has a weedy relative

that could become more competitive should the transgene intro-

gress (cross into) the weed. This is especially risky with herbicide

resistance in rice, sorghum, wheat, barley and sunflowers, which

do have such pernicious weedy, interbreeding relatives. Still, there

are genetic engineering solutions to limit the gene flow and to

mitigate it by preventing the weeds from being competitive.

Major weed problems requiring genetic engineering
solutions
While there are many weeds that require control, most can be

controlled by herbicides, whose use is becoming universal, except

in Africa where manual (usually ‘femanual’) control predominates.

Two such major weed problems not amenable to present herbi-

cides or manual control nor to breeding, are described below.

Weedy rice in rice
Rice culture is rapidly being transformed from back-breaking,

labour-intensive hand transplanting to direct seeding into the

paddy. Hand transplanting gave rice a month head start over

weeds. Most weeds in direct seeded rice can be controlled by

herbicides, except one, a weedy form of rice that has evolved in

farmers’ fields to a form that spills its seeds before crop harvest

(‘shatters’) and is taller than rice, and often the few seeds that

remain and contaminate the crops seeds have an undesirable tell-

tale red colour. The weedy rice problem is a major constraint where

direct seeding started first: the Americas, Europe and now Thai-

land, Vietnam, Malaysia and elsewhere [4,5].

Solutions to weedy rice: All herbicides that control weedy rice also

kill rice. They are botanically the same interbreeding species, and

thus have the same metabolism. Only countries that heavily

subsidise rice cultivation can use expensive machinery to trans-

plant rice seedlings, and workers are unwilling/unavailable to

return to transplanting, even in some of the poorest countries.

Developing herbicide resistant rice has been a proven solution.

A mutant rice was found that was resistant to the acetolactate

synthase (ALS-AHAS) inhibiting herbicides and has been widely

commercialised as a solution [6]. Additionally, genetic engineers

have developed rice resistant to the herbicides glyphosate [7] and

glufosinate [8], and both kill the weedy rice.

Even though rice is ‘cleistogamous’, pollinating itself before the

flowers open, there is some pollen transfer, and the ALS resistance

gene has spread rapidly into weedy rice, wherever used [4]. In some

places the herbicide resistant rice was withdrawn, and the trans-

genic herbicide resistant rice was not released, as it was demon-

strated in the laboratory that there would be gene flow [9].

This gene flow can be mitigated, as described in a later section.

Parasitic weeds
Root parasitic weeds (Orobanche spp.; Striga spp.) are widespread.

Orobanche spp. (broomrapes) attack grain legumes, vegetable crops

and sunflower especially around the Mediterranean basin into

Eastern Europe. The only solution to broomrapes was to fumigate

the infested soil with the now banned methyl bromide, and was

affordable only for expensive ‘truck’ crops. Striga (witchweed)

species attack maize, sorghum, millet and grain legumes through-

out much of sub-Sahara Africa, and are a major reason for the low

productivity in these areas, where they have a 20–100% yield

reduction in any given season [10,11].

These root parasites attach only to host crop roots, waiting for a

host root to pass nearby, stimulating germination and attachment.

They do most of their damage while still underground. When the

flower stalk emerges late in season, it is a sign to the farmer that the

crop has been devastated. Pulling up stalks by hand does not help

this year’s crop, and actually can damage the crop root system, but

does prevent each stalk from dropping tens of thousands of tiny

seeds back into the soil. Some herbicides can control the emerging

stalks but few farmers can afford to spray when they know that this

season’s crop is partially or fully lost.

Solutions to parasitic weeds: Some crop rotations, sanitation,

hand roguing to prevent spread can reduce the problem. One

intercrop, Desmodium can prevent Striga development in limited

geographical areas in Africa, and its foliage is excellent cattle/goat

fodder [12].

There has been considerable success with breeding sorghum for

Striga resistance, but it requires a complicated combination of

separate recessive genes each on different chromosomes, control-

ling partial prevention of secretion of germination stimulation,

partial inhibition of attachment structures and then attachment,
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and partial inhibition of penetration of the crop vascular system

[13]. This has been successful enough to rightly cause the super-

breeder Gebisa Ejeta to be awarded the 2009 World Food Prize for

this work. Sorghum co-evolved with Striga in Africa and thus

possessed these modicums of resistance that could be combined.

Maize was introduced to Africa and breeding for resistance was less

successful, although periodically there are publications claiming

some resistance, claims that later seem to vanish.

Biotechnology has been and can be helpful. Transgenic her-

bicide resistance is a simple workable solution, well demon-

strated in the laboratory for Orobanche [5,14–17]. It has not

made it to the field, except for transgenic glyphosate resistant

maize, released in South Africa, where there is no Striga. A tissue

culture derived, herbicide resistant maize mutation has been

crossed into African maize varieties and hybrids and has been

released [17–19]. It has a novel cost-saving technology advance;

instead of spraying the herbicide over the whole field, the her-

bicide is applied to the seeds before planting [18], requiring over

90% less herbicide than that required when sprayed. A similar

mutation was found in sorghum and is being readied for com-

mercialisation [20].

Once the needed sorghum genes are isolated and cloned, they

could be transformed in a single, dominantly inherited construct

containing a group of clustered genes, which would be a very

effective strategy. Such resistance could easily be backcrossed into

local varieties and land races preserving crop biodiversity, because

it is inherited as a single dominant gene and not four separate

recessive genes. Perhaps the resistance genes from sorghum, once

isolated, could be stacked with those responsible for Desmodium

allelochemical production, along with resistance genes being

found in cowpea [21] and rice [22], all into minichromosomes

[23] or into the genome at one locus. It would be very hard for the

parasitic weeds to overcome such resistance and many crop species

could be engineered with the same gene cluster.

Other approaches are also beginning to work [24] after initial

reports of failure [25]. RNAi constructs encoding genes that sup-

press parasite-only metabolic pathways have been engineered into

the crop. The present constructs only lower the number of emer-

ging Orobanche attachments on the transgenic tomatoes where

this was tested [24], but presumably with different gene config-

urations and promoters, it will soon be possible to use this tech-

nology effectively.

What risks might resistance to parasites have? The parasite-

affected crops with interbreeding weeds are rice, sorghum, sun-

flower and carrots. What parasite-resistance traits might confer a

fitness advantage on the weeds? Clearly herbicide resistance would

– but only where herbicides are widely used, and are sprayed. Little

herbicide is actually used in Africa, and only when herbicide is

used would there be an advantage. If the crop seed alone is treated

with herbicide, only resistant weeds within less than 15 cm of a

crop would be affected by the herbicide [26]. The rest would not,

and there would be no advantage to the resistance genes. Those

developing the non-transgenic herbicide resistant sorghum use

the above as excuses why they do not fear gene flow. Conversely,

one cannot prevent the mutant gene from moving, as a similar

mutant moved in rice. There are ways to preclude such movement

or mitigate its effects with transgenics, as discussed in a later

section.

Insect constraints to crop production requiring biotech
interventions
Stem borers
Lepidopterous insects are major problems on grain crops in the

developed and developing world [27]. Besides the damage to yield

by their feeding, winds easily knock over the larvae-hollowed

stems, causing breakage before harvest. These insects are also

vectors of disease causing fungi, including those Fusarium species

that secrete fumonisins, that cause oesophageal cancer in humans

and other syndromes in livestock.

These and other lepidopteran insects have been controlled by

spraying organophosphate or other insecticides in the developed

world, or as small pinches of granular insecticide by bare hands or

as drops of liquid formulations with a medicine dropper into the

leaf whorl of maize in Africa. Organic agriculture has used sprays of

dried Bacillus thuringiensis (Bt) bacteria to control these insects.

Genetic engineers isolated the gene encoding the active toxin in Bt

and inserted the gene directly into the crop, obviating the need for

the middleman. Such maize and cotton is widely grown in the

developed world (the Americas, Spain, China, India and South

Africa) [3], and maize varieties are being developed by the public

sector for other areas of sub-Saharan Africa. The problem here

though is one typical of how the developing world is given ‘hand

me down genes’ that do not always fit. The strains of Bt genes that

have been given to Africa are appropriate for the European corn

borer and not for the African corn borer. The strains thus far

developed have not been compared with the more limited

approach to stem borers (and Striga) of co-cultivation with Desmo-

dium [12]. Synthetic Bt strains that should be far more effective in

Africa are not being used [28], probably because they would require

undergoing new regulatory procedures. Various Bt genes are

needed in other crops as well.

It is not clear whether such Bt genes in sorghum (for example)

would confer a selective advantage to weedy sorghum should it

move.

Grain weevils and moths
Post-harvest insects are especially bad pests, especially in humid

tropical countries where grain cannot be properly dried and where

closed storage facilities are lacking, especially on the farm. Not

only do the insects wreak havoc on the grain, leaving it part-eaten

and full of larvae, but also they are vectors for the Aspergillus

species that produce aflatoxins [27]. These mycotoxins prevent

liver adsorption of food at low doses, increase the risk of hepatitis,

liver cancer at higher chronic doses and can cause rapid death at

acute doses.

There is little published effort on finding transgenes that can

prevent attack by these pests in cereal grains but there has been a

modicum of success with legumes [29].

There should be Bt genes that deal with these pests, but such

efforts to screen for them are unknown. When companies posses-

sing huge libraries of Bt strains were canvassed in the past, they

said they had no interest in making their libraries available for

post-harvest insect control in the developing world [27].

Diseases where the breeders have not found resistance
There has been little effort to find transgenes that confer resistance

to fungal diseases, even with the threat of new wheat rust strains
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appearing out of Africa. This is less the case with viral diseases

where one can use the viral genes either to produce coat protein in

the plant, precluding viral growth, or using anti-sensing or RNAi

constructs against viral genes transformed into the crop. There has

been some success with this approach with cassava [30] and maize

streak [31] viruses.

Mobilisation of minerals/prevention of mineral uptake
Many of the inputs that seem inexpensive in the developed world,

are expensive in the developing world; fertiliser costs 4–6 times

more in real terms and far more relative to farmers’ income. Many

soils contain considerable amounts of phosphate, which alas is

unavailable to plant roots. Various transgenes are being tested that

‘mobilise’ soil phosphorus rendering it available to plants [32].

Similar genes are needed to mobilise iron, especially for crops

cultivated in high pH soils. Conversely, some minerals are at toxic

levels in many soils and gene systems are needed that can exclude

them from the edible portions of plants. Minerals that need to be

excluded include aluminium, arsenate and cadmium. This is an

active research area [33].

Transgenes to deal with toxins/anti-feedants
Diets are often monotonous and bad in the developing world.

Some foods are fine if mixed into a diet, but are basically poisonous

if they are the sole or major source of nutrition. As discussed

earlier, poor control of insects not only lowers yield, but also

vectors pathogens that release mycotoxins. A few examples of

such problems are described below to provide a feeling of how

genetic engineering can overcome such problems. The reader

should note carefully that most of these problems do not have

a sufficient market value to justify involvement of private bio-

technology companies (except to sell seed) whereas the public

health aspect justifies public sector involvement.

Phosphorus fertiliser is expensive and resources are being

rapidly depleted. Much of the phosphate in the plant ends up

as a polymer, phytic acid, which cannot be degraded by mono-

gastric animals, necessitating addition of phosphorus to feed.

Phytic acid binds iron and zinc rendering them unavailable to

monogastric animals (including humans), engendering dietary

deficiencies despite the presence of these minerals. Genes prevent-

ing the biosynthesis of phytic acid in seeds can be transformed into

crops, and/or a gene encoding phytase, which degrades phytic acid

can be transformed into crops [34]. Either way one gets adequate

dietary phosphorus, iron and zinc without added cost.

Pearl millet, when a major component of the diet, causes goitre

because it contains vitexin, which inhibits thyroxin production

[35]. The genes encoding vitexin biosynthesis are known [36], and

using antisense technology can be suppressed, preventing this

problem [1]. Grasspeas contain a compound causing a syndrome

known as lathyrism [1]. Suppressing this transgenically will be

harder than dealing with vitexin, as the genes encoding the path-

way have yet to be isolated.

Soybeans contain allergens that cause severe diarrhoea in

infants ingesting soy based milk. This can be crucial for mothers

unable to afford more expensive cow’s milk in poor countries. The

genes that have been isolated can be used to suppress the produc-

tion of the major allergen [37]. Hopefully the day will arrive when

infant formula will bear the label ‘contains only soybeans geneti-

cally engineered to contain no allergens – does not contain aller-

genic native soybean products’. This reduced allergy soybean will

also allow the use of more soy meal in feed pellets for aquaculture,

reducing the need for fish meal.

Genes that encode enzymes degrading mycotoxins have been

isolated [38], but have not been deployed in crops for fear of public

reaction. It is sad that it is perceived that the public prefers liver

damage, cancer and so on over genetically engineered products.

Those who mould public perception by misinformation and dis-

information should have second thoughts about their ethics.

Wasted feed in biofuel crops proposed for the
developing world
Much is being made of the efforts to attain fuel sufficiency by

cultivating oilseed crops such as castor bean and Jatropha (common

name: vomit nut) [39]. These related species produce related toxins,

ricin and curcin, respectively, among the most potent toxins

known. The literature about them uses understatement in saying

that the residual material after oil extraction is ‘inedible’ (when it is

poisonous). The high protein meal is to be used as ‘manure’ without

any environmental impact studies to see what the long lasting

poisons do to soil biota. To throw away what could be excellent

animal feed seems scandalous in areas of the world where there is

little animal protein in the diet.Thegenesencoding both curcinand

ricin are known, which would allow facile genetic engineering

suppression of toxin production [39]. Should these undomesticated

species be cultivated without dealing with the toxins as well as other

issues such as seed shatter, non uniform ripening, need for hand

picking and other traits, which render these hard to cultivate?

Environmental biosafety considerations – gene flow
There has been a considerable amount of dissemination of disin-

formation on how transgenes might wander from crops and

introgress into unrelated species (horizontal gene flow) as well

as into related wild species [1]. These are specious claims; hori-

zontal gene flow among unrelated species is very common among

bacteria. While known in evolutionary time, it is virtually

unknown in human time in higher species. Because both the

number of pollen grains drops off exponentially with distance

and pollen vitality also drops off with time, it is likely that only

small amounts of pollen will go from a crop to a wild species in

nature. This rare pollen will compete with native pollen. As the

crop and wild species are different, the crop pollen would have to

overcome species recognition barriers and even if successful, the

hybrid would either be sterile or unfit to compete with the wild

type. Survival of the fittest is fierce in plants where hundreds of

seeds compete to replace a parent plant. Thus, transgenic crops

crossing with wild relatives is not much more of a problem than

non-transgenic crops crossing with wild relatives.

That does not mean that there can be no problems from gene

flow; as discussed above with non-transgenic herbicide resistant

rice there is indeed a problem. The problem is not of gene flow to a

distant relative in the wild habitat, but to a weedy form of the crop,

adjacent to it in the agro-ecosystem [40]. It is here where solutions

to gene flow are needed, as described with non-transgenic rice.

Fascinatingly, there are no regulatory restrictions to cultivating

non-transgenic herbicide resistant rice owing to gene flow issues,

but these issues are considered when, instead of a transgene, a
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mutant gene is used. With the transgene, there are ways to pre-

vent/delay gene flow; no such failsafe mechanisms exist with the

mutant genes.

There are two ways to deal with gene flow; before it occurs

(containment) and after it occurs (mitigation), as described below.

Containing gene flow
Many methods have been proposed but only some have been

tested [1]. These include:

- Engineering the transgene onto the chloroplast genome instead

of the nuclear genome. If there is maternal inheritance of

chloroplasts, pollen from the crop cannot transfer the trait. This

is incorrect about 0.4% of the time, as that amount of pollen

transfers the chloroplast genome. More importantly, the

proponents ignored that the related weed could pollinate the

crop giving an identical hybrid, but with the transgene. The

related weed can be the recurrent pollen parent transferring the

trait into the weed.

- Use GURTs. Genetic Use Restriction Technologies (more

expressively called ‘Terminator Genes’) are technologies that

allow a crop to be cultivated for a single season, and progeny

from outcrosses would also die. Still, the transgene could flow in

the fields used to produce seed (<1% of agricultural fields).

Whether GURTS are 100% suicidal is unclear, as they have not

been deployed.

- Single generation transformations. Various attenuated plant

viruses can be used as vectors to introduce transgenes into

crops. Some of these viruses are not transmitted by seed or

pollen, so the transgene DNA cannot be disseminated to weedy

relatives of the crop. The technology is presently cumbersome

and has not been commercially deployed.

Mitigation of transgene flow
Mitigation is based on co-inheritance of the transgene of choice,

which may provide a selective advantage to a weedy relative, with

a mitigating transgene that renders the weedy recipient unfit to

compete with cohorts [40]. This mitigator gene can encode a trait

that is either neutral or beneficial to the crop. These two (or more)

transgenes are transformed into the crop in a tandem construct

(are covalently bound to each other) and thus will be inherited

together, and will very rarely segregate from each other. Wherever

the gene of choice goes, so goes the unfit mitigator [41].

Typical mitigating genes are:

- Anti-shattering genes, which prevent seeds from falling to the

ground, resulting in their being harvested.

- Dwarfing genes – increase yield of crops (e.g. the first green

revolution) but render weeds non-competitive.

- Uniform germination genes – desired in a crop but prevent

weeds from having a ‘hedge’; if they all come up together they

can be exterminated together.

- Susceptibility to a herbicide not used in the current season with

the transgenic crop, but used in the following season [4].

Other genes can be used for special purposes, such as non-

bolting (no premature flowering) with various root crops, or

sterility for vegetatively propagated crops such as potato.

Concluding remarks
There are often ample alternative inputs to transgenic crops, and a

great biodiversity of affordable food in the developed word. Such

luxuries are not as widespread in the developing world. Thus, it is

that transgenics have much more to offer the developing world

than the developed. In some developing world crops, it will be

necessary to insert failsafe mechanisms to mitigate gene flow from

crops to weeds. The public sector will have to perform the product

development needed in most instances, as the multi-national

private sector does not understand the market or its needs. In

the developed world, transgenics have not substantially increased

yields, but have reduced inputs and thus increased profitability. In

the developing world where the inputs were too costly, transgenic

crops can vastly increase yields by inexpensively providing the

input in the seed. It is not hard to double yields, when they are a

third of the world average.
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