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1 GENERAL INTRODUCTION  

 

Oilseeds contain not only valuable lipids which are important for human consumption 

but the processing by-products after oil extraction are also relevant protein sources for 

animal nutrition. These protein-rich plants and their by-products have reinforced 

increasing attention and interest since animal-based protein sources are restricted for 

livestock feeding due to safety concerns while the demand for livestock products such 

as meat and milk consumption increases rapidly in response to the population growth, 

particularly in the developing countries (FAO, 2021).  

Over the decades, soybean meal (SBM) is the primary plant-based protein feed used for 

livestock to promote growth and production owing to its relatively balanced and 

available amino acid (AA) profile and its palatability. In 2019ï2020, SBM used to feed 

livestock in the European Union (EU) reached 30 million tons according to EU-

commission. Nevertheless, most of SBM used in the EU is imported from North- and 

South America despite a rapidly growing organic soy area in Central Europe, which not 

only had negative impact on the tropical biome due to the expanded soybean farming 

(Nepstad et al., 2014; Song et al., 2021) but also increases the carbon footprint during 

transportation (Escobar et al., 2020) and costs of animal production (Karlsson et al., 

2021). As highlighted in the EUôs Farm to Fork Strategy, a more sustainable and 

environmentally friendly agri-food systems should be established. This can be reached, 

for example, through providing animals with more locally grown and produced feed.  

In Europe, rapeseed is the dominant oilseed crop and its production comprises almost 

25% of the global production, with France as the leading producer, followed by 

Germany and Poland. According to EU Commission, around 13 million tons of 

rapeseed meal (RSM) were produced in the year 2022 and 76% thereof were used with 

rapeseed crop originated from the EU1. Rapeseed meal contains 30ï40% of crude 

protein (CP) and the milk yield of lactating cows by supplying RSM was found to be 

comparable with SBM (Martineau et al., 2013). These conditions make RSM a 

 
1 EU Feed Protein Balance Sheet downloaded from: https://agriculture.ec.europa.eu/data-and-

analysis/markets/overviews/balance-sheets-sector/oilseeds-and-protein-crops_en 
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promising alternative protein source to SBM in terms of meeting the growing demand 

for protein feed.  

However, in addition to the high content of CP, RSM and SBM also contain high 

amount of phosphorus (P) in organic salt form, which is known as phytate. Although 

ruminants can efficiently utilise phytate-P, phytate may not be fully degraded and P not 

fully available to ruminants. Extending knowledge about effects of feeding diets 

containing different type of oilseed meals and their amounts on phytate degradation is 

necessary for a more accurate formulation of ruminant diets and an efficient supply of 

P in the future. The main objective of the present doctoral thesis was to investigate 

phytate degradation of RSM and SBM in ruminants, including their possible affecting 

factors.  
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2 LITERATURE REVIEW  

Phosphorus is the second most abundant mineral which is involved in enzymatic 

functions, energy transfer, cell membrane structure and bone as well as soft tissue 

formation in the body. In ruminants, absorption of P occurs partially in the forestomach 

(Breves and Schröder, 1991) but mainly in the duodenum and jejunum of ruminants 

which is mediated by intestinal 1,25-(OH)2D3 receptor (Bruce et al., 1966; Pfeffer et al., 

1970; Wilkens and Muscher-Banse, 2020) under modulation of dietary and endogenous 

P (Care, 1994). About 80% of absorbed P is deposited in the bone and teeth, and the 

remaining proportion is found in the body fluids and soft tissues. The homeostasis of P 

involves coordinated regulation of P absorption, excretion, and exchange of P between 

blood and bone or soft tissue (Wilkens and Muscher-Banse, 2020). Deficiency of P has 

been reported to reduce growth and bone stability of animals (Becker et al., 1933; Black 

et al., 1943; Shupe et al., 1988) and impair reproduction of lactating ruminants (Black 

et al., 1943).  

In addition to the importance of P for animals, the symbiotic microorganisms in the 

rumen have a specific P requirement. Rumen microorganisms incorporate a remarkable 

amount of P as the component of nucleic acids and phospholipids, and require P for 

digestion of fiber (Durand and Komisarczuk, 1988) and synthesis of microbial protein 

(Zain et al., 2010). Therefore, insufficient P supply can also impair the growth and 

metabolism of rumen microorganisms, which consequently decreases the microbial 

fermentation and production of milk protein derived from microbial protein.  

While extremely low dietary P causes deficiency symptoms and decreases production 

of animals, overfeeding of P does not further improve reproduction performance of 

animals (Lopez et al., 2004) but brings about environmental problem. Once the P 

requirement is met, the excess of P would be excreted primarily through faeces by 

ruminants, which has been found to linearly increase with higher intake of P (Wu et al., 

2001, 2000). The excreted P from farmland accumulates in soil and water, endangering 

aquatic ecosystems as a consequence of eutrophication (Correll, 1998; Schindler et al., 

2016).  

To meet the maintenance and production requirement while minimise excess of P, 

Gesellschaft für Ernährungsphysiologie (GfE, 2001) and National Research Council 

(NRC, 2001) suggest a ration for high producing cows containing 0.35ï0.40% of P on 
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a dry matter (DM) basis. The updating recommendation of GfE (2023) proposed that P 

in ration for lactating cows should be supplied under consideration of obligatory P 

losses, milk P content, and P deposition for maternal growth and in fetus. However, 

current dairy production systems tend to supply P in excess of these recommendations, 

partially resulted from additional supplementation of mineral P owing to the concern of 

marginal safety. With the knowledge about availability of P from plant feeds, it might 

be helpful for optimising the P utilisation and reducing the supplementation of mineral 

P. 

In mature seeds, phytate, the salt form of myo-inositol 1,2,3,4,5,6 hexakis dihydrogen 

phosphate (InsP6), comprises the main storage compound of P. The concentration of 

InsP6 can vary with genotype of plants (Mebrahtu et al., 1997; Rodehutscord et al., 

2016), growing conditions (Ishiguro et al., 2006), harvesting time (Mebrahtu et al., 

1997; Santana et al., 2012), and processing procedures (Anderson and Wolf, 1995). 

Besides, different analytical assays can affect InsP6 determined from feedstuffs (Marolt 

and Kolar, 2021; Phillippy et al., 2015). For common SBM, P from InsP6 accounts for 

30%ï60% of total P (Eeckhout and de Paepe, 1994; Haese et al., 2017b; Ravindran et 

al., 1994; Tahir et al., 2012). For RSM, 35ï75% of total P originates from InsP6 

(Eeckhout and de Paepe, 1994; Haese et al., 2017b, 2017a; Tahir et al., 2012; Viveros 

et al., 2000). Compared to InsP6, concentrations of InsP5 and other less phosphorylated 

myo-inositol phosphates (InsPs) in SBM and RSM are generally much lower (Haese et 

al., 2017b; Pontoppidan et al., 2007). Among the InsP5 isomers, Ins(1,2,4,5,6)P5 has 

been found to be the most abundant isomer in oilseed meals, followed by 

Ins(1,2,3,4,5)P5 and then by Ins(1,2,3,4,6)P5, while concentration of Ins(1,3,4,5,6)P5 is 

very low even when detected (Haese et al., 2017b; Pontoppidan et al., 2007). InsP4 is 

usually detected at very low concentration or not detectable at all (Haese et al., 2017b; 

Park et al., 2002; Pontoppidan et al., 2007), and InsP3 are generally not detectable in 

oilseed meals (Haese et al., 2022, 2017b; Park et al., 2002). Nevertheless, 

concentrations of InsP3ï5 tend to increase while concentration of InsP6 tends to decrease 

when the intensity of oilseed processing increases (Haese et al., 2022, 2017b; Konishi 

et al., 1999; Pontoppidan et al., 2007). As reported by Haese et al. (2022), InsP6 

decreased from 25 to 23 g/kg DM but InsP5 and InsP4 increased from 4.6 to 6.2 g/kg 

DM and from 0.35 to 0.95 g/kg DM, respectively, when heating time was increased 

from 48 to 93 min.  
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Phosphorus must be cleaved from the InsP6 molecule to be absorbed by the intestinal 

epithelial cells and hence availability of InsP6-P from feed depends on degradation of 

InsP6 in the digestive tract prior to intestinal absorption (Bravo et al., 2003; Qian et al., 

1997). The degradation of InsP6 is accompanied by the formation of less 

phosphorylated InsPs and the completely proceeded cascade of P cleavage from InsP6 

terminates with the release of six phosphate groups and myo-inositol (MI), which can 

also be absorbed and utilised by animals (Huber, 2016). This stepwise 

dephosphorylation of InsP6 is initialised by a type of phosphatase, specified as phytases 

(myo-inositol 1,2,3,4,5,6 hexakisphosphate phosphohydrolases) (Greiner and 

Konietzny, 2005). Phytases and other phosphatases have been found in plants, 

microorganisms and mucosa of gastrointestinal tract (Bitar and Reinhold, 1972; 

Eeckhout and de Paepe, 1994; Hu et al., 1996; Mitchell et al., 1997; Yanke et al., 1998). 

However, phytases produced by anaerobic rumen bacteria are regarded as the main 

contributor to InsP6 degradation in ruminants (Lan et al., 2002b; Morse et al., 1992; 

Raun et al., 1956; Yanke et al., 1998). By screening 101 rumen bacteria cultures on 

InsP6-containing plates, Yanke et al. (1998) determined phytase activity from bacterial 

strains of Prevotella ruminicola, Megasphaera elsdenii, Selenomonas ruminantium, 

Mitsuokella multiacidus and Treponema spp.. Lan et al. (2002b) further isolated the 

phytase-producing bacterial species Mitsuokella jalaludinii from the rumen and 

Nakashima et al. (2007) detected phytase sequences related to protein tyrosine 

phosphatases in Selenomonas lacticifex. Recent works isolating rumen bacteria with 

phytase activity also characterised the conditions for their growth and enzyme 

production or activity. For example, Lamid et al. (2018) found that rumen bacteria 

Actinobacillus sp., and Bacillus vallimortis have an optimal phytase activity between 

45ï50°C while Bacillus pumilus has an optimum between 40ï45°C, with pH 4ï5 as 

optimum for phytase production. Huang et al. (2011) cloned two most abundant 

cysteine phytase genes of goat rumen content and determined pH optima of these 

cysteine phytases similar to the typical rumen environment (pH 6.5 and 6.0). Moreover, 

Mootapally et al. (2016) identified the functional genes of phytase (RPHY1) from 

rumen Prevotella spp. and observed an optimal phytase activity at 55°C (pH 5) with a 

high stability at 5°C within the acidic pH range. The RPHY1 phytase activity was also 

found to be highly stimulated in the presence of EDTA but inhibited by metal ions. 

Combining the results from the aforementioned literature, it seems that characteristics 
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of phytase production by rumen bacteria vary between strains and the phytase activity 

can be induced or depressed by different factors. 

Previously, ruminants were considered to be capable of utilising nearly all P bound in 

InsP6 (Clark et al., 1986; Morse et al., 1992; Nelson et al., 1976). Based on faecal 

collection, Nelson et al. (1976) and Morse et al. (1992) found a total tract disappearance 

of InsP6 greater than 99% in calves and lactating cows, respectively. The authors 

suggested that InsP6 degradation is initiated by rumen microorganisms and proceeds to 

almost complete before digesta reaches the lower part of the digestive tract. 

Nevertheless, recent studies have shown a less complete InsP6 disappearance 

determined from faeces, which was 69ï98% in the study by Kincaid et al. (2005) and 

85ï94% in the study by Haese et al. (2014). Besides, ruminal InsP6 disappearance 

varied considerably between and within studies. Haese et al. (2020) incubated different 

concentrate feeds in rumen fistulated cows and found the lowest rumen effective 

degradation of InsP6 (InsP6ED) for RSM (59%) but the highest for maize and faba beans 

(both 93%) at a rumen passage rate of 0.05 h-1. Ray et al. (2013) fed lactating cows with 

different levels of dietary InsP6 and observed 85ï94% ruminal InsP6 disappearance. In 

the in situ study by Haese et al. (2022), 26ï52% of InsP6 from RSM with different 

desolventising/toasting conditions was calculated to leave the rumen at a rumen passage 

rate of 0.05 h-1. Different factors like concentrate type (Haese et al., 2020), InsP6 

amount in the diet (Ray et al., 2013), feed processing (Haese et al., 2022), and forage-

to-concentrate ratio (Yanke et al., 1998) seem to influence the extent of ruminal InsP6 

degradation.  

However, it is difficult to draw a general conclusion on the effects of different factors 

in ruminants due to the different conditions among studies. It is also not well known 

how ruminal InsP6 degradation is affected by different factors and their combinations. 

Furthermore, studies regarding post-ruminal InsP6 degradation are scarce. In case that 

ruminal InsP6 degradation of dietary InsP6 is not complete, post-ruminal InsP6 

degradation might be highly relevant. This doctoral thesis aimed to systematically study 

InsP6 degradation of RSM and SBM in ruminants. Different study methods (in vivo, in 

situ, and in vitro) were combined to evaluate effects between RSM and SBM.  
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3 OVERVIEW OF INCLUDED EXPERIMENTS AND 

MANUSCRIPTS AND OBJECTIVES OF THE STUDIES  

The studies in the present thesis were conducted with animals housed, fed and sampled 

according to German animal welfare regulations and the use was approved by the 

Regierungspräsidium (Stuttgart, Germany).  

In Manuscript 1 (published in Archives of Animal Nutrition), RSM and SBM were 

incubated in the rumen of lactating Jersey cows for 2, 4, 6, 8, 16, 24, 48, and 72 h to 

obtain in situ data of InsP6ED for both oilseed meals at rumen passage rates of 0.02 

(InsP6ED2) and 0.05 h-1 (InsP6ED5), and also to link these data with preliminary results 

from in situ studies conducted in cows. Secondly, a diet containing equal amount of 

RSM or SBM was fed to eight wethers for 8 weeks of adaptation. Titanium dioxide 

(TiO2) was added at the end of the adaptation period to measure InsP6 disappearance. 

Digesta from the reticulo-rumen (separated into 3 phases: large particulate matter, small 

particulate matter, and fluid phase), omasum, abomasum, jejunum, middle to posterior 

part of the colon, and rectum were collected and analysed for TiO2, InsPs, and MI. The 

objective of Manuscript 1 was to investigate ruminal and post-ruminal InsP6 

degradation in wethers fed a diet containing RSM or SBM, and to compare the ruminal 

degradation with in situ results. 

In Manuscript 2 (published in Journal of Dairy Science), 17 SBM variants from Europe, 

South and North America, and India were incubated with the same in situ procedure as 

carried out in Manuscript 1, and were tested for ruminal CP and AA degradation. 

Chemical protein fractionation of the 17 SBM samples was also conducted and was 

based on Cornell Net Carbohydrate and Protein System (CNCPS). Nine SBM samples 

with different rumen effective degradation of CP (CPED) were used to investigate the 

ruminal InsP6 degradation. As InsP6 in seeds is located in a protein-rich structure and 

InsP6 degradation was reported to vary in a pattern similar to CP degradation for RSM 

in a recent study (Haese et al., 2022), Pearson correlation was performed to estimate 

the relationship between InsP6 and CP degradation of SBM. The objective of 

Manuscript 2 was to determine the variation of in situ ruminal CP, AA, and InsP6 

degradation from commercial SBM, and to evaluate the possibility of predicting InsP6 
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degradation from CP degradation and CNCPS protein fractions based on linear 

regression. 

In the in vitro study (Titel: in vitro ruminal phytate degradation of rapeseed meal and 

soybean meal as affected by the provided amount of phytate), the same batches of RSM 

and SBM as used in Manuscript 1 were incubated with different amounts of InsP6 for 

3, 6, 12, 24, and 48 h in a modified rumen simulation technique (RUSITEC) system. 

The study was conducted because InsP6 degradation from different feedstuffs has been 

evaluated mainly by including a certain amount of test feeds for incubation (Haese et 

al., 2020, 2017b; Morse et al., 1992) or for diet formulation (Manuscript 1) without 

considering different InsP6 concentrations of the feedstuffs, and InsP6 degradation is 

commonly expressed as relative value of InsP6 in a feed such as percentage or g/kg of 

DM (Brask-Pedersen et al., 2011; Haese et al., 2020; Martín-Tereso et al., 2009; Park 

et al., 1999; Ray et al., 2013). Such approach may cause confounding with the amount 

of supplied InsP6 and might not reflect the quantity of degraded InsP6. In Manuscript 1, 

a higher ruminal InsP6 disappearance was determined in wethers fed a diet containing 

SBM compared to those fed a diet containing the same amount of RSM, whereas a 

lower ruminally degraded amount of InsP6 was observed upon feeding SBM. Thus, the 

objective of this study was to achieve a better understanding of how InsP6 degradation 

of RSM and SBM is influenced by different amounts of InsP6 in the feed and whether 

a limit of InsP6 degradation exists. 
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