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Abstract

Aims The aim of this study was to investigate the proof-
of-concept that Andean potato (Solanum tuberosum L.,
Andigenum Group) can be agronomically biofortified
with iron (Fe) and zinc (Zn) fertilizers.
Methods Greenhouse and field experiments were con-
ducted in the Ecuadorian Andes with varying rates of
foliar and soil applied Fe and Zn fertilizers to investigate
the potential resulting increase in tuber Fe and tuber Zn
concentrations.
Results The study showed that simple fertilizer prac-
tices enhancing Zn supply to potato plants can increase
tuber Zn concentrations. The rate of increase of tuber Zn
following Zn fertilization was similar across cultivars. A
concomitant negative effect of high rates of Zn applica-
tions on yield was not seen, and a maximum Zn appli-
cation level for increasing tuber Zn concentration was

not identified. A positive tuber yield effect was seen at
one field site. High rates of foliar Zn application reached
a 2.51-fold tuber Zn increase, and high rates of soil Zn
application a 1.91-fold tuber Zn increase. The experi-
ments showed no positive correlation between Fe fertil-
ization and Fe concentration in tubers. Moreover, the
study showed a strong effect of site on the concentration
of Fe and Zn in tubers, and the tuber mineral concentra-
tions across sites and treatments were negatively corre-
lated with tuber yield.
Conclusions The results confirmed the proof of concept
that Andean potato cultivars can be agronomically Zn-
biofortified with foliar and soil applied Zn fertilizers.
Tuber Fe concentrations of Andean potatoes were not
increased with Fe fertilization.
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Introduction

Potato (Solanum tuberosum L.) production in the devel-
oping world surpassed potato production in the devel-
oped world for the first time in 2005 and is increasingly
used as a staple food farmed and consumed by poor
people (Devaux et al. 2014). In today’s world more than
a billion people eat potatoes regularly. Potato has been
highly recommended by the Food and Agriculture
Organization (FAO) as a food security crop as the world
faces uncertainties in the food supply to an exponential-
ly growing population with an increased demand for
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food (FAO 2009). This nutritious crop, and its high
diversity of varieties, was first domesticated in the
Andes of South America and it continues to be one of
the most accessible foods in the rural areas of the Andes.
A study done in the Central Andean Highlands in
Huancavelica, Peru, identified that women in this area
have a mean intake of 800 g of potato everyday
(Anonymous 2003). In such areas where the potato is
a dietary mainstay, the nutritional value of the tubers
consumed contributes significantly to human nutrition
and merits significant research investment for its
improvement.

Micronutrient malnutrition, also known as hidden
hunger, is the most widespread nutritional problem in
the world today, especially for women, infants, and
children (Frossard et al. 2000; Nestel et al. 2006; Stein
2010). It has been estimated that more than 60 % of the
world’s population are iron (Fe) dietary deficient and
more than 30 % are zinc (Zn) dietary deficient (White
et al. 2009). Iron deficiency leads to anemia, reduces
physical growth and cognitive development in young
children, and is estimated to be responsible for a large
proportion of the world’s maternal deaths (Gibson
2012). Zinc affects multiple aspects of the human im-
mune system and is critical to the function of more than
300 biological enzymes (McCall et al. 2000).
Symptoms of Zn deficiency include stunting, diarrhea
and pneumonia in children, and Zn deficiency contrib-
utes significantly to recurrent infections and infant mor-
tality (Stein 2010). In contrast to Fe, Zn is not signifi-
cantly stored in the human body and must be ingested
daily (King 2011). Iron and zinc deficiencies are highly
prevalent in developing countries, but are also common
in industrialized countries (McClung et al. 2006; Gibson
2012). Many industrialized crops contain inherently low
mineral concentrations as production ismainly geared to
produce volume and appearance only. Modern human
diets are, therefore, typically dominated by energy-
dense but nutrient-poor foods that lack sufficient Zn
for people’s adequate nutrition (Graham et al. 2001;
White and Broadley, 2011). Moreover, the prevalence
of Fe and Zn deficiency is especially high in areas with
low intake of animal products and high intake of
phytates and phenolic compounds, which reduce Fe
and Zn bioavailability, e.g. in Andean diets with high
intake of low Fe and Zn containing grains and legumes
(Bhan et al. 2001). According to Grandy et al. (2010),
Ecuador and Bolivia have the highest national preva-
lences of anemia, caused by iron deficiency, in Latin

America. In recent years governmental programs (e.g.,
BThe zero malnutrition program^ in Bolivia) have
aimed to reduce micronutrient malnutrition in the
Andean countries, mainly through food supplementa-
tion programs. Nevertheless, extremely high rates of Fe
and Zn deficiencies are still found in rural communities.
In Peru, 21.9 % national prevalence in rural areas of
chronic malnutrition in children below 5 years of age
was reported for 2014, but this prevalence is significant-
ly higher in many isolated and poor communities
(Dolores-Maldonado et al. 2015). In Ecuador, as in most
developing countries, Zn and Fe deficiency is a public
health concern, the Ministry of Public Health has report-
ed the national prevalence of Zn deficiency in women in
the childbearing age to be higher than 50 %, and the
prevalence of Zn and Fe deficiency in children below
5 years of age to be 29 and 26 %, respectively (Freire
et al. 2013).

Biofortification of crops is increasingly being used to
combat micronutrient malnutrition. Biofortification is
the process of making plant foods more nutritious as
the plants are growing instead of having nutrients added
to food when it is processed. Genetic biofortification
aims at selecting crop varieties that are able to acquire
nutrients and to accumulate them in their edible parts, or
breeding crops (conventional breeding or genetic engi-
neering) to increase their nutritional value. Agronomic
biofortification, on the other hand, aims to enhance the
concentrations of nutrients in the edible parts of crops
through the use of agricultural techniques (e.g., usage of
fertilizers containing micronutrients such as Zn). To
achieve both genetic and agronomic biofortification
plant nutrients have to be present in the crop environ-
ment in plant available form. If mineral plant nutrients
are absent they must be applied to crops as fertilizers. It
is, thus, expected that successful biofortification is best
achieved through a combination of genetic and agro-
nomic biofortification processes (Cakmak 2008; White
and Broadley 2011; Joy et al. 2015).

As potato is widely grown around the world where it
is increasingly becoming the main staple food, the
International Potato Center (CIP) and its partners are
working to improve human nutrition through
biofortification of potato. CIP has undertaken
biofortification as a breeding objective, principally
targeting Fe, Zn and vitamin C, but also evaluating
concentrations of (anti-)nutrients such as phytates and
phenolic compounds (Andre et al. 2007, 2015; Burgos
et al. 2009; Paget et al. 2014). To support ongoing
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efforts in genetic biofortification, agronomic
biofortification with micronutrients has been promoted
as a cost-effective and fast approach to fight micronu-
trient malnutrition (Cakmak 2008, 2009; White and
Broadley, 2009), and has been studied as a public health
intervention with potential to reach a high number of
households through fertilizer subsidy schemes (Joy et al.
2015). For example, Zn concentrations have been in-
creased significantly with Zn fertilizer in wheat
(Cakmak et al., 2010; Zhang et al. 2012; Zou et al.
2012; Velu et al. 2014; Joy et al. 2015), in rice (Jiang
et al. 2008; Joy et al. 2015; Phattarakul et al. 2012), in
maize (Joy et al. 2015; Puga et al. 2013), and in sorghum
(Puga et al. 2013). In contrast to Zn biofortification, the
scientific literature generally agrees that Fe concentra-
tion is difficult to increase in cereals and other crops
with foliar and soil applications of inorganic Fe fertil-
izers (Gupta 1991; Aciksoz et al. 2011, Velu et al. 2014).
The main reason being that soil applied Fe is largely
converted into plant-unavailable Fe3+ forms and, there-
fore, rapidly becomes unavailable to plants (Rengel
et al. 1999). Consequently, foliar application of synthet-
ic Fe-chelates and FeSO4 is considered to be more
effective Fe fertilizers (Rengel et al. 1999).

To date, only limited data are available on agronomic
biofortification in potato, the world’s third most impor-
tant food crop following rice and wheat, and in other
root and tuber crops (White and Broadley 2011). In one
study, White et al. (2012) reported that potato tuber Zn
concentrations could be increased about 2‐fold in culti-
var Maris Piper, a tetraploid European potato (Solanum
tuberosum L. Chilotanum Group) type, using foliar Zn‐
fertilizers, zinc sulphate and zinc oxide.

Considering the serious consequences of Fe and Zn
malnutrition in rural Andean communities, and the key
role of potato in Andean food systems, exploration of
the potential for agronomic biofortification in the high
diversity of Andean potato cultivars (Solanum
tuberosum L. Andigenum Group) may be of great eco-
nomical value. Therefore, CIP, Ecuador’s National
Agricultural Research Institute (INIAP) and the
Polytechnic University of Chimborazo (ESPOCH) con-
ducted a study to evaluate the potential role of a fertil-
ization approach to increase Fe and Zn concentrations in
Andean potato cultivars through a series of experiments
in Ecuador. The aim of this study was to investigate the
proof-of-concept that agronomic practices can improve
the nutritional value of Andean potato. The present
paper, thus, provides data on the biological potential of

Fe and Zn fertilization in biofortification of Andean
potato tubers.

Materials and methods

Greenhouse pot experiments with Fe and Zn fertilizer

In 2012 four potato greenhouse experiments were con-
ducted at the National Agricultural Research Institute of
Ecuador’s (INIAP) Santa Catalina Experiment station
near the capital Quito with the cultivars INIAP-
Natividad and Chaucha roja. Two experiments were
done with Fe fertilizer applied to soil and foliage, and
two experiments with Zn fertilizer applied to soil and
foliage. To facilitate the management of the study indi-
vidual experiments with potted plants were done with
each of the two cultivars INIAP-Natividad and Chaucha
roja, Table 1 presenting the genetic origin of the culti-
vars. The same experimental design was used in the four
greenhouse experiments with 8 replicates; a two-way
factorial with the foliar applications in the main plots
and soil application levels in the sub-plots. For opera-
tional reasons and to minimize the risk of drift of foliar
applications among sub-plots the rows of experimental
units receiving foliar applications were placed in vicin-
ity. In the experiments with Fe fertilizer the plants were
grown under the following soil Fe treatments; 0, 25, 50,

Table 1 Genetic origins of Andean potato cultivars (Solanum
tuberosum Andigenum Group) evaluated in greenhouse pot ex-
periments and field trials with Fe and Zn fertilizer in Ecuador

Potato cultivars

Name Pedigree

INIAP-Natividada,b,c

(tetraploid)
Solanum andigenum ×
(S. phureja × S. pausissectum)

INIAP-Puca shungob

(triploid)
S. andigenum × S. phureja

Chaucha amarillab

(diploid)
S. phureja

Native Andean landrace

Chaucha rojaa,b

(diploid)
S. phureja

Native Andean landrace

Coneja negrab

(tetraploid)
S. andigenum

Native Andean landrace

aCultivars tested in greenhouse pot experiments
bCultivars tested in field trials with Fe and Zn fertilizer
cCultivar tested in field trials with foliar and soil-applied Zn
fertilizers
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75, 100 mg Fe kg−1 soil substrate, applied as an amino
acid based Fe complex (Trazex Fe, Cosmocel SA, 220 g
Fe kg−1) (see Fig. 1). Foliar Fe treatments comprised of
0 mM (0 % w/v) and 6.71 mM (0.0375 % w/v) aqueous
solution of Fe, applied as EDTA-chelated Fe (Kelik Fe,
Atlántica, 7.5 % w/v). In the Zn experiments the follow-
ing soil treatments were used: 0, 8, 16, 24 and 32 mg Zn
kg−1 soil substrate, applied as an amino acid based Zn
nutrient (Trazex Zn, Cosmocel SA, 250 g Zn kg−1), and
foliar Zn treatments comprised of 0 mM (0 % w/v) and
3.06 mM (0.02 % w/v) aqueous solution of Zn, applied
as EDTA-chelated Zn (Kelik Zn, Atlántica, 10 % w/v).
In all experiments, soil treatments were applied to the
substrate in pots before planting. The soil substrate used
(three-fifths sifted natural Andean soil, one-fifth volca-
nic pumice, and one-fifth commercial peat) was con-
firmed to have the following concentrations of extract-
able Fe prior to the experiments: 34 mg kg−1, modified
Olsen extract, and extractable Zn: 3.8 mg kg−1, modified
Olsen extract, and a pH of 6.29. The experimental unit
consisted of one potato plant developed from one pre-
sprouted seed tuber in 5 kg of substrate in a 10 l pot. Pots
were amended with, 0.9, 2.25, 0.45, 0.075, 0.037, 0.037,
0.0075 g of N, P2O5, K2O, S, Mg, Mn and B, respec-
tively, before planting. All four experiments were
planted on July 4, 2012. Foliar applications of Fe and
Zn were applied during early morning hours with man-
ually operated knap-sack sprayers five times in each
experiment; at BBCH (decimal code system) growth
stages 60, 65, 70, 75, 80. The average daily minimum
temperature in the greenhouse was 5.8 °C, average daily

maximum temperature 29.5 °C, and average relative
humidity 57.1 %. Pots were irrigated manually with
equal amounts of deionized water to each pot according
to evapotranspiration measured with a lysimeter. A fo-
liage supporting system was installed with plastic rib-
bons fastened to the potato plants to prevent stems from
falling. The pesticides acephate and bupirimate were
applied to all plants, equally, to control, insects and
fungal diseases, respectively.

The haulms, i.e. above ground plant material (stems
and leaves), were excised from the plants one day prior
to harvest of tubers and roots. Harvest of tubers and
roots in the four experiments was done on October 22,
2012. The fresh weights (FW) of haulms, tubers and
roots, separately, were determined for each plant. Iron
and zinc translocation to tubers was determined through
the evaluation of plant biomass, tuber yield, and Fe and
Zn concentration in peeled tubers, tuber peel, haulms
and roots.

Field trials with Fe and Zn fertilizer

From 2012 to 2014 a field experiment with Fe and Zn
fertilizer was replicated at three sites in Ecuador, twice at
INIAP’s Santa Catalina Experiment station (Trial 1 and
Trial 2) and once at the Polytechnic University of
Chimborazo’s (ESPOCH) Tunshi Experiment station
in the province of Chimborazo (Trial 3). The experiment
involved the five cultivars; INIAP-Natividad, INIAP-
Puca shungo, Chaucha amarilla, Chaucha roja, Coneja
negra (Table 1). Prior to the experiments, 30 sub-
samples of soil were taken to a depth of 25 cm across
each site to determine the chemical composition and the
physical characteristics of the soils. Soil analyses were
carried out at the Laboratory for Management of Soils
andWater at INIAP’s Santa Catalina Experiment station
using standard methods of analysis (see Table 2).

The experiment was set up in a two-way factorial
design with split-plots randomized in four complete
blocks. The two factors were potato cultivar in the main
plot and fertilizer treatment in the sub-plot. The exper-
iment included the following six fertilizer treatments
involving the same sources of Fe and Zn fertilizer that
were applied in the greenhouse experiments: F0 = con-
trol, F1 = 40 kg Fe ha−1 applied as an amino acid based
Fe complex (Trazex Fe, Cosmocel SA, 220 g Fe kg−1) +
20 kg Zn ha−1 applied as an amino acid based zinc
nutrient (Trazex Zn, Cosmocel SA, 250 g Zn kg−1)
incorporated to soil at planting; F2 = 40 kg Fe ha−1
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Fig. 1 Mean concentration of Fe in peeled tubers of potato
cultivars INIAP-Natividad (n = 8) and Chaucha roja (n = 3) in
greenhouse pot experiments as response to soil Fe applications
without and with foliar Fe applications. Bars represent the stan-
dard error of the mean
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applied to soil at planting as an amino acid based Fe
complex (Trazex Fe, Cosmocel SA, 220 g Fe kg−1);
F3 = 20 kg Zn ha−1 applied to soil at planting as an
amino acid based zinc nutrient (Trazex Zn, Cosmocel
SA, 250 g Zn kg−1); F4 = 3.06 mM (0.02 % w/v) aque-
ous solution of Zn applied as EDTA-chelated Zn (Kelik
Zn, Atlántica, 10%w/v) sprayed on foliage until run-off
five times; once a week following the first spray 60 days
after planting, F5 = 6.71 mM (0.0375 % w/v) aqueous
solution of Fe, applied as EDTA-chelated Fe (Kelik Fe,
Atlántica, 7.5 % w/v) sprayed on foliage until run-off 5
times; once a week following the first spray 55 days
after planting.

The sub-plots with the cultivar-fertilizer treatment
combinations consisted of four 3 m-rows of potato
plants. The distance between rows was 1.1 m, and

0.3 m between plants in a row; with a total of 40 plants
per sub-plot. A strip of uncultivated land, 1.1 m wide,
was left between sub-plots and between main plots. Soil
preparation before planting was done following local
practice, including tractor driven disk ploughing and
harrowing.

All plots were fertilized equally with basic fertilizer
in each trial according to soil analysis carried out imme-
diately before planting (INIAP’s Laboratory for
Management of Soils and Water at the Santa Catalina
Experiment station). Basic fertilization rates used in the
trials can be found in the online Supplementary material
file.

Planting of pre-sprouted tubers, fertilization,
weeding, hilling, application of pesticides and harvest
were done manually according to local farmer practice.

Table 2 Site, soil characteristics and agricultural practices of 3 field trials with Fe and Zn fertilizer in Ecuador from 2012 to 2014

Experiment Trial 1 Trial 2 Trial 3

Site characteristics

Location, Province Santa Catalina, Pichincha Santa Catalina, Pichincha Tunshi, Chimborazo

Latitude and longitude 0°22′12.6″S 78°33′20.4″W 0°22′15.1″S 78°33′25.8″W 1°44′49.7″S 78°37′39.3″W

Altitude (m.a.s.l.) 3058 3058 2731

Avg. temp. (°C) 11.5 11.7 14.2

Precipitation (mm accumulated from
planting to harvest)

282 403 223

Soil chemical composition before planting

Nitrogen (mg N-NH4
+ kg−1)

(Modified Olsen extract)
84 H a 51 M 29.0 L

Phosphorous (mg kg−1)
(Modified Olsen extract)

60 H 37 H 37.0 H

Potassium meq/100 ml
(Modified Olsen extract)

0.42 H 0.19 L 0.84 H

Ca meq/100 ml (Modified Olsen extract) 6.50 M 6.82 M 9.20 H

Mg meq/100 ml (Modified Olsen extract) 0.58 L 0.49 L 5.50 H

Iron (mg kg−1) (Modified Olsen extract) 290 H 175 H 56 H

Zinc (mg kg−1) (Modified Olsen extract) 3.3 M 3.7 M 1.60 L

Soil physical characteristics before planting

Organic matter (%) (Potassium dichromate) 8.90 H 9.50 H 2.00 M

pH (1:2.5 soil-water) 5.59 5.61 7.28

Soil texture Sandy loam (black
Andean andisol)

Sandy loam (black
Andean andisol)

Sandy loam (Andean
andisol)

Agricultural practices

Previous crop Triticum aestivum Fallow Hordeum vulgare

Planting date 27 March 2012 12 April 2013 15 November 2013

Harvest dates 14 to 27 August 2012 18 to 30 September 2013 11 April to 26 June 2014

aH= value considered to be high for plant nutrition, M = value considered to be medium for plant nutrition, L = value considered to be low
for plant nutrition, according to recommendations of INIAP’s Laboratory for Management of Soils and Water at the Santa Catalina
Experiment station
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Timing of hilling and harvest was done individually by
cultivar according to the cultivars’ phenological devel-
opment. The experiments were primarily rainfed.
During periods of low rainfall, all plots at the same site
were irrigated with the same volume of water distributed
by gravity. Pest and diseases were controlled with pes-
ticides that do not contain significant concentrations of
Zn or Fe: mandipropamid, chlorothalonil, azoxystrobin,
propineb, lambda-cyhalothrin + thiamethoxam and
acephate. Site descriptions and details on agricultural
practices are shown in Table 2.

For micronutrient analysis of haulms and roots, two
plants were collected randomly from each plot at onset
of senescence. Following natural senescence, tuber
yield was determined of the 9 centermost plants of the
center row of each plot. For micronutrient analyses of
potato tubers, 2 kg tuber sub-samples representing all
tuber sizes per plot were taken at random from these
same plants of each plot.

Immediately after tuber harvest in Trial 1, the soil of
each sub-plot was homogenized with the use of a hoe,
and a soil sample was taken from the area of the two
center rows of each sub-plot made up of 25 subsamples
of 0 to 25 cm depth in each of block 2, 3 and 4 and used
for determining the residual Fe and Zn concentrations in
the sub-plot soil after harvest (mg kg−1, modified Olsen
extract).

Agronomic Zn-biofortification of potato with foliar
and soil applied Zn fertilizers

In 2013 to 2014 agronomic biofortification of potato
tubers with Zn was assessed in potato cultivar INIAP-
Natividad at two locations in farmers’ fields in the
province of Chimborazo in Ecuador. Prior to the exper-
iments, 25 sub-samples of soil were taken to a depth of
25 cm across each site to determine soil chemical com-
position and physical characteristics (see Table 3). Two
experiments were conducted at each site. One experi-
ment was designed to evaluate foliar applications of Zn,
and the other one soil applied Zn, on concentration of Zn
in harvested tubers. The two experiments replicated at
the two sites used the same one-way factorial design
with five Zn fertilizer treatments randomized in four
complete blocks. Geographical coordinates, site de-
scriptions and details on agricultural practices are de-
tailed in Table 3. The experiment with foliar applications
included the following five Zn treatments: 0, 1.25, 2.5, 5
and 10 kg Zn ha−1 as 0, 0.02, 0.04, 0.08, 0.16 % (w/v)

aqueous solution of Zn, respectively, in 1250 L ha−1

applied 5 times in weekly foliar sprays with the first
spray 55 days after planting. The experiment with soil
applications included the following five Zn treatments:
0, 10, 20, 30 and 40 kg ha−1, incorporated to the soil in
furrow at planting. The same Zn fertilizers used in the
experiments previously described were used; soil Zn
was applied as amino acid based zinc (Trazex Zn,
Cosmocel SA, 250 g Zn kg−1), and foliar Zn as
EDTA-chelated Zn (Kelik Zn, Atlántica, 10 % p/v).

In both experiments the plots consisted of four 4.8 m
rows of potato plants. The distance between rows was
1.1 m, and 0.3 m between plants in a row, a total of 64
plants per plot. A 1.1 m strip of uncultivated land was
left between plots. Soil preparation before planting was
done following local practice, including ploughing,
harrowing and hilling. All plots were fertilized equally
with basic fertilizer in each experiment according to soil
analysis carried out immediately before planting
(INIAP’s Laboratory for Management of Soils and
Water at the Santa Catalina Experiment station). The
fertilization rate was 120 kgN ha−1 for site 1 and 160 Kg
N ha−1 for site 2, and 200 kg P2O5 ha

−1, 120 kg K2O
ha−1, 60 kg Ca, 25 kgMg ha−1 and 30 kg S ha−1 for both
sites. The sources were the same as the ones used in
Trial 2 described in the online Supplementary material
file, but with the use of calcium nitrate 15.5 % N -
26.3 % CaO instead of ammonium nitrate. All P, K,
Ca, Mg and S and 50 % of the N were incorporated to
the soil in furrows at planting, 25 % N (urea) was
applied at first hilling, and 25 % N (urea) was applied
at second hilling.

Planting of pre-sprouted tubers, fertilization,
weeding, hilling, application of pesticides and harvest
was done manually following local farmer practice. The
experiments were rainfed. Pest and diseases were con-
trolled with the same pesticides described above. Site
characteristics and details on agricultural practices are
shown in Table 3.

At 50 days after planting percentage of emerged
plants was evaluated for each plot. At BBCH 65, with
50 % of flowers in the first inflorescence open, plant
height was evaluated of each plot; the mean of ten
randomly selected plants measured from ground level
to the main stem apex.

For micronutrient analysis of haulms and roots, two
plants were collected randomly from each plot at onset
of senescence. At harvest, tuber yield was determined of
the 14 centermost plants in each of the two center rows
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of each plot. For micronutrient analyses of potato tubers,
2 kg tuber sub-samples from each plot were taken at
random from these same plants, considering all tuber
sizes.

Immediately after tuber harvest, the soil of each sub-
plot was homogenized with the use of a hoe, and a soil
sample was taken from the area of the two center rows of
each experimental unit made up of 25 subsamples taken
to a depth of 25 cm and used for determining the residual
Zn concentrations in the top soil of each experimental
unit after harvest (mg kg−1, modified Olsen extract).

Determination of dry matter and mineral concentrations

In all experiments, tuber (peel and peeled tubers sepa-
rately), haulm and root samples (total per plant) were
washed in distilled water, prepared, oven-dried at 60 °C,
dry weight (dw) determined, and analytical samples

taken of 0.25 g, and digested at 200 °C in 5 ml of a
solution (5:1) HNO3 (65 %, W/W) to HClO4 (70 %,
W/W) ratio, following an adaptation of the methods
described by Zasoski and Burau (1977) and Malavolta
et al. (1989); the current standard method used by
INIAP’s Laboratory for Management of Soils and
Water at the Santa Catalina Experiment station.
Samples were analyzed for Zn and Fe, by inductively
coupled plasma optical emission spectrometry (ICP-
OES) (Optima 5300 DV, Perkin Elmer, USA).

Statistical analysis

All data were tested for outliers with the aid of boxplot
charts prior to analysis of variance (ANOVA) combined
over sites and by site/year separately. When significant
differences were found in ANOVA, means were com-
pared using Tukey's test at P ≤ 0.05. Multiple treatment

Table 3 Site, soil characteristics and agricultural practices of field experiments with soil and foliar applied Zn fertilizers in farmers’ fields in
Ecuador from 2013 to 2014

Site Site 1 Site 2

Site characteristics

Location name, Province Cortijo Bajo, Chimborazo Pusniag, Chimborazo

Latitude and longitude 1°42′18.6″S 78°34′20.5″W 1°32′26.6″S 78°33′55.4″W

Altitude (m.a.s.l.) 3149 3502

Avg. temp. (°C) 13.9 12.7

Precipitation (mm accumulated during cropping season) 344 533

Soil chemical composition before planting

Nitrogen (mg N-NH4
+ kg−1) (Modified Olsen extract) 57.0 M 30.0 M

Phosphorous (mg kg−1) (Modified Olsen extract) 19.0 M 102.0 H

Calcium meq/100 ml (Modified Olsen extract) 16.20 H 3.40 L

Magnesium meq/100 ml (Modified Olsen extract) 3.60 M 1.70 L

Potassium meq/100 ml (Modified Olsen extract) 0.35 M 0.11 L

Iron (mg kg−1) (Modified Olsen extract) 361.0 H 140.0 H

Zinc (mg kg−1) (Modified Olsen extract) 2.40 L 1.30 L

Soil physical characteristics before planting

Organic matter (%) (Potassium dichromate) 7.70 H 1.40 L

pH (1:2.5 soil-water) 6.27 6.08

Soil texture Sandy loam (black Andean andisol) Sandy loam (Andean andisol)

Agricultural practices

Previous crop Triticum aestivum Fallow

Planting date 9 October 2013 8 October 2013

Harvest date 22 April 2014 2 April, 2014

a H= value considered to be high for plant nutrition, M = value considered to be medium for plant nutrition, L = value considered to be low
for plant nutrition, according to recommendations of INIAP’s Laboratory for Management of Soils and Water at the Santa Catalina
Experiment station
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comparisons were made using orthogonal contrasts.
Associations between variables were determined using
Pearson correlation coefficients. All statistical analyses
were made with SAS 9.1 statistical software in the GLM
procedure (SAS Institute Inc., Cary, NC). Atypical data
were treated as missing values in the statistical analysis.

Results

Greenhouse pot experiments with Fe and Zn fertilizer

In the two experiments with the potato cultivar INIAP-
Natividad the plants developed as expected and data
could be taken from all pots. In both experiments with
the cultivar Chaucha roja some plants were affectedwith
Verticillium disease and were eliminated from the ex-
periments. At least three unaffected pots of each treat-
ment in each experiment were maintained for collection
and statistical analysis of data.

The greenhouse pot experiments showed no positive
correlation between Fe fertilization and Fe concentra-
tion in tubers (Fig. 1). The two-factor ANOVA of the
effects of Fe fertilization on concentration of Fe in
peeled tubers revealed significant effects of foliar Fe
applications (ANOVA table not shown; P = 0.0065 in
INIAP-Natividad and P = 0.0195 in Chaucha roja).
However, the Fe concentration in peeled tubers of cul-
tivar INIAP-Natividad was significantly reduced when
adding foliar Fe applications to the soil Fe rates used in
the experiment (Tukey’s test, P < 0.05) (Fig. 1). The Fe
concentration in peeled tubers ranged from 27.4 to 36.4
and 15.2 to 18.8 mg Fe kg−1 dw in cultivars Chaucha
roja and INIAP-Natividad, respectively. The two-factor
ANOVAs of the effects of foliar and soil applied Fe
revealed a significant negative effect of foliar applied
Fe on tuber yield in cultivar INIAP-Natividad; the mean
tuber yields of soil Fe treatments without and with foliar
applied Fe were 525 and 500 g plant−1, respectively. The
treatments that resulted in higher tuber Fe concentra-
tions in Chaucha roja were also the treatments with the
lowest yields (Tuber yield data not shown). Indeed,
plants that received foliar Fe showed Fe toxicity symp-
toms on leaves in both cultivars. Iron concentrations in
foliage of INIAP-Natividad plants receiving both soil
and foliar applied Fe reached 1079 mg Fe kg−1 dw, and
plants receiving only soil applied Fe reached 467 mg Fe
kg−1 dw.

The two-factor ANOVA of the effects of Zn fertili-
zation on peeled tuber Zn concentration showed a high-
ly significant effect of foliar applied Zn in both cultivars
(P < 0.0001), and also a significant effect of soil applied
Zn (P = 0.0598 in INIAP-Natividad and P = 0.0007 in
Chaucha roja), but no interaction effects (ANOVA table
not shown). Up to a 2.69-fold mean increase in Zn
concentration in peeled potato tubers of cultivar
INIAP-Natividad was seen with combined foliar and
soil applied Zn (Fig. 2). Application of the highest level
of soil Zn plus foliar Zn increased the mean Zn concen-
tration in peeled tubers from 8.1 in the control to 21.6,
and from 12.5 to 30.9 mg Zn kg−1 dw in INIAP-
Natividad and Chaucha roja respectively (Fig. 2). Zinc
concentrations in foliage of INIAP-Natividad plants
receiving both soil and foliar applied Zn reached
282 mg Zn kg−1 dw, and plants receiving only soil
applied Zn reached 107 mg Zn kg−1 dw with the highest
soil Zn application (32 mg Zn kg−1 soil substrate). The
ANOVA showed non-significant effects of foliar and
soil applied Zn on tuber yield in both cultivars
(ANOVA tables not shown). Tuber yields in the two
pot experiments with the same cultivar were in a similar
range; 469 to 537 g plant−1 and 242 to 379 g plant−1 in
INIAP-Natividad and Chaucha roja, respectively.

Field trials with Fe and Zn fertilizer

The three trials developed successfully with only few
outlying data points being excluded. Missing data were
mainly caused by rain flooding or uneven seed quality
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Fig. 2 Mean concentration of Zn in peeled tubers of potato
cultivars INIAP-Natividad (n = 8) and Chaucha roja (n = 3) in
greenhouse pot experiments as response to soil Zn applications
without and with foliar Zn applications. Bars represent the stan-
dard error of the mean
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resulting in bad plant emergence. No toxicity symptoms
were apparent in the Zn treatments, but toxicity symp-
toms were seen in the diploid cultivars that received
foliar Fe fertilizer in all trials. The total mean tuber yield
among trials varied between 10.4 and 35.6 t ha−1

(Table 4), which illustrates a strong effect of site and
planting time on each trial. In Ecuador potato can be
planted year round. Trial 1 was planted during the end of
the main planting season at the Santa Catalina
Experiment station near Quito, whereas Trial 2 was
planted later than the normal planting season. Both
Trials 1 and 2 received complementary, but suboptimal
irrigation. This was especially the case for Trial 2. Trial
3 at the Tunshi Experiment station in the province of
Chimborazo was intensively managed with irrigation.

The three trials showed a non-significant effect of the
Fe and Zn fertilizer treatments on potato tuber yield
(Table 5). As expected the trials resulted in significant
different tuber yields among cultivars with, generally,
higher yields in the breed cultivars compared to the
native landrace cultivars and with the lowest yields in
the diploid cultivars (Tables 4 and 5).

The three trials showed a highly significant effect of
cultivar on tuber Fe concentration (Tables 6 and 7). A
significant effect of fertilizer treatments on tuber Fe
concentration was also detected (Table 7). However,
the Tukey ranking did not reveal significant differences
in tuber Fe concentration between treatments that had
received Fe fertilizer and the unfertilized control plots
(Table 6).

A highly significant effect of Fe and Zn fertilizer
treatments on tuber Zn concentration in peel (data not
shown) and peeled potato tubers was detected in all
three field trials (Table 8). The Zn concentration in
peeled tubers increased significantly in 4 out of 6

treatment-by-site combinations with soil Zn fertilizer,
and in 2 out of 3 treatment-by-site combinations with
foliar Zn fertilizer (Table 6). As expected a significant
effect was also found of cultivar on tuber Zn concentra-
tion with the diploid Chaucha cultivars showing the
highest Zn concentrations (Tables 6 and 8). An interac-
tion effect between fertilizer treatment and potato culti-
var on mineral tuber concentrations was only found in
Trial 3; P = 0.0148 for Fe, and P = 0.0582 for Zn. The
potato genotypes that showed high tuber Zn concentra-
tions in the absence of Zn fertilization also showed even
higher tuber Zn concentrations following Zn fertiliza-
tion (data not shown). The mean Fe and Zn concentra-
tion across cultivars varied significantly among trials
(Table 6), which illustrates a strong effect of site and
planting time on tuber mineral concentrations. A com-
parison of the mean mineral concentrations with the
mean tuber yields in the three field trials with Fe and
Zn fertilizer reveal that the micronutrient concentrations
in tubers have a negative correlation with tuber yield.
Pearson correlation coefficients between peeled tuber
Zn concentration (mg kg−1 dry weight) and tuber yield
(t ha−1) of all cultivar-treatment combinations were
−0.580 (P < 0.0001), −0.502 (P < 0.0001), −0.551
(P < 0.0001) in Trial 1, 2 and 3, respectively. Pearson
correlation coefficients between peeled tuber Fe concen-
tration (mg kg−1 dry weight) and tuber yield (t ha−1) of
all cultivar-treatment combinations for Trial 1, 2 and 3,
respectively, were −0.494 (P < 0.0001), −0.247 (P =
0.027), −0.617 (P < 0.0001). Interestingly, tuber Zn con-
centration (Table 6) and Zn extraction by potato tubers
(Table 9) were lowest in Trial 3. The mean extraction of
Fe and Zn in peeled tubers varied significantly among
cultivars and among trials (Table 9).

The residual Fe concentrations (mean ± standard er-
ror, mg kg−1) in the soil at harvest in Trial 1 were:
control = 193 ± 7.05, F1 = 197 ± 5.91; F2 = 195 ± 4.88;
F3 = 195 ± 6.43; F4 = 201 ± 7.09; F5 = 193 ± 5.97. The
residual Zn concentrations (mean ± standard error, mg
kg−1) in the soil at harvest in Trial 1 were: control = 2.2
± 0.08, F1 = 7.3 ± 0.56; F2 = 2.2 ± 0.10; F3 = 6.5 ± 0.58;
F4 = 2.2 ± 0.08; F5 = 2.1 ± 0.07.

Agronomic Zn-biofortification of potato with foliar
and soil applied Zn fertilizers

The individual ANOVAs of the effect of Zn fertilizer
rates on tuber yield only revealed a significant effect of
foliar Zn rates at the Pusniag site (P = 0.0104)

Table 4 Mean tuber yields (t ha−1) of 5 Andean potato cultivars in
3 field trials in Ecuador with Fe and Zn fertilizer from 2012 to
2014

Cultivar Trial 1 Trial 2 Trial 3

Chaucha roja 25.3 c 5.8 d 21.2 b

Chaucha amarilla 28.0 c 8.4 c 22.2 b

Coneja negra 36.8 b 12.6 b 23.0 b

INIAP-Natividad 45.4 a 15.2 a 30.5 a

INIAP-Puca Shungo 42.4 a 10.0 c 31.8 a

Mean 35.6 10.4 25.7

Values in the same column followed by the same letter are not
significantly different according to Tukey’s test (P < 0.05)
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(Table 10). In the other trials no significant effect of Zn
rates was detected on tuber yield (Table 11), or on plant
emergence or plant height (data not shown). At the
Pusniag site, the Tukey ranking (P < 0.05) indicated a
significant increase of the tuber yield between the con-
trol and the lowest foliar Zn rate (0.02 % Zn), and no
significant difference in tuber yield among the different
Zn rates (Table 11). The mean tuber yields of cultivar
INIAP-Natividad at the Cortijo bajo site were more than
three times higher than at the Pusniag site, located at a
higher altitude. Combined ANOVAs across sites re-
vealed a highly significant effect of site on tuber yield

(P < 0.0001, foliar application; P < 0.0001, soil applica-
tion). Interestingly, no negative effects on yield of the
high Zn applications were seen with the edaphic condi-
tions and fertilizer types of this study (Table 11).

A highly significant effect of Zn fertilizer rate was
seen on tuber Zn concentration in all trials (Table 12).
Both foliar and soil applied Zn significantly increased
tuber Zn concentrations in cultivar INIAP-Natividad
(Table 13). The highest foliar Zn rate increased the Zn
concentration in tuber flesh 2.51-fold, and the highest
soil Zn rate 1.91-fold (Table 13). Zinc concentration in
haulms and roots was also significantly increased in all 4

Table 5 Individual analysis of variance (ANOVA) for main plot effect cultivar and subplot effect fertilizer treatment (zinc and/or iron) on
tuber yield (t ha−1) in 3 potato trials in Ecuador with Fe and Zn fertilizer from 2012 to 2014

Trial 1 Trial 2 Trial 3

Source df MS P > F df MS P > F df MS P >F

Total 113 117 116

Block 3 339.14 <0.0001 3 18.68 0.042 3 13.96 0.6306

Cultivar (V) 4 1710.1 <0.0001 4 307.2 <0.0001 4 560.11 <0.0001

Main plot error 11 64.87 0.0007 12 9.78 0.142 12 59.73 0.009

Fertilization (F) 5 28.34 0.197 5 10.3 0.175 5 30.19 0.2938

V x F 20 24.93 0.1899 20 10.25 0.082 20 24.58 0.4513

Sub-plot error 70 18.74 73 6.49 72 24.1

Table 6 Mean iron and zinc concentration in peeled tubers of 5 Andean potato cultivars, and of 6 Fe and Zn fertilizer treatments in 3 field
trials in Ecuador from 2012 to 2014

Tuber iron (mg kg−1 dry weight) Tuber zinc (mg kg−1 dry weight)

Trial 1 Trial 2 Trial 3 Trial 1 Trial 2 Trial 3

Cultivar

Chaucha roja 25.57 a 70.03 ab 33.25 b 17.26 a 20.81 a 8.62 ab

Chaucha amarilla 26.00 a 75.48 a 37.42 a 13.32 b 16.44 b 9.23 a

Coneja negra 25.10 a 43.64 c 26.26 c 11.56 b 13.49 b 7.24 b

INIAP-Natividad 20.96 b 65.60 b 24.78 c 9.47 c 13.72 b 3.46 c

INIAP-Puca shungo 17.67 c 43.16 c 17.17 d 7.88 c 15.49 b 1.94 c

Fertilizer treatment

ZnFe soil 23.84 a 63.62 a 27.89 ab 13.08 a 16.28 abc 8.64 a

Zn soil 23.10 a 55.92 b 26.77 ab 12.00 ab 18.63 a 7.13 ab

Zn foliar 22.36 a 60.56 ab 28.45 ab 11.01 ab 18.00 ab 6.66 ab

Fe foliar 23.20 a 57.89 ab 26.30 b 11.62 ab 14.97 abc 5.48 bc

Fe soil 23.90 a 60.18 ab 29.22 a 11.17 ab 14.20 bc 4.46 c

Control 22.14 a 59.31 ab 28.03 ab 10.19 b 13.84 c 4.22 c

Mean 23.09 59.58 27.78 11.50 15.77 6.10

Values in the same column followed by the same letter are not significantly different according to Tukey’s test (P < 0.05)
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trials (ANOVA, P value <0.005 for all comparisons)
(Table 14). AmaximumZn application level for increas-
ing tuber Zn concentration was not identified. The data
did not approximate a distinguishable saturation range,
but rather approximated linear responses (Table 13).

The residual Zn concentrations (mean ± standard er-
ror, mg kg−1) in the soil at harvest in the treatments with
soil applied Zn were for Pusniag: control = 0.48 ± 0.08,
Level 1 = 2.48 ± 0.79; Level 2 = 7.38 ± 1.33; Level 3 =
6.10 ± 1.70; Level 4 = 4.28 ± 0.49; and Cortijo bajo:
control = 2.3 ± 0.07; Level 1 = 2.53 ± 0.28; Level 2 =
6.08 ± 1.13; Level 3 = 6.78 ± 1.21; Level 4 = 11.1 ±
1.15. The residual Zn concentrations (mean ± standard
error, mg kg−1) in the soil at harvest in the treatments
with foliar applied Zn were for Pusniag: control = 0.38
± 0.085, Level 1 = 0.4 ± 0.07; Level 2 = 0.53 ± 0.131;
Level 3 = 0.38 ± 0.09; Level 4 = 0.50 ± 0.09; and
Cortijo bajo: control = 1.45 ± 0.07; Level 1 = 1.35 ±
0.10; Level 2 = 1.18 ± 0.18; Level 3 = 2.13 ± 0.13;
Level 4 = 2.30 ± 0.07.

Discussion

This study showed that simple fertilizer practices en-
hancing Zn supply to potato plants can increase the Zn
concentration of potato tuber flesh and peel. The exper-
iments showed a statistically significant effect of foliar
and soil applied Zn fertilization on potato tuber Zn
concentration. All Zn rates tested in the pot and field
experiments resulted in relatively constant increases of
tuber Zn with an increase in Zn fertilizer rate without
affecting tuber yield negatively. Thus, the results con-
firmed a proof of concept that Andean potato cultivars
can be agronomically Zn-biofortified with Zn fertilizers,
and future research should aim at determining a maxi-
mum limit to Zn fertilizer biofortification by taking into
consideration further elevated rates of Zn application to
the potato crop and determine economic optimum rates,
which were not considered in our study.

The field trials with Fe and Zn fertilizers showed a
significant effect of the Zn fertilizer treatments on tuber

Table 7 Individual analysis of variance (ANOVA) for main plot effect cultivar and subplot effect fertilizer treatment (zinc and/or iron) on
concentration of iron (Fe) in peeled tubers in 3 potato trials in Ecuador with Fe and Zn fertilizer from 2012 to 2014

Trial 1 Trial 2 Trial 3

Source df MS P > F df MS P > F df MS P > F

Total 100 118 117

Block 3 1.36 0.7851 3 124.2 0.093 3 7.058 0.445

Cultivar (V) 4 255.27 <0.0001 4 5431 <0.0001 4 1433.36 <0.0001

Main plot error 9 1.75 0.8982 12 160.6 0.003 12 33.42 <0.0001

Fertilization (F) 5 10.37 0.0288 5 131.8 0.048 5 21.93 0.023

V x F 20 3.65 0.5292 20 67.92 0.266 20 15.98 0.0148

Sub-plot error 59 3.83 74 55.84 73 7.84

Table 8 Individual analysis of variance (ANOVA) for main plot effect cultivar and subplot effect fertilizer treatment (zinc and/or iron) on
concentration of zinc in peeled tubers in 3 potato trials in Ecuador with Fe and Zn fertilizer from 2012 to 2014

Trial 1 Trial 2 Trial 3

Source d.f. MS P > F d.f. MS P > F d.f. MS P > F

Total 108 113 119

Block 3 1.81 0.7627 3 83.1 0.007 3 4.95 0.4491

Cultivar (V) 4 255.56 <0.0001 4 152.7 <0.0001 4 250.39 <0.0001

Main plot error 11 11.16 0.0153 12 63.69 0.0007 12 10.01 0.0625

Fertilization (F) 5 21.37 0.0013 5 77.19 0.003 5 57.81 <0.0001

V x F 20 5.40 0.3255 20 26.72 0.148 20 9.26 0.0582

Sub-plot error 65 4.69 69 18.94 75 5.54
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Zn concentrations (Table 8); reaching about a 2-fold
increase across cultivars (Table 6). The finding that
potato can be Zn-biofortified with soil applied Zn stands
apart from previous publications that have indicated that
Zn biofortification of potato tubersmay best be achieved
with foliar Zn applications because of low phloem mo-
bility of Zn and low functional xylem continuity to
potato tubers from roots (Fontes et al. 1999; Rengel
et al. 1999; Waters and Sankaran 2011; White et al.
2012; White and Broadley 2011). Soil chemical factors
such as low pH in the Ecuadorian soils, and potato
genotypic factors, may be some of the reasons for the
good effectiveness of the soil Zn treatments in these
experiments. To elucidate the efficacy of soil and foliar
applied Zn rates a second set of field experiments was
done. These experiments, conducted simultaneously at
two sites in farmers’ fields in the province of
Chimborazo, resulted in a 2.51-fold tuber Zn increase
from foliar Zn applications, and a 1.91-fold tuber Zn
increase from soil Zn applications (Table 13). The tuber
Zn increase from the foliar applications was, thus,

slightly higher than the 2-fold increases found in studies
with foliar applied Zn sulphate and Zn oxide in potato
trials in Scotland (White et al. 2012), and considerably
higher than the increases seen in a study done with Zn
fertilizer with potato in Iran (Mousavi et al. 2007).

The highest tuber Zn and Fe concentrations were
found in the diploid cultivars Chaucha roja and
Chaucha amarilla (Table 6). The rankings of the culti-
vars according to the tuber concentrations of the two
minerals were identical indicating a positive correlation
between the genotypic concentrations of the two min-
erals, which was also found in previous work with
native Andean potatoes in Peru (Burgos et al. 2007)
and in other studies with potato (Carli and Khalikov
2008; Brown et al. 2010; Lefèvre et al. 2012). The
ranking of the cultivars was maintained at all sites and
following Fe and Zn fertilizer applications (Table 6).
The rate of increase of tuber Zn following Zn fertiliza-
tion was similar across cultivars. The diploid Chaucha
cultivars that showed high tuber Zn concentrations in
the absence of Zn ferti l ization also showed

Table 9 Mean extraction of iron and zinc (g ha−1) in peeled tubers of 5 Andean potato cultivars in 3 field trials in Ecuador from 2012 to 2014

Cultivar Tuber iron (g ha−1) Tuber zinc (g ha−1)

Trial 1 Trial 2 Trial 3 Trial 1 Trial 2 Trial 3

Chaucha roja 127.40 d 100.90 c 113.70 bc 88.51 ab 34.78 b 28.62 b

Chaucha amarilla 151.91 cd 157.30 b 124.48 a 92.90 ab 33.55 b 31.21 a

Coneja negra 237.82 a 158.36 b 102.08 c 100.71 a 48.44 ab 29.34 b

INIAP-Natividad 192.93 b 246.66 a 119.51 b 88.08 ab 55.31 a 17.74 bc

INIAP-Puca shungo 175.21 bc 141.92 bc 98.70 d 72.59 b 50.28 ab 10.51 c

Mean 177.05 161.03 111.69 88.56 44.47 23.48

Values in the same column followed by the same letter are not significantly different according to Tukey’s test (P < 0.05)

Table 10 Mean tuber yields (t ha−1) of potato cultivar INIAP-Natividad in 4 potato trials with zinc fertilizer rates at 2 sites in the Ecuadorian
Andes from 2013 to 2014

Zn rate Site: Pusniag Site: Cortijo bajo

Foliar application Soil application Foliar application Soil application

Level 4 20.0 a 21.4 a 72.2 a 71.7 a

Level 3 18.2 ab 19.7 a 73.3 a 73.6 a

Level 2 18.1 ab 20.7 a 69.1 a 70.2 a

Level 1 19.9 a 20.6 a 67.4 a 66.9 a

Control 16.7 b 20.9 a 74.9 a 70.5 a

Mean 18.6 20.7 71.4 70.6

Values in the same column followed by the same letter are not significantly different according to Tukey’s test (P < 0.05)
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correspondingly higher tuber Zn concentration follow-
ing foliar and soil applied Zn. Nevertheless, Zn soil
uptake and translocation to haulms and tubers may vary
significantly among cultivars. Many andigenum type
cultivars have different root system architecture com-
pared to tuberosum type cultivars (Iwama and Nishibe
1989; Wishart et al. 2013). The cultivar specific root
system architecture of the Andean cultivars tested in this
study, which could enhance functional xylem continuity
to tubers from roots, could explain the successful Zn
uptake from soil in this study compared to what could be
expected in tuberosum type cultivars.

The soil Zn concentration between 1.3 and 3.7 mg Zn
kg−1 (modified Olsen extract) at the sites used for this
study only resulted to be a yield limiting factor in the
trial with foliar applied Zn at the Pusniag site, the site
with the lowest natural soil Zn concentration among our
trials. At the other experimental sites the statistical anal-
yses did not reveal significant effects of the Zn fertiliza-
tion on plant production in terms of emergence, plant
height or tuber yield (number and weight of tubers). In a
similar study done recently in the Bolivian Andes,
Gabriel et al. (2015) found a positive yield effect of soil

Zn fertilization (5 to 15 kg Zn ha−1 as Zn sulphate) in
two native potato landrace cultivars. López et al. (2014)
found significant yield gains in diploid potato through
foliar applied EDTA-Zn chelate and soil applied Zn
sulphate in Colombia. The high organic matter content
and low pH causing high natural soil Zn availability in
the soils in Ecuador could have been reasons why we
did not detect a yield effect of the Zn treatments in all
trials, but could also be caused by other unidentified
confounding effects in the trials. A recent study done in
the coastal area of Peru, in a high pH and calcareous soil,
showed no effect of Zn sulphate applications (11 kg Zn
ha−1 to soil plus two foliar Zn applications) on yield or
tuber Zn concentration in Chilotanum Group cultivars
(Delgado Otero 2015).

The field trials resulted in high haulm Zn concentra-
tions in the trials with soil applied Zn (Table 13), which
indicates that Zn is xylem mobile as it was readily
translocated from potato roots to haulms. In the Zn-
sufficient control plants that had not received Zn fertil-
ization, the Zn concentrations in haulms were in a range
of 7 to 11 times higher than the Zn concentrations in
peeled tubers (Tables 13 and 14). This implies that the

Table 11 Individual analysis of variance (ANOVA) for Zn fertilizer effect, foliar or soil applications, on tuber yield (t ha−1) of potato cultivar
INIAP-Natividad in 4 potato trials at 2 sites in the Ecuadorian Andes from 2013 to 2014

Site: Pusniag Site: Cortijo bajo

Foliar application Soil application Foliar application Soil application

Source d.f. MS P > F MS P > F MS P > F MS P > F

Total 19

Block 3 9.98 0.0060 7.62 0.3374 56.51 0.2493 4.89 0.9346

Zn rate 4 7.77 0.0104 1.56 0.9009 37.53 0.4272 23.98 0.6172

Error 12 1.45 6.13 36.13 35.11

Table 12 Individual analysis of variance (ANOVA) for Zn fertilizer effect, foliar or soil application, on concentration of zinc in peeled
tubers of potato cultivar INIAP-Natividad in 4 potato trials at 2 sites in the Ecuadorian Andes from 2013 to 2014

Site: Pusniag Site: Cortijo bajo

Foliar application Soil application Foliar application Soil application

Source d.f. MS P > F MS P > F MS P > F MS P > F

Total 19

Block 3 0.46 0.9597 6.14 0.2377 0.10 0.7387 0.57 0.0010

Zn rate 4 44.78 0.0011 44.16 0.0004 12.40 <0.0001 5.46 <0.0001

Error 12 4.74 3.80 0.24 0.05
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sink strength of potato haulms is approximately ten-fold
higher than that of potato tuber flesh, which is linked to
the different functional tissues in the plant organs, but
also to low phloem mobility of Zn (White and Broadley
2011; White et al. 2012). The upper limit to agronomic
Zn biofortification of potato tubers may, therefore, not
lie far from the 2.5-fold magnitude found in this study,
which corroborates the results of a previous study by
White et al. (2012). The interpretation of haulm Zn
concentrations of plants that had received foliar Zn
sprays should be done with care, as the reported con-
centrations (Table 14) may have included Zn deposited
on foliage that had not passed the plant cuticle despite
careful rinsing of haulms prior to analysis.

The study did not produce proof-of-concept results
that fertilization with Fe fertilizers can increase Fe con-
centrations in Andean potatoes. The greenhouse pot ex-
periments showed no positive correlation between Fe
fertilization and Fe concentration in tubers (Fig. 1). The

Fe concentration in peeled tubers of cultivar INIAP-
Natividad was significantly reduced and not increased
when adding foliar applied Fe to the soil applied Fe.
Indeed, the majority of the plants in the pot experiments
that received foliar Fe showed Fe toxicity symptoms on
leaves in both cultivars. It is possible that the unsuccess-
ful effect of the Fe foliar applications was related to the
Fe-EDTA compound used, which may have penetrated
poorly through the leaf surface, because of low humidity
in the greenhouse and high points of deliquescence
known of chelates (Schönherr et al. 2005). The Fe treat-
ments in the field experiments, likewise, did not increase
Fe concentration in tubers (Table 6). The high rate of Fe-
EDTA used in these experiments may not have been the
optimal foliar Fe applicationmethod. Future work should
explore alternative foliar application methods, e.g. with
the use of an appropriate surfactant and Fe sulphate,
which has resulted in successful root translocation in
tomato, another Solanaceae (Carrasco-Gil et al. 2016).

Table 13 Mean zinc concentration (mg Zn kg−1 dry weight) in flesh and skin of tubers of potato cultivar INIAP-Natividad as response to 5
foliar and 5 soil applied Zn fertilization rates in 4 potato trials at 2 sites in the Ecuadorian Andes in 2013 to 2014

Zn rate Site: Pusniag Site: Cortijo bajo

Foliar application Soil application Foliar application Soil application

Flesh Skin Flesh Skin Flesh Skin Flesh Skin

Level 4 15.20 a 28.95 a 17.60 a 38.60 a 9.28 a 16.90 a 7.53 a 16.90 a

Level 3 11.40 ab 24.65 ab 16.45 ab 29.92 b 7.78 b 15.68 ab 6.68 b 14.20 ab

Level 2 11.10 ab 22.70 abc 15.13 ab 26.70 bc 7.27 b 13.10 bc 6.10 c 13.20 ab

Level 1 9.18 bc 20.40 bc 12.90 bc 25.25 bc 6.82 b 12.15 cd 5.50 d 11.60 b

Control 6.05 c 15.85 c 9.20 c 19.82 c 4.43 c 9.60 d 4.45 e 10.70 b

Values in the same column followed by the same letter are not significantly different according to Tukey’s test (P < 0.05)

Table 14 Mean zinc concentration (mg Zn kg−1 dry weight) in roots and haulms of potato cultivar INIAP-Natividad as response to 5 foliar
and 5 soil applied Zn fertilization rates in 4 potato trials at 2 sites in the Ecuadorian Andes in 2013 to 2014

Zn rate Site: Pusniag Site: Cortijo bajo

Foliar application Soil application Foliar application Soil application

Roots Haulms Roots Haulms Roots Haulms Roots Haulms

Level 4 109.80 a 163.85 a 664.05 a 242.50 a 73.85 a 71.38 a 117.82 a 76.15 a

Level 3 88.13 a 129.50 ab 458.40 b 195.97 ab 67.38 a 62.95 ab 92.15 ab 66.40 ab

Level 2 85.42 a 105.90 bc 417.35 b 177.18 ab 65.15 a 59.28 abc 87.58 ab 62.35 b

Level 1 58.43 b 99.28 bc 230.63 c 140.20 bc 55.75 ab 53.10 bc 79.48 b 57.65 bc

Control 42.70 b 76.58 c 70.40 d 85.00 c 42.48 b 45.50 c 60.52 b 48.40 c

Values in the same column followed by the same letter are not significantly different according to Tukey’s test (P < 0.05)
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A recent study in Bolivia with two Andean potato
cultivars receiving Fe sulphate (10 to 40 kg Fe ha−1)
applied to the soil before planting also resulted in un-
successful translocation of Fe to tubers (Gabriel et al.
2015). The fact that Fe applied to the rhizosphere is
quickly converted into plant-unavailable Fe3+ forms,
and the fact that Fe has low xylem mobility and trans-
location capacity in the potato plant limits the prospect
of biofortifying potatoes with Fe fertilizer (Rengel et al.
1999; Rashid and Ryan 2004; White and Broadley
2011). Future studies should investigate which soil fac-
tors could eventually be managed to stabilize tuber Fe
output across environments and ensure that a higher part
of the total soil Fe becomes plant available and is taken
up by roots, e.g., the usage of acidifying fertilizers, such
as urea or ammonium fertilizers, or inoculating soils
with mineral solubilizing microorganisms, such as Zn
and Fe transporting arbuscular mycorrhizal fungi
(Lehmann and Rillig 2015) or siderophore producing
bacteria that make Fe plant available through chelation
(Velivelli et al. 2014).

Zinc sulphate has been widely used to biofortify
crops with Zn (White and Broadley 2011; Velu et al.
2014) and also as foliar applications in potato (White
et al. 2012). Chelates have also been used although to a
lesser extent because of their higher price. Chelates
generally offer a nutrient use efficiency up to 5 times
higher than that of inorganic salts, but the price is also 5
to 10 times higher (Alloway 2008). The various forms
of Zn and Fe fertilizer and ways of applying to the potato
crop may influence the efficiency of uptake and trans-
location to tubers differently. In our trials we used amino
acid based and chelated Zn and Fe fertilizers because
they were commonly used and readily available in
Ecuador, to avoid an effect from the sulfur in sulphates,
and with the objective to study fertilizer forms more
likely to be taken up and translocated to tubers. The
rates used were about 2 to 5 times higher than the
manufacturers’ recommendations for adjusting mineral
concentrations for optimal potato production and con-
siderably higher than rates used in common practical
agriculture. Although a concomitant negative effect of
Fe application on yield was seen, no negative effect of
foliar Zn applications were seen in this study, in contrast
to the negative potato yield effects indicated in previous
studies when applying high rates of ZnSO4 or ZnO to
ChilotanumGroup cultivars (White et al. 2012; Delgado
Otero 2015). For practical recommendations on agro-
nomic biofortification of potato with Zn additional

studies are needed to define economic optimal com-
pounds, application methods and rates. Furthermore,
care should be taken to avoid significant and potentially
toxic increases in total soil zinc concentrations follow-
ing continuous application of high soil Zn rates (20 to
40 kg ha−1). The residual value of such high applications
may serve for more than the normal recommended
potato rotation period of 4 years.

The field trials were conducted under varying grow-
ing conditions and soils, and a strong site effect on tuber
mineral concentrations, associated in part to tuber
yields, was evident among trials. The variation among
trial sites and planting dates serves to represent some of
the large variation found among potato growing envi-
ronments in the Ecuadorian Andes, where potato is
grown year-round, and not uncommonly in soil and
altitudes above 3500 m.a.s.l. The largest variation in
Fe concentration in peeled tubers was seen in cultivar
INIAP-Natividad between Trial 1 and 2 with a 3-fold
difference in Fe concentration (Table 6). The largest
variation in Zn concentration in peeled tubers was seen
in cultivar INIAP-Puca shungo between Trial 2 and 3
with a 8-fold difference caused by the very low tuber Zn
concentration in Trial 3 (1.94 mg kg−1 dw) (Table 6).
Previous studies have shown similar strong site effects
on tuber mineral concentrations (Burgos et al. 2007;
Brown et al. 2010; Haynes et al. 2012; Nassar et al.
2012). Burgos et al. (2007) reported a variation in tuber
Fe concentration in the 3-fold range among sites in Peru,
whereas Brown et al. (2010) reported a 4-fold difference
in Fe tuber concentrations among sites in the United
States. It is noteworthy that the sites in our trials
resulting in the lowest tuber Zn concentrations, Tunshi
and Cortijo Bajo, were sites with high soil calcium
concentrations and relatively high pH.

The Fe and Zn concentration in tubers was strongly
associated with tuber yield. In the field trials with Fe and
Zn fertilizer, the Pearson correlation coefficients between
tuber mineral concentrations and yield were all negative
and highly significant. Tuber bulking and increased yield
diluted Zn and Fe in tuber tissue in agreement with
previous studies (Kolbe and Stefan-Beckmann 1997;
White et al. 2009). Environmental and genetic factors
that affect tuber size are, therefore, important to consider
in any potato biofortification effort.

Interestingly, the accumulation of Zn in tubers ap-
peared to be affected by other site effects than the yield
factor affecting mineral concentrations in tubers nega-
tively. In the field trials with Fe and Zn fertilizer, tuber
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yield was highest in Trial 1 and tuber Zn was lowest in
Trial 3. The zinc extraction taken by tubers was, thus,
lowest in Trial 3 (Table 9). The low tuber Zn concentra-
tions found in this trial in both soil and foliar applied Zn
treatments may have been related to a number of factors
affecting the Zn mobility in the plants; the high soil pH,
the high natural soil Ca concentration (Miyasaka and
Grunes 1997; Alloway 2008; Iratkar et al. 2014), en-
hanced P availability (Alloway 2008; Yang et al. 2011)
and low organic matter content at this site (Iratkar et al.
2014), but could also be related to the use of calcium
nitrate fertilizer instead of ammonium nitrate or the
intensive gravity irrigation used in this trial that could
have affected the root systems and the plants’ capacity
to capture soil nutrients (Opena and Porter 1999; Lahlou
and Ledent 2005) or even caused increased leaching of
the applied soil fertilizer.

Taking into account the low soil Zn level in Andean
soils (Beek and Bramao 1968; Alloway 2008) that ap-
pear to be a major factor causing low human Zn intake,
agronomic Zn biofortification of potato may prove to be
an important approach to improve the critical human Zn
status in the Andes. The International Potato Center
currently has more than fifty genetically biofortified
potato clones with the capacity to absorb and contain
more than 35 mg Zn and 35 mg Fe kg−1 tuber flesh dw.
A strategy of combined approaches supporting the syn-
ergy between genetic and agronomic biofortification
could ensure a wider value of both approaches. Future
research should aim at determining economic optimum
Zn rates, Zn fertilizer types and application methods,
e.g. in combination with fungicide sprays to reduce the
cost of application, considering significant residual ef-
fects from soil applications and the potential high syn-
ergy between Zn accumulating cultivars and Zn appli-
cations. Systematic surveys and mapping of plant avail-
able soil Zn concentrations across the Andes and other
areas with apparent low soil Zn levels would aid the
identification of areas with high potential for impact
from Zn biofortification.

Conclusion

The results confirmed the proof of concept that Andean
potato cultivars can be agronomically Zn-biofortified
with foliar and soil applied Zn fertilizers. High rates of
foliar Zn application reached a 2.51-fold tuber Zn in-
crease, and high rates of soil Zn application a 1.91-fold

tuber Zn increase in the field trials. A maximum Zn
application level for increasing tuber Zn concentration
was not identified, and a concomitant negative effect of
high Zn applications on tuber yield or plant growth was
not seen with the edaphic conditions, fertilizer types and
cultivars of this study. Tuber Fe concentrations of
Andean potatoes were not increased with Fe fertilization.
The Fe and Zn concentrations in tubers were negatively
correlated with tuber yield. The study showed a clear Zn-
biofortification effect across environments, but also a
strong effect of site on the concentration of Zn in tubers
that was not related to the dilution effect caused by
increased yield, but more likely related to the chemical
composition and physical characteristics of the soils. This
research shows that application of Zn fertilizers or Zn-
enriched NPK fertilizers offer a prompt solution to in-
creasing the Zn concentration in Andean potato tubers,
and represents a useful complementary approach to on-
going breeding programs. However, care should be taken
to avoid significant and potentially toxic increases in total
zinc concentrations of soils following continuous appli-
cation of high soil Zn rates. High levels of Zn in potato
tubersmay significantly improve the diets of Zn-deficient
populations with high intake of potato and contribute to
better nutrition. Considering a daily consumption of 400
to 800 g of unpeeled potato per day in rural populations
of the Andes, a strategy combining synergies between
genetic and agronomic biofortification could cover be-
tween 30 and 75 % of the estimated average adult re-
quirements for Fe and Zn. A governmental policy plan
for Zn fertilization in potato appears to be a reasonable
alternative for the Andean countries to reduce their high
human Zn deficiency rates.
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