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1 INTRODUCTION 

 

Faba bean (Vicia faba L.) also known as broad bean, fava bean, field bean, bell bean, tic 

bean or horse bean, is in the legume family, Fabaceae. It is an ancient pulse crop, and one 

of the first domesticates, grown at least from the early Neolithic period (6800 to 6500 

B.C.E.). The origin or the wild progenitor is not known, but it is generally accepted that 

the site of origin is in the Near East. Faba bean size ranges widely, from over 1 g beans 

developed in the South Mediterranean and China to seeds with less than 0.5 g weight 

developed in Ethiopia. Seed weights of modern cultivars are form 0.3 g to 3.0 g. (Duc 

1997). Faba beans are divided in to 3 categories. Vicia faba var major, minor and equina. 

V. faba var major has flattened larger seeds and is referred to as broad beans. These are 

usually grown in Southern Europe for human consumption either fresh or dried. V. faba 

var minor and equina have smaller rounder seeds and are referred to as field or horse 

beans, and they are usually dried and used for human consumption or as animal feed 

(Knott 1990, Crépon et al. 2010). Many of the different variations have different names, 

depending on their intended use.  

 

 Current world production of faba bean is 4.5 million tonnes and of that 1 954 

thousand tonnes were grown in EU. Faba bean was sown on 2.4 million hectares in the 

world and 655 thousand hectares in EU. The average yield for the world was 1.86 ton/ha 

and for EU 2.98 ton/ha (FAOSTAT 2016, Eurostat 2016).  

 

Faba beans are an excellent source of protein, with protein content ranging from 

27% to 34% of the seed dry matter (Duc 1997). The beans are used as human food as well 

as animal feed. Human consumption mainly occurs in the Mediterranean basin, the 

Middle East, Pakistan, northwestern India and southern China (Crépon et al. 2010). For 

humans, faba beans are not only a good source of protein, fiber and energy, but diets rich 

in faba beans have noted to lower LDL cholesterol levels in plasma (Frühbeck et al. 1997). 

 

As part of the legume family, faba beans together with rhizobium bacteria provide 

biologically fixed nitrogen (N) to the soil. Thus faba beans themselves do not need N 

fertilization and the crop following them also needs less N fertilization. This makes them 



beneficial to the crop rotation and legumes are unavoidable in organic farming, where 

artificial fertilizers are banned.   

 

The earliest evidence of faba beans in Finland is from 600 to 800 CE (Huurre et 

al. 2003). Unlike Southern Europe, in Finland faba beans have mostly been used for 

animal feed. Their name in Finnish härkäpapu (oxbean) implies this as well (Hannukkala 

et al. 2014). Although the beans that survived to the modern day in the rural parts of east 

of Finland were used only for human consumption, with every farm having their own 

special variety (Huurre et al. 2003). Faba bean farming had nearly died out by the 1960s, 

but interest in them was again raised, beginning a new wave of faba bean breeding for the 

Finnish climate (Rousi 1997). The new millennium has also boosted faba bean farming 

in Finland. National yield was 16.3 million kg in 2010 and it had risen to 39.9 million kg 

in 2016 (OFS 2018). The rise in popularity is due to faba beans featuring heavily in 

Finnish meat replacements, meant for vegans as well as interest in domestic protein 

sources for animal feed.  

 

2 VICINE AND CONVICINE  

 

Faba bean, like most legumes, contains anti-nutritional compounds, of which the 

most important are vicine and convicine (v-c). Normally v-c comprises about 1% of the 

seed dry matter. The amount differs between cultivars and varieties (Khamassi et al. 

2013). Faba beans also contain other anti-nutritional compounds like tannins, but these 

are usually removed by dehulling the seeds. Since v-c content is the highest in the 

cotyledon, dehulling does not affect the v-c content. V-c is thought be part of the seed 

germination process as well as an antibacterial (Griffiths & Ramsay 1992, Pavlik 2002, 

Ramsay & Griffiths 1996). 

 

V-c are pyrimidine glucosides that hydrolyze to divicine and isouramil during 

digestion. These two compounds are powerful oxidants and harmful or deadly to humans 

that have a gene mutation for glucose-6-phosphate dehydrogenase (G6PD) deficiency 

(Crépon et al. 2010). The harmful effects of v-c are not limited to humans. V-c has major 

negative effects on chickens as well as on pigs to a lesser extent.   
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If a person with G6PD-deficiency ingests v-c, they might develop favism. Favism 

is an old illness, and its link to bean consumption was known even in Pythagoras’s time 

in the 5th century B.C. (Meletis & Konstantopoulos 2004). In G6PD-deficient individuals, 

the v-c hydrolysis products divicine and isouramil cause glutathione (GHS) in the plasma 

to oxidise. Normally GHS is regenerated in metabolic cycle where G6PD is used. In 

G6PD-deficient individuals, GHS regeneration cannot be done, which leads to the 

oxidized GHS altering several functions of red blood cells (RBC). This leads to 

hemolysis, meaning that RBC are destroyed 24 – 36 h after v-c indigestion. During this a 

small amount of the RBC breaks down, but majority is removed by macrophages (Arese 

& De Flora 1990, Arese et al. 2005). In the worst case, favism can cause the destruction 

of 80% of RBC and be fatal, but usually favism cases are milder and do not require blood 

transfusion, which is the only cure for favism (Crépon et al. 2010). 

 

G6PD-deficit individuals are also at risk of hemolytic crises from other oxidants, 

for example oxidant drugs or vitamin C if ingested in large quantities (Crépon et al. 2010). 

There is more than one variant of the G6PD-deficiency allele, making the carriers of 

Mediterranean and the Chinese Canton variant more prone to favism (Crépon et al. 2010). 

G6PD deficiency is wide spread, with studies indicating 400 million deficient subjects 

worldwide. It has been suggested that G6PD-deficiency evolved as a counter measure 

against falciparum malaria (Greene 1993). The G6PD gene is on the X chromosome and 

since homozygous recessive females are rare, the deficiency mostly affects males (Crépon 

et al. 2010).  

 

 As mentioned before, v-c affects not only humans, but also certain livestock 

species and in general it is an anti-feedant. In poultry, v-c lowers the protein, energy and 

starch digestibility of the feed, which leads to larger amounts of feed needed for the 

animals (Lacassagne et al. 1991, Wareham et al. 1993). V-c also decreases the egg size 

of laying hens (Lessire et al. 2017, Muduuli et al. 1981) and growth of broiler chickens 

(Vilarino et al. 2009). A faba bean based diet can also increase mortality in laying hens 

(Koivunen et al. 2014). For pigs, v-c seems to affect protein and energy digestibility of 

the feed, but studies have had contrasting results on how much v-c effects pigs growth 

(Crépon et al. 2010). In milking cows, it was shown that a diet rich in faba bean (4.5 kg 

per day) resulted in a decrease of protein content of the milk (Trommenschlager et al. 

2003 as cited in Crépon et al. 2010). 



Poultry, pigs and ruminants all could be fed faba beans without adverse effects in 

limited quantities, and studies using low v-c content faba beans have proved the adverse 

effects are caused by the v-c content. Faba bean is an excellent source of protein, energy 

and fibers for livestock, and it can be produced further north than soybean (Glycine max, 

(L.) Merr.), which is regularly used as a protein source for livestock. The v-c content of 

the faba beans can be lowered by processing (fermentation etc.) (Crépon et al. 2010), but 

that is generally thought to be too expensive for animal feed. Developing more faba bean 

cultivars with a low v-c content would solve this problem. 

 

 For humans there are more ways to avoid v-c. Most cases of favism happen when 

a G6PD-deficit individual eats fresh raw faba beans and even in these cases most people 

with the gene do not suffer from toxicity (Crépon et al. 2010). This is because v-c can be 

inactivated by fermentation (Rizzello et al. 2016) or acid and normally adult gastric juices 

are enough to destroy v-c, even in G6PD-deficit individuals, which is why usually only 

the young or elderly suffer from the toxicity. V-c content can be lowered by heat 

treatments and steeping the seeds in still or flowing water, but the remaining v-c can still 

be enough to cause problems to people with G6PD deficiency (Jamalian & Ghorbani 

2005).  

 

There are low v-c cultivars and while these cultivars do still have 5-10% of the 

wild types v-c in them (Khamassi et al. 2013), the levels are low enough, so that G6PD-

deficit people can eat them raw without problems (Gallo et al. 2018). 

 

2.1 Synthesis of Vicine and Convicine 

 

Vicine and convicine were first isolated from seeds of vetch (Vicia sativa L.) 

in the late 1800s (Ritthausen and Kreusler 1870 as cited in Griffiths & Ramsay 1992), 

and in 1914 the compounds were discovered in faba bean (Johnson 1914). The exact 

chemical structures of the compounds are still under debate, with generally 3 different 

tautomer used (Figure 1). In 1953 it was concluded that vicine is a pyrimidine glucoside 

with a chemical structure of 2,4-diamino-6-oxypyrimidine-5-(-D-glucopyranoside)  

(Bendich & Clements 1953). The chemical structure of convicine was discovered in 1968 

as 2,4,5-trihydroxy-6-aminopyrimidine-5-(-D-glucopyranoside) (Bien et al. 1968). 
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Figure 1. Different tautomer of vicine and convicine. 

The studies point to v-c being synthesized during the seed filling period (Ramsay 

& Griffiths 1996, Pitz et al. 1981), the most likely site of synthesis being the testa 

(Ramsay & Griffiths 1996), even though highest v-c concentration is in the cotyledons of 

seeds taken from 5-6 cm pods (Jamalian & Bassiri 1978). The theory is that v-c are 

synthesized in the testa and then transported to the cotyledons, resulting in fresh faba bean 

seeds having the highest v-c concentration (Pitz et al. 1981). This is supported by the fact 

that v-c content in testa peaks before the cotyledons and then starts to diminish (Ramsay 

& Griffiths 1996). The cotyledon v-c content keeps rising after this, but the rise is higher 

than the diminishing amount from testa, making it likely that the cotyledon has some other 

source of v-c as well (Ramsay & Griffiths 1996). It was suggested that the v-c synthesis 

does not happen outside of the developing pod (Brown & Roberts 1972). The ratio of 

vicine to convicine is similar throughout the seeds, except for the testa (Griffiths & 

Ramsay 1992), which could also indicate differences in the origin of v-c in the different 

structures.  

 

The biosynthesis pathway of v-c is not known (Ray et al. 2015), but it has been 

suggested that it is derived from the orotic acid pathway (Brown & Roberts 1972). The 

source of carbon ring for the v-c synthesis is also unknown (Brown & Roberts 1972).  

 

 Markers for vc- (low vicine and convicine phenotype) in faba bean have been 

sought to help faba bean breeding. The vc- allele does not affect seed size, composition 



or plant growth vigor (Duc et al. 1999), but it is 5-10 cM (centiMorgans) from the gene 

coding for white hilum hc-, which means that vc-  and hc- often co-segregate, but white 

hilums are not proof of low v-c levels (Gutierrez et al. 2006). Hence studies have been 

done to find markers close enough to the vc- to predict faba bean phenotype. The newest 

marker currently is based on Medtr2g009270, which successfully predicted phenotype in 

all of the tested plants. The sequence of this gene coded for RIBA1 protein in soybean, 

which is an early step of riboflavin biosynthesis (Khazaei et al. 2017). As low v-c 

concentration does not seem to affect any farming qualities of the plant, breeding for low 

v-c plants seems to be best way to get rid of v-c. 

 

2.2 Biosynthesis Hypothesis 

A new hypothesis for the v-c biosynthesis pathway has been proposed by Dr Fernando 

Geu Flores of The University of Copenhagen. Instead of synthesis starting with 

pyrimidines, it should start with purines likes GTP (Guanosine-5'-triphosphate) (Figure 

2).  

 

Figure 2. New hypothesis for v-c biosynthesis. Black horizontal arrows indicate the 

normal riboflavin biosynthesis pathway which starts with GTP (Guanosine-5'-

triphosphate). Red vertical arrows are the pathway for the new hypothesis. a. and b. are 

early intermediates of the riboflavin synthesis and the starting point for vicine and 

convicine. 1. COG3236 2. Cytidine deaminase homologue 3. Glucosyl transferase. 
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The hypothesis starts with the riboflavin biosynthesis pathway, which starts with 

GTP, then the RibA enzyme opens up the second carbon ring of GTP making the first 

intermediate a in figure 2. Riboflavin synthesis then proceeds with RibD1 making the 

second intermediate b. 

 

The hypothesis is that the these intermediates are highly reactive and since 

riboflavin biosynthesis lacks feedback inhibition, the Cluster of Orthologous Groups of 

proteins (COG) 3236 has evolved as a direct overflow mechanism to deal with these 

damaging intermediates (Frelin et al. 2015). An overflow mechanism is an alternative for 

the regular feedback inhibition method. In the feedback method excess amounts of 

intermediate substances from later reactions inhibit the earlier reactions in the synthesis 

pathway, ensuring that buildup of the intermediates is impossible. The riboflavin pathway 

seems to lack any of these feedback loops, resulting in a buildup of intermediates a and b 

that are believed to be highly reactive. In the overflow mechanism, the buildup 

intermediates are managed with alternative chemical reactions, resulting in harmless 

compounds.  The study by Frelin et al. (2015) suggests that COG3236 is one of these 

overflow mechanisms for the riboflavin pathway. The COG3236 is an enzyme fused from 

RIBR and RibA, both part of the riboflavin synthesis pathway. Frelin et al. (2015) showed 

that this enzyme, in laboratory conditions, removes the ribose phosphate from 

intermediates a and b. In the v-c synthesis hypothesis, this would be the start of v-c 

synthesis pathway and would make the v-c pathway first example of a specialized 

metabolite pathway starting from overflow mechanism.  

 

The COG3236 is labeled 1. in figure 2, cleaving the ribose phosphate. At point 2. 

is cytidine deaminase homologue enzyme, which is needed to replace one of the amino 

groups with a hydroxy group. At step 3., the hydrogen in the hydroxy group is replaced 

with β-D-glucose, and an enzyme capable of glucosyl transferase is needed for this (Geu 

Flores et al., personal communication).  

 

This hypothesis would make the v-c synthesis only 3 steps long after it diverts 

form the riboflavin synthesis pathway and a way to deal with highly reactive 

intermediates a and b. The simplicity of the pathway and the fact the riboflavin pathway 

is highly common, would also make it more likely to evolve on its own in other 

organisms. For example bitter gourd (Momordica charantia L.) also contains vicine, 

despite not being related to legumes (Krawinkel & Keding 2006). There is a possibility 



of finding other plants containing v-c, since it seems that the compounds have been 

identified when people with G6DP-defiency get sick from them.  

 

2.3 Summary 

 

V-c makes faba beans seeds less ideal for animal feed uses and can be harmful to humans 

with G6PD-deficiency. The v-c content of the faba bean cultivar does not affect seed 

characteristics or plant growth vigor (Duc et al. 1999), which would make plants with a 

lowered v-c content preferable to high v-c plants. The low v-c cultivars have already been 

proven to be safe for G6PD-deficient people (Gallo et al. 2018) and decrease adverse 

effects of high v-c content faba bean diets on live stock (Crépon et al. 2010). 

 

Literature points to v-c being synthesized in the testa during the seed-filling 

period, but this is still uncertain. It is clear that v-c is synthesized in the developing pod. 

The v-c biosynthesis pathway is still unknown (Ray et al. 2015), and the most recent 

hypothesis is that the synthesis starts with GTP and the riboflavin synthesis pathway, and 

then the pathways separate via an overflow mechanism with COG3236 (Geu Flores et al., 

personal communication, Frelin et al. 2015). 

 

There already are DNA markers created for breeders that are closely linked with 

the vc- gene.  

 

3 RESEARCH OBJECTIVES 

 

 

Research was done on a RIL population developed from the cross of Mélodie/2 and 

ILB938/2, with the goal of finding differences in the RNA of high and low v-c plants in 

certain tissues. The literature points to v-c synthesis happening during the seed-filling 

period, so the sampling has to happen during that time. Since the exact site of v-c synthesis 

is not known, samples were taken from the kernel, testa, pod and leaf. Although literature 

points to the synthesis happening in the pod, leaf tissue was included due to the ease of 

gathering and processing, and the certainty of getting good enough quality of RNA from 

the samples.  
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4 MATERIALS AND METHODS 

4.1 Plant Material 

 

The seed used for recombinant inbred lines (RILs) were from Mélodie/2 x ILB938/2 cross 

made between 2009 and 2012 (Khazaei et al. 2014). At the start, 200 seeds were sown in 

total, 182 of which were RILs and the remainder of the parents. Two of the RILs were F6 

generation, 151 RILs were F7 and 29 RILS were F8.  

 

ILB938 is landrace from Ecuador with a normal v-c concentration. Mélodie is a 

cultivar from France and it has low v-c concentration. Both parents used for crossing were 

inbred lines derived from the respective accessions, indicated by /2. 

 

Of the 182 RILs, 99 were determined to have a high v-c content, 79 had a low v-

c content and 4 were in the middle, being heterozygous when phenotyped at the F5 

generation. In addition to this 10 Mélodie/2 and 8 ILB938/2 were sown as well, bringing 

the total to 200. 

 

4.2 Growing Conditions 

 

One seed was sown from each of the 182 RILs into a 3 liter pot that was filled with 

Kekkilä rough potting mixture (Kekkilän karkea ruukutusseos, Kekkilä Oy, Vantaa, 

Finland) after which the mixture was compressed. The sowing took place 7.11.2016 and 

the pots were placed in a glasshouse on the Viikki campus of Helsinki University. The 

pots were arranged so that low v-c plants were in the first and second table, and high v-c 

plants occupied half of the second table and whole of the third (Figure 3). 



 

 

Figure 3. The Glasshouse set up.  

Name tags were placed in the pots, after which the right seeds were placed on top 

of the soil. The seeds were individually inoculated with Elomestari Typpiymppi 

(Elomestari Oy, Tornio, Finland) containing bacteria Rhizobium leguminosarum biovar. 

viciae, after which the seeds were pushed 2-4 cm in to the soil, depending on the size of 

the seed.  

 

The greenhouse was artificially illuminated with photon flux density of 300 µmol 

m-2 s-1 at the top of the canopy for 14 h with 10 h nights. The temperature during the day 

was 20 °C and 16 °C during the night. Thrip infestations was managed with the biological 

control agents Amblyseius cucumeris (Biotus Oy, Forssa, Finland). 

 

Most of the plants had emerged by 22.11.2016 and by 27.11.2016 plants needed 

to be provided with bamboo sticks for support. There were 28 plants that did not 

germinate. Of these 28, 7 were low v-c and 21 high v-c. These were replanted on 

2.12.2016 and by 3.1.2017, 7 of the replanted high v-c plants had not germinate.  

 

On 3.1.2017, 68 plants had begun to flower. Four flowers per plant were tripped 

on the day of the opening to ensure that the flower was pollinated with its own pollen. On 
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the first day 20 lines were tripped, 10 from low v-c and 10 from high v-c side. Untripped 

flowers on a raceme were removed. A tag was then placed above the tripped flowers, with 

the date on it, so that the pods could be harvested at the correct age. Some plants were 

tripped and sampled multiple times, so that enough material could be gathered. Twenty 

lines were tripped every other day, so that gathering and processing the samples would 

not happen all at once.   

 

4.3 Sampling 

 

Sample gathering started on 25.1.2017 and ended by 29.3.2017. Altogether, samples were 

taken from 52 RILs as well as 5 Mélodie/2 and 8 ILB938/2, when the pods were 20-25 

days old and at the same time leaf samples were also gathered. The pods and leaves from 

one plant were placed in a labelled plastic bag and chilled until dissection.  

 

First the pods were opened and the seeds removed. The seeds were cut open using a 

scalpel, and the testa was separated from the kernel (Figure 4). Small amounts of leaf and 

kernel samples were placed in centrifuge tube with a glass bead for grinding. Thus each 

plant provided four samples, pod wall (P), leaf (L), testa (T) and embryo or kernel (C).  

All samples were submerged in liquid nitrogen, and preserved in a -80 °C freezer until 

grinding. 

 

 

Figure 4. Dissection phases. 



 

At first there was an attempt to grind all sample types (leaf, pod, kernel and testa) 

in a MM300 TissueLyser Lab Vibration Mill Mixer (Retsch, Haan, Germany). The 

holding blocks used in the machine were placed in the -80 °C freezer, so that the samples 

would not melt during the process. This process worked for the kernel and leaf samples. 

Pod and testa samples were ground in a mortar and pestle with liquid nitrogen and the 

powder was transferred to a centrifuge tube. 

 

4.5 Extracting RNA 

 

Immediately after the samples were ground, 1 ml of TRIzol (Thermo Fisher Scientific, 

Waltham, USA) was added to prevent RNA degeneration and the sample was mixed. 

After this the samples could be frozen again for storage if needed. 

 

 RNA was extracted from kernel, pod and leaf samples using the Schulman 

laboratory standard method, as follows. After the TRIzol was added, the sample was 

allowed to stabilize at room temperature for 5 min and then 200 µl of chloroform was 

added and the sample mixed well and left to stabilize again for 2-3 min. The sample was 

then put into a 2-8°C centrifuge and run for 15 min at 12 000 x g. The upper phase (~600 

µl) was collected to a new 2 ml tube and 500 µl of chloroform added, the sample was then 

mixed and left to stabilize for 2-3 min. The sample was then put into a centrifuge for 5 

min at 12 000 x g at 2-8 °C. The upper phase was collected into a new 1.5 ml tube. If the 

liquid was not clear as in figure 5, 500 µl of chloroform was again added and steps after 

that were redone. When the liquid was clear, 500 µl of isopropanol was added, the sample 

was mixed and left to stabilize for 10 min. Sample was then centrifuged at 12 000 x g and 

2-8 °C for 10 min. The liquid was then carefully poured out, so that the pellet was not 

disturbed. One ml of cold 70% ethanol was then added and mixed so that the pellet 

detached from the tube wall. The sample was then centrifuged at 7 500 x g. The liquid 

was carefully removed and the pellet left to dry for 5 min. The pellet was dissolved into 

100 µl of milli-Q water, which took between 30 and 60 min. The samples were placed on 

ice during this time.  
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Figure 5. Samples with abnormalities. Sample 34/C is normal. 

Thereafter RNeasy MinElute Cleanup Kit (QIAGEN, Hilden, Germany) was used on 

kernel, pod and leaf samples to remove any impurities according to the manufacturer’s 

instructions. 

 

The method used on other tissues gave poor results on testa so a commercial 

RNeasy Plant Mini Kit (QIAGEN, Hilden, Germany) was used according to the 

manufacturer’s instructions, including the optional DNase digestion. 

  

4.6 Testing RNA 

 

After the RNA was extracted, a 1 µl sample was pipetted to a Nanodrop 2000 

spectrophotometer (Thermo Fishers Scientific, Waltham, USA) to test the concentration 

of nucleic acid content in the sample. The results ranged from 3 ng/µl to 3 000 ng/µl, and 

high concentrations were diluted to 100-500 ng/µl. Low concentrations were primarily in 

testa samples that were not replaceable, so lower concentrations were allowed on those 

samples. 



Agarose Gel Electrophoresis was used to check that the RNA was intact and 

pure. Samples of 200 to 500 ng of RNA were loaded into the gel. 

 

Figure 6. Example of a gel run. 

It was expected that the gel would show 2 distinct bands on kernel and pod samples and 

3 to 4 bands on leaf samples. The distinct bands show that the RNA has not degenerated 

and is still intact. The intensity of the band is informative about the concentration, and 

shows that in some cases, the Nanodrop method underestimated it (e.g. Sample 4P, in 

Figure 6). The testa samples were not tested in this way due to the low amount of RNA 

extracted. 

 

A 2100 Bioanalyzer (Agilent Technologies, Santa Clara, USA) with an RNA 

6000 Nano Kit (Agilent Technologies, Santa Clara, USA)  was used to confirm the 

concentration and integrity of the samples. These graphs were used to determine what 

samples go in to the final pools and are worth sequencing. In the graph (Figure 7), the 

first spike is the buffer used in the machine, followed quickly by another spike. After 

these, between 1000 and 4000 nt there should be two spikes, the first one shorter than the 

second. The height of the spikes tells the concentration of that particular RNA band.  

 

Figure 7. Examples of Bioanalyzer graphs. In the middle is a good sample, on the left a 

poor one that had to be used, and on the right a rejected sample. 

 

Qubit Fluorometric Quantitation (Thermo Fishers Scientific, Waltham, USA) was 

the final step, giving the most precise concentration of the sample.  

4.7 Pools 
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The samples were combined into pools of 4 samples for each of the tissues. The goal was 

to have 5 pools of high v-c RILs, 5 pools of low v-c RILs, one pool for Mélodie/2 and 

one pool for ILB938/2, bringing the total to 12 pools of each tissue type, for a total of 48 

pools. The pools were designed to be consistent across tissue types, for example samples 

24C, 28C, 33C and 37C comprised one pool for kernels and 24L, 28L, 33L and 37L the 

corresponding pool for leaves. 

 

 Due to the low RNA yields from testa, not all 12 testa pools could be made, and 

only 4 low v-c pools, 3 high v-c pools and the two parents were compiled (Table 1). 

Because of this, the testa samples were used to determine how the pools were constructed. 

The testa samples were divided into 4 groups depending on the quality indicated by their 

bioanalyzer graphs. 18 poor samples were considered unusable, so they were excluded 

from the pools, 14 of those were from the high vicine samples. The other pools were 

constructed to have a balanced representation of best, second-best and acceptable testa 

samples.  

 

 In each pool there was 1200 ng of RNA total, so 300 ng from each individual 

sample, in a total volume of 12 µl. In some of the samples, the concentration was so low 

that to get the needed 300 ng more than 3 µl of the sample had to be added. This made 

the total volume of the pool too high, in which case the pool was dehydrated until the 

total volume was 12 µl. 

Table 1. List of pools sent for sequencing. 

Name Tissue V-C  Name Tissue V-C 

p1C Kernel Low  p1T Testa Low 

p2C Kernel Low  p2T Testa Low 

p3C Kernel Low  p3T Testa Low 

p4C Kernel Low  p4T Testa Low 

p5C Kernel Low  pAT Testa Low 

pAC Kernel Low  p6T Testa High 

p6C Kernel High  p7T Testa High 

p7C Kernel High  p8T Testa High 

p8C Kernel High  pBT Testa High 

p9C Kernel High     

p10C Kernel High     

pBC Kernel High     

 



The pools were named so that low v-c pools were number 1-5 and high v-c pools 6-10. A 

was also a low v-c pool made completely of the parent Mélodie/2 and B was high v-c 

pool made of ILB938/2. 

 

4.8 Sequencinge 

 

It was decided that kernel and testa pools were to be sequenced first. The pools 

were sent to DNA Sequencing and Genomics Lab, Institute of Biotechnology at the 

University of Helsinki to be sequenced in an Illumina on 24.4.2017. The sequencing was 

completed on 30.5.2017. 

 

4.9 Statistics 

 

 The sequence dataset was then given to Jaakko Tanskanen, who used Trinity 

program to separate over 84 000 individual RNA segments. The coding segments 

retrieved from high v-c pools were then compared to those segments from low v-c pools, 

giving the FC (Fold count) and logFC (log base 2) values. The dataset was then run 

through the Basic Local Alignment Search Tool (BLAST), which gives annotations 

linked to the individual coding segments. These annotations are sourced from other 

lifeforms and the assumption is that a similar coding segment produces a similar protein 

in faba bean. All the entries with FDR (False Discovery Rate) higher than 0.05 and p-

values higher than 0.01 were then removed. It was also decided that the focus should be 

on entries with logFC either higher than 1.5 or lower than -1.5, which would indicate a 

big enough difference between the pools.  
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5 RESULTS 

5.1 Differential Expression 

 

When high v-c pools were compared to low v-c pools using differential expression in 

Trinity, to check that pools were as intended, that the low v-c pool were similar to 

Mélodie/2 and to each other, but different from the high v-c pools and ILB938/2, there 

was a clear divide between high (numbers 6-8) and low pools (numbers 1-4), and the 

parent pools A (Mélodie/2) and B (ILB983/2) were most unalike to each other in the testa 

data (Figure 8) and in the kernel data (Figure 9).  

 

 

Figure 8. Heatmap of the differential expressions in testa samples. On the right side are 

different RNA segments picked out by TRINITY. 

 



 

Figure 9. Heatmap of the differental expressions in the kernel. On the right side are 

different RNA segments picked out by TRINITY. 

A clear divide can also been seen in the kernel samples (Figure 9). But it is not as clear 

as in the testas, since the parent samples (A and B) cluster on the wrong sides. 

 

5.2 Gene Expression 

 

After the statistical analysis, 37 genes remained in contention, 21 of which had positive 

logFC indicating that they were expressed more in the high v-c testa, and the other 16 

were more expressed in the low v-c testa. In the following tables (Tables 2 and 3), high 

v-c pools are always compared to low v-c pools.   
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Table 2. Genes showing higher expression in the high v-c pools 

Annotation logFC FC logCPM PValue FDR Predicted Function 

SAU32_ARATH 6.98 126.07 -0.74 2.87E-04 5.45E-02 Auxin-responsive protein 

NLTP_ANEGRT 4.62 24.66 3.40 1.19E-10 6.59E-07 Non-specific lipid-transfer proteins 

MYO11_ARATH 4.14 17.66 0.29 3.24E-05 1.22E-02 Myosin 

POL3_DROME 3.65 12.59 0.58 1.11E-04 2.97E-02 Retovirus-related Pol polyprotein 

UGTK4_MANES 3.08 8.45 2.66 8.23E-05 2.34E-02 UDP-glycosyltransferase  

BIG_ARATH 2.71 6.55 2.83 5.69E-06 3.18E-03 Auxin signaling pathway 

RIBA1_ORYSJ 2.31 4.97 3.66 7.25E-05 2.17E-02 Riboflavin biosynthesis 

IBB2_PEA 2.17 4.51 6.23 2.15E-04 4.55E-02 
Seed trypsin/chymotrypsin 
inhibitor 

ANAN_ANACO 2.17 4.50 2.75 1.46E-10 6.59E-07 Hydrolysis of proteins 

TF29_SCHPO 2.10 4.27 2.20 2.05E-08 3.50E-05 Retrotransposons 

DTX43_ARATH 1.87 3.65 3.43 1.15E-07 0.000129 Citrate transporter 

TF29_SCHPO 1.82 3.54 1.68 0.000227 0.04698 Retrotransposons 

RIBA1_ARATH 1.81 3.51 11.46 9.95E-08 0.000122 Riboflavin biosynthesis 

E13B_PEA 1.80 3.48 3.19 8.92E-07 0.000719 Defense repsponse 

MAF1_HUMAN 1.78 3.44 2.60 6.61E-09 1.37E-05 Repressor of RNA polymerase 

RIBD_ARATH 1.75 3.36 4.05 3.93E-16 3.80E-12 Riboflavin biosynthesis 

RIBD_MAIZE 1.69 3.23 4.40 1.10E-12 7.98E-09 Riboflavin biosynthesis 

TIC32_PEA 1.69 3.22 3.93 2.50E-07 0.00025 Protein transport 

RFS2_ARATH 1.65 3.14 2.12 5.36E-06 0.003083 Glycosyltransferase 

RIBA1_ARATH 1.60 3.04 5.90 8.75E-06 0.004538 Riboflavin biosynthesis 

ALL10_OLEEU 1.50 2.84 6.33 3.42E-05 0.012716 Carbohydrate-binding protein 

 

Some of the more interesting genes are described below. 

 

UGTK4_MANES 

UGTK4_MANES also known as UGT85K4, is part of the Linamarin synthesis pathway 

in cassava (Manihot esculenta Crantz). Its purpose is to glucosylate acetone cyanohydrin 

and 2-hydroxy-2-methylutyronitrile, creating linamarin and lotaustralin. It can also do 

this to a large number of potential acceptor substrates. Linamarin is a part of the plant’s 

defence mechanism against predators (Kannangara et al. 2011).  

 

RIBA1_ARATH and RIBA1_ORYSJ 

RIBA1 is the first step in riboflavin synthesis. It takes a GTP molecule and opens up the 

second ring in it (Herz& Eberhardt & Bacher 2000). These particular reference genes 

were found in Arabidopsis thaliana and rice (Oryza sativa L.), and RIBA1 has been 

identified in various beans, including soybean, adzuki beans (Vigna angularis (Willd.) 



Ohwi & Ohashi) and mung bean (Vigna radiata (L.) Wilczek) (Uniprot, viewed 

7.2.2018).   

 

IBB2_PEA 

This is a gene coding for trypsin inhibitor found in common pea (Pisum sativum L.). Trypsin 

inhibitors inhibit the activity of animal digestive enzymes and are considered to be anti-

nutritional and part of the plant’ defence against predators. Trypsin inhibitors can also be 

beneficial, by stopping pests from consuming the plant or its seeds (Domoney et al. 1995).  

 

RIBD_ARATH and RIBD_MAIZE 

RIBD codes for Riboflavin biosynthesis protein PYRD and is the second step in riboflavin 

synthesis, where an amino group is removed from the molecule. These genes were found 

in Arabidopsis thaliana and maize (Zea mays L.) (Hasnain et al. 2013). 

 

RFS2_ARATH 

This gene codes for transglycosidase involved in the synthesis of raffinose, which is a 

major soluble carbohydrate in seeds (Uniprot, viewed 14.2.2018) 
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Table 3. Genes showing higher expression in the low v-c pools 

Annotation logFC FC logCPM PValue FDR Predicted Function 

VCLC_PEA -9.15 0.002 1.50 1.96E-04 4.31E-02 Seed storage protein 

COPIA_DROME -7.73 0.005 0.19 6.21E-05 2.00E-02 
Copia protein, 
retrotransposon 

NDUS2_ARATH -7.00 0.01 -0.44 2.53E-04 5.00E-02 NADH dehydrogenase 

PER43_ARATH -5.95 0.02 6.71 1.84E-05 8.37E-03 Peroxidase 

DNJ20_ARATH -3.53 0.09 1.26 1.36E-06 1.04E-03 
Chaperone protein 
dnaJ 20 

PTR7_ARATH -3.46 0.09 0.66 2.93E-05 1.15E-02 Nitrate transporter 

UCH3_ARATH -3.27 0.10 1.24 6.63E-05 2.07E-02 
Ubiquitin carboxyl-
terminal hydrolase 3 

AGO1D_ORYSJ -2.83 0.14 1.13 1.39E-04 3.30E-02 
RNA-mediated gene 
silencing 

RNDI_DICDI -2.71 0.15 5.23 1.42E-04 3.33E-02 Ribonuclease DdI 

UFOG_VITVI -2.06 0.24 6.33 3.60E-09 8.04E-06 
UDP-
glycosyltransferase  

KGLT_PETHY -2.06 0.24 6.33 3.60E-09 8.04E-06 Glycosyltransferase 

UGT2_GARJA -1.76 0.29 4.15 9.90E-10 3.19E-06 Glucosyltransferase 

NDUS3_BETTR -1.74 0.30 5.63 1.89E-06 0.001341 NADH dehydrogenase 

AGLU_SPIOL -1.74 0.30 5.36 7.35E-05 0.02177 Glycosidases 

CCMFC_ARATH -1.69 0.31 7.37 8.30E-08 0.000112 
Cytochrome c-type 
synthesis 

PDR1_TOBAC -1.52 0.35 1.93 0.000119 0.03066 
General defence 
protein 

 

Some of the more interesting genes are described below. 

 

VCLC_PEA 

This gene codes for vicilin, which is a seed storage protein found in most legumes, with 

this reference identified in pea. Vicilin is also thought be allergen causing allergic 

reaction to peas and other legumes (Sanchez‐Monge et al. 2004).  

 

UFOG_VITVI 

This gene codes for anthocyanin biosynthesis and is a glucosyltransferase. This reaction 

also allows for accumulation of anthocyanin pigments in the plant. The gene was 

originally found in common grape (Vitis vinifera L.), but it can also be found in other 

types of grapes, except for white grapes (Boss et al. 1996). 

 

 

 



AGO1D_ORYSJ 

This is a gene found in rice that codes for protein argonaute 1D. This protein is thought 

to be part of a pathway to silencing RNA, most notably short RNAs like microRNAs or 

short interfering RNAs (siRNA) by repressing the translation of complementary mRNAs 

(Uniprot, viewed 31.5.2018).  

 

KGLT_PETHY 

This gene was identified in Petunia (Petunia x hybrida Vilm.) and in grape. 

KGLT_PETHY is classified as a glucosyltransferase and it is involved in the formation 

of flavonol glycosides. Some of the substrates it acts on are also pigments, for example 

kaempferol and iso-rhamnetin (Miller et al. 1999). 

 

UGT2_GARJA 

This gene codes for a glucosyltransferase UGT85A24 found in cape jasmine (Gardenia 

jasminoides Ellis), where it is part of the geniposide biosynthesis. Geniposide is an iridoid 

glycoside, that is regarded as a defence chemical against herbivores and pathogens 

(Nagatoshi et al. 2011). 

 

6 DISCUSSION 

6.1 V-c Hypothesis 

 

Looking at Figures 8 and 9, it is clear that the two groups, low and high v-c were different 

enough from each other. The anomaly in the kernel (Figure 9), can be explained by the 

fact that the samples are so related to each other, the differences between them are 

minimal, which can cause the program to pair them up wrong. Hence, it is safe to say that 

the sampling and RNA processing were successful. As only testa and kernel samples were 

sequenced, it is impossible to say if v-c synthesis happens only in the testa, but it safe to 

say that something resembling the current hypothesis on v-c synthesis happens in the 

testa. The findings support the model proposed by Dr Frenando Geu Flores (Figure 2) and 

are in line with studies done by Ramsey and Griffith (1996). The high v-c plants show 

increased activity in the genes linked to the start of riboflavin synthesis, with there being 

multiple RNA stretches aligning with already known segments that code for RIBA1 and 

RIBD in different organisms. Since COG3236 is suspected to be an enzyme fused from 

RIBR and RIBA (Frelin et al. 2015), it could be that one or a few of those RIBA1 found 
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were part of this compound. Unfortunately, the results did not indicate differences in the 

activity of RIBR. In the hypothesis, the next part after COG3236 was a cytidine 

deaminase, where an amino group is replaced with a hydroxy group. Since RIBD 

performs this same function in the riboflavin synthesis pathway, it could be the missing 

cytidine deaminase. Otherwise BLAST did not find any RNA segments that aligned with 

known cytidine deaminases. After this, a glucosyl transferase is still needed and there are 

couple of candidates for that. The one with the highest FC was UGTK4_MANES. A 

similar segment in cassava is part of that plant’s defence mechanism, so it could be 

proposed that it would be the last enzyme on the v-c synthesis, although unlike the rest of 

the synthesis pathway, there are other candidates for this, such as RFS2_ARATH. 

Nevertheless, without further studies it is impossible to say which segments are part of 

the v-c process. This study successfully showed that the genes connected to the start of 

riboflavin synthesis are more highly expressed in the testa of high v-c plants than in low 

v-c ones and that there are potential candidates for the rest of the hypothesized v-c 

synthesis pathway. The end of the riboflavin synthesis does not seem to show any 

difference between the high and low groups, suggesting that it is not affected by the 

development of v-c. 

 

6.2 Other Findings 

 

 The results indicated some other differences between the groups. One was the 

very high difference in the expression of the gene coding for vicilin, which is one of the 

major storage proteins of legumes. Vicilin is synthesized mainly in the embryo, which 

could indicate that the low kernel samples had been contaminated during the dissection 

process. Alternatively, it is possible that low v-c testas produce more vicilin than high 

ones. But since the gene is expressed nearly 500 times more in the low v-c pools, the 

contamination seems more likely.  

 

 The presence of RNA silencer AGO1D_ORYSJ in the low v-c groups was also 

interesting. There is a possibility that v-c production is not low because of genetic 

mutation in the riboflavin or v-c pathway, but that it is repressed from other sources. 

While there is no evidence of what AGO1D_ORYSJ is silencing, the matter is that 

something is more repressed in testa of the low v-c groups.  

 



On the high v-c side, there was IBB2_PEA, which codes for trypsin or 

chymotrypsin inhibitors. These are anti-nutritional to humans and animals and are linked 

to swelling and hyperactivity of the pancreas, but they also acts as pest control and limit 

attacks by seed weevils (Griffiths 1984). As low v-c plants had less IBB2_PEA in them, 

it would mean that the low v-c beans are better nutritional quality to humans and animals, 

but at the same time it could indicate that low v-c plants require more pesticides to grow.  

 

It is clear from the results that at least the start of riboflavin synthesis is more 

expressed in the high v-c plants. Does that also mean that the high v-c plants have more 

riboflavin in them? Or does all the extra expression divert to the v-c pathway? It would 

be interesting to test the riboflavin levels of high and low v-c beans to see if there is any 

difference. This could also indicate where the key difference of the high and low v-c DNA 

is. If the riboflavin levels are lower in the low v-c plants, it could be proposed that the 

key mutation is in the start of riboflavin synthesis, but if the riboflavin concentration is 

the same or higher in the low v-c plants, it means that the mutation is after the pathway 

diverts from the riboflavin synthesis. Other possibilities are that all plants that produce 

riboflavin have the COG3236 mechanism to deal with the harmful intermediate 

compounds, and only a few have the second and third part of the hypothesis, producing 

v-c. Alternatively, all riboflavin-producing plants also produce v-c in the amounts that 

low v-c faba beans do, and since this does not make anybody sick, nobody has noticed. 

This would make v-c synthesis universal in plants, but we have only noticed it in the 

species that have increased production of it.  

 

7 CONCLUSIONS 
 

This study highlighted different RNA expressions between the high and low v-c plants. 

The fact that the start of riboflavin biosynthesis is more highly expressed in the high v-c 

group, supports the current hypothesis for v-c biosynthesis. While this study could not 

prove the hypothesis or indicate any coding segments for the v-c biosynthesis, it does 

point out some candidates for this, on which more research needs to be done. This study 

also highlighted some other questions about the differences between the RNA expressions 

in these groups.  
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