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Abstract	
Biostimulants may be the answer for improving yields of crops to support the 
increasing need of food in a growing population in combination with climate changes 
by improving the tolerance to stress conditions, such as drought. The way 
biostimulants affect the metabolism of plants is not fully explored, and in many cases 
the active substance in the biostimulant is poorly defined. The active substance in this 
study is synthesized from known materials and exists in two different forms, BenFA 
and OligoFA. This study aims at optimizing this biostimulant formulation for the use 
as seed coating by evaluating which form of this biostimulant to use, which possible 
adjuvants that are advantageous to add in the formulation, and if there are any 
measureable induced changes in the metabolism of the plants developed from seeds 
treated with the biostimulant formulation. For this, a structural analysis consisting of 
high performance liquid chromatography (HPLC), liquid chromatography coupled 
with mass spectrometry (LC-MS), Fourier transform infrared (FT-IR) spectroscopy 
and thermogravimetric analysis (TGA), and an evaluation of germination percentage, 
fresh weight of plants, proline concentration, metabolic profiling by gas 
chromatography coupled with mass spectrometry (GC-MS), activity of enzymes 
correlated to proline metabolism, and total protein content were performed using 
wheat and radish seeds. The results show that proline may not be a suitable biomarker 
for the function of the biostimulant, and that the concentration of some important 
metabolites differ between treated plants and control, such as for BenFA in 
combination with ZnSO4. OligoFA gives positive results for the fresh weight at even 
lower concentrations than earlier tested, and increases the activity of the enzyme D1-
pyrroline-5-carboxylate synthase in the early stage of water stress. 
 	



 
3 

Sammanfattning	
Biostimulans kan vara svaret på hur skörden av grödor kan förbättras för att 
kompensera för det ökade behovet av näring i en växande befolkning i kombination 
med klimatförändringar genom att öka toleransen för stressbetingelser så som torka. 
Mekanismen med vilken biostimulansprodukter påverkar grödors metabolism är inte 
fullständigt känd, och i många fall är den aktiva substansen i formuleringen 
bristfälligt definierad. Det aktiva ämnet i den här studien syntetiseras från kända 
material och existerar i två olika strukturer. Syftet med den här studien är att optimera 
denna biostimulansformulering för dess användning i behandling av frön. Detta görs 
genom utvärdering av vilken form av det aktiva ämnet som ska användas, vilka 
möjliga adjuvanter som är fördelaktiga att tillsätta i formuleringen, och om det finns 
några mätbara inducerade skillnader i metabolismen i grödor utvecklade från frön 
behandlade med biostimulansformuleringen. För detta utförs en strukturanalys 
bestående av högupplösande vätskekromatografi (HPLC), vätskekromatografi 
kopplad till masspektrometri (LC-MS), Fouriertransform infraröd spektroskopi (FT-
IR), och en termogravimetrisk analys (TGA). Dessutom gjordes en utvärdering av 
groningsprocent, vikt av plantor, prolinkoncentration, metabolisk profilering med 
gaskromatografi kopplad till masspektrometri (GC-MS), aktivitet av enzym kopplade 
till metabolism av prolin, och total proteinkoncentration i vete- och rädisfrön. 
Resultaten visar att prolin troligen inte är en lämplig biomarkör för 
biostimulansformuleringens funktion, och att koncentrationen av vissa viktiga 
metaboliter skiljer sig mellan behandlade plantor och kontroll, så som BenFA i 
kombination med ZnSO4. OligoFA ger ökad vikt av plantor vid ännu lägre 
koncentration än tidigare testat, och ökar enzymaktiviteten av D1-pyrroline-5-
carboxylate synthase i ett tidigt skede av vattenstress. 
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1. Introduction	
1.1 	Biostimulants	
The exact definition of biostimulants has been discussed in the past years, since the 
regulations differ for substances that are counted as biostimulants, nutrients, soil 
amendments or pesticides. A review by du Jardin in 2015 discusses the development 
of the definition of the term [1]. A definition of biostimulants was given for the first 
time in 1997 by Zhang and Schmidt as “materials, that in minute quantities, promote 
plant growth”. This is an important distinction from nutrients and soil amendments, 
since biostimulants are active even in much lower concentrations.  
 
As summarized in a review by Bulgari et al. in 2015, most research articles regarding 
biostimulants investigate the induced effects on the plants, but there have been only a 
few investigations of the effects on physiology and biochemistry of the plants [2]. 
With the availability of new test methods that facilitate measurements of 
metabolomics, this field has potential to further explain the mechanism of 
biostimulants and provide the opportunity to optimize the formulations. Although 
there has been studies regarding how biostimulants affect secondary metabolites in 
plants, the exact mechanism of action is still not fully understood [2].  
 
Biostimulants may contain traces of plant hormones, but if the main biological 
activity is induced by the hormone it should be registered as a plant growth regulator 
rather than a biostimulant [2]. In many cases, the exact composition of the 
biostimulant formulation is not known, particularly for a biostimulant made from an 
extract. In consequence, it has been difficult to define the induced changes and 
mechanisms in the plants and also problematic to identify the active substance, since 
it may not give the same effect when separated from the rest of the formulation or 
extract [2]. This is not the case for the biostimulants developed by Fyteko. The active 
substance is synthesized using known materials, which means the active substance is 
identified. 

1.2 	The	active	substance	
The active substance in the biostimulant formulation under investigation in this study 
currently exists in two forms. The two forms are both based on di- or polymerization 
of ferulic acid (FA). In the active substance form called OligoFA, dimers of FA are 
free in the solution, whereas in BenFA, polymeric FA is coupled to the 
polysaccharide chitosan. The use of this biostimulant is regulated by a patent from 
Cabrera and Wégria [3]. 
 
The exact structure and formation of isomers of the FA polymers is not determined, 
and the thermo stability of OligoFA and BenFA is not known. A structural analysis 
consisting of high performance liquid chromatography (HPLC), liquid 
chromatography coupled with mass spectrometry (LC-MS), Fourier transform 
infrared spectroscopy (FT-IR), and thermogravimetric analysis (TGA), is performed 
to find out information about the structural differences between the two forms of the 
active substance, i.e. BenFA and OligoFA. 

1.3 	Water	stress	in	plants	
Dry conditions cause big losses of crops yearly. The responses to water stress in 
plants are complex, and many attempts have been made to find simple models for 
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indicating the stress level. Moreover, plants have different sensitivity during different 
stages of growth. Young plants are more sensitive to water stress than older 
established plants [4]. As reviewed by Grant in 2012, several research articles 
discussing drought and its effect in plants have been published, but the research is 
focused on different aspects and the most common key word was only found in 7 % 
of the articles. Examples of areas of studies for water stress in plants are gas 
exchange, water use efficiency, transport of water, reactive oxygen species, and 
osmotic adjustment [5]. 
 
Plants have developed defense systems to handle stress conditions. By stimulating 
this defense, the tolerance can be further increased and the plants can survive longer 
periods of water deficiencies and have a higher possibility of recovering, even under 
the more sensitive stages of growth. For example, in wheat the most sensitive period 
for being exposed to water stress is in the so-called growth stage 2, when the plant 
goes from having a double ridge to anthesis, since this is when the kernel number per 
square meter is determined [6]. 

1.4 	Osmolyte	regulation	
Several forms of abiotic stress lead to osmotic stress. The abiotic stress factors could 
be for example temperature, salinity or drought. In order to handle the osmotic stress, 
different compounds are synthesized by the plant and accumulated in the plant cells 
under stress conditions. These compounds are often called osmolytes, compatible 
solutes or osmo-protectants. As the names indicate, these compounds protect the 
plant from osmotic stress while remaining compatible with the intracellular 
machinery even when high concentrations of the compound are accumulated in the 
cell [7]. During osmotic stress, the osmolytes increase the osmotic pressure in the cell 
to maintain the turgor pressure and the driving gradient for water uptake. Moreover, 
the osmolytes help detoxification of reactive oxygen species, contribute to cellular 
osmotic adjustment, protect membrane integrity and stabilization of enzymes and 
proteins [8]. The osmolytes are present primarily in the cytosol, chloroplast and 
cytoplasmic compartments of the plant cell. These compounds are usually 
hydrophilic and can be osmo-protecting by substituting for water on the surface of 
proteins or membranes [7].  
 
Osmolytes come in many different forms, for example simple sugars like fructose and 
glucose, or complex sugars like trehalose, raffinose and fructans. There are also 
osmolytes in the form of quaternary amino acid derivatives such as proline, glycine 
betaine, β-alanine betaine or proline betaine, or tertiary amines such as ecotoine, and 
sulfonium compounds such as choline O-sulfate or dimethyl sulfonium propironate. It 
is believed that osmolytes are accumulated to serve as carbon and nitrogen sources 
when the stress condition passes [7]. 

1.4.1 Proline	as	an	osmolyte	
Proline is an amino acid that has been associated with osmotic stress for many years, 
but apart from being observed to accumulate in the cell at times of osmotic stress, the 
function of proline in plants is not fully determined [7]. There is still a question about 
whether accumulation of proline is an adaptive response by the plant to stress 
conditions, or simply a product from growing under stress [8]. It is synthesized from 
glutamate that is converted to D1-pyrroline-5-carboxylate (P5C), which is then 
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reduced to proline. Proline can then be metabolized back to glutamate by proline 
dehydrogenase (ProDH) and P5C dehydrogenase [7]. 
 
Not only the accumulation of proline is interesting for the response to osmotic stress 
in the plant, but also the cycle of proline biosynthesis and degradation. This may have 
a part in the regulation of the cellular redox potential and be an indication of a redox 
imbalance in the cell caused by small changes in availability of water [7]. 
Measurements of the enzyme activities of P5C synthase (P5CS) and proline 
dehydrogenase in Arabidopsis under severe dehydration have shown that the activity 
is increased, without accumulation of free proline [7].  
 
An important issue in the method for determining proline concentration is the 
possible influence of other amino acids [9]. Proline is not the only amino acid that 
undergoes a reaction with ninhydrin, but it is possible to distinguish these. For 
example, several different wavelengths are mentioned in the literature as the best 
choice for measuring proline specifically. 
 
It is common to perform an extraction of the created chromophore in toluene after the 
reaction with ninhydrin, before measuring the absorbance [10]. Toluene has been 
used as an alternative to the earlier used benzene, since toluene was described as 
being less noxious and more efficient [9]. In the later years, the concept of green 
chemistry has become more prevalent in the mindset of scientists, and the necessity 
of using toluene at all was questioned. As revealed by Shabnam et al. in 2015, the 
method of direct measurement of the absorbance of the reaction solution is superior 
to that after extracting the chromophore in toluene [11]. This reduces the use of 
harmful chemicals and the number of working steps in the process, and this method 
was therefore applied in this project. 

1.5 	Metabolic	profiling	
A metabolic profiling strategy in which a complete set of metabolites is studied could 
show a pattern in the physiological mechanisms that is specific for the response to the 
biostimulant the plant has been treated with [12]. Metabolomics is a field of studies 
that is problematic due to the big differences in chemical structures and functions of 
the substances to be analyzed, as well as the big differences in concentration and 
abundance of the metabolites in the sample [13]. 
 
There are several methods that can be used in the purpose of analyzing a large 
number of metabolites simultaneously, either untargeted or targeted. Many of these 
methods require some kind of derivatization for enabling detection. Common 
derivatization methods include for example silylation, acetylation, or alkylation [14]. 
Depending on the chosen analysis method, quantification can be performed. Methods 
commonly used are for example gas chromatography-mass spectrometry (GC-MS), 
LC-MS, capillary electrophoresis-mass spectrometry (CE-MS), nuclear magnetic 
resonance (NMR), and FT-IR. GC-MS is reported as the first high-throughput 
method to be used for metabolic profiling, and is one of the most developed methods 
for this purpose [15]. GC-MS is a technique that is easy to use and has the advantage 
of being coupled to a big database of spectra in order to identify a vast number of 
metabolites. The limitation when using GC-MS is that it requires the metabolites to 
be volatile to be detected [15]. 
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1.5.1 Normalization	of	data	
In order to use GC-MS as a tool for comparing the concentrations of metabolites 
between samples, a normalization method is needed. A common method is the use of 
an internal standard spiked into the sample early in the process with a known 
concentration. In metabolomics, the optimal situation would be to achieve an absolute 
quantification of each individual metabolite in the sample, but this is not practically 
possible since this would require a full standard reference material [16]. The 
quantification is therefore commonly performed in a relative manner, determining the 
concentration relative to an internal standard or other metabolites in the sample. The 
internal standard is chosen as isotopologues, isotope labeled metabolites, or 
exogenous metabolites, where the use of exogenous internal standards enables the 
possibility to correct for variability in injection volume, detector sensitivity, detector 
response, and gives batch correction [16]. 
 
In this study, several different samples and batches were compared. In order to 
correct for small differences in the sample handling and batches, an internal standard 
was chosen. The requirements set on the internal standard were that it should not 
originally be found in the plants used in the experiments, and have similar 
performance characteristics as the metabolites being analyzed. Moreover, the internal 
standard should be derivatized in the same way as the rest of the sample, and give 
only one peak in the GC-MS spectrum. A metabolite that fulfilled these criteria was 
ergosterol, which is a sterol naturally found in fungi [17].   

1.6 	Adjuvants	
Several micronutrients have been tested in seed treatments, often aiming for higher 
yields. For the purpose of this project, zinc and cobalt were investigated. In a review 
discussing the application of different micronutrients in seed treatments, written by 
Farooq et al. [18], this type of application method of micronutrients is described as an 
attractive option since it is both cost effective and easy to use. 
 
Zinc is an essential micronutrient for plants, and also the most common micronutrient 
deficiency in crops. Several methods have been attempted around the world to deal 
with this deficiency, including for example using fertilizers or foliar sprays 
containing Zn, or methods including genetic improvements for Zn uptake and tissue-
use efficiency [19]. Zn deficiency can lead to increased levels of reactive oxygen 
species due to e.g. inhibition of protein synthesis, increase in light induced 
superoxide generation, and decrease in hydrogen peroxide detoxification [20]. Seed 
priming with Zn has shown increase in germination, seedling development and yield 
[18]. Moreover, Zn is connected to the enzyme superoxide dismutase (SOD), for 
which the activity increases under water stress [21].  
 
Cobalt is essential for animals and microorganisms, but not for plants [22]. It works 
as an essential component of many enzymes and co-enzymes. Cobalt stimulates 
growth of higher plants in low concentrations, but is toxic when the concentration is 
increased. The toxic effects include falling of leaves, inhibition of the greening 
process, discolored veins, premature leaf closure, and reduction of the weight of the 
shoots [22]. Positive effects of seed treatment with cobalt include for example 
regulation of alkaloid accumulation, and retardation of senescence of leaves by 
halting the decline of chlorophyll, protein and RNA. Furthermore, it has been 
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observed to inhibit ethylene biosynthesis in wheat seedlings under water stress, and 
also increase drought resistance in seeds of Aesculus hippocastanum [22]. 
 
The interaction between Co and Zn when added simultaneously to plants is 
summarized by Palit et al. [22]. The Co and Zn have been recorded to compete for the 
absorption, and they are transported in the plant in the same way. This has been 
observed by the detection of lower amounts of one of the cations in the plant tissue 
after enrichment with the other. 
 
Adjuvants are not only added to increase efficiency of an active substance or to 
promote long-lasting action, but also to enhance stability or change the physical 
properties of the formulation. For seed coating, Fyteko uses a natural biopolymer, 
Chitosan, with immobilized FA. In addition the ability of film formation on the seeds, 
Chitosan is used in agriculture as a plant growth enhancer and as a nontoxic and 
ecologically friendly bio pesticide substance that enhances the innate ability of plants 
to defend themselves against fungal infections. Chitosan is mainly found at high 
molecular weight, but shorter chains of chitosan, Chitosan oligosaccharides (COS), 
also called oligochitosan, exist and may have a higher effect on plant metabolism. 
Chitosan is a part of the active substance in BenFA, but is not present in OligoFA. 
Considering the bioactivity of chitosan, it is of interest to study whether pure 
OligoFA mixed with COS could shows similar or increased activity compared to 
BenFA. 

1.7 	Growing	plants	in	vitro	
When growing plants in vitro, an even availability of water is secured in the medium. 
Methods for simulating water deficiencies by the addition of polyethylene glycol 
(PEG) to the growth medium have been used for reducing the water potential. The 
integration of a compound with a high molecular weight like PEG better simulate real 
water deficiency because the water in drought conditions is lost from both the cell 
and the cell wall, but when using compounds with a low molecular weight to 
reproduce the water deficiency the compounds may be integrated in the cell wall, 
causing the water to be lost only from the cell [23].  

1.8 	Aim	of	the	study	
This study aims at optimizing the biostimulant formulation developed by Fyteko, 
when applied as seed coating for increased tolerance and recovery from water stress. 
This objective is divided into three main parts. Firstly, a structure analysis of the 
active substance, germination percentage, fresh weight of the plants, proline 
concentration, activity of the enzymes P5CS and ProDH, and GC-MS are used to 
identify whether BenFA or OligoFA is more efficient to use in seed coating 
formulations. Secondly, ZnSO4, CoSO4 and COS are evaluated as potential adjuvants 
in the seed coating formulation. This is performed by evaluation of germination 
percentage, fresh weight of the plants, proline concentration, and GC-MS. Thirdly, 
proline concentration determination and GC-MS are used to evaluate possible 
induced metabolic changes in the plants developed from seeds treated with the 
biostimulant formulation. 



 
11 

2. Methods	and	materials	

2.1 Structural	analysis	of	the	active	substance	

2.1.1 FT-IR	
Fourier Transform Infrared (FT-IR) spectra of FA, OligoFA, BenFA, and chitosan 
were recorded with a Perkin-Elmer Spectrum One FT-IR spectrometer (Norwalk, 
USA) in the range 4000-450cm-1 using the KBr pellet technique. 5 mg of each sample 
in powder form was grounded with 95 mg of KBr and compressed to form a pellet. 
The spectra were treated with automatic baseline correction and normalization. 

2.1.1 TGA	
Thermogravimetric analysis (TGA) for FA, OligoFA, BenFA, and chitosan was 
performed on a thermogravimetric analyzer (TGAQ500, TA instruments) using 
nitrogen as the purge gas at a flow rate of 50 mL/min. Approximately 10 mg of 
sample was heated from 35°C to 600°C at a rate of 20 °C/min. 

2.1.2 HPLC	
HPLC analysis of OligoFA was carried out using a Waters Symmetry C-18 column 
(46 x 250 mm) in a Waters Alliance separation module 2695 coupled with a Waters 
UV detector at 320 nm. The mobile phase consisted of acetonitrile and 1 % acetic 
acid (30:70) and the flow rate was 1 mL/min. Before injection, the samples were 
filtered through Sartorious filters (0.45µm). 

2.1.3 LC-MS	
LC-MS analysis of OligoFA was performed using a Shimadzu LC/MS Prominence 
liquid chromatography device. The HPLC device was coupled with the Shimadzu LC 
MS 2020 mass spectrometer and consisted of a vacuum degasser, a quaternary pump, 
and an auto-sampler. Sample volumes of 1 µL were injected and chromatographic 
separation was performed on a non-polar column (Waters Symmetry; 4.6 × 250 mm; 
5 µm) at 35 °C. The mobile phase was programmed with a constant flow (1 mL/min) 
of 70 % of eluent A (water, 0.1 % formic acid) and 30 % of eluent B (acetonitrile) 
during 30 min (isocratic conditions). The mass spectrometer was used for the 
recording of ESI + APCI full scan mass spectrum. Dry nitrogen was used as the ESI 
gas with a flow rate of 15 L/h for the desolvation gas. The single-stage LC-MS 
spectra were recorded by scanning the quadrupole analyzer between 50-1000 m/z. 

2.2 	General	outline	of	the	bioassays	
Three bioassays were designed as follows.  

2.1.1 Bioassay	A	
Bioassay A comprised 23 different biostimulant formulations plus controls, according 
to  
Table 1. The formulations T1-T6 and T23 were prepared in distilled water, and 
formulations T7-T22 and T24 were prepared in a mixture of blue pigment and 
distilled water with a ratio of 3:2. 
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Table 1: Composition of biostimulant formulations included in Bioassay A. 

Name Composition 

T1 ZnSO4 0.2 %  

T2 CoSO4 0.5 ppm 
T3 ZnSO4 0.2 % + CoSO4 0.5 ppm 

T4 BenFA 0.4 % + ZnSO4 0.2 % 
T5 BenFA 0.4 % + CoSO4 0.5 ppm 

T6 BenFA 0.4 % + ZnSO4 0.2 % + CoSO4 0.5 ppm 
T7 OligoFA 50 ppm 

T8 OligoFA 100 ppm 
T9 OligoFA 150 ppm 

T10 COS 50 ppm 
T11 COS 500 ppm 

T12 COS 1000 ppm 
T13 OligoFA 50 ppm + COS 50 ppm 

T14 OligoFA 50 ppm + COS 500 ppm 
T15 OligoFA 100 ppm + COS 50 ppm 

T16 OligoFA 100 ppm + COS 500 ppm 
T17 OligoFA 50 ppm+ ZnSO4 0.2 % 

T18 OligoFA 50 ppm + CoSO4 0.5 ppm 
T19 OligoFA 50 ppm+ ZnSO4 0.2 % + CoSO4 0.5 ppm 

T20 OligoFA 100 ppm+ ZnSO4 0.2 % 
T21 OligoFA 100 ppm + CoSO4 0.5 ppm 

T22 OligoFA 100 ppm+ ZnSO4 0.2 % + CoSO4 0.5 ppm 
T23 BenFA 0.4 % 

T24 Control (pigment and water) 
T25 Control (untreated) 

 
Bioassay A was used for germination count, measurements of fresh weight for radish 
under normal irrigation and wheat plants under normal irrigation and under water 
stress, measurements of proline content, and metabolic profiling with GC-MS. 

2.1.2 Bioassay	B	
Bioassay B comprised 10 different biostimulant formulations plus controls, according 
to Table 2. The formulations T1-T7 were prepared in distilled water, and 
formulations T8-T11 were prepared in a mixture of blue pigment and distilled water 
with a ratio of 3:2. 
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Table 2: Composition of biostimulant formulations included in Bioassay B. 

Name Composition 

T1 ZnSO4 0.2 %  
T2 CoSO4 0.5 ppm 

T3 ZnSO4 0.2 % + CoSO4 0.5 ppm 
T4 BenFA 0.4 % 

T5 BenFA 0.4 % + ZnSO4 0.2 % 
T6 BenFA 0.4 % + CoSO4 0.5 ppm 
T7 BenFA 0.4 % + ZnSO4 0.2 % + CoSO4 0.5 ppm 

T8 OligoFA 25 ppm 
T9 OligoFA 50 ppm 

T10 OligoFA 100 ppm 
T11 Control (pigment and water) 

T12 Control (untreated) 

  
Bioassay B was used for germination count for radish and wheat seeds, and 
measurement of fresh weight of radish plants under normal irrigation and after 
recovery from water stress. 

2.1.3 Bioassay	C	
Bioassay C comprised two different biostimulant formulations plus control. The 
treatments included were OligoFA (50 ppm) and BenFA (0.4 %). Both formulations 
were prepared in distilled water and the control group was untreated seeds. The 
bioassay was used for monitoring of proline content and metabolic profiling using 
GC-MS at different time points under water stress in radish plants, and measurement 
of enzyme activity of P5CS and ProDH, and total protein content. 

2.3 	Seed	coating	
Seeds were added to a plastic bag. Biostimulant formulation was added at a 
concentration of 60-70 µL/g seeds, with a minimum addition of 200 µL. The plastic 
bag was filled with air and shaken for about 30 seconds. The coated seeds were put in 
petri dishes and dried at 30°C. The dry seeds were collected in falcon tubes and 
stored at room temperature. 

2.4 	Seed	germination	
Two layers of filter paper were put in each Petri dish (15x15 cm) and 15 mL of water 
was added. 10 or 20 seeds (for bioassay A and B respectively) were put in each Petri 
dish. 5 replicates per treatment were made. The Petri dishes were closed and put in 
darkness at 20°C. The number of germinated seeds was counted before planting the 
seedlings using the definition that the seed is germinated if the root is at least of the 
same length as the seed itself. 
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2.5 	Sowing,	growth	and	sample	collection	
Wheat seeds were planted with 1.5 cm space and radish seeds with 3 cm space in 
plastic pots. In general, only seeds that germinated in the germination test were 
chosen for being sown. The pots were put under UV-light for 16 hours per day at 
around 26°C. 
 
Bioassay A: 6 pre-germinated seeds (6 days for wheat and 5 days for radish) were 
planted in each pot and 6 replicates were made for each treatment. Sufficient amount 
of available water was assured daily until day 5 after planting, when half of the 
replicates of each treatment for the wheat were put under water stress, whereas the 
rest of the replicates received continued irrigation. Growth was terminated at day 11 
for the wheat plants and at day 16 for radish plants. The plants were cut just above the 
surface of the soil and the fresh weight was measured before freezing in liquid 
nitrogen. The plants leaves were crushed in liquid nitrogen using a mortar, and stored 
at -45°C. 
Bioassay B: 8 pre-germinated radish seeds (4 days) were planted in each pot and 12 
replicates were made for each treatment. Sufficient amount of available water was 
assured daily until day 14 after planting, when half of the replicates of each treatment 
were put under water stress, whereas the rest of the replicates received continued 
irrigation.  
Bioassay C: 8 pre-germinated radish seeds (4 days) were planted in each pot and 12 
replicates were made for each treatment. Sufficient amount of available water was 
assured daily until day 17 after planting, when water stress conditions were 
introduced by withholding the irrigation. From day 18, samples were taken daily for 4 
days. The plants were cut just above the surface of the soil and frozen in liquid 
nitrogen. The plant leaves were crushed in liquid nitrogen using a mortar, and stored 
at -45°C. For original plan for bioassay C, see appendix. 

2.6 	Proline	content	determination	
The concentration of proline in the plant tissue from samples obtained from bioassay 
A and C was determined based on the method described by Bates et al. [9], with 
modifications based on the method described by Shabnam et al. [11]. In brief, 100 mg 
of frozen crushed leaves were put in Eppendorf tubes and the exact weights were 
noted. 1 mL of 3 % (w/v) aqueous sulfosalicylic acid was added and the tubes were 
vortexed for 60 seconds. The mixture was centrifuged at 13,000 rpm for 5 min. 
0.5 mL of the supernatant was withdrawn and added to 0.5 mL of glacial acetic acid 
and 0.5 mL of ninhydrin reagent (2.5 g ninhydrin in 100 mL of a solution containing 
glacial acetic acid, distilled water and orthophosphoric acid 85 % at a ratio 6:3:1). 
The samples were put in a boiling water bath for 60 min, followed by cooling in a 
water bath at room temperature for 5 min. The absorption was measured at 508 nm. 
The proline concentration was determined from a standard curve derived from 
solutions containing known amounts of L-proline, and calculated on a fresh weight 
basis (µmol proline/g fresh weight leaves). 

2.7 	Metabolic	profiling	by	GC-MS	
100 mg of frozen crushed leaves from samples obtained from bioassay A and C were 
put in Eppendorf tubes and the exact weights were noted. 1 mL of 10 % methanol in 
1 % acetic acid was added. The tubes were vortexed for 2 min and then centrifuged at 
13,000 rpm for 10 min. The supernatant was recovered. For wheat samples, 200 µL 
of the supernatant was added to a GC-MS vial, and for radish samples, 400 µl of the 
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supernatant was added. 200 µL of 100 ppm ergosterol in a solution of 10 % methanol 
in 1 % acetic acid was added as internal standard. The liquid was evaporated in the 
oven at 60°C under vacuum. 15 µL of pyridine and 50 µL of BSTFA was then added, 
and sealed vials were incubated at 60°C for 30 min. 500 µL of hexane was added and 
the samples were injected in the GC-MS. The trimethylsilylated derivatives were 
separated by GC (GCMS-QP2010, Shimadzu) using a 0.25 mm × 30 m optima 5 MS 
capillary column (0.25 µm film thickness) (Macherey Nagel, Germany) and identified 
by their electron impact (70 eV) mass data. He (0.75 ml min−1) was used as carrier 
gas. GC conditions: initial column temperature 100 °C, held for 6 min, ramped at 
30 °C min−1 to 320 °C and held for 8 min; injector temperature 310 °C, split ratio 
20.3. 

2.8 Enzyme	assays	

2.8.1 Activity	assay	of	P5C	synthase	
The activity of D1-pyrroline-5-carboxylate synthase (P5CS) was measured using a 
modified version of the method reported by García-Ríos et al. [24]. In brief, 0.2 g of 
crushed leaves was used for extraction in a buffer containing 0.1 M Tris-HCl (pH 
7.2), 10 mM β-mercaptoethanol, 10 mM MgCl2, and 1 mM phenylmethylsulphonyl 
fluoride (PMSF). 1 mL of extraction buffer was added and vortexed for 2 min, 
followed by centrifugation at 10,000 g for 20 min at 4°C. The supernatant was 
recovered and further clarified by a repetition of the centrifugation step. The reaction 
was then made in a buffer containing 0.1 M Tris-HCl (pH 7,2), 25 mM MgCl2, 
75 mM L-glutamic acid monosodium, and 5 mM ATP. A volume of the extract 
equivalent to 100 µg of protein (determined using the Bradford method) was added 
and the addition of 0.4 mM NADPH started the reaction. The absorbance at 340 nm 
was measured at time 0 min (t0) and the samples were incubated in a water bath at 
37°C for 15 min. The absorbance was measured again at 340 nm at time 15 min (t15). 
The P5CS activity was calculated based on the change in absorbance per minute, and 
expressed as U (µmol L-1 min-1). 

2.8.2 Activity	assay	of	ProDH	
The activity of Proline dehydrogenase (ProDH) was measured using a modified 
version of the method used by Cecchini et al. [25]. The method did not function for 
the attempted samples, and the acquired data is not included in this study. For the 
method description, see appendix. 
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3. Results	and	Discussion	
3.1 Evaluation	of	the	structure	of	the	active	substance	

In order to understand the difference in the effects when treating plants with the two 
different forms of the active substance, the chemical structure and properties of the 
active substances were characterized by, HPLC, LC-MS, FT-IR spectroscopy, and 
TGA. 
 

 
Figure 1: HPLC chromatogram of OligoFA. 

 
Figure 2: LC-MS chromatogram of OligoFA. The total ion (TIC) and extracted-ion chromatograms for 
m/z=341 and m/z=385 are represented. 

The results from the HPLC and the LC-MS analysis confirm the presence of three 
different dimers in OligoFA as shown in Figure 1 and Figure 2. Three major peaks 
are observed in the HPLC chromatogram. All these major components present a 
major peak at m/z 385 corresponding to molecular ions of the dimeric species 
(MW=386) of ferulic acid. However, a signal corresponding to m/z=341 was also 
observed in each of these three components. The overlap of the chromatograms 
corresponding to these two ions shows that ion having m/z = 341 corresponds to a 
fragmentation of the molecular ion with m/z = 385 into the ionization chamber of the 
MS detector. Indeed, m/z = 341 corresponds to the loss of 44 mass units (CO2) of the 
molecular ions. 
 
The thermal decomposition of the isomers was studied by TGA. The thermal 
degradation of OligoFA sample proceeds in three main steps as shown in Figure 3. 
From the first derivative weight loss curve, two of the curve derivative maximum 
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points are observed at lower temperatures (154.3°C and 226.9°C) compared to the 
monomer of FA (253.7°C), and the third is at a higher temperature (330.5°C). 
Although the three different peaks do not necessarily represent the different isomers 
in OligoFA, but may rather partly show the decomposition of the dimers at different 
temperatures. When comparing the FT-IR spectra from FA and OligoFA, it is 
obvious that there are big differences between the substances regarding the presence 
of functional groups. No specific peaks are chosen for evaluation since the spectra 
have too low similarity, see appendix. 
 

 

 
Figure 3: Thermo gravimetric curves (green) and corresponding first derivative weight loss curves (blue) 
of OligoFA (top left), ferulic acid (top right), BenFA (bottom left), and chitosan (bottom right). (Two 
replicates per sample are shown.) 

Furthermore, it is evident that BenFA has similar properties as chitosan, with the 
addition of a low curve derivative maximum at around 200°C (Figure 3). This is 
logical considering the low proportion of FA in the sample. The fact that this peak 
does not appear at exactly the same temperature as the free OligoFA sample can be 
explained by the fact that polymers of FA are bound to chitosan in BenFA, which 
changes the stability. A few important changes can be pointed out in the FT-IR 
spectra for chitosan and BenFA (Figure 4). The peaks in BenFA at 1652 cm-1 and 
1516 cm-1 are likely to represent a C=C stretch and an aromatic N=O that are not 
present in the chitosan. These peaks arise from the presence of FA in the sample. 
Also, the peak at 1464 cm-1 in BenFA is not present in chitosan. This peak is likely to 
represent the bending of a C-H group [26]. 
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Figure 4: FT-IR spectra of BenFA (red) and chitosan (blue).  

An addition of a pigment to show that the seeds are treated is often needed in seed 
coating machines used by distributors that resell the seeds. Here, an apparent 
difference between BenFA and OligoFA is the viscosity and the ability to stick to the 
seeds. A solution of BenFA is highly viscous, is difficult to mix with the pigment, 
and does not comply with the criteria for a uniform seed coating in a seed coating 
machine. On the other hand, it sticks well to the seeds when using a manual seed 
coating technique. In contrast, OligoFA has a low viscosity, mixes well with pigment, 
and is easy to use in seed coating machines. 

3.2 	Statistical	analysis	
When designing an experiment, it is essential to ensure enough samples to be able to 
account for the variability within the biological replicates in the same time as being 
able to compare plants under different treatments. This number is limited by the 
availability of space to grow the plants under controlled conditions, and the time 
needed for the plants to grow. In this study, Student’s t-test was used to evaluate 
differences between the data sets. For this, it is assumed that the data is following a 
normal distribution. With the increase of the number of samples in the data sets, the 
critical value decreases, so when comparing data sets including only three replicates, 
the variance of the samples in the data set has to be very small in order to possibly 
show any significance difference. 
 
In bioassay A, T1-T6 and T23 were compared to the control T25, and T7-T22 were 
compared to the control T24. In bioassay B, T1-T7 were compared to the control 
T12, and T8-T10 were compared to the control T11. 

3.3 	Evaluation	of	results	

3.3.1 Germination	
A significant (p < 0.1) increase in the germination percentage in bioassay A was 
observed for T1 and T6 in radish, and T10 and T15 in wheat (Figure 5). Nonetheless, 
this result was not reproducible when the same formulation compositions were used 
in bioassay B, where no significant changes in the germination count were observed 
in any of the treatments (Figure 6). Worth noting is that it is not the aim of the 
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biostimulant treatment to increase the germination percentage, and it is therefore not 
a priority to optimize the formulation in this aspect. On the other hand, it is of high 
priority to make sure the seed treatment does not inhibit the germination. 
 

 
Figure 5: Germination percentage of plants under treatments T1-T25, where T25 is the control group for 
treatments T1-T6 and T23, and T24 is the control group for T7-T22. Mean values +/- standard errors are 
presented. 5 replicates for each treatment, each replicate containing 10 seeds. Left: Wheat seeds counted 
after 6 days. Right: Radish seeds counted after 5 days. 

 
Figure 6: Germination percentage of seeds under treatments T1-T12, where T12 is the control group for 
treatments T1-T7, and T11 is the control group for T8-T10. The count was performed after 4 days. Mean 
values +/- standard errors are presented. 5 replicates for each treatment, each replicate containing 20 seeds. 
Left: Wheat seeds. Right: Radish seeds. 

Another important factor is whether the germination is affected differently by 
different concentrations of the active substance. Since the concentration of BenFA 
has already been optimized in earlier studies in Fyteko, only one concentration was 
chosen for this form, but for OligoFA, three different concentrations (50-150 ppm) 
were tested in bioassay A, and one additional concentration (25 ppm) was included in 
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bioassay B. No significant change in the germination percentage compared to the 
control seeds was observed in neither of the bioassays for the plants from seeds 
treated with the four different concentrations of OligoFA. The results of the 
germination count show that the germination is not affected at the investigated 
concentrations, and since it is economically advantageous to use as low 
concentrations as possible, it was judged unnecessary to test higher concentrations, 
considering that an increase in the fresh weight was observed for the lower 
concentration (50 ppm) of OligoFA in bioassay A for both radish and wheat, see 
Figure 7 and Figure 8. 

3.3.2 Fresh	weight	
The measurement of fresh weight is a straightforward method to control that the 
biostimulant treatment does not inhibit growth. Any sign of decrease in the size of the 
plant is unwanted, even if the treatment in question possibly increases the chance of 
the plant tolerating water stress. Since the size usually is seen as a sign of the general 
health of the plant, a decrease in size compared to untreated plants will give the 
impression that the negative effects of the treatment outweigh the positive. This is 
further emphasized by the fact that the product is meant to be used in a precautionary 
manner, since the product is applied to the seeds without knowing if the plants will be 
subject to water stress or not. It can be imagined that the acceptance for negative 
effects such as decrease in crop size or yield is low, especially if water stress 
conditions do not occur during the cultivation so the biostimulant is not given the 
opportunity to show the positive effects. 
 

 
Figure 7: Fresh weight of wheat leaves for the treatments T1-T25. The composition of each treatment can 
be found in Table 1. Treatment T24 and T25 are controls, treated with only pigment and water respectively 
untreated seeds. Blue: Plants under normal irrigation. Red: Plants under water stress. Average values +/- 
standard error is presented for the 3 replicates in each treatment. 
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Figure 8: Fresh weight of radish leaves for the treatments T1-T25. The composition of each treatment can 
be found in Table 1. Treatment T24 and T25 are controls, treated with only pigment and water respectively 
untreated seeds. The fresh weight is presented as an average per plant, since the number of plants per pot 
varied between 2 and 6. The standard error is presented for the 6 replicates in each treatment (5 replicates 
for treatment 4 and 8).  

In the measurements of fresh weight of wheat and radish leaves, it can be seen that 
the results differ between the species. A significant increase (p < 0.1) in the fresh 
weight compared to the control plants was given by the treatments T3, T7 and T18 
for wheat plants under normal irrigation in bioassay A. For the wheat plants under 
water stress in the same bioassay, a significant increase (p < 0.1) of the fresh weight 
was observed in the treatments T6, T7, T10, T17 and T18, and a significant decrease 
for T11 and T15, see Figure 7. In radish from bioassay A, T1, T2, T4, T5, T7 and 
T16 showed increased fresh weight, and T12, T17, T19, and T22 showed a decrease. 
For data, see appendix. 

	
Figure 9: Fresh weight of radish leaves for the treatments T1-T12. The composition of each treatment can 
be found in Table 2. Treatment T11 and T12 are controls, treated with only pigment and water respectively 
untreated seeds. The fresh weight is presented as an average per plant, since the number of plants per pot 
varied between 7 and 9. The standard error is presented for the 6 replicates in each treatment (5 replicates 
for treatment 5), each containing between 7 and 9 plants. 

In bioassay B, T9 was the only treatment giving a significant (p<0.1) increase in the 
fresh weight, and a decrease was observed for plants from seeds treated with T2, T3, 
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T4, T5, and T7, see Figure 9. T9 (OligoFA 50 ppm) in bioassay B is the same 
treatment as T7 in bioassay A. In other words, seeds treated with OligoFA 50 ppm 
were the only ones giving rise to plants that were significantly bigger in both radish 
and wheat, in both bioassays and under both normal irrigation and under water stress 
conditions. 

3.3.3 Proline	concentration		

 
Figure 10: Concentration of proline in wheat leaves from plants from seeds treated with the formulations 
T1-T9 and T23-T25, where T24 is a control treated only with pigment and water, and T25 is untreated. For 
the composition of the formulations, see Table 1. The concentration is expressed as µmol of proline per 
grams of leaves. Values of the mean +/- standard error are presented. 3 replicates per treatment, each 
containing 6 plants. The concentrations were calculated using a standard curve, see appendix. Left: Wheat 
plants under normal irrigation. Right: Wheat plants under water stress. 

 

 
Figure 11: Concentration of proline in radish leaves from plants from seeds treated with the formulations 
T1-T9 and T23-T25, where T24 is a control treated only with pigment and water, and T25 is untreated. For 
the composition of the formulations, see Table 1. The concentration is expressed as µmol of proline per 
gram of leaves. Values of the mean +/- standard error are presented. 6 replicates per treatment (5 replicates 
for T4 and T8), each containing 2-6 plants. The concentrations were calculated using a standard curve, see 
appendix. 
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In bioassay A, a significant (p<0.1) increase in the proline concentration was 
observed for wheat from seeds treated with T23 under normal irrigation, and a 
significant decrease for wheat plants from seeds treated with T8 under normal 
irrigation, see Figure 10. No significant differences from the control were observed 
when the wheat was put under water stress. For the radish in bioassay A, no 
significant differences were observed at the level p<0.1, see Figure 11. 
 

 
Figure 12: Concentration of proline in radish leaves from plants from seeds treated with OligoFA or 
BenFA, or from untreated seeds as control. The concentration is expressed as µmol of proline per gram of 
leaves. Values of the mean +/- standard error are presented. 3 replicates per treatment and time point, each 
containing a mix of 5 plants. The concentrations were calculated using a standard curve, see appendix. 

In bioassay C, the proline concentration was measured in radish plants daily during 4 
days after discontinuing the irrigation. From the acquired data (Figure 12) it is not 
possible to say if any of the treatments accumulate proline faster than the other, since 
there is no significant (p<0.1) difference between the treatments and the control, 
except for at day 2, where the proline concentration was significantly higher in the 
control plants than in both BenFA and OligoFA treated plants. 
 
The use of proline as a biomarker for the response of the plant to the biostimulant 
formulation should most likely not be the only indicator for how well the formulation 
works for increasing the tolerance for water stress in the plants. A difficulty in 
reaching significance in Student’s t-test is the small sample size. In the case of the 
wheat plants in bioassay A, three replicates per treatment were produced, where each 
replicate was a mix of six plants. For the radish plants in bioassay A, six replicates 
were used, each replicate including between two and six plants. This is a low number 
of plants, leading to a low statistical power, but is motivated by the optimization of 
space regarding the number of different treatments and number of replicates for each 
treatment. For increased statistical power, field tests have to be made. 

3.3.4 Metabolic	profiling	
The most interesting retention times in the GC-MS spectra were selected for 
evaluation based on the criterion that the peaks should have an area that is bigger than 
1 % of the total integrated area for the sample, fulfilling this criteria for most of the 
samples in order to avoid analyzing too small peaks with big uncertainty. The 
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selected retention times and their correlating metabolites can be found in Table 3 
andTable 4. 
 
Table 3: Selected retention times and the corresponding metabolite according to the highest scoring match 
in the similarity search for the GC-MS analysis of wheat plants. 

Retention 
time [min] 

Name 

9.127 D-Ribonic acid 
9.160 L-Proline 
10.426 Glycine 
11.017 Malic acid 
11.287 L-Glutamic acid 
12.717 Tricarboxylic acid 
13.213 Ribitol 
13.653 D-Glucuronic acid 
14.060 Mannose 
15.642 D-Xylose 
17.040 D-Turanose 
 
Table 4: Selected retention times and the corresponding metabolite according to the highest scoring match 
in the similarity search for the GC-MS analysis of radish plants. 

Retention 
time [min] 

Name 

11.010 Malic acid 
13.080 Xylonic acid 
13.199 Propanetricarboxylic acid 
13.350 Mannoic acid 
13.650 D-glucose 
13.700 Galactopyranose 
13.915 L-ascorbic acid 
14.055 Glucopyranose 
14.510 Inositol 
14.700 Inositol 
16.520 Allonic acid 
16.780 D-turanose 
17.035 D-turanose 
 
A few interesting points could be observed in the GC-MS analysis. First of all, even 
though proline was not observed in the preliminary GC-MS experiments and the 
method was not optimized for this, proline was later observed for wheat plants under 
water stress. This shows that this could be a possible method to use in the cases the 
proline concentration is high enough.  
 
Secondly, an interesting pattern was seen for wheat plants under treatment T4 
(BenFA 0.4 % + ZnSO4 0.2 %) compared to the untreated control in bioassay A, see 
Figure 13. Under normal irrigation, the levels of the selected metabolites were of 
similar levels as the control, but under water stress, higher concentrations of several 
of the metabolites were observed in the plants under treatment T4, see Figure 14. The 
same pattern was not seen when comparing the plants treated with T1 (ZnSO4 0.2 %) 
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or T23 (BenFA 0.4 %) with the same control. Due to low quality of the acquired data 
for radish plants under the same treatment, it is uncertain whether this result is valid 
for both plant species. 
 

 
Figure 13: Area of peaks for selected retention times in GC-MS. The area is normalized for input amount 
of leaves in extraction, and the area of the internal standard. Left: Wheat plants treated with T4 (BenFA 
0.4 % + ZnSO4 0.2 %). Right: Wheat from untreated seeds. Plants under normal irrigation shown in blue, 
and plants under water stress shown in red. Mean values +/- standard errors are shown. 3 replicates for 
each treatment, each containing 6 plants. 

 

	
Figure 14: Relative area of the metabolites at selected retention times for wheat T4 from bioassay A and the 
control (T25). Plants under normal irrigation in blue, and plants under water stress in red.  

For the radish in bioassay C, there is no obvious pattern in the change of the relative 
metabolite concentrations compared to the control following the progression of time 
after the last irrigation. In general, the relative concentration was low for plants 
treated with OligoFA and BenFA at all time points compared to the control plants, 
with the relative area of the peaks being around half of the control, with the exception 
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of OligoFA at day 3 after the last irrigation, where a slightly higher level could be 
seen, see Figure 15 and Figure 16. 

	
Figure 15: Relative area of the metabolites at the selected retention times for radish from seeds treated with 
OligoFA in bioassay C and the control. Plants 1 day after last irrigation (D1) in blue, after 2 days (D2) in 
red, after 3 days (D3) in green, and after 4 days (D4) in purple. 

 
Figure 16: Relative area of the metabolites at the selected retention times for radish from seeds treated with 
BenFA in bioassay C and the control. Plants 1 day after last irrigation (D1) in blue, after 2 days (D2) in red, 
after 3 days (D3) in green, and after 4 days (D4) in purple 

 

0	

0,5	

1	

1,5	

2	

2,5	

Re
la
ti
ve
	a
re
a	

Retention	time	

GC-MS	
Radish	Bioassay	C	

Relative	area	OligoFA	vs	control	

D1	OligoFA	

D2	OligoFA	

D3	OligoFA	

D4	OligoFA	

0	
0,5	
1	

1,5	
2	

2,5	
3	

3,5	
4	

Re
la
ti
ve
	a
re
a	

Retention	time	

GC-MS	
Radish	Bioassay	C	

Relative	area	BenFA	vs	control	

D1	BenFA	

D2	BenFA	

D3	BenFA	

D4	BenFA	



 
27 

3.3.5 Enzymatic	activity	

	
Figure 17: The activity of the enzyme pyrroline-5-carboxylate synthase (P5CS) in radish leaves 4 days after 
the last irrigation. The activity is measured in the unit µmol L-1 min-1 after measurements of the oxidation 
of NADPH by absorbance at 340 nm. Average values +/- standard errors are shown. 3 replicates per 
treatment, each containing a mix of 5 plants. 

The enzymatic activity of P5CS was investigated for radish under water stress in 
bioassay C, see Figure 17. With p<0.2, the plants from seeds treated with OligoFA 
(50 ppm), showed a significant increase in the P5CS activity compared to the control. 
The increase in the activity of P5CS indicates a faster synthesis of proline, which can 
explain the accumulation of proline in the plants. On the other hand, proline was not 
observed to accumulate faster in the treated plants than in the control plants, see 
Figure 12.  
 
The enzyme activity assay for ProDH was unsuccessful and did not render any useful 
results. The given timeframe for the project did not allow further modifications and 
optimizations of the protocol. In consequence, it is not possible to make any 
conclusions about the velocity of the oxidation of proline to glutamic acid. Although, 
looking at the fact that the levels of proline did not accumulate faster than in the 
control, even though a higher activity for the synthesis of proline by P5CS was 
observed, it is logical to make the conclusion that the activity of ProDH most likely 
also is increased, since a faster accumulation of proline otherwise would be observed. 
An increase of the enzyme activity without any change in the proline concentration 
may indicate an imbalance in the redox levels [7]. Although, with the enzymatic 
activity measured at only one time point, it is not possible to draw any exact 
conclusions about how the activity of P5CS correlates with the accumulation rate of 
proline. Moreover, it would have been interesting to compare the enzymatic activity 
with the activity in plants under normal irrigation, where no accumulation of proline 
over time is expected. 
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3.3.6 Protein	content	

 
Figure 18: Protein content in radish leaves determined by the Bradford method. Two different methods of 
extraction were applied, the first (1) being the extraction method used in the determination of the activity of 
P5CS, and the second (2) being the extraction method used in the determination of the activity of ProDH. 
The concentration was calculated from a standard calibration curve, see appendix. The leaves originated 
from Bioassay C, day 4 after last irrigation. 3 replicates per treatment, with each replicate being a mix of 5 
plants. 

As a part of the enzymatic activity assays, a measurement of the total protein content 
in the plant tissue was conducted using the Bradford method. A significant (p<0.05) 
higher level of the total protein concentration was observed in radish plants from 
seeds treated with BenFA or OligoFA compared to the control at day 4 after the last 
irrigation in bioassay C, see Figure 18. This was observed using two different 
extraction methods; see method description for enzymatic activity assays of P5CS 
and ProDH. 

3.4 	Adjuvants	

3.4.1 Choice	of	adjuvants	
When adding additional elements to the formulation, this has to be proven to be 
beneficial since every addition is an extra cost, and it may also cause unexpected 
combination effects that possibly inhibit growth or diminish the positive effects from 
the active substance. The choice of testing ZnSO4 and CoSO4 was based on earlier 
results found in the literature. Especially interesting was the fact that seed priming 
with Zn has been reported to enhance water use efficiency in plants under drought.  
 
One important thing to note is that much of the available data for seed treatment with 
micronutrients regards seeding rather than seed coating. While there are similarities 
between these two kinds of seed treatments, it is possible that the concentration 
needed may differ. In the present study, only a fixed concentration of ZnSO4 and 
CoSO4 were used in the biostimulant formulation. Although positive results have 
been found regarding the increase in fresh weight of radish plants for the addition of 
both ZnSO4 and CoSO4, these results do not further investigate the optimal 
concentration to be used in the formulation.  
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The addition of COS was tested only in the formulations containing OligoFA, since 
BenFA already contains a large proportion of chitosan, which is longer polymers of 
the same saccharide. Nevertheless, the combination of COS and OligoFA should not 
be confused with BenFA, since the chitosan in BenFA is used as a polymerization 
template with high molecular weight and interacts with the FA in a way that is not 
possible in the combination of free OligoFA and COS. 

3.4.2 Evaluation	of	the	adjuvant	additions	
In bioassay A, COS was added in three different concentrations. It was apparent from 
the measurements of the fresh weight, especially in radish, that the COS in some way 
hindered the growth of the plant. The higher the concentration of COS, the lower the 
fresh weight. Even though the lowest concentration of COS gave a significant 
increase in the fresh weight in wheat under water stress, the higher concentrations 
gave either no change or a decrease in the fresh weight in both radish and wheat. For 
an adjuvant to be considered as valuable it must show positive effects, and 
considering the absence of these observations, COS was not chosen for further 
studies. It may still have potential to be used in a biostimulant formulation, but in low 
concentrations and in combination with a compatible form of the active substance. 
 
The addition of ZnSO4 or CoSO4 did not significantly alter the proline concentration 
in either wheat or radish. This does not mean the addition of these micronutrients is 
useless, since proline is not the only indicator on water stress tolerance. For example, 
the results from the GC-MS show an increase in several of the metabolites in wheat 
plants from seeds treated with BenFA and ZnSO4 under water stress; see Figure 14. 
This change is not seen in the same treatment under normal irrigation, or in the plants 
from seeds treated with BenFA without the ZnSO4. 
 
OligoFA gave a significant increase in fresh weight compared to the control when not 
given in combination with any other substance. On the other hand, it showed signs of 
not being compatible with the adjuvants tested in this study. This is complicated since 
OligoFA in earlier studies in Fyteko have shown to inhibit the germination when not 
combined with pigment or COS. 

3.5 	Choice	of	plants	
It was decided to work with two crops of different species that were to be 
representable for a larger group of plants, since it is wanted for the developed product 
to be applicable on many different species of plants. Moreover, for the sake of 
performing the analyses within the given time frame of the project, it was important 
for the chosen plants to have a short germination time and high growth rate. From the 
results, the general impression is that the response to the product differs depending on 
the species. A possibility is that the biostimulant formulation has to be tailored to 
each species to give an optimal effect, rather than trying to find a universal solution. 

3.6 Choice	of	methods	

3.6.1 Germination	
A germination count is based on the percentage of the seeds that germinate, usually 
after allowing enough time to make sure no more seeds initiate the germination 
process. When allowing a germination experiment continue for a longer period of 
time, the seeds that germinate early have time to grow to a certain size, which in the 
case of wheat and radish that both germinate and grow fast, makes it difficult to plant 
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the germinated seeds in soil without damaging the roots. For this reason, it was 
judged better to set a fixed time allowed for the seeds to germinate and to count the 
germination percentage at this time point before planting the seeds. This time point 
was chosen at a point where the germination was expected to be high, but when the 
roots were still small. This was judged representable for making observations of 
germination inhibition. 

3.6.2 Proline	concentration	
Since proline is known from the literature to accumulate in plants during water stress, 
the concentration of this amino acid is of high interest to study in order to follow 
adaptation of the stress response. One alternative for making a relative comparison of 
the proline content is to optimize the protocol for GC-MS. The extraction, 
derivatization and separation conditions were in this study not adjusted to meet the 
criteria for quantifying proline and other amino acids in GC-MS. The initial readings 
in the GC-MS did not show any peak for proline in the chromatogram, even when 
different extraction methods were attempted, see appendix. It was concluded that a 
spectrophotometric approach for the measurement of proline would provide a more 
reliable absolute quantification. In the later experiments, a peak for proline was 
observed at a retention time of 9.160 min in the GC-MS chromatogram for wheat 
plants under water stress. This shows that the concentration must be high in order to 
be observed, provided the usage of the protocol used in this study. 
 
The disadvantage of the spectrophotometric protocols used for determination of 
proline was the requirement of big amounts of plant tissue, due to the bigger volumes 
used compared to when using the microplates, see appendix. For some samples, 
particularly for wheat under water stress, the availability of plant tissue for analysis 
was low. For this reason, the volumes were adjusted for allowing the use of only 
100 mg of crushed leaves and still have a volume big enough to allow 
spectrophotometric reading. Keeping the use of solvents and reagents low is not only 
for practical reasons and availability of plant tissue, but also out of consideration for 
green chemistry. By avoiding steps like the extraction in toluene, commonly used in 
proline determination, the number of steps is reduced, and the use of harmful solvents 
is reduced as well, leading to lower risk for the environment and human health.  

3.6.3 Metabolic	profiling	
The use of GC-MS for metabolic profiling was a choice based on the amount of data 
that could be obtained from the instrument with high throughput, but also the fact that 
it is an easy way to investigate a high number of metabolites in a more or less 
untargeted manner. The results depend on the extraction method, which metabolites 
that are targeted in the chosen derivatization method, and which metabolites that are 
possible to make volatile. 
 
An important consideration in the design of the GC-MS analysis was the choice of 
normalization method. It was important to know that the differences in area of the 
peaks in the chromatogram depend on differences in abundance of the metabolites 
rather than errors in sample handling or injection volumes. For this reason, an internal 
standard was chosen. The literature suggests using Ribitol as an internal standard 
[27], but ribitol was observed naturally in wheat (Table 3). Finally, ergosterol was 
chosen as internal standard, since this is naturally not found in plants, it gives a good 
response in the GC-MS using the derivatization method and program used for the rest 
of the sample. This option seems to work well as a normalization method, although it 
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was not attempted to use it for absolute quantification. An alternative would have 
been to use isotopic labeled metabolites as internal standards, but this would increase 
the cost of the experiment. 

3.6.4 Water	stress	
The straightforward method of withholding irrigation to induce water stress has some 
issues. Even in controlled conditions in a laboratory, factors such as position in the 
room and differences in the light or temperature may influence the time before water 
stress conditions are reached. Secondly, due to differences in evaporation, the amount 
of water must be controlled by addition of water to a constant total weight of the pot 
to assure the plants have the same availability to water. Moreover, moving the pots 
around in the room in a random manner minimizes the effects of local environments. 
 
Another method for controlling water stress would have been to grow the plants in 
vitro on a nutrient agar medium. This method would facilitate the control of water 
stress induction by the addition of PEG. A small preliminary study was performed in 
which radish seeds were planted in agar gel. Due to limited possibility for work in 
sterile environment, the samples were contaminated. Even though the plants 
germinated well, it was judged that growing the plants in soil was more feasible 
considering the number of samples and the fact soil is more comparable to the natural 
environment that the biostimulant treated seeds would be planted in by the end user 
of the product. 

3.7 	Regarding	the	comparison	to	a	control	group	
In order to be comparable, the plants must be grown under identical conditions. Small 
differences in the amount of light, water or temperature may affect the results in an 
uncontrolled manner. In some of the formulations, a blue pigment was added in order 
to comply with regulations for sales of treated seeds and to facilitate the formation of 
a film coating on the seed. In this case, it is of interest to test the effect of the 
components other than the pigment, meaning that the control should also be treated 
with pigment. In the formulations where no pigment was added, untreated seeds were 
used as control. The differences between treated seeds and control were fully 
accounted to the biostimulant. A comparison between the two control groups, with or 
without pigment, gives an idea of the effect brought by the pigment and the seed 
coating process, see Figure 19. Although, considering the low number of replicates 
and problems keeping the growth conditions equal, the importance of this finding is 
unknown. 
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Figure 19: Relative area of the metabolites at selected retention times for wheat control treated with 
pigment (T24) from bioassay A and the untreated control (T25). Plants under normal irrigation in blue, 
and plants under water stress in red. 

Seed priming differs from seed coating in the sense that seed priming is performed in 
a way that renders the seeds partially hydrated in order to activate metabolic events 
without starting the actual germination process, and the seeds are then dried again 
[18]. In seed coating on the other hand, the formulation is added as a layer on the 
surface of the seed, which makes the substances in the coating layer available to the 
seedling in the beginning of the germination process. Seed priming was not 
performed, since full soaking of the seeds did not occur. Still, the concentration of 
metabolites in the two groups (exposed to liquid or not) is not following the same 
pattern. 

3.8 	Plant	developmental	stage	at	time	of	analysis	
Younger plants are more sensitive to water stress and in consequence, it would make 
sense to induce water stress at the same developmental stage for each plant. However, 
even within the same treatment group, plants naturally develop at different rates. 
Looking at the fresh weight of the plants in this study, it can be seen that there are 
some significant differences between the treatment groups. With all other variables 
considered constant, the difference in developmental stage at a certain time point was 
accounted to the different treatments of the seeds. For this reason, it is logical to 
discontinue the plant growth to make the analysis after the same amount of time 
rather than at the same developmental stage. This allows analysis of metabolites and 
other biomarkers after the same time has passed after the treatment. 

3.9 	Reproducibility	of	the	results	
In order for the product to be sold and reliable, it is essential to be able to show that it 
works every time. A way to test this is to reproduce the same experiments and 
compare the outcomes. At this small scale of experiments performed in this study, 
only a low statistical power can be reached. To achieve a higher accuracy, field tests 
must be made. Even though no clear reproducibility is observed in this study, it may 
also be explained by the difficulty regarding keeping the growth conditions constant.  
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3.10 General	comments	on	seed	treatments	with	biostimulants	
Climate change makes the conditions for agriculture more difficult, and the need for 
efficient ways of providing enough food for a growing population increases. Many 
products for protecting crops from biotic and abiotic stress have been introduced on 
the market with varying results. Many products are potentially harmful either for the 
farmers in the application process such as the aerosols when applying a foliar spray, 
or for the people that reuse the bottles the product was delivered in without 
considering possible toxicity. There is a clear need for a product that in a non-toxic 
and safe way helps the crops withstand the challenges of climate change. Seed 
coating with a biostimulant formulation that is fully bio-based and proved non-toxic 
is a solution for this. The seeds can be treated in factories, which minimizes the 
workload for the farmers, in the same time as it entirely removes the exposure to 
aerosols from the product. 
 
Some common resistance from the public regarding the treatments of seeds and plants 
is based on the misunderstanding of the pathway of action of the product. A common 
misinterpretation is that biostimulants modify the genes of the crop. It is true that the 
biostimulant in this study resulted in a change of the levels of different metabolites, 
but this is not due to a genetic change like in genetically modified organisms (GMO). 
Instead, it is due to natural stimuli of the stress response of the plant. The effect is not 
transferred to the next generation of plants, and the seeds can be harvested and 
planted next year. However, it is true that new treated seeds have to be bought every 
year since the effect is not inherited. Although, the product can be sold as pre-treated 
seeds, or as a liquid for the farmer to use for seed treatment performed on sight. 

4. Conclusions	
This study had three main objectives. First of all, a comparison of BenFA and 
OligoFA and their effect on the plants after seed coating was to be made. There are 
obvious similarities between BenFA and OligoFA, considering they both contain a 
di- or polymerization of ferulic acid. In this study, OligoFA showed increase of the 
fresh weight of both radish and wheat at a lower concentration than what is applied 
today. OligoFA also showed an increase in the activity of P5CS at an early stage in 
water stress. BenFA on the other hand, showed interesting effects when combined 
with adjuvants. It is not possible to select one of the forms of the active substance to 
be clearly better than the other since there are advantages with both forms. 
 
Secondly, adjuvants were to be tested for being added to the biostimulant 
formulation. ZnSO4 and CoSO4 were tested individually and in combination with 
BenFA and OligoFA. Negative effects on the fresh weight were seen for the 
combination of OligoFA with the micronutrients, and these were therefore not used 
for evaluation of proline of other metabolites. In combination with BenFA, ZnSO4 
gave an increase in the concentration of several metabolites such as ribonic acid, 
ribitol, D-glucoronic acid, and mannose compared to control wheat plants under 
water stress. 
 
The third objective was to evaluate the induced metabolic changes in the plants from 
treated seeds compared to the control. This task was challenging since the number of 
replicates for each treatment was low, and the variability was high. Only the 
metabolites with a high enough response in the GC-MS were selected for 
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comparison, since the lowest peaks were difficult to distinguish from the background 
noise and not strong enough to perform an accurate similarity search to identify the 
metabolite. For most of the treatments, the relative concentration was very similar to 
the control plants, leading to problems choosing possible accurate biomarkers to 
indicate the effect of the biostimulant. No specific metabolite was determined for 
having more importance for the indication of the function of the biostimulant than the 
others. What is clear from this study is that proline is not a biomarker that should be 
considered as fully reliable. In the present study, there were only few or no treatments 
that changed the proline concentration compared to the control. Instead, the biggest 
change in proline concentration seems to be connected to the level of water stress in 
the plants. Interestingly, a higher total concentration of protein was observed for 
radish plants treated with BenFA or OligoFA compared to the untreated plants. The 
reproducibility and importance of this finding remains unexplored.  
 
In general, keeping the growth conditions constant was challenging, and a possible 
solution would be to further explore the system of growing the plants in vitro to 
assure more even availability to water. More data is needed to increase the statistical 
power, which means that OligoFA in lower concentrations than previously used, and 
BenFA in combination with a micronutrient such as Zn should be further evaluated to 
explore the positive tendencies observed in this study. 
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Appendix	1	–	Methods	

Original	method	for	Bioassay	C	
8 pre-germinated radish seeds were planted in each pot. 36 pots were prepared for 
each treatment (OligoFA 50 ppm, BenFA 0,4 %, and untreated control).  
 
The idea for this bioassay was to evaluate the change of concentration of proline and 
other metabolites as the water stress was progressing. These samples would be 
compared to plants from untreated seeds at the same time point in the water stress, 
and also plants with the same treatment under normal irrigation. Since it was 
expected for the plants under normal irrigation to have less change from day to day, 
these samples would only be taken on days 1, 3 and 5, and for the plants under water 
stress, samples would be taken daily for five days under water stress. Due to lack of 
space in the lab where the previous bioassays been performed, bioassay C was put to 
grow in a greenhouse. Irrigation was given daily up to day 13, and was then withheld 
for two thirds of the replicates per treatment. Based on previous experience from 
water stress in radish, the first signs of stress appear after 3-4 days, since it takes time 
for the water to evaporate from the soil. When returning to the greenhouse on day 4 
in the water stress, the plants were already under severe stress and were judged not to 
survive a study over five days. In order to not waste the whole bioassay, the plants 
under water stress were put under irrigation for a study of the fresh weight after 
recovery. In consequence, the plants intended as control plants under normal 
irrigation were put under water stress. Due to the lower number of plants, the number 
of time points for sampling was reduced to 4. The lower number of plants also led to 
a lower number of replicates possible per time point and no comparison to plants 
under normal irrigation was possible. 

Method	for	activity	assay	of	ProDH	
The activity of proline dehydrogenase was measured using a modified version of the 
method from Cecchini et al. [1]. 0.2 g of crushed leaved was used for extraction in a 
buffer containing 50 mM Tris-HCl (pH 7.4), 7 mM MgCl2, 0.6 M KCl, 3 mM EDTA, 
1 mM dithiothreitol, 1 mM phenylmethylsulfonyl fluoride, and 5% [w/v] 
polyvinylpyrrolidone. 1 mL of extraction buffer was added and vortexed for 2 min, 
followed by centrifugation at 16,000 g for 10 min at 4°C. The supernatant was 
recovered and further clarified by a repetition of the centrifugation step. The reaction 
was made in a buffer containing 0.15 M Na2CO3-HCl buffer (pH 10.3) and 20 mM L-
Proline. A volume equivalent to 100 µg of protein (determined by the Bradford 
method) of the extract was added and the addition of 1 mM NAD+ started the 
reaction. The absorbance at 340 nm was measured at time 0 min (t0) and the samples 
were incubated in a water bath at 37°C for 15 min. The absorbance was measured 
again at 340 nm at time 15 min (t15). The ProDH activity was calculated based on the 
change in absorbance per minute, and expressed as U (µmol L-1 min-1). 

Alternative	extraction	method	for	GC-MS	
Since the preliminary tests using GC-MS did not show any peak for proline in the 
chromatogram, it was attempted to change the extraction method. The original 
protocol used applied an extraction in 10 % methanol in 1 % acetic acid. In the 
literature, there are examples of using higher concentrations of methanol for the 



 
2 

extraction of metabolites for GC-MS analysis. There are examples of the extraction 
medium containing as much as 100 % methanol [2]. 100 mg of frozen crushed leaves 
of wheat (from seeds treated with OligoFA, and untreated control) were used for 
extraction in 1 mL 100 % methanol. The samples were vortexed for 1 min, followed 
by centrifugation at 13,000 rpm for 10 min. The supernatant was recovered and used 
in the GC-MS analysis in parallel with wheat plants extracted in 1 mL 10 % methanol 
in 1 % acetic acid. The chromatograms were essentially identical, and no proline was 
observed (data not shown).  

Determination	of	proline	concentration	using	96-well	plates	
A method that requires small volumes of reagents and sample, and allows easy 
handling of many parallel samples was desired for the determination of proline 
concentration. The solution to this was to perform the reaction between proline and 
ninhydrin in a 96-well microplate. This method requires only a small amount of 
sample material and supports the reading of 96 samples simultaneously.  
 
In summary, 100 mg of frozen crushed leaves were put in eppendorf tubes and the 
exact weights were noted. 1 mL of 3 % (w/v) aqueous sulfosalicylic acid was added 
and the tubes were vortexed for 60 seconds. The homogenate was centrifuged at 
13,000 rpm for 5 min. 80 µL of the supernatant was added to 80 µL of glacial acetic 
acid and 80 µL of ninhydrin reagent (2.5 g ninhydrin/100 mL of a solution containing 
glacial acetic acid, distilled water and orthophosphoric acid 85 % at a ratio 6:3:1) in a 
96-well PCR-plate. The wells were sealed and the samples were put in a boiling 
water bath for 60 min, followed by a room tempered water bath for 5 min. The 
absorption was measured at 535 nm. The proline concentration was determined from 
a standard curve from readings of solutions containing known amounts of L-proline, 
and calculated on a fresh weight basis (µmol proline/g fresh weight leaves). 
 
The use of the microplate for measurement of proline concentration seemed 
promising and was used in preliminary tests. Unfortunately, the method was 
abandoned due to the high variability in results, which could not be ruled out as not 
being inferred by the method itself. For example, when incubating the plate in boiling 
water for 1 hour, the caps used for the plate could not guarantee the prevention of 
evaporation of the sample or the leakage of water into the wells. Moreover, there was 
no filter available that was close enough to the optimum wavelength of the reaction, 
leading to a low sensitivity. 

	 	



 
3 

Appendix	2	–	Additional	data	

Germination	count	
Raw data for the germination counts in bioassay A and B are found in Table 1-4. 
 
Table 1: Raw data for the germination count of wheat seeds with the treatments T1-T25 in bioassay A. The 
count was made after 6 days. 

 1 2 3 4 5 Average Stdev Stderr t-test 
T1 80 80 90 100 90 88 8,37 3,74 0,416 
T2 80 70 100 90 80 84 11,40 5,10 0,803 
T3 90 50 100 70 90 80 20,00 8,94 0,857 
T4 80 60 60 90 90 76 15,17 6,78 0,522 
T5 80 100 80 90 70 84 11,40 5,10 0,803 
T6 80 50 80 90 90 78 16,43 7,35 0,682 
T7 80 100 60 90 80 82 14,83 6,63 0,263 
T8 70 90 80 90 70 80 10,00 4,47 0,263 
T9 80 90 100 70 80 84 11,40 5,10 0,128 
T10 90 80 90 100 80 88 8,37 3,74 0,034 
T11 50 80 90 70 60 70 15,81 7,07 0,823 
T12 80 70 80 70 100 80 12,25 5,48 0,308 
T13 80 70 80 70 30 66 20,74 9,27 0,588 
T14 70 80 60 90 60 72 13,04 5,83 1,000 
T15 100 80 90 100 90 92 8,37 3,74 0,013 
T16 70 60 80 100 50 72 19,24 8,60 1,000 
T17 80 80 100 70 80 82 10,95 4,90 0,187 
T18 80 90 70 80 70 78 8,37 3,74 0,361 
T19 80 90 80 70 100 84 11,40 5,10 0,128 
T20 90 60 80 80 80 78 10,95 4,90 0,412 
T21 100 90 100 90 40 84 25,10 11,22 0,369 
T22 90 60 60 40 60 62 17,89 8,00 0,324 
T23 50 80 80 60 90 72 16,43 7,35 0,319 
T24 80 60 60 80 80 72 10,95 4,90  
T25 70 70 90 80 100 82 13,04 5,83  
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Table 2: Raw data for the germination count of radish seeds with the treatments T1-T25 in bioassay A. The 
count was made after 5 days. 

 1 2 3 4 5 Average Stdev Stderr t-test 
T1 100 100 100 90 100 98 4,47 2,00 0,056 
T2 60 100 90 100 100 90 17,32 7,75 0,824 
T3 100 100 90 90 80 92 8,37 3,74 0,471 
T4 100 90 90 90 80 90 7,07 3,16 0,694 
T5 80 90 90 90 100 90 7,07 3,16 0,694 
T6 100 100 100 100 100 100 0,00 0,00 0,033 
T7 100 90 100 100 100 98 4,47 2,00 0,108 
T8 100 80 90 90 70 86 11,40 5,10 0,820 
T9 100 80 90 90 90 90 7,07 3,16 0,455 
T10 100 100 100 90 90 96 5,48 2,45 0,157 
T11 90 90 80 100 100 92 8,37 3,74 0,340 
T12 90 90 90 80 90 88 4,47 2,00 0,598 
T13 90 90 100 100 100 96 5,48 2,45 0,157 
T14 80 80 100 100 100 92 10,95 4,90 0,370 
T15 100 100 90 90 100 96 5,48 2,45 0,157 
T16 100 80 100 100 100 96 8,94 4,00 0,175 
T17 90 80 100 100 90 92 8,37 3,74 0,340 
T18 100 80 100 90 100 94 8,94 4,00 0,248 
T19 100 90 90 90 100 94 5,48 2,45 0,224 
T20 90 80 100 100 90 92 8,37 3,74 0,340 
T21 80 100 100 100 100 96 8,94 4,00 0,175 
T22 90 90 80 90 100 90 7,07 3,16 0,455 
T23 90 80 100 100 100 94 8,94 4,00 0,305 
T24 100 80 90 60 90 84 15,17 6,78  
T25 100 90 80 90 80 88 8,37 3,74  
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Table 3: Raw data for the germination count of wheat seeds with the treatments T1-T12 in bioassay B. The 
count was made after 4 days. 

 1 2 3 4 5 Average Stdev stderr t-test 
T1 70 75 50 55 85 67 14,40 6,44 0,646 
T2 65 80 50 65 85 69 13,87 6,20 0,813 
T3 85 55 70 70 65 69 10,84 4,85 0,789 
T4 85 95 75 80 80 83 7,58 3,39 0,101 
T5 80 80 65 60 65 70 9,35 4,18 0,887 
T6 70 55 50 75 80 66 12,94 5,79 0,543 
T7 80 75 75 70 85 77 5,70 2,55 0,351 
T8 45 65 75 65 60 62 10,95 4,90 0,913 
T9 70 65 75 40 60 62 13,51 6,04 0,919 
T10 80 60 60 60 80 68 10,95 4,90 0,453 
T11 75 80 40 55 55 61 16,36 7,31 1,000 
T12 80 55 65 70 85 71 11,94 5,34 0,304 
 
Table 4: Raw data for the germination count of radish seeds with the treatments T1-T12 in bioassay B. The 
count was made after 4 days. 

 1 2 3 4 5 Average Stdev Stderr t test 
T1 95 95 85 85 80 88 6,71 3,00 0,609 
T2 85 90 90 80 75 84 6,52 2,92 0,144 
T3 95 95 75 100 90 91 9,62 4,30 0,843 
T4 85 90 85 85 80 85 3,54 1,58 0,109 
T5 85 90 85 80 90 86 4,18 1,87 0,208 
T6 75 100 85 100 90 90 10,61 4,74 1,000 
T7 95 85 95 90 90 91 4,18 1,87 0,741 
T8 70 85 75 100 80 82 11,51 5,15 0,241 
T9 95 85 80 90 95 89 6,52 2,92 0,833 
T10 85 85 95 75 95 87 8,37 3,74 0,576 
T11 95 80 85 90 100 90 7,91 3,54  
T12 95 90 95 85 85 90 5,00 2,24  
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Fresh	weight	
Raw data for the fresh weight in bioassay A and B is found in Table 5-7. 
Table 5: Fresh weight per 6 plants of wheat in bioassay A for the 6 replicates of the treatments T1-T25. 
Weight in grams.  

Treatm./Replicate 1 2 3 4 5 6 
T1 1,61 1,51 1,86 0,88 0,82 0,9 
T2 1,58 1,62 1,7 0,92 0,72 0,74 
T3 1,83 1,97 1,8 0,63 0,55 0,88 
T4 1,61 1,28 1,83 1,04 0,97 0,95 
T5 1,56 1,46 1,74 0,72 0,81 0,43 
T6 1,78 1,72 1,17 1,15 1,18 1,08 
T7 1,82 1,76 1,85 0,93 1,03 1,17 
T8 1,59 1,41 1,34 0,59 0,58 0,8 
T9 1,77 1,7 1,35 0,66 1,05 1,05 
T10 1,59 1,47 1,32 1,34 0,94 1,05 
T11 1,25 1,27 1,35 0,48 0,62 0,31 
T12 1,46 1,37 1,41 0,78 0,58 0,71 
T13 1,93 1,17 1,39 0,59 0,91 0,4 
T14 1,16 1,53 1,21 0,66 0,68 0,62 
T15 1,43 1,42 1,47 0,46 0,28 0,24 
T16 0,85 1 1,27 0,23 0,35 0,65 
T17 1,45 1,69 1,65 0,91 1,16 0,96 
T18 1,71 1,94 1,71 0,97 1,09 0,85 
T19 1,53 1,54 1,34 0,65 0,67 0,69 
T20 1,46 1,27 1,27 0,79 0,73 0,79 
T21 1,53 1,03 1,51 1,04 0,74 0,93 
T22 1,39 1,6 1,51 0,74 0,68 0,63 
T23 1,53 1,4 1,53 0,93 1,05 0,8 
T24 1,43 1,41 1,49 0,81 0,66 0,77 
T25 1,69 1,4 1,5 0,51 0,91 0,87 
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Table 6: Average fresh weight per radish plant in bioassay A for the 6 replicates of the treatments T1-T25. 
Weight in grams. Each replicate is an average of 2-6 plants. 

Treatm./Replicate 1 2 3 4 5 6 
T1 1,34 2,25 0,75 0,58 1,28 0,98 
T2 0,77 1,19 1,28 1,52 1,36 1,49 
T3 0,74 0,64 0,47 0,94 0,54 0,85 
T4 2,35 1,51 1,77 2,03 1,97 0,00 
T5 1,59 1,19 1,19 0,98 1,53 1,05 
T6 0,50 0,45 0,48 0,52 0,61 0,63 
T7 1,23 1,50 1,31 0,84 1,29 1,28 
T8 2,64 1,45 1,17 0,56 0,46 0,00 
T9 0,74 0,42 1,63 0,52 1,72 0,65 
T10 0,52 0,71 0,58 0,64 0,59 0,49 
T11 0,39 0,44 0,41 0,42 0,46 0,39 
T12 0,34 0,37 0,33 0,32 0,33 0,40 
T13 0,55 0,66 0,40 0,43 0,55 0,51 
T14 0,36 0,37 0,58 0,29 0,39 0,36 
T15 0,36 1,50 1,69 0,84 1,08 0,30 
T16 1,70 1,18 1,46 1,36 1,54 0,43 
T17 0,33 0,34 0,32 0,37 0,31 0,43 
T18 0,39 0,49 0,46 0,23 0,45 0,27 
T19 0,22 0,22 0,34 0,44 0,27 0,31 
T20 0,30 1,07 1,75 0,18 1,06 1,97 
T21 0,25 0,30 0,24 0,68 0,26 0,34 
T22 0,40 0,32 0,30 0,22 0,26 0,45 
T23 0,36 0,49 0,54 0,72 0,61 0,65 
T24 0,58 0,66 0,43 0,25 0,57 0,68 
T25 0,59 0,56 0,61 0,32 0,55 0,41 
 
 
Table 7: Average fresh weight per radish plant in bioassay B for the 6 replicates of the treatments T1-T12. 
Weight in grams. Each replicate is an average of 7-9 plants. 

Treatm./Replicate 1 2 3 4 5 6 
T1 0,37 0,38 0,30 0,40 0,44 0,43 
T2 0,29 0,30 0,25 0,32 0,30 0,00 
T3 0,42 0,39 0,28 0,35 0,29 0,38 
T4 0,37 0,34 0,33 0,35 0,45 0,33 
T5 0,30 0,31 0,36 0,27 0,28 0,38 
T6 0,47 0,56 0,59 0,59 0,56 0,42 
T7 0,24 0,41 0,36 0,34 0,28 0,38 
T8 0,26 0,39 0,31 0,41 0,32 0,34 
T9 0,33 0,31 0,40 0,41 0,38 0,37 
T10 0,27 0,23 0,35 0,35 0,35 0,30 
T11 0,29 0,34 0,26 0,28 0,30 0,38 
T12 0,54 0,49 0,43 0,33 0,37 0,55 
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Structural	analysis	
The results from the FT-IR analysis of ferulic acid and OligoFA is found in Figure 1. 

 
Figure 1: Fourier transform infrared spectroscopy spectrum for Ferulic acid (red) and OligoFA (blue). 

Calibration	curves	
The calibration curves for the spectrophotometric determination of proline and total 
protein concentration are found in Figure 2 and 3. 
 

 
Figure 2: Standard calibration curve for calculations of total protein concentrations using the Bradford 
method by spectrophotometrical measurements of the absorbance at 595 nm. 
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Figure 3: Standard calibration curve for the calculations of proline concentrations using 
spectrophotometric measurements of the absorbance at 508 nm after reaction with ninhydrin. 
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