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Abstract
Acrylamide, a suspected human carcinogen, is aMaillard reaction product that forms when carbohydrate-rich foods are cooked at
high temperatures. Processed potato products, including French fries and potato chips, make a substantial contribution to total
dietary acrylamide. Health safety concerns raised by acrylamide in food increased financial risks to the potato industry and
encouraged industry to take a proactive approach toward acrylamide mitigation. The USDA National Institutes of Food and
Agriculture Specialty Crop Research Initiative (SCRI) on acrylamide reduction in potato was a cooperative endeavor in which
industry partners worked at a systems level with university and government researchers to develop acrylamide mitigation
strategies. Short-term goals focused on identifying advanced breeding clones and recently released varieties that have lower
acrylamide-forming potential than standard potato varieties. Research was also directed at developing more efficient potato
breeding methods, including marker-assisted breeding, genome wide selection, and improved phenotyping methods. Data from
the National Fry Processing Trial (NFPT) and SCRI agronomic trial have shown that dramatic reductions in acrylamide are
achievable through the use of new varieties that maintain low concentrations of tuber reducing sugars. Chipping potato trials
coordinated by Potatoes USA and data from breeding populations suggest that maintaining low tuber reducing sugars through
extended storage and lowering tuber asparagine content are options for decreasing acrylamide content in potato chips. To have an
impact, new varieties must have exceptional agronomic performance and must produce finished products that meet requirements
for consumer attributes including color, texture and taste. Data consistently show that this is more easily achievable in chipping
potatoes than in fry processing potatoes.
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Progress and Successes of the Specialty Crop Research
Initiative on Acrylamide Reduction in Processed Potato Products

Resumen
La acrilamida, un posible cancerígeno humano, es un producto de la reacción de Maillard que se forma cuando alimentos ricos en
carbohidratos se cocinan a altas temperaturas. Los productos procesados de papa, incluyendo las papas a la francesa y las hojuelas,
hacen una contribución substancial para la acrilamida total en la dieta. Las preocupaciones en la seguridad de la salud, surgidas por
la acrilamida en los alimentos, aumentó los riesgos financieros a la industria de la papa y estimuló a la industria a tomar una
estrategia proactiva hacia la mitigación de la acrilamida. La Iniciativa de Investigación en Cultivos de Especialidad de los Institutos
Nacionales de Alimentos y Agricultura del Departamento de Agricultura de los Estados Unidos (SCRI, por sus siglas en inglés)
sobre la reducción de la acrilamida en papa, fue un esfuerzo de cooperación en el cual los socios de la industria trabajaron a nivel de
sistemas con investigadores de universidades y del gobierno, para desarrollar estrategias de mitigación de la acrilamida. Las metas
de corto plazo se enfocaron en la identificación de clones avanzados de mejoramiento y de variedades liberadas recientemente, que
tienen un potencial más bajo de formación de acrilamida que las variedades comunes de papa. También se dirigió la investigación al
desarrollo de métodos de mejoramiento genético más eficiente en papa, incluyendo el mejoramiento asistido con marcadores,
amplia selección de genomios, y métodos mejorados para la descripción fenotípica. Datos del Ensayo Nacional en Procesamiento
de Freído (NFPT) y el ensayo agronómico del SCRI, han mostrado que reducciones dramáticas en acrilamida son alcanzables a

través del uso de nuevas variedades que mantienen bajas
concentraciones de azúcares reductores en el tubérculo.
Ensayos de freído en papa coordinados por Potatoes USA y
datos de poblaciones de mejoramiento sugieren que
manteniendo bajos los azúcares reductores de tubérculo
mediante almacenamiento extendido y bajando el contenido
de asparagina de tubérculo, son opciones para disminuir el
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Background

Acrylamide in processed potato products was identified as the
US Potato industry’s highest research priority in the fall of
2010. In response to this need, 23 scientists working at 10
institutions across the US proposed that the USDA National
Institutes of Food and Agriculture fund research on acrylam-
ide mitigation with the twin goals of identifying potato varie-
ties with low acrylamide-forming potential and developing
potato breeding methods that would more efficiently bring
new potatoes with low acrylamide-forming potential to mar-
ket. In large part because of unprecedented support from mul-
tiple segments of the industry, that proposal, BImproved breed-
ing and variety evaluation methods to reduce acrylamide con-
tent and increase quality in processed potato products^, was
funded by the SCRI program in 2011.

Why acrylamide? Why was the potato industry concerned
about acrylamide in processed potato products? The short an-
swer is that acrylamide introduced unknown, potentially large
risks to the potato industry. Acrylamide was a relatively new
problem in 2010. Its presence in a wide range of cooked foods
was first reported less than a decade earlier (Mottram et al.
2002; Stadler et al. 2002; Tareke et al. 2002; reviewed in
Bethke and Bussan 2013). Because acrylamide was a known
human neurotoxin (Garland and Patterson 1967) and carcino-
gen in rodents (Dearfield et al. 1988; Rice 2005), health con-
cerns were raised immediately (Dybing and Sanner 2003;
Vainio 2003). It was quickly discovered that the amount of
dietary acrylamide ingested by humans was well below the
amount needed for neurotoxicity. However, concerns about car-
cinogenesis persisted (Vainio 2003). On the one hand, data
from multiple research studies showed clearly that acrylamide
in food or drinking water caused a range of cancers in rodents
(Rice 2005). On the other hand, very few epidemiological stud-
ies had examined the effects of dietary acrylamide on humans.
The data from early reports on acrylamide and human cancers
were less consistent than the rodent data, with a small increase
in cancer risk identified in some research studies, and no evi-
dence for increased cancer risk in others (Mucci et al. 2003;
Pelucchi et al. 2003; Mucci et al. 2004; Mucci 2005; Pelucchi
et al. 2006; Hogervorst et al. 2007; EFSA 2008; Hogervorst
et al. 2008; Parzefall 2008; Larsson et al. 2009; Wilson et al.
2009; Burley et al. 2010; Hogervorst et al. 2010; Wilson et al.

2010; Pelucchi et al. 2011). The International Agency for
Research on Cancer had classified acrylamide as Bprobably
carcinogenic to humans^ in 1999 (IARC 1999). The United
Nations Joint FAO/WHO Expert Committee on Food
Additives also concluded that dietary exposure levels to acryl-
amide may indicate a human health concern (FAO/WHO 2005;
FAO/WHO 2010).

The data on potential health effects of acrylamide may not
have been clear, but data identifying the primary sources of
dietary acrylamide were in place by mid-decade (FDA 2006a;
FDA 2006b). In the US, 38% of dietary acrylamide came from
processed potato products; 16% from French fries prepared in
restaurants, 12% from oven-baked French fries, and 10% from
potato chips (Table 1; DiNovi 2006). Thus, potato products,
more than any other food, would be linked to detrimental
heath outcomes related to acrylamide consumption if continu-
ing research showed that such outcomes existed.

Acrylamide can be viewed as a food contaminant, but it
does not have the characteristics of many food contaminants.
Unlike a microbial contaminant, it does not result from lack of
sanitation. It is not an acquired chemical impurity like lead,
mercury or a pesticide residue. Rather, it is a compound that is
formed during the cooking process, and is a by product of the
same set of chemical reactions that generate the desirable

Table 1 Potato products accounted for 38% of total dietary acrylamide
in the U.S. (DiNovi 2006)

Food Contribution to
total acrylamide in
diet (%)

Cumulative
acrylamide
in diet (%)

French fries, restaurant 16 16

French fries, oven
baked

12 28

Potato chips 10 38

Breakfast cereal 9 47

Cookies 6 53

Brewed coffee 7 60

Toast 5 65

Pies and cakes 4 69

Crackers 4 73

Soft bread 4 77
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contenido de acrilamida en las papas fritas. Para tener un impacto, las nuevas variedades deben tener comportamiento agronómico
excepcional, y deben producir productos terminados que reúnan los requerimientos respecto a los atributos para el consumidor,
incluyendo el color, textura y sabor. Los datos demuestran consistentemente que es más fácilmente alcanzable en papas fritas que en
las de procesamiento.
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flavors and golden brown color of fried and roasted potatoes
(Fig. 1; Halford et al. 2012; Pedreschi et al. 2014). Those
reactions are collectively referred to as the Maillard reaction
and they produce a wide range of products during high tem-
perature cooking when reducing sugars react with amino
groups, primarily those in free amino acids. When the amino
acid is asparagine, a byproduct of the cooking process is trace
amounts of acrylamide (Becalski et al. 2004; Weisshaar 2004;
Pedreschi et al. 2014). Potato products such as French fries
and potato chips contain relatively high amounts of acrylam-
ide because asparagine is an abundant free amino acid in po-
tato tubers, and tuber concentrations of reducing sugars may
be relatively high as well (Vinci et al. 2012).

In addition to uncertainty about potential health effects,
there was also uncertainty about potential regulatory re-
sponses to acrylamide in food. In the US, legal concerns were
most prominent in California, because acrylamide was includ-
ed in the Proposition 65 list of chemicals known to the State of
California to cause cancer or reproductive toxicity (OEHHA
2016). The Attorney General of the State of California sued
potato chip and French fry manufactures as well as quick
service restaurants over the presence of acrylamide in foods.
That lawsuit was settled by 2008 (Arrendodo and Weil 2008),
but legal concerns remained. Finally, there were concerns
about how acrylamide in potato products might influence con-
sumer perceptions about those products. The low carb diet
craze had demonstrated unequivocally that a negative image
of potato could decrease consumer demand for potato prod-
ucts (Bentley 2004; Huber and Bond 2011). Acrylamide and
its associated heath concerns were viewed as potential con-
tributors to negative perceptions about potato products (Huber
and Bond 2011).

Acrylamide mitigation measures were evaluated extensive-
ly by the potato industry (reviewed in FoodDrinkEurope
2011; Vinci et al. 2012; Bethke and Bussan 2013; Pedreschi
et al. 2014; Israilides and Theodoros 2015; FDA 2016).
Modifications to processing methods were found to be diffi-
cult to implement without changing the product or degrading
product quality (FDA 2016). These modifications included

increasing the cut size, decreasing cooking temperature, frying
under vacuum, extended blanching, and changing soaking or
blanching solutions by lowering the pH, and adding cations,
non-asparagine amino acids, the enzyme aspariginase, or
lactobacillus. Food preparation labels were modified to in-
clude guidance on cooking products to a light golden-brown
color, which results in less acrylamide formation than longer
cooking to a darker color. The industry’s preferred long-term
approach, however, was to make changes to raw product qual-
ity so that acrylamide reductions could be achieved without
altering processing methodology. The merit of this approach
was recognized in FDA’s Guidance to Industry (FDA 2016)
which states BDevelopment and commercialization of new
varieties is a lengthy process, but may ultimately provide the
most effective solution for acrylamide reduction^.

The SCRI Acrylamide Project

The SCRI acrylamide project was designed to be a coopera-
tive effort between the US potato industry and researchers in
academia and government. Research teams in many cases
included potato growers, processors, end users, and represen-
tatives of regional potato organizations. Multiple activities
depended on evaluating advanced breeding lines developed
by public potato breeding programs located across the US.

Four research focus areas were established with the guid-
ance of leadership in the US potato industry. The first was to
identify potato varieties that produced products with low ac-
rylamide content and outstanding quality. The second was to
develop quantitative targets for sugars and asparagine content
in raw tubers of chip and fry processing potatoes. The
third was to develop improved methods of potato breed-
ing. The fourth and final goal was to assess the poten-
tial economic benefits and risks of using new varieties with
low-acrylamide forming potential. A guiding principle for
much of this research was that potato varieties with low
acrylamide-forming potential must be exceptional in every
way if they are to achieve a high rate of market penetration
and have an appreciable impact on dietary acrylamide con-
sumption. Some of the research conducted in these four areas
is highlighted below.

National Fry Processing Trial

The National Fry Processing trial was a cooperative effort in
which potato growers, processors, end users and researchers
advanced recently released varieties and advanced breeding
clones for consumer attribute testing based on agronomic
and acrylamide data. Originally conducted in 2011 with trial
sites in Washington, Oregon and Idaho, the NFPT was ex-
panded as part of the SCRI acrylamide project in 2012 to

Fig. 1 Acrylamide is formed from reducing sugars and asparagine during
high temperature cooking
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include additional sites inWisconsin and Maine. Agronomists
and food processing experts at frozen process companies,
breeders of fry processing clones, and project participants
chose approximately 60 advanced breeding lines and recent
varieties for evaluation each year. Clones were planted
in non-replicated trials at each site, and performance
characteristics were compared with industry standard va-
rieties Russet Burbank and Ranger Russet. Genotypes were
evaluated using criteria agreed upon by representatives of the
frozen process industry and growers during the early phase of
the project (Table 2).

Data from the NFPT demonstrated clearly that tuber reduc-
ing sugar content was an excellent predictor of acrylamide
content in finished French fries (Wang et al. 2016). Across a
wide range of tuber glucose contents, from less than 0.1 to
over 2 mg per gram fresh weight, acrylamide was linearly
related to tuber glucose content (Fig. 2). This relationship
had a coefficient of determination (R2) that ranged from 0.64
to 0.77 for tubers approximately 1, 4 and 8 months after har-
vest. In all cases, the best-fit regression line for acrylamide
content as a function of tuber glucose content did not intersect
the Y-axis at zero acrylamide. Although most genotypes pro-
duced products with less acrylamide than standard varieties
Russet Burbank and Ranger Russet, only a few maintained
low reducing sugars and low acrylamide though 8 months of
storage (Fig. 2b). It is from these few that a replacement for
Russet Burbank, the industry standard for frozen processing
after long duration storage, might be selected.

Identifying opportunities for acrylamide reduction through
adoption of genotypes with low acrylamide-forming potential
was an important goal of the NFPT, but industry partners
participating in the project made it clear that for a new variety
to be successful, agronomic traits and consumer acceptance
traits also had to be as good or better than industry bench-
marks. Overall, advanced clones entered into the NFPT com-
pared favorably with industry standards Russet Burbank and
Ranger Russet with regard to agronomic performance (Wang
et al. 2016). Marketable yield for the majority of clones was as
high or higher than Russet Burbank, and many genotypes had
marketable yields greater than Ranger Russet as well. Tuber
specific gravity was often in the desirable range although, as
expected, there were differences between test sites. The distri-
bution of tuber sizes was frequently outside of the desirable
range (Wang et al. 2016). This finding was not surprising
given that agronomic management was not optimized for each
genotype. All varieties were planted with the same seed piece
spacing, given the same amount of nutrients, and harvested at
the same time.

Under the conditions used for the NFPT trials, most entries
produced fries with lower acrylamide contents than standard
varieties and several had attractive agronomic performance as
well. Few entries, however, produced commercially accept-
able French fries. In general, fry color was good and most

entries had a low percentage of sugar end defects, but fry
texture and taste were often unacceptable. In many cases, fin-
ished fries rapidly lost their crispness or were limp when re-
moved from the fryer. Internal texture, which should have the
consistency of a slightly dry baked potato, was frequently
overly moist, or excessively dry.

NFPT trial samples of Russet Burbank, which for decades
has been the standard variety for French fry production in the
US, consistently produced unacceptable French fries with
poor appearance, texture and taste. This finding highlighted
a limitation of variety screening trials like the NFPT. Fry qual-
ity can only be assessed accurately after a clone has been
grown, stored and processed under optimal conditions.
Variety trials, like the NFPT, are not optimized and often un-
derestimate the capacity of a clone to produce acceptable
French fries. In the case of Russet Burbank, a variety that is
difficult to grow well, the difference between the potential to
produce a quality product and the product produced from
material grown in the trial was extremely large.

The NFPT demonstrated that multi-site trials are an effec-
tive way to rapidly identify high priority clones for more de-
tailed evaluation. Data from all five sites were found to be
useful for ranking clones using multiple criteria (Wang et al.
2016). This enabled a higher level of selection efficiency than
that achievable with evaluations from a more restricted num-
ber of sites. Genotypes that demonstrated outstanding merit in
the NFPTwere advanced to the SCRI agronomic trial for more
in-depth evaluation.

SCRI Agronomic Trial

The SCRI agronomic trial evaluated advanced selections from
the NFPT in greater depth. Genotypes were grown in three or
four replicated plots during field years 2013, 2014 and 2015 at
sites in ID, WA, OR, MN, WI and ME. The larger number of
hills planted at each site was required to generate a sufficient
volume of harvested material for evaluation, and allowed for
more robust statistical comparisons. Key additional evalua-
tions included determination of individual tuber specific grav-
ity distribution and evaluation of tuber sugars and fry quality
during postharvest storage at multiple locations. Limited con-
sumer attribute tests were also conducted. Trait stability across
environments can be objectively quantified using these data.

Replication within a site and across trial locations rapidly
provided agronomic data that could be used to compare the
relative performance of each genotype. For example, Easton,
tested as AF3001–6 and released as a variety in 2014, was the
highest yielding clone at 5 of 6 sites in the 2014 SCRI acryl-
amide agronomic trial. In that same year, AF4296–3 was the
second or third highest yielding clone of the ten planted at 5 of
the 6 sites. In the storage trials, as in the NFPT trial, A02507-
2LB demonstrated an ability to maintain light fry color during
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long-term storage. Fries from A02507-2LB grown at
four locations (WA,OR, ID, WI) had the lightest or
second lightest fry color after 8 mo storage for field
year 2013. A02507-2LB was released as the variety
Payette Russet in 2015.

Specific gravity, an indirect measure of tuber dry matter
content, is an important processing quality parameter (Wang
et al. 2017). Clones with little variation in specific gravity
between tubers and within tubers are more likely to succeed
as fry processing clones than varieties that produce tubers with
greater variation in specific gravity (Sayre et al. 1975). Specific
gravity distribution of individual tubers was measured for each
clone at each site in the SCRI agronomic trial. It is notable that
Russet Burbank consistently had a narrow distribution of spe-
cific gravity over all six sites. An example of this is illustrated
in Fig. 3 for Russet Burbank grown at Hancock WI in 2015.
Payette Russet and Dakota Russet (ND8229–3) also had nar-
row distributions of specific gravity at many locations, sug-
gesting that they have potential for successful fry processing.
Other clones had a wider distribution of specific gravity that
would make it difficult to produce a product without some fries
being over or under processed (Wang et al. 2017). Data on
specific gravity distribution were not collected routinely by
US breeding programs or university agronomists prior to the
SCRI acrylamide project. Representatives of the fry processing
industry emphasized that specific gravity distribution is a key

trait, and it is now being measured as part of the ongoing,
industry-funded NFPT.

Par-fried samples from SCRI agronomic trial entries were
produced at the USDA Sugarbeet and Potato Worksite in East
Grand Forks, MN. These were used to produce finished fries
by the trial coordinator and evaluated for key consumer attri-
bute traits. The goal of this effort was to determine if some
consumer attribute traits related to finished fry quality could be
scored reliably by breeding programs as part of a variety trial
evaluation. Fries were scored for color variation, sugar end
defects, limp units, and internal texture using methods sug-
gested by industry. Preliminary estimates of trait heritability
indicate that limp units and color variation can be scored reli-
ably and thus could be used as selection criteria in a breeding
program.

Seed Production for Larger Scale Processing
Trials

A substantial challenge for the frozen process industry is gener-
ating enough raw product volume to conduct evaluations of new
varieties in a commercial, frozen-process plant. The minimum
volume needed for a commercial trial is in the range of 25–50 t.
In an attempt to bring new clones with low acrylamide-forming
potential to market rapidly, the SCRI acrylamide program, in

Table 2 Targets and acceptable
range of attributes for fry
processing potato tubers

Attribute Target Range

Specific gravity 1.084 1.082–1.088

Tubers >6 oz 70% 68–74%

Tubers >10 oz 32% 28–40%

Length to width ratio 1.75:1 1.6–2.0:1

High sugar* 0% 0–2%

Sugar end defects 0% 0–2%

Acrylamide level 75% reduction 50% or more reduction

Agronomic performance Better than Russet Burbank Equal to or better than Russet Burbank

*High sugar is that which results in a color of number three or darker on the Munsell Color Chart covering over
half the area on one side of a fry strip

Fig. 2 Acrylamide content of
French fries prepared from NFPT
entries and standard varieties
Russet Burbank and Ranger
Russet after 1 (a) or 8 (b) months
of storage at 9 °C. Data from
(Wang et al. 2016)
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consultation with the program Advisory Committee, produced
disease-free plantlets of AF4296–3, Dakota Russet, AC96052-
1RU and Payette Russet. Plantlets were sent to seed growers for
mini-tuber production in 2013 and seed tuber production in
2014. First field year seed were used for the SCRI Agronomic
trials and agronomic trials conducted by industry partners.
Approximately 4500 kg (100 cwt) of year one seed of Dakota
Russet was distributed for commercial trialing in 2015, along
with additional seed generated independently by the licensee of
that variety. Remaining Payette Russet seed was replanted in
2015 and 11,800 kg (260 cwt) of seed was made available for
commercial-scale evaluations by frozen process partners in
spring 2016. Seed of AF4296–3 produced from mini-tubers
distributed by the SCRI acrylamide project in spring 2014 were
also planted for a commercial trial in 2016.

Acrylamide Mitigation Efforts for Chipping
Potatoes

The SCRI acrylamide project evaluated chip samples pro-
duced in commercial chip plants as part of the chipping potato
variety development program coordinated by the Potatoes
USA Chip Committee. The key finding revealed by those
evaluations was that new chipping potato varieties provide
modest opportunities for acrylamide mitigation. This observa-
tion is in stark contrast to the findings for fry processing po-
tatoes. This difference between chipping potatoes and fry pro-
cessing potatoes may be due, in large part, to the difference in
reducing sugar contents in tubers from the two market classes.
Reducing sugar concentrations in chipping potatoes are often

one tenth of those observed in fry processing material, and
further reductions in reducing sugars in chipping potatoes
may not be achievable. It is worth noting that potato chips
and French fries have comparable amounts of acrylamide
per gram of product, even when potato chips are made from
potatoes having much lower reducing sugar contents. The
reason for this is that acrylamide is produced effectively near
the surface of both products, but not in the moist center of a
French fry, which accounts for a substantial percentage of
product weight.

The largest opportunities for near-term reductions in potato
chip acrylamide content as a result of improved germplasm
may come from providing raw product with greater consisten-
cy throughout the year. The advantages of this strategy are
illustrated clearly in Fig. 4. This figure presents data on acryl-
amide content of potato chips collected by the European
Snacks Association from 2002 to 2011 (Powers et al. 2013).
Potato chip acrylamide content was found to be, on average,
lowest for chip samples acquired near the time of harvest, and
acrylamide content was higher for chip samples acquired dur-
ing the late storage period. Thus, chipping potato varieties that
maintain low sugars though extended storage times are likely
to contribute to acrylamide mitigation efforts. In this regard
the goals of the acrylamide project and the Potatoes USA
chipping potato trials are in alignment as they seek to identify
clones that maintain low reducing sugar contents and excellent
product attributes through long-term storage. The potential for
long-term, bulk storage of several promising new chipping
potato clones was assessed as part of these coordinated pro-
grams. One of the first to be evaluated was Lamoka, which
demonstrated an ability to maintain low tuber sugar contents
and acceptable chip color from September through June, ap-
proximately two months longer than industry standard variety
Snowden. Adoption of Lamoka by growers and processors
has been strong. Wanteta, a sibling of Lamoka with slightly
lower specific gravity, was evaluated more recently and also
maintained low tuber sugars through late May–June when
held in bulk storage.

Asparagine is one of the reactants in the formation of ac-
rylamide, and reduction of asparagine in potato tubers using
biotechnology reduced the acrylamide content in processed
products (Rommens et al. 2008; Chawla et al. 2012; Zhu
et al. 2015). This trait was engineered into commercial potato
lines using biotechnology and some of these lines were ap-
proved for commercial sale in 2014 (Waltz 2015). Asparagine
in tubers of these lines was in the range of 2–3 mg per gram
dry weight. The potato diversity panel used for the USDA
SolCAP project was assayed for tuber asparagine content as
part of the SCRI acrylamide project. Asparagine in tubers
ranged from 2.5–27 mg per gram dry weight (Fig. 5). Tuber
asparagine content for most entries in the diversity panel far
exceeded the asparagine content in potato tubers engineered to
have low acrylamide as a result of low asparagine. These data

Fig. 3 Distribution of specific gravities for 82 individual Russet Burbank
tubers grown at Hancock WI in 2015
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indicated that dedicated breeding efforts would be needed to
bring tuber asparagine content of conventionally bred potatoes
into the range required for acrylamide mitigation, yet the suc-
cess of this approach was uncertain since potato had never
been bred for low tuber asparagine.

Research was initiated at Michigan State University to de-
termine the feasibility of breeding for low asparagine content
in chipping potato tubers. Two recently released chipping po-
tato varieties, Kalkaska and Tundra, were crossed and tubers
of progeny screened for asparagine content. Although the par-
ents had similar amounts of asparagine in tubers, between 6.5
and 7.5 mg asparagine per gram dry weight, progeny had a
much wider range of asparagine content, from 2 to 14 mg per

gram dry weight in the first field season. Further research
activities in this area are ongoing, but the range of asparagine
values observed in progeny suggests that there is sufficient
genetic diversity for the trait within elite chipping potato lines
for the approach to succeed.

Potato Breeding and Phenotyping Methods

A goal of the SCRI acrylamide project was to develop tools that
would accelerate the rate that germplasm with low acrylamide-
forming potential is identified and utilized. One aspect of this
goal was to identify molecular markers linked to high value
traits that breeding programs could use to screen progeny or
choose parents. Several bi-parental mapping populations were
phenotyped in the field over multiple years. These populations
had been genotyped previously with the SolCAP SNP array
(Stich et al. 2013). Phenotype and genotype data were used
for QTL analysis. Selected individuals from a cross of
Premier Russet by Rio Grande Russet were scored for traits
related to fry processing quality, low tuber asparagine, and ag-
ronomic traits. Progeny from the Kalkaska by Tundra cross
were scored for tuber asparagine and chip processing
traits. Progeny from a Wauseon by Lenape cross were
scored for in field growth characteristics, chip processing traits
including chip defects, and resistance to cold-induced sweet-
ening. QTL for many traits have been identified and formal
reports on these activities are expected soon.

AlthoughQTL analysis of bi-parental families has been used
widely to identify genetic markers linked to specific traits, there
are significant challenges associated with using this approach
for potato breeding. Perhaps the biggest challenge is the ex-
pense, effort and field space need to maintain populations with
100–250 individual potato clones. An alternative approach is to
use data from less structured populations, such as those entered

Fig. 4 Seasonality in potato chip acrylamide content from 2002 to 2011. Data were supplied by the European Snack Association and represent 40,455
observations from chips produced in 20 countries. Data points are means ± standard error. Reprinted from Powers et al. (2013)

Fig. 5 Asparagine content in tubers of 209 genotypes from the SolCAP
diversity panel grown at Hancock WI
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into variety evaluation trials. This can be done using genome-
wide association studies (GWAS), but computational tools for
GWASwere not available for tetraploid potato. Such tools were
developed as part of the SCRI acrylamide project. The ability of
these computational tools to detect QTL associated with specif-
ic traits was demonstrated initially using the SolCAP diversity
panel (Rosyara et al. 2016). These tools are being used currently
to analyze data from the NFPT and National Chip Processing
Trial (NCPT) to look for QTL related to high value traits in elite
potato chip and fry processing germplasm.

QTL identified by various approaches can be combined
into a genetic trait map that will guide future potato breeding
activities. Such a map will allow for informed selection of
parental combinations based on the presence and absence of
key markers in their genomes. Unlinked markers that are as-
sociated with the same trait may encode components in a
metabolic pathway. Uncovering the biochemical entities un-
derlying QTL will add to our understanding of potato physi-
ology and genetics, and may suggest opportunities for favor-
able trait modification. In the end, it will be important to un-
cover the underlying genetic cause of each QTL. This discov-
ery process, and potentially the utilization of the result, will be
aided by highly targeted genetic modification using genome
editing and plant transformation.

Stable transformation of elite potato varieties is one way to
reduce acrylamide in processed products. In one part of the
SCRI acrylamide project, transgenic lines of Russet Burbank
with low expression of the vacuolar invertase gene were com-
pared to Russet Burbank standards with respect to the incidence
and severity of sugar end defects and the acrylamide content in
fried products (Zhu et al. 2014). Invertase silencing using RNAi
prevented the formation of sugar end defects, and decreased the
acrylamide content of fried strips from an average of approxi-
mately 600 μg per kg fresh weight to less than 100 μg per kg
fresh weight (Table 3). Similar reductions were observed in
transgenic lines of Russet Burbank in which both asparagine
synthetase genes and the vacuolar invertase gene were silenced
(Zhu et al. 2015). A key finding from this work on fry process-
ing varieties was that silencing of the invertase gene alone
reduced acrylamide by about the same amount as silencing
the invertase gene and the asparagine synthetase genes.

A separate line of investigation looked at the effect that
invertase gene silencing had on the expression of other genes
that encode enzymes central to carbohydrate metabolism in
potatoes. Transgenic and standard lines of three chipping po-
tato varieties and one fresh market variety were slowly
cooled to 3 °C and gene expression during and after
cooling quantified by quantitative reverse transcriptase PCR.
In these studies, there were no indications that altered tuber
sucrose or glucose contents affected gene expression of mul-
tiple enzymes involved in sucrose or starch synthesis and
breakdown (Wiberley-Bradford et al. 2014; Wiberley-
Bradford et al. 2016).

Economic Analysis

The SCRI acrylamide project did not produce transgenic lines
for commercial release, however, potatoes produced using
biotechnology with the potential to reduce acrylamide in fin-
ished products were moving though the deregulation process
during the grant period. Research conducted as part of the
SCRI acrylamide project determined how much consumers
would be willing to pay for low acrylamide products. For this
research, consumers were recruited from three regions of the
country to participate in experimental auctions (Lacy and
Huffman 2016). Willingness to pay for potatoes with low-
acrylamide forming potential was found to be strongly influ-
enced by information statements made available to the auction
participants. Participants were willing to pay significantly
more for biotech potato products with low acrylamide-
forming potential after they were given a positive information
statement on using biotechnology to reduce potential health
concerns related to acrylamide consumption (Lacy and
Huffman 2016).

Summary

The SCRI acrylamide project contributed to a wide range of
research activities, all of which were focused on enabling the
potato industry to respond better to concerns about dietary
acrylamide. In addition to these direct befits, there were other
indirect benefits, some of which will pay dividends over many
years. The SCRI acrylamide project was a framework for ex-
tensive, ongoing dialog within the research community and
industry at many levels. Project participants worked across
regional and corporate barriers to make progress collectively.
New relationships developed during the process, and new
lines of communication were opened that may have recurrent
value in future years. The SCRI acrylamide project also con-
tributed substantially to the training of graduate students and
postdoctoral researchers, some of who are likely to make fur-
ther contributions to US agriculture. Undergraduate students
benefited through direct participation in field and laboratory
research. Finally, the SCRI acrylamide project demonstrated
the value of mounting a coordinated, multifaceted attack on a

Table 3 Acrylamide content of apical (bud) half and basal (stem) half of
fried strips prepared from Russet Burbank and two lines of Russet
Burbank (RBK22 and RBK1) in which the vacuolar invertase gene was
effectively silenced using RNA interference. Data from Zhu et al. (2014)

Line Acrylamide content in
apical half of fry (μg kg−1)

Acrylamide content in
basal half of fry (μg kg−1)

Russet Burbank 387 ± 24 814 ± 26

RBK22 77 ± 6 122 ± 11

RBK1 58 ± 8 88 + 10
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pressing need of the potato industry. Through the SCRI acryl-
amide project and other related activities, the potato
research community and the potato industry have made im-
pressive progress on mitigation of acrylamide in processed
potato products.
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