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1 GENERAL INTRODUCTION

Oilseeds contain not only valuable lipids which arpantant for humamonsumption

but theprocessing byroducts after oil extraction are also relevant proseiurces for
animal nutrition. These proteirich plants and the by-products have reinforced
increasing attention and interest since anib@ded protein sources are restricted for
livestock feethg 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 countri@sAQO, 2021)

Over the decades, soybean meal (SBMhe primary plarbased protein feed used for
livestock to promote growth and production owing to its relatively balanced and
available amino aci@pA) profile and its palatability. In 2012020, 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-dorth
South America despite a rapidly gragiorganic soy area in Central Europe, which not
only had negatie impact on the tropical biome due to the expanded soybean farming
(Nepstad et al., 2014; Song et al., 2084 also increases the carbon footprint during
transportationEscobar et al., 202@nd costs of animal productigiarlsson et al.,
2021) As highlighted in the EUbs Farm to Fc
environmentally friendly agtiood 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 meaRSM) were produced in the year 20and 766 thereof wereisedwith
rapeseed crop originated from the EWRapeseed meal containsi30% 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 fittps://agriculture.ec.europa.eu/datad
analysis/markets/overviews/balarsigeetssector/oilseedsandproteirrcrops_en



promising alternative protein source to SBM in terms of meeting the growing demand

for protein feed.

However, in addition tahe high content of CFRSM and SBM also contain high
amount of phosphorus (P) in orgasalt form, which is known aghytate Although
ruminants can efficiently utilesphytateP, phytate may not be fully degraded and P not
fully available to ruminantsExtending kowledge about effects of feeding diet
containing different type of oilseed meals and their amounts on phytate degralation
necessary foa more accurate formulation of ruminant diets ancefficientsupply of

P in the future The main objective of the present doctoral thesis was to investigate
phytatedegradation of RSM and SBM in ruminants, including their possible affecting

factors.



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 Schroder, 19940t mainly in the duodenum and jejunum of ruminants
which is mediated by intestinal 1;26H).Ds receptor(Bruce et al., 1966; Pfeffer et al.,
1970; Wilkens and Muschdanse, 2020)nder modulation of dietary and endogenous

P (Care,1994) About 80% of absorbed P is deposited in the bone and teeth, and the
remaining proportiots found in the body fluids and soft tissues. Thebkostasis of P
involves coordinated regulation ofa®sorption, excretion, and exchange of P between
blood and bone or soft tiss(&ilkens and MuscheBanse, 2020)Deficiency of P has

been reported to reduce growth and bone stability of an{Batker et al., 1933; Black

et al., 1943; Shupe et al., 1988)d impair reproduction of lactating ruminaitack

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 seidd phospholipids, and requirefor
digestion offiber (Durand and Komisarczuk, 1988hd synthesis of microbial protein

(Zain et al., 2010)Therefore, insufficient P supply can also impair the growth and
metabolism of rumen microorganisms, which consequently desrdasamicrobial

fermentatiorand production of milk protein derived from microhpabtein

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., 2004put bringsabout environmental problem. Once the P
requirement is met, the excess of P would be excretecapiginthrough Beces by
ruminants, whicthas beefiound to linearly increase with higher intake df\iu et al.,

2001, 2000) Theexcreted? from farmlandaccumulatsin soil and waterendangering
aguaticecosystemas a consequence of eutrophicatiGorrell, 1998; Schindler et al.,
2016)

To meet the maintenance and protibn requirement while minimesexcess of P,
Gesellschaft fur Erndhrungsphysiologie (GfE, 20844 National Research Council

(NRC, 2001)suggest rationfor high producing cowsontairing 0.35 0.40%o0f P on
3



a dry matterDM) basis The updatingecommendation d&fE (2023)proposedhatP

in ration for lactating cowsshould be supplied under consideration of obligatory P
lossesmilk P content, and Elepositionfor maternalgrowth andin 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 safetyWith the knowledge abouwtvailability of Pfrom plant feedsit might

be helpful for optimsing the Putilisationand reducing the supplementation of mineral

P.

In mature sees] phytate,the salt form oimyainositol 1,2,3,4,5,6 hexakis dihydrogen
phosphat€InsRs), comprises the nira storage compound of. Fhe concentration of
Insk can vary with genotype of plan{Mebrahtu et al., 1997; Rodehutscord et al.,
2016) growing conditiongIshiguro et al.,2006) harvestingtime (Mebrahtu et al.,
1997; Santana et al., 2012nd processing proceduréénderson and Wolf, 1995)
Besidesdifferentanalyticalassag can affect InsPdetermined from feedstuf{§arolt

and Kolar, 2021; Phillippy et ak015) For ommonSBM, Pfrom Insk accounts for

30%i 60% of total P(Eeckhout and de Paepe, 1994; Haese et al., 2017b; Ravindran et
al., 1994; Tahir et al., 2012Jor RSM, 35/ 75% of total Poriginates from Insi
(Eeckhoutand de Paepe, 1994; Haese et al., 2017b, 2017a; Tahir et al., 2012; Viveros
et al., 2000)Compared to Insf concentrations of IngRnd other less phosphorylated
myainositol phosphates (InsPis) SBM and RSM are generally much lowelaese et

al., 2017b; Pontoppidan et al., 200Among the InskPisomers, Inl,2,4,5,6Ps has

been found to be the most abundant isomer in oilseed meals, followed by
Ins(1,2,3,4,99s and then by In4,2,3,4,6s, while concentration of Ins(1,3,4,508)is

very low even when detectgiHaese et al., 2017b; Pontoppidan et al., 20D8p is
usually detected at very low concentration or not detectable (&taske et al., 2017b;
Park et al., 2002; Pontoppidan et al., 20@nd Insk are generally not detectable in
oilseed meals(Haese et al.,, 2022, 2017b; Park et al., 200%Fvertheless,
coneentrations ofnshsis tend to increase while concentration of lgis#hds to decrease
when the intensity of oilseed processing increéddeese et al., 2022, 2017b; Konishi

et al., 1999; Pontoppidan et al., 200A&s reported byHaese et al. (2022)nsR
decreasedrom 25to 23 g/kg DM butInsR and Insk increasedrom 4.6 to 6.2 g/kg

DM and from 0.35 to 0.95 g/kg DM, respectivelyhen heating time was inased

from 48to 93 min.



Phosphorusnust be cleaved frorthe InSR; molecule to be absorbed Hye intestinal
epithelial cellsand hence availability dhsRs-P from feed depends on degradation of
InsRs in the digestive tract prior to intestinal absorptiBnavo et al., 2003; Qian et al.,
1997) The degradation of Insf is accompanied by the formation of less
phosphorylated InsPs and tb@mpletely proceedechscade of P cleavage from lasP
terminates with the release aix phosphate groups anayainositol (MI), whichcan

also be absorbed and utds by animals (Huber, 2016) This stepwise
dephosphorylation of Ingks initialised by a type of phosphatase, sped as phytases
(myoinositol 1,2,3,4,5,6 hexakisphosphate phosphohydrolas@Sjeiner and
Konietzny, 2005) Phytases and other phosphatases have been found in plants,
microorganismsand mucosa of gastrointestinal tra@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 InsPdegradation in ruminanid.an et al., 2002b; Morse et al., 1992;
Raun et al., 1956; Yanke et al., 199By screening 101 rumen bacteria cultures on
InsRs-containing platesyanke et al. (1998)etermined phytase activity from bacterial
strains ofPrevotella uminicolg Megasphaera elsdeniBelenomonas ruminantiym
Mitsuokella multiacidusind Treponemaspp. Lan et al. (2002bjurther isolatedhe
phytaseproducing bacterial speciellitsuokella jalaludinii from the rumen and
Nakashima et al. (20070letected phytase sequences related to protein tyrosine
phosphatases iSelenomonas lacticifelRecent works isolating rumen bacteria with
phytase activity also charactet the conditions for their growth and enzyme
production or activity. For exampléamid et al. (2018found that rumen bacteria
Actinobacillussp, andBacillus vallimortishave an optimal phytase activity between
45/ 50°C whileBacillus pumilushas an optimum betweeni#b°C, with pH 45 as
optimum for phytase productiorduang et al. (@11) cloned two most abundant
cystene phytae genes of goat rumen contemd determined pH optima of these
cysteine phytases similar to ttypicalrumen environmenpf 6.5 and 6.0). Moreover,
Mootapally et al. (2016)dentified the functional genes of phytase (RPHY1) from
rumenPrevotellaspp. 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.

Combinng the results from the aforementioned literafutrseems that characteristics



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#capable of utiliag nearly all P bound in
Insk (Clark et al., 1986; Morse et al., 1992; Nelson et al., 19B8&3%ed orfaecal
collection,Nelson et al. (197&@ndMorse et al(1992)found a total tract disappearance

of Insk greater than 99% in calves atattating cows, respectivelyfhe authors
suggested that Insllegradation is initiated by rumen microorganisms and proceeds to
almost complete beforaligesta reaches the lower past the digestive tract.
Nevertheless, recent studies have shown a less complete dinsdppearance
determined fromdeces, which was 6§98% in the study b¥incaid et al. (2005and

851 94% in the studyby Haese et al. (2014Besides,ruminal InsR disappearance
variedconsiderabljpbetweerand withinstudiesHaese et al. (202@)cubated different
concentrate feeds in rumen fistulated cows and found the lowest rumen effective
degradatiomf Insk (INnsRED) for RSM (59%) It the highest for maize and tabeans
(both 93%)at a rumen passage rate of hd5Ray et al. (2013fed lactating cows with
different levels of dietary IngRand observed 894% ruminal InsPdisappearance. In
thein situ study byHaese et al. (202226 52% of Insk from RSM with different
desolventising/toasting conditions was calculated to l#sm@imen at a rumen passage
rate of 0.05h™. Different factors like concentrate tygelaese et al., 2020)nsR
amount in the dietRay et al., 2013)eed processinfHaese et al., 2022and forage
to-concentrate ratigYanke et al., 1998eem to influencéhe extentof ruminal Insi

degradation.

However, it is difficult to draw a general conclusion on the effects of different factors
in ruminants due to theifferent conditionsamongstudies. It is also not well known
how ruminal Insedegradation is affected by different factors and their combinations.
Furthermore, studies regarding posminal Insk degradation are scarce. In case that
ruminal Insks degradation of dietary IngFs not complete, posuminal Insi
degradation might be highly relevaihis doctoral thesis aimed g8ystematically study
Insk degradation oRSM and SBM in ruminanit®ifferent study methodsr( vivo, in

situ, andin vitro) were combinedo evaluate effects between RSM and SBM.



3 OVERVIEW OF INCLUDED EXPERIMENTS AND

MANUSCRIPTS AND OBJECTIVES OF THE STUDIES

The dudies in the present thesis were conducted with animals houseswdsdmpled
according to German animal welfare regulations and the use was approved by the

Regierungsprasidium (Stuttgart, Germany).

In Manuscript 1 (pblished inArchives of Animal Nutrition RSM and SBMwere
incubatedn the rumen ofactating Jersey cows for 2, 4, 6, 8, 16, 24, 48, and 72 h to
obtainin situ data of InsgED for bothoilseedmeals at rumen passage rates of 0.02
(InsRED>) and 0.05h* (InsREDs), and alsdo link these data with preliminary results
from in situ studies conducted in cows. Secondly, a diet containing equal amount of
RSM or SBMwas fedto eight wethers for 8 weeks adaptation Titanium dioxide
(TiO2) was added at the end thie adaptation period to measure lasisappearance.
Digesta fronthereticulo-rumen (separated into 3 phases: large particulate matter, small
particulate matter, and fluid phase), omasum, abomasum, jejunum, middle to posterior
part of the colon, andectum were collecteand analysd for TiQ, InsPs andMI. The
objective of Manuscript 1 was to investigate ruminal and -posinal Insi
degradation in wethers fedliet containingRSM or SBM, and to compare the ruminal

degradation withn situresults.

In Manuscript 2ublisked inJournal of Dairy Sciengel7 SBM variants from Europe,
South andNorth America, and India were incubated with the samsétu procedure as
carried outin Manuscript 1, and were tested for ruminal CP &#d degradation.
Chemical potein fractionation of the 13BM samples was also conducted and was
based on Cornell Net Carbohydrate and Protein System (CNCPS). Nine SBM samples
with differentrumen effective degradation of CP (CPED) were used to investigate the
ruminal InsB degradation. As IngHn seeds is located in a proteich structure and
InsR; degradation was reported to vary in a pattern similar to CP degradation for RSM
in arecentstudy (Haese et al., 2022Pearson correlation was performed to estimate
the relationship between InsRind CP degradatiomf SBM. The objective of
Manuscript 2was to determine the variation of situ ruminal CP, AA, and InsP
degradation from commercial SBM, andealuate thg@ossibility of predicing InsRs



degradation from CP degradatiand CNCPS protein fractions based on linear

regression.

In thein vitro study(Titel: in vitro ruminal phytate degradation of rapeseed meal and
soybean meal as affected by the provided amount of phytte#esame batasof RSM

and SBMasused in Manuscript tvereincubatedwith different amounts of IngHor

3, 6, 12, 24, and 48 in a modified rumen simulation technique (RUSITEC) system.
Thestudywas conducted becaubesR; degradation from different festliffs has been
evaluatedmainly by including a certain amount of test feeds for incubdtitaese et

al., 2020, 2017b; Morse et al., 199&#)for diet formulation (Manuscript 1yithout
considering different InsFRconcentrations of the feedstufisnd Insk degradation is
commonly expressed as relative value of iiaRa feed such as pentage og/kg of

DM (BraskPedersen et al., 2011; Haese et al., 2020; Magdfeso et al., 2009; Park
et al., 1999; Ray et al., 2013uch approacimay cause confounding with the amount
of supplied InsPand might not reflect the quantity of degraded éngPManuscript 1,

a higher ruminal Insfdisappearanceasdetermiredin wethersfed a diet containing
SBM compared to those fed a diet containing the same amount of RSM, whereas a
lower ruminally degraded amount of Irskas observed upon feeding SBMhus the
objective ofthis studywas to achieve a better understanding of howeldsgradation

of RSM and SBM is influenced by different amounts of gisRhefeed and whether

a limit of InsR degradatiorexists



4 INCLUDED MANUSCRIPTS AND STUDIES

4.1 MANUSCRIPT 1

Ruminal and postruminal phytate degradation of diets containing rapeseed

meal or soybean meal

Yung-Ping Cht, Eva Haese and Markus Rodehutscdrd

Unstitute of Animal Science, University of Hohenheim, Stuttgart, Germany

2Institute of Animal Science, University of Bonn, Bonn, Germany

Published in thérchives of Animal Nutrition (2022), 76: 23347
The original publication is available at
https://doi.org/10.1080/1745039X.2022.2164158
DOI: 10.1080/1745039X.2022.2164158




ARCHIVES OF ANIMAL NUTRITION .
2022, VOL. 76, NOS. 3-6, 233-247 e Ia‘YI&OFr &GFranas
https://doi.org/10.1080/1745039X.2022.2164158 aylor& Frands Lrodp

a OPEN ACCESS W) Check for updates
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containing rapeseed meal or soybean meal

Yung-Ping Chi (), Eva Haese(®* and Markus Rodehutscord
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ABSTRACT ARTICLE HISTORY
This study aimed to investigate ruminal and post-ruminal degrada- Received 11 August 2022
tion of phytic acid (InsPs) in diets containing either rapeseed meal ~ Accepted 15 December 2022

(RSM) or soybean meal (SBM). In Experiment 1, the effective degrad- KEYWORDS
ability of crude protein (CPED) and InsPg (InsPsED) was evaluated by InsP, degradation: rapeseed
incubating RSM and SBM in situ in three rumen-fistulated lactating meal; soybean meal; inositol
Jersey cows for 2, 4, 6, 8, 16, 24, 48 and 72 h, and calculating phosphates; myo-inositol;
effective degradability at rumen passage rates of 2% and 5%/h. In ruminants
Experiment 2, eight wethers were assigned for 8 weeks to two

dietary treatments (Diet RSM and Diet SBM) containing 150 g of

either meal and 100 g of maize silage per feeding time and had free

access to hay and water. Titanium dioxide (TiO;) was added to the

diets for the last 5 days of the study. The wethers were then

stunned, exsanguinated and digesta from the reticulo-rumen, oma-

sum, abomasum, jejunum, colon, and rectum were sampled. In

Experiment 1, the InsP¢ED of RSM (InsP¢ED5: 83%; InsPgEDs5: 64%)

decreased almost identically to that of CPED with increasing pas-

sage rate (CPED,: 78%; CPEDs: 63%) and was significantly lower

than that of SBM (InsPgED5: 93%; InsPgEDs: 85%). In Experiment 2,

ruminal InsPg disappearance was significantly higher in wethers fed

Diet SBM (89%) than in those fed Diet RSM (76%). Total post-

ruminal InsPg degradation was 6% for Diet RSM and 4% for Diet

SBM (p=0.186). The total tract InsP¢ disappearance was higher in

Diet SBM (93%) than in Diet RSM (82%). Considering higher InsPg

contents in RSM, Diet RSM resulted in significantly higher amounts

of ruminally (Diet RSM: 4.5 g/d; Diet SBM: 3.4 g/d) and total tract

(Diet RSM: 4.9 g/d; Diet SBM: 3.5 g/d) degraded InsPs. InsPs was

quantified in most of the digesta samples after feeding Diet RSM

but was not detectable in the majority of digesta samples for Diet

SBM. Concentrations of myo-inositol (Ml) tended to be higher (p =

0.060) in the blood plasma of wethers fed Diet RSM. The consistency

between ruminal InsPg disappearance in wethers and in situ calcu-

lated InsP4ED,, along with the very low extent of post-ruminal InsPg

degradation, suggests that at a low rumen passage rate, InsPg-P

from the feed becoming available to ruminants is almost entirely

from InsPg degradation in the rumen.

CONTACT Markus Rodehutscord ) inst450@uni-hohenheim.de

*Present address: Institute of Animal Science, University of Bonn, Bonn, Germany

© 2023 The Author(s). Published by Informa UK Limited, trading as Taylor & Francis Group.
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(http://creativecommons.org/licenses/by-nc-nd/4.0/), which permits non-commercial re-use, distribution, and reproduction in any med-
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1. Introduction

Phytate [any salt of myo-inositol 1,2,3,4,5,6 hexakis (dihydrogen phosphate), InsP]
represents the predominant phosphorus (P) source in plant seeds and their processing
by-products. Phosphorus must be cleaved from InsP4 before absorption. The cascade of
P cleavage can proceed completely such that myo-inositol (MI), which can also be
absorbed by animals, is released (Huber 2016). Such hydrolysis is catalysed by phytases
and other phosphatases found in plants, microorganisms, and the mucosa of the intestine
(Bitar and Reinhold 1972; Eeckhout and De Paepe 1994; Yanke et al. 1998).

Ruminants have been reported to be able to utilise almost all P bound to InsP¢ (Nelson
et al. 1976; Morse et al. 1992) owing to the phytase activity of the rumen microbiota (Raun
et al. 1956; Yanke et al. 1998). According to Nelson et al. (1976), degradation of InsPy is
initiated in the rumen and proceeds to near completion before the digesta reaches the
lower parts of the digestive tract. However, some recent studies have indicated that ruminal
InsP¢ degradation is not complete, and the values vary between and within studies. In an
in situ study by Haese et al. (2022), the ruminal escape of InsPg from rapeseed meal (RSM)
was calculated to range from 26% to 52% at a rumen passage rate of 5%/h depending on
the desolventising/toasting conditions that had been applied to the RSM. In a study by
Park et al. (2002), more than 20% of dietary InsPs left the sheep rumen. With different
levels of dietary InsPs, Ray et al. (2013) observed 85-94% ruminal InsP¢ disappearance in
first-lactation cows. Factors such as concentrate type (Haese et al. 2017a), feed processing
(Haese et al. 2022), dietary InsP concentration (Ray et al. 2013), and forage-to-concentrate
ratio (Yanke et al. 1998) may affect the activity or accessibility of rumen microbial phytase
and consequently the rate and extent of ruminal InsPs degradation.

Regarding the total digestive tract, faecal InsP, disappearance was reported to be 69-
98% by Kincaid et al. (2005) and 85-94% by Haese et al. (2014). Nevertheless, in vivo
studies describing ruminal and post-ruminal InsP4 degradation, including the formation of
lower inositol phosphate (InsP) isomers post-ruminally, are scarce. If InsP4 from the feed
cannot be completely degraded in the rumen, the relevance of post-ruminal InsPy degra-
dation may be higher. The small and large intestines have been suggested to be relevant to
post-ruminal InsPg degradation (Park et al. 2002; Ray et al. 2012, 2013; Jarrett et al. 2014).

The objective of this study was to investigate ruminal and post-ruminal InsP degra-
dation in wethers fed RSM- and soybean meal (SBM)-based diets, respectively. Previous
in situ studies have shown a slower progression of InsP4 disappearance in RSM compared
to SBM (Haese et al. 2017a) and consequently a lower ruminal disappearance of InsP, for
RSM than for SBM (Haese et al. 2020). Hence, we hypothesised lower ruminal and higher
post-ruminal InsPg disappearance in wethers fed an RSM-containing diet than in those
fed an SBM-containing diet. In addition, in situ ruminal InsP disappearance was studied
in rumen-fistulated cows in an attempt to link the data from the wether study with
preliminary data from in situ studies conducted in cows.

2. Materials and methods
2.1. Experiment 1

An in situ study approved by the Animal Welfare Authority (Regierungsprésidium
Stuttgart, Germany, approval code: V352/18 TE) was conducted according to German
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animal welfare regulations. Rapeseed meal and SBM were incubated in three rumen-
fistulated lactating Jersey cows. The cows were fed a total mixed ration (TMR) consisting
of 35% concentrate mixture (16% winter barley, 21% maize, 27% faba beans, 16% peas,
and 20% rapeseed cake), 2% RSM, 23% maize silage, 14% grass silage, 17% hay, and 2.5%
straw on a dry matter (DM) basis. The content of P, net energy for lactation, and crude
protein (CP) in the TMR was 4.43 g/kg DM, 6.7 MJ, and 149 g/kg DM, respectively. The
average daily DM intake and milk yield of cows were 20 kg and 23 kg, respectively. Feed
and water were provided for ad libitum consumption.

Rapeseed meal and SBM containing 21.6 g/kg DM and 14.2 g/lkg DM InsPg, respec-
tively (Table 1), were incubated based on the recommended protocol of the GfE
[Gesellschaft fiir Ernahrungsphysiologie] (2022) and all details as described by Seifried
et al. (2017). Briefly, SBM and RSM were ground to pass through a 2-mm sieve. An
amount of 8 g (+ 0.015 g) was weighed and placed into polyester bags (10 x 20 cm, pore
size of 50 ym, ANKOM Technology, USA) and subsequently incubated in the rumen for
2,4, 6,8, 16, 24, 48, and 72 h. To acquire a sufficient amount of incubation residue, three
replications for 2, 4, 6 and 8 h, four replications for 16 h, and six replications for 24, 48,
and 72 h were incubated. The bags were immersed in warm water (approximately 39°C)
for 10 min before placement in the rumen. Three bags of each meal were washed in
a washing machine (Miele & Cie. KG, Giitersloh, Germany) without ruminal incubation
to obtain the value at 0 h.

Following withdrawal from the rumen, bags were immediately soaked in ice-cold
water to suppress microbial fermentation. The bags were then rinsed with cold tap water
to remove adherent particles and subsequently washed in a washing machine (Miele &
Cie. KG, Giitersloh, Germany) for 20 min without detergent and spinning. All the bags
were then dried for 24 h at 60°C. The residues from the dried bags were weighed and
pooled per cow and incubation time. Pooled samples were pulverised using a mixer mill
(Type MM400, Retsch GmbH, Haan, Germany) and stored at 4°C until further
processing.

Table 1. Analysed composition of single feeds and diets containing rapeseed
meal (Diet RSM) or soybean meal (Diet SBM) [g/kg DM™.

Rapeseed Soybean Maize

meal meal silage Hay
Crude protein 37N 526 76 54
Crude ash 88 84 30 59
NDFom® 325 176 444 696
ADFom*® 264 73 246 462
P 11.6 7.1 20 20
InsPs 216 14.2 nd? nd.
InsPs" 3.9 26 n.d. n.d.
InsP,* 0.10 n.d. n.d. n.d.
Myo-inositol 0.30 0.65 1.88 0.44

Diet RSM Diet SBM

InsPg 17.7 11.6
InsPs 32 21
Myo-inositol 0.57 0.86
P 33 20

Notes: #DM, dry matter; *NDFom, neutral detergent fibre expressed exclusive of residual ash;
SADFom, acid detergent fibre expressed exclusive of residual ash; "sum of InsPs isomers; *sum
of InsP, isomers; °n.d., not detectable.
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2.2. Experiment 2

2.2,1, Animals and diets

The experiment was approved by the Animal Welfare Officer of the University of
Hohenheim (approval code: T/192/19 TE) and was conducted in accordance with the
German Animal Welfare Legislation. Eight 10-year-old Merino wethers (body weight:
110 + 8 kg) were randomly assigned to two dietary treatments and kept in a pen with
straw bedding.

Two experimental diets using RSM and SBM from the same batch as in Experiment 1 were
freshly prepared (Diet RSM: 100 g maize silage + 150 g RSM; Diet SBM: 100 g maize silage +
150 g SBM) and fed twice daily at 7:30 and 16:00 h right after mixing. The concentration of
InsP, was calculated to be 17.7 g/lkg DM in Diet RSM and 11.6 g/kg DM in Diet SBM based on
the concentrations in the single feeds except for hay (Table 1). To reduce selection and ensure
complete feed intake, 30 ml water was added during mixing. The wethers had free access to
hay and water. The diets were provided for 8 weeks to ensure sufficient adaptation time. In the
first 6 weeks of adaptation, the wethers were kept in two separate groups according to their
treatment and fed on a group basis. From week 7 onwards, the wethers were individually fed
their respective diets. At the end of the adaptation period, titanium dioxide (TiO,) was added
to the diets (1.3 g per feeding time per animal).

Rapeseed meal, SBM, and hay were collected, stored at 4°C. Maize silage was frozen
and lyophilised. Maize silage and hay samples were pooled over time to obtain one
sample for each feed. The hay sample was first ground through a 2-mm sieve to obtain
smaller feed particles (Type SM1, Retsch GmbH, Haan, Germany). Subsequently, all feed
samples were ground to pass through a 0.5-mm sieve (Ultra Centrifugal Mill ZM 200,
Retsch GmbH, Haan, Germany), and a portion of each was further pulverised using
a mixer mill (Type MM400, Retsch GmbH, Haan, Germany).

2.2.2. Sampling and sample preparation
Samples were obtained on four separate days. On each sampling day, two wethers (one
from each treatment group) were fed their respective diet 2 h before they were sacrificed
and had no access to hay in that time period to achieve a similar rumen fill. The animals
were stunned with a captive bolt gun and exsanguinated by cutting the jugular vein.
Blood from the vena jugularis was collected immediately after exsanguination into
Sarstedt® collectors [Glucose FH; Sarstedt AG & Co., Niimbrecht, Germany] containing
sodium fluoride and centrifuged at 2,000 x g for 10 min to separate the plasma. The left
flank and abdominal wall musculature of the wethers were incised using a commercial
blade. Digestive tract sections were separated and clamped using forceps. The reticulo-
rumen contents were collected as rumen pools and pressed through a coarse Hessian bag.
Particulate matter retained in the bag was weighed and defined as large particulate matter
(LPM). Five percent of the total weight of the LPM was collected for analysis. The filtrate
was collected in a bucket and immediately homogenised using a magnetic stirrer.
Approximately 800 g of the filtrate was transferred to centrifuge cups and centrifuged
at 10,000 x g at 4°C for 30 min. The supernatant was collected and defined as the fluid
phase (FP), whereas the remaining pellet was resuspended in double-distilled water and
centrifuged again. The supernatant from the second centrifugation step was discarded
and the residue was harvested as small particulate matter (SPM). Digesta from the
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omasum, abomasum, colon (from half of the spiral colon to 2 m before the entrance of
the rectum), and rectum were quantitatively collected. Contents from 6 m posterior to
the transition of the small intestine and 2 m prior to the transition of the large intestine
were collected as jejunum samples, which were then rinsed with cold double-distilled
water. Digesta samples were immediately frozen at —20°C after sampling or centrifuga-
tion. The frozen digesta samples were then lyophilised. Eight to 14 g of each dried digesta
sample were pulverised using a mixer mill (Type MM400; Retsch GmbH, Haan,
Germany) prior to chemical analysis.

2.3. Chemical analyses

Analysis of crude nutrients followed the official methods in Germany (Verband
Deutscher Landwirtschaftlicher Untersuchungs- und Forschungsanstalten (VDLUFA)
2012). The feed samples were analysed for DM (method 3.1), crude ash (method 8.1), CP
(method 4.1.1), crude fibre (method 6.1.1), neutral detergent fibre without residual ash
(NDFom; method 6.5.1), and acid detergent fibre without residual ash (ADFom;
method 6.5.2).

In the bag residues from Experiment 1, DM and CP were determined as described
above. To determine the concentrations of InsPg in the concentrates and bag residues,
samples were extracted using the method of Zeller et al. (2015) with modifications
described by Sommerfeld et al. (2018). In brief, samples were extracted with a solution
of 0.2 M EDTA and 0.1 M sodium fluoride at 4°C (pH = 8) for 30 min. After centrifuga-
tion following two extractions at 12,000 x g for 15 min, 1 ml sample was collected and
centrifuged at 14,000 x g for 15min and filtered prior to measurement by high-
performance ion chromatography (ICS-3000 system, Dionex, Idstein, Germany).

In Experiment 2, concentrations of TiO, were determined in the pulverised digesta
samples using a modified sulphuric and nitric acid wet digestion method of Boguhn et al.
(2009), followed by measurement on an inductively coupled plasma optical emission
spectrometer as described in detail by Zeller et al. (2015). To determine the concentrations
of InsP; ¢ in the feed and digesta, samples were extracted using the method described in
Experiment 1. To determine InsP; , in the feed and digesta samples, a buffer solution
containing 50 mM Tris, 50 mM glycine, and 0.2 M sodium fluoride at pH 9 was used for the
extraction; otherwise, the same procedure for determining InsP; 4 was performed. The
concentrations of MI in the feed, blood plasma, and digesta samples were measured based
on the method described by Sommertfeld et al. (2018) using gas chromatography/mass
spectrometry after derivatisation of the samples. The analysed values of the omasum and
abomasum were combined as omasum + abomasum based on their DM fractions for
further calculations, as the complete separation of the omasal and abomasal digesta during
sampling was not possible due to the exchange of fluids between these two sections.

2.4. Calculations and statistics

In Experiment 1, the equations suggested by @rskov and McDonald (1979) [Equation (1)]
and McDonald (1981) [Equation (2)] were used to describe ruminal degradation kinetics,
and calculations were performed using GraphPad Prism software (version 5.0, GraphPad
Software Inc., CA, USA):
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Degradation [%] =a+b- (1 —e ) (1)

Degradation|%| =a+b - (1 - e_C(I_L))for t>L (2)

where a [%)] is the rapidly degradable fraction acquired from the 0h incubation time,
b [%)] is the potentially degradable fraction, c¢ [%/h] is the degradation rate, and L [h]
represents the lag time. The best-fitting model for each feed was selected using the
Akaike Information Criterion (AIC). The effective degradability (ED) of CP and InsPg
was calculated using either the equation of McDonald (1981) [Equation (3)] or the
modified equation of Wulf and Siidekum (2005) [Equation (4)], assuming rumen
passage rate (k) =0.02 and 0.05 per h.

ED[%|=a+[(b-c)/(c+ k)] (3)

ED(%] =a+[b-c)/(c+ k)] -e (4)

In Experiment 2, InsPy disappearance was calculated based on the concentrations of
InsPg and TiO, in the diet and digesta, using the following equation:

TiO, indiet Lf;g DM]

InsPsdisappearance|%] = 100 — 100 -
TiO,indigesta {f—g DM}

InsPsindigesta {%g DM]

InsPgindiet Lﬁ’—g DM}

where the TiO, concentration in the diet was calculated as the amount of TiO, provided
[g/d] divided by the DM intake of the diet [kg/d].

Statistical analysis of the data was performed using the software program SAS (version
9.4, SAS Institute Inc., Cary, USA) using the SAS statement PROC MIXED with the
following model:

Yim T ate

where y; is the target trait, a; is the fixed treatment effect, 4 is the overall mean, and ¢; is
the residual error of y;. Statistical significance was set at p < 0.05. Data are presented as
the mean and standard error of the mean.

3. Results
3.1. Experiment 1

Fraction a of InsPg averaged 1.9% for RSM and 32% for SBM. Fraction b was 98% and
68% for RSM and SBM, respectively (Table 2). A lag time for InsPg degradation was
observed at 3.6 h for RSM and 1.0 h for SBM. The degradation rate ¢ was lower for RSM
(16%/h) than for SBM (23%/h). Fractions a and b of CP were 13% and 82% for RSM and
10% and 90% for SBM, respectively. No lag phase in CP degradation was observed for
either meal. The degradation rate ¢ of CP was 7.9%/h for RSM and 8.4%/h for SBM, with
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no significant differences. CPED was higher for SBM than for RSM (CPED,: 83 vs. 78%;
CPEDs: 66 vs. 63%). The RSM values of InsP¢ED resembled those of CPED (InsP4ED-:
83%; InsPgEDs: 64%) and were significantly lower than those of SBM (InsPgED;: 93%;
InsP,EDs: 85%).

3.2. Experiment 2

3.2.1. Concentrations of inositol phosphate isomers and myo-inositol

In the FP of the rumen, InsPg concentration was lower than the limit of quantification
(<0.13 g/kg DM) and InsP; was not detectable (Table 3). Feeding RSM resulted in
significantly higher InsPs concentrations in the SPM (1.53 vs. 0.59 g/kg DM) and LPM
(221 vs. 0.83 g/kg DM) of the rumen pool, omasum + abomasum (1.52 vs. 0.47 g/kg DM),
colon (1.54 vs. 0.43 g/kg DM), and rectum (1.57 vs. 0.43 g/lkg DM). InsP5 was quantified in
the SPM and LPM of the rumen pool, omasum + abomasum, jejunum, colon, and rectum
of wethers fed Diet RSM but was not detectable in the majority of digesta samples from
those fed Diet SBM. InsP; 4, were not detected in any digesta samples.

Mpyo-inositol was not quantifiable (<0.05 g/kg DM) in the majority of the samples
from the rumen pool, colon, and rectum. Only traces of MI were determined, without
significant differences in the omasum + abomasum (Table 4). The MI concentration in
the jejunal content was not significantly different but higher for Diet RSM than Diet SBM
by trend in the blood plasma (4.6 vs. 3.8 pg/ml).

3.2.2. InsP, disappearance and degraded amount of InsP,

Ruminal InsPg disappearance measured at the omasum + abomasum was 89% for Diet
SBM, which was significantly higher than that in Diet RSM (76%; Table 5). Up to the
jejunum, 88% and 94% of ingested InsP¢ disappeared in wethers fed Diet RSM and Diet
SBM, respectively. InsPg disappearance up to the colon and rectum was higher in the Diet
SBM group than in the Diet RSM group (p = 0.046 and 0.057, respectively). Total post-

Table 2. Estimated ruminal degradation parameters and effective degrad-
ability of phytate (InsPg) and crude protein (CP) from in situ incubation of
rapeseed meal (RSM) and soybean meal (SBM),

RSM SBM SEM* p-Value
CP degradation
a' [%] 13 10
b° [%] 82 90 - -
! [%/h] 79 8.4 0.40 0.349
CPED,* [%] 78 83 08 0.006
CPEDs [%] 63 66 0.9 0.038
InsP degradation
Lag® [h] 36 1.0 0.30 0.005
a [%] 19 32 - -
b [%] 98 68 - -
¢ [%/h] 16 23 14 0.007
INsPLED,* [%] 83 93 0.5 0.003
InsP6EDs [%] 64 85 1.1 0.005

Notes: Data are presented as treatment means; n = 3 animals; #SEM, standard error of the
mean; "a, rapidly degradable fraction; %, potentially degradable fraction; ¢, degrada-
tion rate; *CPED, effective degradability of CP at rumen passage rates of 2 (CPED,) and 5
(CPEDs) %/h; °Lag, lag time; ’InsPE,ED, effective degradability of InsPs at rumen
passage rates of 2 (InsP¢ED,) and 5 (InsP¢EDs) %/h.
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Table 3. Concentrations of inositol phosphate (InsP) isomers in digestive tract contents
of wethers fed diets containing rapeseed meal (Diet RSM) or soybean meal (Diet SBM)

lg/kg DM™].
Diet RSM Diet SBM SEM" p-Value
InsPg
Rumen pool
Fluid phase <LoQ¥ <LoQ - -
Small particulate phase 1.53 0.59 0.226 0.026
Large particulate phase 2.2 0.83 0.292 0.015
Omasum + abomasum® 1.52 047 0.206 0.011
Jejunum 0.67 0.23 0177 0.131
Colon 1.54 0.43 0.236 0.016
Rectum 1.57 0.43 0.256 0.020
InsPs"
Rumen pool
Fluid phase nd. n.d. - -
Small particulate phase 0.30 n.d. - -
Large particulate phase 0.36 n.d. - -
Omasum + abomasum 0.22 nd. - -
Jejunum 0.05 n.d. - -
Colon 0.13 nd. - -
Rectum 0.07 n.d. - -

Notes: Data are presented as treatment means, n = 4 animals; “DM, dry matter; TSEM, standard error of the
mean; SCalculated with respective fractions [%] of omasal and abomasal digesta on a dry matter basis;
"The sum of InsPs isomers; *<LOQ, not quantifiable; °n.d., not detectable.

Table 4. Concentrations of myo-inositol in digestive tract contents [g/kg DM*] and blood
plasma [ug/ml] of wethers fed diets containing rapeseed meal (Diet RSM) or soybean
meal (Diet SBM).

Diet RSM Diet SBM SEM" p-Value
Omasum + abomasum® 0.05 0.02 0.018 0.386
Jejunum 0.99 0.72 0.120 0.162
Blood plasma 4.6 38 0.24 0.060

Notes: Data are presented as treatment means, n =4 animals; DM, dry matter; SEM, standard error of the
mean; *Calculated with respective fractions [%] of omasal and abomasal digesta on a dry matter basis.

ruminal InsPg disappearance, calculated as the difference between ruminal and total tract
InsP, disappearance, did not differ between Diet RSM and Diet SBM (6 vs. 4%).
A significantly higher amount of InsP; was degraded ruminally and in total tract for
Diet RSM (ruminal: 4.5 g/d; total tract: 4.9 g/d) in comparison with Diet SBM (ruminal:
3.4 g/d; total tract: 3.5 g/d; Figure 1),

4, Discussion
4.1. Degradation characteristics of experimental feed determined in situ

The significantly lower InsPED for RSM compared to SBM is consistent with the results
from previous in situ studies (Park et al. 1999; Konishi et al. 1999; Haese et al. 2020). As
suggested by the previous authors, this observation may be attributed to the differences in
the location and binding form of InsP4 in rapeseed and soybean, as these can influence
the solubility of InsPs as well as the accessibility of microbial phytase to its substrate.
Thus, the aggregation of InsPs with proteins inside protein storage vacuoles (Gillespie
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