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Abstract: Legumes such as faba beans (Vicia faba) are once again gaining popularity, especially
in Europe. This is due to the fact that they are an important source of plant-based proteins for
human as well as animal nutrition. In addition to a high protein content, faba beans have a wide
range of secondary plant metabolites (SPMs). Some of them, such as phytic acid (PA, inositol
hexakisphosphate), are discussed controversially with regard to their role as dietary compounds.
As ecophysiological conditions and agronomical practices are well known to alter SPMs in (food)
plants, it is hypothesized that the farming system has an impact on the overall SPMs content in
plants and there might be a correlation between organically grown bean samples and PA content.
Consequently, this study aimed at characterizing the German-wide variation in the PA content of
faba beans produced under real cultivation conditions. Influencing factors such as cultivar and use
of organic or conventional cultivation have been evaluated in order to reveal dependencies of PA
in legumes. All bean samples were obtained from different conventional and organic farms from
eleven German federal states over three consecutive cultivation years (2016-2018). However, beans
did not show annual effects in PA content. As expected, there were dependencies related to the
cultivar. Furthermore, significant differences between conventionally and organically grown beans
were found, independent of fungicide or insecticide use.

Keywords: phytic acid; faba beans (Vicia faba); conventional vs. organic cultivation; secondary plant
metabolite; legume

1. Introduction

Faba beans (Vicia faba) represent an important source of food for securing the protein
supply for humans and animals, accompanying the demand for vegan, sustainable, regional,
and GMO (genetically modified organism)-free alternatives to meat and soy products. They
provide a variety of different secondary plant metabolites (SPMs) such as tannins, protease-
inhibitors, saponins, and phytic acid (PA, inositol hexakisphosphate).

Of these compounds, PA accounts for the largest proportion with 0.5-1.8% of the total
dry weight of common faba beans [1]. It is the main storage source of phosphorus in plants
and accounts for about 85% of the total phosphorus content in cereals and legumes [2].
Depending on the plant family, PA is localized in different plant compartments. In legumes,
it is present in the cotyledons and in cereals, predominantly in the aleurone layer [3]. When
the seeds are irrigated, germination starts and naturally occurring phytases are activated [4].
These hydrolyze the PA stored in the seeds, releasing phosphate and complexed minerals,
making them available to the seedling. Despite this elemental function for the plant as
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an early nutrient source for the seedling, a high PA content is discussed controversially,
especially with regard to the nutritional quality of legume products for consumption
by various animal species. This is due to the fact that PA can interact with minerals,
trace elements, and proteins and consequently diminish the uptake of these indispensable
compounds. In particular, divalent cations like zinc, iron, calcium, and magnesium form
stable chelate complexes with PA that pass through the gastrointestinal tract and are
excreted without nutrient utilization [5]. PA—protein interactions are primarily problematic
in the inhibition of digestive enzymes, as this can hinder the absorption of further nutrients
as well [6]. Ruminants, due to their special gut microbiota, are able to cleave PA and PA-
protein complexes, allowing the released phosphate to be utilized by the animal. In contrast,
in monogastric animals (e.g., pigs, poultry, humans), the bioavailability of phosphate from
PA is almost non-existent and it may be excreted with the complexation of minerals or
proteins [7]. In addition to the possible loss of minerals and proteins in animals, phosphate
enrichment takes place in the excreta and thus, in soils and water. To counteract these
phenomena, bacterially produced phytases are used more and more frequently in animal
nutrition. These are usually added to the feed as a powder and activated after contact with
body fluids (e.g., saliva, gastric juice) [7].

However, a reduction in PA content does not necessarily need to be forced, as recent
studies showed that PA consumption can also provide beneficial properties. These include
possible protection against several types of cancer due to its antioxidant properties, the
interruption of cellular signal transduction pathways, and the enhancement of natural
killer cells [1]. Additionally, the key functions of PA and its precursors (myo-inositol and
lower inositol phosphates) for the plant itself must be considered. PA is a cofactor for
phytohormone (e.g., jasmonic acid, auxin) receptors and a cofactor of the mRNA nuclear
export [8,9]. Disruption of the phytate pathway has been reported to alter plant responses to
biotic and abiotic stress (e.g., osmotic, drought, freezing temperature, oxidative stress) [10].

In this context, dependence on the cultivation method represents a factor that has
not yet been comprehensively assessed. Conflicting results are described in the literature.
An overview of the impact of the farming system (conventional vs. organic) on the SPM
profile and their contents is provided by Winter and Davis [11]. SPM-like PAs are generally
compounds that are not directly involved in plant growth, development, or reproduction,
but usually offer some benefits (e.g., increased plant defense against predators). Most of
the studies suggest that organic farming practices promote the formation of SPMs, because
they may potentially be grown under more or less stressful conditions [12-14]. However,
most of these studies focused primarily on polyphenols. As PA is kind of bipolar in its
biochemical function (cofactor vs. defense) as well as its nutritional properties (phosphate
supply vs. complexation of minerals), its formation under certain influencing factors needs
to be revaluated.

The evaluation of such influencing factors requires large sample sets for the identi-
fication and a potential assignment of certain responsibilities and dependencies. In the
nationwide German project Demonstrationsnetzwerk Erbse-Bohne (DemoNetErBo, Exemplary
demonstration network for expanding and improving the cultivation and utilization of peas and
beans) funded by the German Federal Ministry of Food and Agriculture (BMEL) and the Ger-
man Federal Office for Agriculture and Food (BLE), the aim was to close the gap between
scientific studies and recommendations for farmers. Thus, the network DemoNetErBo
provided a unique sample set of faba beans grown under non-designed real cultivation
conditions all over Germany for an evaluation of selected quality parameters such as PA.

The aim of this present study was to correlate the PA content of faba beans with signif-
icant influence factors and pre-requisites of certain cultivation sites in Germany. Besides
this, the genotype-associated traits, correlations, and cultivation conditions (conventional
vs. organic) were also investigated.
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2. Materials and Methods
2.1. Bean Samples

The present set of samples was part of the German national project Demonstrationsnet-
zwerk Erbse-Bohne (DemoNetErBo, Exemplary demonstration network for expanding and
improving cultivation and utilization of peas and beans). Farmers involved in the project
provided a sample set of 162 faba bean samples (Vicia faba) over three different cultivation
years (2016, 2017, and 2018). Whole legume seeds were obtained from 75 different conven-
tional and organic farms from all over Germany. Bean pods were harvested with machines,
and seed samples were selected randomly from the harvester’s storage tank. The sam-
ple material was cultivated under authentic growth conditions without any specific field
trial design. Within DemoNetErBo, official agricultural advisors from each federal state
supervised and accompanied each farm, and, in the case of ecologically cultivated samples,
special advisers from major well-known international associations for organic agriculture
provided their support as well. Farmers were asked to provide additional information
with a questionnaire for the specific sample. Here, farmers recorded information about
cultivars and cultivation conditions such as the name of the cultivar, cultivation practice,
and geographical coordinates. Additional data (e.g., usage of fungicides/insecticides) were
provided voluntarily by the farmers. In some cases, detailed information was not or could
not be provided, and no precise information can be given on which chemicals were used as
fungicides and insecticides in detail; it was only possible to assess whether or not treatment
took place. This was also with regard to any possible treatment, i.e., fertilizers that are
allowed for organic farming in Germany.

Whole dry bean seeds were milled to a fine flour (particle size < 500 um) using an
analysis mill A11 basic IKA-Werke GmbH & Co. KG, Staufen, Germany). The dry mass of
the flour was estimated with a moisture analyzer HR73 (Mettler Toledo International Inc.,
Columbus, OH, USA). In Germany, all quality values are calculated with a regard to a dry
matter basis of 86%.

2.2. Chemicals

The enzymes phytase (12,000 U/mL) and alkaline phosphatase (ALP; 80 U/mL) as
well as a phosphate standard solution were supplied as part of the commercially available
Total Phosphorus and Phytic Acid Assay Kit (Cat. No. K-PHYT) obtained from Megazyme
International Ltd. (Bray, Ireland).

Ammonium molybdate, ascorbic acid, glycine, magnesium chloride hexahydrate, sodium
acetate trihydrate, and zinc sulphate heptahydrate were obtained from Sigma-Aldrich Chemie
GmbH (Taufkirchen, Germany). Hydrochloric acid (37%), trichloroacetic acid and sodium
hydroxide pellets were obtained from Carl Roth GmbH & Co. KG (Karlsruhe, Germany).
Sulfuric acid (95%) was purchased by Griissing GmbH (Filsum, Germany).

2.3. Determination of the PA Content

A colorimetric method was used to perform the quantitative analysis of PA in the bean
samples [15]. The assay is based on a reaction of phosphorus and ammonium molybdate.
The deviation of phosphorus released by enzymatic hydrolysis and total phosphorus
content represents the phosphorus solely released by PA (and related inositol phosphate
derivatives). The original photometric analysis for single samples was optimized for a high
throughput analysis using a plate-reader photometer. Basically, solution volumes were
reduced, but with consideration given to retaining the pH value and reaction solution/color
reagent ratio.

Color reagent (sulfuric ascorbic acid and ammonium molybdate solution), ALP
assay buffer (400 mM glycine, 4 mM magnesium chloride, and 0.4 mM zinc sulphate,
pH 10.4), and phytase assay buffer (200 mM sodium acetate, pH 5.5) were prepared ac-
cording to McKie (2016). Phosphorus stock solution (50 pg/mL) was diluted to obtain
seven standard solutions (0.625, 1.25, 2.50, 3.75, 5.00, 6.25, and 7.50 ug/mL) for external
photometric calibration.
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2.3.1. Sample Extraction

For the extraction, 1 mL hydrochloric acid (0.66 M) was added to 40-50 mg of the
bean flour and mixed with vigorously stirring for 2 h at ambient temperature. Afterwards,
samples were centrifuged at 10,000x g for 10 min. A total of 0.5 mL of the supernatant
was transferred to a fresh 2-mL tube and neutralized by the addition of 0.5 mL sodium
hydroxide (0.75 M).

2.3.2. Photometric Determination of Total and Free Phosphorus

To consider the natural occurring free phosphorus, each sample extract was applied
to a “total phosphorus” reaction and a “free phosphorus” reaction. The total phosphorus
reaction contained phytase assay buffer (200 uL), sample extract (50 pL), and phytase
at 12,000 U/mL (20 uL). The free phosphorus reaction contained phytase assay buffer
(200 pL), distilled water (20 puL), and sample extract (50 uL). Reaction solutions were mixed
thoroughly and incubated at 40 °C for 10 min, while shaking at low intensity (250 rpm).
After incubation, ALP assay buffer (200 uL) was added to all samples and, subsequently,
20 uL. ALP (80 U/mL) for the total phosphorus reaction or 20 pL distilled water for the
free phosphorus reaction. All solutions were mixed thoroughly and incubated at 40 °C
for 15 min while shaking at low intensity (250 rpm). All reactions were terminated by the
addition of 150 pL trichloroacetic acid (50%, w/v) and thoroughly mixing using a vortex
mixer, followed by centrifugation at 10,000 g for 10 min. A quantity of 100 uL supernatant
was transferred into a well of a 96-well plate. A total of 200 uL color reagent was added
to each well and incubated in the dark at 40 °C for 1 h. Photometric determination was
carried out at 655 nm with a Synergy™ HT microplate reader (Biotek Instruments Inc.,
Winooski, VT, USA). The results of the PA analysis are listed in Supplementary Table S1.

2.4. Statistical Analysis and Processing

The calculated phytic acid content (PA) in the bean flour was standardized for a dry
mass (DM) of 86% which is a usual value for marketing legumes. The statistical analysis
was carried out by SPSS® Statistics software (IBM, version 26). Here, the unpaired f-test and
ANOVA were used as the data were parametric. For the statistical evaluation, a significance
level of p < 0.05 was set.

3. Results
3.1. Influence of the Cultivar on the PA Content

First, the faba bean samples were analyzed with regard to cultivar, as genotype is
a main influencing factor for the composition of metabolites in a plant. Over the three
cultivation years (2016, 2017, and 2018) under observation, a total of 16 different bean
cultivars were grown in Germany (Figure 1; Table 1). While the cultivars Julia (1.37 g/100 g),
Gloria (1.35 g/100 g), and Bioro (1.30 g/100 g) showed the highest average of PA contents,
Hiverna (0.80 g/100 g), Boxer (0.82 g/100 g), and Scirocco (0.91 g/100 g) provided generally
the lowest values.

3.2. Annual Effects on PA Content

Besides genotype, ecophysiological factors play a dominant role for influencing the
composition, especially that of secondary plant metabolites, of crops. This consequently
might result in annual effects, due to a different extent of temperature and precipitation,
but also a change in soil composition, when different cultivation sites are used, as is
obviously done in crop rotation. Further factors might be the use of fertilizers and crop
protection agents. However, results of the present study showed no significant differences
(p = 0.138) in the year-to-year comparison (Figure 2; Table 2). The year 2016 showed slightly
higher levels of PA (1.08 £ 0.20 g/100 g) than the other two years. The year 2017 showed
marginally lower PA contents (1.00 £ 0.21 g/100 g). In 2018, despite the lowest number of
samples and the reduced cultivar diversity, the ranges were the largest.
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Figure 1. Distribution of phytic acid content (g/100 g) of all three years depending on cultivar; all
cultivars significant at p < 0.01. t-test between lowest (Hiverna) and highest (Julia) PA mean values (x)
significant at p < 0.01 (**). ° = outlier values.

Table 1. Phytic acid content (g/100 g) of all three years depending on cultivar; all cultivars significant

atp <0.01.

Cultivar n Mean + SD Min Max
Bilbo 10 1.21 £0.16 0.96 1.54
Birgit 8 0.93 £0.23 0.71 1.36
Bioro 5 1.30 +0.27 0.84 1.53
Boxer 3 0.82 +£0.17 0.64 0.98

Detpop 1 1.24 - -

Espresso 3 0.94 +0.13 0.79 1.02
Fanfare 43 1.02+0.17 0.55 1.35
Fuego 45 0.99 +£0.18 0.67 143
Gloria 1 1.35 - -
Isabell 1 0.97 - -

Hiverna 1 0.80 - -
Julia 3 1.37 £0.22 1.18 1.61

Scirocco 2 0.91 £ 0.35 0.66 1.15
Taifun 12 1.07 +0.23 0.72 1.45

Tangenta 1 1.09 - -
Tiffany 23 1.07 £ 0.25 0.61 1.54
total 162 1.04 +0.21 0.55 1.61

Table 2. Phytic acid content (g/100 g) per year; all not significant (p > 0.05).

Year n (Samples) n (Cultivars) Mean + SD Min Max
2016 57 11 1.08 £ 0.20 0.76 1.61
2017 66 12 1.00 £ 0.21 0.61 1.42
2018 39 8 1.05 +0.24 0.55 1.54

total 162 16 1.04 £0.21 0.55 1.61
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Figure 2. Distribution of phytic acid content (g/100 g) per year; nygi¢ = 57; npp17 = 66; nyp18 = 39;
Nyotal = 162; all not significant (p > 0.05). PA mean values (x), © = outlier values.

3.3. Influence of the Cultivation System (Conventional vs. Organic) on the PA Content

Organic farming has become increasingly important in recent years. Consumers are
paying more and more attention to sustainable cultivation and short transport routes.
The use of pesticides is generally not appreciated as well. This development is leading
to changed growth conditions for the plant, especially with regard to parameters such
as the application of crop protection agents and fertilization. These parameters allow a
categorization into conventional vs. organic cultivation conditions.

In the present study, a very significant difference in PA content was shown between
conventional and organic cultivation (Table 3). Significantly lower PA contents were found
for conventional cultivation than organic cultivation (p < 0.01).

Table 3. Phytic acid content (g/100 g) of all three years, depending on cultivation type; both groups
significant at p < 0.01 (*) compared to each other.

Cultivation System n Mean + SD Min Max
Conventional * 115 0.99 + 0.19 0.55 1.45
Organic * 47 1.16 £0.23 0.66 1.61
total 162 1.04 £0.21 0.55 1.61

3.4. Influence of Fungicide Treatment on Phytic Acid Content

One of the treatments often differing between conventional vs. organic cultivation
conditions is the use of certain fungicides. In the present study, a very significant difference
in PA levels within all crop years between fungicide-treated and non-fungicide-treated faba
beans was shown (Table 4). Significantly lower PA levels were found in fungicide-treated
samples compared to the non-fungicide-treated samples (p < 0.01).
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Table 4. Phytic acid content (g/100 g) of all three years, depending on fungicide usage; both groups
significant at p < 0.01 (*) compared to each other.

Fungicide Usage n Mean + SD Min Max
yes * 75 0.96 £ 0.18 0.55 1.45
no* 77 1.11 +£0.22 0.63 1.61
total 152 1.04 £ 0.22 0.55 1.61

3.5. Influence of Insecticide Treatment on Phytic Acid Content

Similarly to fungicide treatment, treatments with insecticides might also point at
organic cultivation. A very significant difference in the PA content of faba beans within
all crop years between insecticide-treated and non-insecticide-treated beans was shown
(Table 5). A significantly lower PA content was found in insecticide-treated samples
compared to non-insecticide-treated.

Table 5. Phytic acid content (g/100 g) of all three years, depending on insecticide usage; both groups
significant at p < 0.01 (*) compared to each other.

Insecticide Usage n Mean + SD Min Max
yes * 75 0.97 +£0.19 0.55 1.45
no* 83 1.11+0.21 0.66 1.61
total 158 1.04 £0.21 0.55 1.61

3.6. Cross-Correlations of Farming System and Fungicide-/Insecticide-Usage

To test the interaction between the different parameters the following cross-correlations
were performed. Selected criteria were ‘conventional cultivation,” ‘organic cultivation,” and
whether a fungicide treatment (fungicide used/no fungicide used) or insecticide treatment
(insecticide used /no insecticide used) took place or not. An overview of the combination
of these criteria is given in Table 6. The question arose to what extent the results came from
surveyed parameters (such as fungicide/insecticide use) or from the parameters of the
respective cropping systems that could not be surveyed within the course of the project
(e.g., tillage, hummus thickness, fertilization, field rotation).

Table 6. Analysis of variance (t-test) concerning bean samples, farming system (conventional (con)
vs. organic (org)) and fungicide/insecticide usage (no/used) of all three cultivation years; cross-
correlations marked ().

o PA o g
No. Factor/Criteria n df (Mean Squares) Significance (p)

1 no fungicide x both farming 77 1 0273 0.018 *
systems (conv vs. org)

2 no insecticide x both farming 83 1 0303 0.009 **
systems (conv vs. org)

3 organic X fungicide 0 / / /

4 organic X insecticide 1 1 (0.005) (0.754 M)

5 conventional X fungicide 105 1 0.085 0.087 1

6 conventional X insecticide 111 1 0.076 0.114 "¢

S, * and **, respectively: non-significant, significant in 5% and 1% area; value in parentheses no validation due to
low sample size; slash means no samples with fitting criteria.

It became apparent that depending on the criteria, the selection of samples overlaps to
a large extent. This results from the fact that almost no fungicide or insecticide use took
place in organic farming (Table 6; correlations Nos. 3 and 4; n = 1). To allow an assessment of
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the farming system without the influence of fungicide and insecticide treatment, only bean
samples that were not treated by the farmers were included in that next comparison. As a
result, there are still significant differences in PA content between organic and conventional
cultivation in fungicide-untreated bean samples (Table 6; correlation No. 1; n = 77). For
insecticide-untreated samples, there is again a significant difference between organic and
conventional cultivation (Table 6; correlation No. 2; n = 83). Taking the remaining filter
criteria constellations into consideration, samples solely grown conventionally were now
also closely studied for an influence of fungicide (Table 6; correlation No. 5; n = 105) or
insecticide treatment (Table 6; correlation No. 6; n = 111). Here, a trend could be observed,
but there were no significant differences (p > 0.05). This again underlines that the fungicide
and insecticide treatments did not affect the PA content in beans significantly.

4. Discussion
4.1. Influence of Cultivation Year and Cultivar

The results show that the PA content in beans apparently depends on several factors.
The partially inhomogeneous overall sample composition due to the real samples set makes
it difficult to clearly attribute the results to a specific influencing factor. However, there
were significant differences in several cases, which allow a certain degree of discussion.

The average PA content over three years in the present study was 1.04 £ 0.21 g/100 g
(Table 1). Schlemmer et al. provided an overview of PA content in various legumes,
with values ranging from 0.51 to 1.77 g/100 g (100% dry weight) for faba beans [1]. The
current study showed a range of 0.51 to 1.61 g/100 g and, thus, it is in line with data from
the literature. The annual mean values and the deviation ranges differed only slightly.
This could indicate that annual factors (precipitation, solar radiation, temperature) play
only a minor role in the formation of PA. It is generally assumed that the biosynthesis of
phytate occurs in the cytoplasm [16]. When phosphorus enters the storage cells, there are
two biosynthetic pathways for the formation of PA. These are the lipid-dependent and
the lipid-independent pathway [17]. The lipid-independent pathway is more prominent
in seeds during seed development, while the lipid-dependent pathway is predominant
in all other plant organs [18]. The synthesized PA is transported by the ATP-binding
cassette of the multidrug resistance-associated protein 5 (MRP5) and stored in the vacuole
as phytates (salts of calcium, potassium, and magnesium) [19]. Raboy et al. detected PA in
early embryogenesis of soybean seeds and linear PA accumulation throughout the seed
development process [20]. Similar accumulation patterns were found in rice [21]. Compared
to soybeans, the genes responsible for PA synthesis are differentially expressed in wheat and
rice in the late stage of PA biosynthesis [22]. There are numerous examples for biosynthesis
being affected by exogenous factors [23]. Bloot et al. assumed that PA biosynthesis is
influenced by factors such as soil, fertilizer, plant hormones, climate, irrigation, temperature,
environmental conditions, plant genotype, geographical location, and germination time [24].
It can therefore be expected that these factors have an influence on the biosynthesis of PA
and, thus, on the total PA content in bean seeds. However, this effect seems to have been
marginal here or these factors might have compensated for each other.

As expected, significant differences were found between the different bean cultivars [2,3,25].
However, genotype determines phenotype and, thus, PA formation. The cultivar Hiverna is
of particular interest, as it was the only winter-grown bean cultivar in the present sample set.
It provided the lowest PA content (0.80 g/100 g; Table 2) of all 162 samples. Unfortunately,
only a single sample was available here, which is not very indicative in terms of possible
variation ranges and influencing factors. However, if this sample had been representative, it
would have contradicted the plant defense hypothesis (c.f. Section 4.2), as winter cultivars
are exposed to possible stress factors much longer than summer cultivars, due to the longer
residence time in the field. Thus, a higher PA content could have been expected.

When peas’ (Pisum sativum) cultivation period and nitrogen fixation were compared
during a single season, it was shown that peas sown in the winter (‘winter peas’) had
a higher protein content than summer pea cultivars [26,27]. Winter-sowing (or autumn-
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sowing) generally results in earlier initiation and a longer duration of development stages
than summer-sowing (or spring-sowing) [28]. Additionally, nitrogen fixation and accumu-
lation can be higher with earlier planting dates as shown for several legume genera [29,30].

4.2. Influence of Farming System (Conventional vs. Organic Cultivation)

The bean samples showed significant differences in PA content, depending on cul-
tivation system. Regardless of whether the total number of samples (Table 3) or only
the fungicide-/insecticide-untreated samples (Table 6; correlations Nos. 1 and 2) were
included, PA content was always significantly higher in organically grown beans. The fact
that insecticide/fungicide treatment does not have a remarkable effect could also be the
result of the physiological characteristics of legumes. In the present study, only seeds were
studied; the pod as a natural protective shell or the plant itself could be more affected as
the seeds are not directly exposed to these agrochemicals.

It is widely believed that organic farming practices are generally beneficial for in-
creasing the levels of SPMs in plants and fruits. For example, in a 10-year comparison of
organically and conventionally grown tomatoes, flavonoid content nearly doubled (79%
increase quercetin and 97% kaempferol) in the organic tomatoes compared to convention-
ally grown fruits [31]. The authors attribute the higher levels of secondary metabolites
mainly to two basic ideas: plant stress and resource availability [32]. When not using
synthetic pesticides in organic farming systems, plants are exposed to a number of biotic
stress factors. These include, for example, parasites, bacteria, fungi, and insect infestations.
These initiators of stress, which are more likely to occur in organic than in conventional
cultivation, stimulate the production of natural defense substances such as phenolic com-
pounds [11]. Feeding trials in chickens showed increased immune reactivity and a better
response to immune system challenges compared to chickens fed conventional beans [33].
The authors suggest that immune-related resilience in humans is also increased, as the
immune system is stimulated by high SPM levels, but quickly returns to homeostasis.
Baranski et al. even estimates that a switch to only organically grown crops instead of
conventionally grown crops could increase SPM intake by 20-60% (without an increase in
caloric intake). However, these extrapolations are based on polyphenol content [34].

The role of PA in the plant defense system is unclear. Although it is generally classified
as an SPM, its function remains primarily storing bound phosphate as a stock for the future
seedling. At the same time, its antinutritional properties remain and already lead to the
death of certain insect species in doses of around 1% [35].

Furthermore, it is partly difficult to compare studies of the influence of an organic culti-
vation system beyond national borders, because there are large differences in the individual
cultivation systems themselves. The division into ‘only” the two groups ‘organic” and
‘conventional’ results in a wide range of possible treatment methods, especially depending
on the crop and the country of cultivation. For example, according to European council
regulation (EC) No 834/2007, the use of a few, approved fungicides and insecticides is
permitted in organic farming for the cultivation of faba beans. In the present study, only one
out of a total of 78 organically grown bean samples was treated with insecticides (Table 6;
correlation No. 3; n = 1) and none with a fungicide (Table 6; correlation No. 4; n = 0). It
seems that in Germany, the extensive use of pesticides within the given governmental
framework in organic farming is not fully exploited. However, this could change in the
next few years in the course of climate change and the associated increase in the number of
pests and diseases.

As stated at the beginning of the discussion, the factors of insecticide and fungicide
usage can be excluded as distinguishing criteria in the present study, because non-treated
bean samples still show significant differences in PA content after excluding the treated
bean samples (Table 6; correlations Nos. 1 and 2). The question remains which influencing
factor causes a significant difference in conventionally and organically grown beans. A
major impact of the factors precipitation, solar radiation, and temperature would result in
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significant deviations between the annual mean values and variation. They are therefore
excluded, as annual effects were non-significant (c.f. Section 3.2).

It has been reported in the literature that high phosphate contents in the soil result
in high PA levels [36]. Conventional farming methods are usually characterized by the
high availability of selected growth resources (fertilization with N, P, and K). Unfortunately,
in the present study no data were available for the phosphate content of the soil. Even
though no specific data on fertilization were collected, it can be assumed that less fertilizer
is used in an organic farming system than in a conventional farming system. After all,
organic farming focuses on the conservation of resources and the environment. Assuming
that conventionally grown crops are fertilized more intensely (in parts excessively), i.e.,
receive an enhanced phosphorus supply, it might be expected that the PA content in
conventional crops is higher than in organically grown crops, which is in contrast to the
results of the present study. When considering fertilization, the soil microbiome must also
be considered. There are studies that indicate that the addition of organic matter (compost
or cow dung), especially in combination with lower amounts of mineral fertilizer, resulted
in better nodulation and crop yields compared to all mineral fertilizers [37,38]. This is
attributed to the increased phosphate solubility carried out by the microorganisms from
the rhizosphere [39]. On the other hand, it is also argued that N,-fixing organisms consume
more phosphate than non-N,-fixing organisms and, thus, less phosphate is available for
the legume plant [40]. Nevertheless, inferring dependence on the soil microbiome was not
part of the project. Following the carbon/nutrient balance hypothesis (CNBH), the amount
of C-based defending compounds increases in low-nutrient environments and decreases
in nutrient-rich environments (e.g., fertilized soils) [41]. On the other hand, Berger et al.
(1999) indicated that CNBH is not applicable to legumes, as legumes host atmospheric
fixing bacteria (rhizobia) and an increase in C-fixation would concurrently increase the
N-fixation rate [42].

In contrast to the plant defense hypothesis, no differences in PA content were found
between organic, conventional, and fertilizer-free cultivation in wheat trials [43]. However,
the focus there was only on the different fertilizer types (low, high, farmyard manure, all
mineral) as crop rotation, varieties, and tillage were the same in all systems [44]. Unfortu-
nately, there are no studies to date on the influence of cultivation system on the PA content
in beans. It is questionable whether the results from wheat can be transferred to pulses, as
PA is located in different seed compartments. Grain legumes such as faba bean (V. faba),
peas (P. sativum), and soybean (Glycine max.) form globoids in the protein storage vacuole
of the cotyledons [44]. Globoids are spherical inclusions with a high phytate content. These
globoids are—compared to those found in the aleurone layer of grain cereals—small and
rare [44]. Legumes store phytates in the cotyledons, occupying the largest volume of the
seed, whereas in cereals like wheat it is predominantly located in the aleurone layer [45].
The total content of PA and phosphate is very similar in legumes and cereals. Starting from
the same content, globoids are more widely distributed and less abundant in legumes than
in cereals.

The bean samples of the present study are biologically closer to soybeans than to
rice and wheat, as both are legumes with a similar distribution of PA in the same seed
compartment (cotyledons). In combination with the previously mentioned differences
(c.f. Section 4.1) in gene expression in the late phase of biosynthesis in wheat and rice, it
is difficult to draw a comparison with beans. Soybean seemed to be more suitable as a
reference plant [22].

However, with a trend towards higher PA levels in organically grown crops, it must
be emphasized that this does not necessarily make diets based on legumes unhealthier.
It has been suggested to co-administrate PA for improving the bioavailability of further
bioactive SPMs. Matsumoto et al. studied the effects of PA on blackcurrant anthocyanin
absorption [46]. As a result, anthocyanin’s absorption improved in rats as well as humans.
The authors suggest that this effect may be due to a prolonged transition time caused by
a reduced gastrointestinal motility [46]. Other flavonoids such as kaempferol, quercetin,
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and isorhamnetin showed similar improved absorption effects. Xie et al. administrated
these flavonoids together orally with PA to rats [47]. The authors base the results on the
possible influence of PA on membrane fluidity, due to PA forming chelate metal ions.
Alternatively, increased hydrophilicity due to interactions between PA’s phosphate groups
and the carbonyl groups of flavonoids was also suggested [48]. In relation to the already
cited study by Mitchell et al. with an almost doubling of the flavonoid content of organically
grown tomatoes, the intake of these positively associated substances in the diet can be
further increased [31].

Yang et al. reported that perturbations of the PA pathway alter plant response to
environmental stimuli. For instance, heterologous expression of AtIPK2f in tobacco leads
to improved tolerance to diverse abiotic stresses (oxidative stress, drought, freezing tem-
perature) [10]. Similar observations have been made by Zhai et al. by over-expressing
the IbMIPS1 gene in sweet potato (Ipomoea batatas L.) whereby transgenic plants showed
significantly enhanced salt and drought tolerance as well as nematode resistance [48].
However, it is not clear whether PA can play a regulatory role in stress tolerance at early
developmental stages. There are reports of PA incorporation into the nucleus of proteins
which have functions in hormone signaling [9]. It is possible that during seed development
they contribute to biotic and abiotic stress responses through indirect PA-mediated signal
transduction mechanisms [49,50].

PA and its precursors play diverse roles in gene regulation (e.g., chromatin mod-
ification, phosphate homeostasis) [51], signal transduction, membrane biogenesis, and
trafficking [52]. Furthermore, positive effects have been shown in the prevention and treat-
ment of diabetes mellitus, atherosclerosis, coronary heart disease, kidney stone formation,
HIV-1, and heavy metal-induced toxicity [53]. In recent years, a variety of low phytate
mutants made by seed biofortification have been experimented with [50,54]. In addition
to a low PA content, numerous negative effects occur. These modified plants showed
disadvantages such as a reduced plant growth, low germination rates, and a low resistance
to stress [55-58]. Sustained reductions in total PA content could therefore lead to generally
poorer germination, growth, susceptibility to pests, and lower crop yields [17].

5. Conclusions

PA can hinder mineral absorption in the organism and is considered an adverse
compound for human as well as animal nutrition. At the same time, there are many
positive aspects to consider. Especially in a balanced human diet, antinutritional effects
seem to be less severe and preventive effects against many degenerative diseases come
to the fore. The contribution of PA to the plant vitality should not to be underestimated,
as low PA mutants have been shown to be less healthy and less efficient. It remains to be
discussed whether the prospect of these serious deteriorations in plant health caused by
various disturbed biosynthetic pathways is worth mitigating the potential antinutritional
impact. Nevertheless, the problem of malnutrition in animal feed remains, when there is no
supplementation of phytase to the feed. As an approach, varieties with a low PA content
could be used mainly for animal nutrition, but the variety of cultivars for human nutrition
should be preserved.

It is difficult to make a final judgement on the factors influencing the PA content in faba
beans (V. faba). Organic farming seems to lead to higher PA levels compared to conventional
farming, but the influence of the cultivation site (especially the soil composition) must be
considered as well, as phosphate is fundamental for the formation of PA. The inclusion of
the growing site also faces the problem of crop rotation in legumes. Additionally, no final
conclusion can be reached as to whether PA serves as a defensive agent from the classical
secondary metabolite point of view. PA seems to contradict the carbon/nutrient balance
hypothesis, but acts similarly to other secondary metabolites when plants are exposed to
exogenous influences. However, the fact that organically grown samples have significant
higher PA levels could be an indication of just that role in the defense system.
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