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The outline of the thesis

The present PhD thesis includes a general desmripfi the techniquesn(vivo, in situ and
in vitro) which are commonly employed for studying rumemnmientation process. The techniques
are described focusing on methodologies, equipmmain sources of variation, strength and
weakness points of each technique (Chapter 1).hapter 2 the general aims of five scientific
contributes (4 methodological and 1 applicative) given. In Chapters 3, 4, 5 and 6, the core of the
thesis, four methodological contributes are giv@hapter 7 provides the results of an applicative
contribute. Three of the five contributes have bakeady published in scientific papers (Chapters
3, 6 and 7), whereas the other two have been stduhty scientific journals (Chapters 4 and 5).
The last chapter (Chapter 8) reports the generatlasions. Figure 1 represents schematically the

contents of the present thesis.



Figure 1. The outline of the thesis.
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Abstract

The general aim of this thesis was to study runeeméntation processes usingsitu andin
vitro digestibility andin vitro gas production techniques. The thesis includesrélalts of five
experiments. The first experiment investigated \thkdity to reduce the amount of feed sample
incubated in filter bags with Dai$yfrom 0.50 to 0.25 g feed/bag). This hypothesis werified by
considering the results of two separate trials dooted on 4 and 7 feeds, respectively) in which the
digestibility values provided by DaiSywere compared with those achieved using a corwesiti
batch culture. Results evidenced that, by usindawer sample size (0.25 g feed/bag), digestibility
values provided by Daisyresulted more similar, less variable and betteretated with those

achieved with the batch culture.

The second experiment was conducted on 11 feeds@ngared the digestibility values
achieved: i)in situ andin vitro using two different kinds of bag (nylon and filtevith a different
pore size (40 and 25 um); i situ, placing the bags in the rumen environment, iandtro using
rumen fluid collected from intact cows by a suctiechnique. Results of the experiment showed
that the use of filter bags induced a systematit, dredictable, underestimation of digestibility
values compared to the nylon bags. Rumen fluidectdld from intact cows provided digestibility
values directly proportional to those obtaineditu. This latter result is relevant, as the validify o
using rumen fluid collected from intact cows candbénterest for many research centers, in order

to overcome ethical and public concerns relategtieaise of surgically treated animals.

The third experiment was conducted on the samesfaadlysed in the second experiment
and it was aimed to compare the energy value afsfestimated using three different equations: i)
one equation based on feed chemical compositiorirasaitiu digestible NDF at 48 h of incubation
(MEnrc); ii and iii) two equations based on feed chememmhposition andh vitro gas production
at 24 h of incubation (Mfenke and MEycp). A further aim was to evaluate the validity oflueing
the in situ incubation time from 48 to 24 h. Results of thaltevidenced that, when Mkc
estimates were taken as reference,ybiequation provided feed energy estimates more acura
and precise compared to M&ke However, the accuracy and precision of \Mke estimates
increased when four feeds rich in protein (CP > IB®%) were excluded from the analysis. As the
in situ digestibility values achieved at 24 and 48 h weghly correlated and showed a comparable
reproducibility, the reduction ah situ incubation time from 48 to 24 h seems can be megdor

reducing the cost of the tests.



The fourth experiment was aimed to compare theceffef two different systems of gas
release (venting at fixed times or at fixed presson gas production (GP) kinetics provided by two
feeds with a different degradability (meadow hag aorn meal), using an innovative GP system.
Results of the experiment showed that the ventystem exerted significant effects on GP kinetics.
The effects were particularly accentuated for aoeal and for venting at fixed times. Therefore,
when venting at fixed times is applied, the headspalume of GP system, the venting frequency
and the amount of fermentable matter incubated eisarefully balanced to avoid the generation
of high pressures, which could alter GP kineticswiver, venting at fixed pressure is preferable to

that at fixed times, as it can strongly reducedhssrtcomings.

The fifth experiment aimed to evaluate the effeftgicreasing dosages of two antioxidants
(BHT and a red chicory extract) on somevitro rumen parameters, when they are incubated with
meadow hay and corn meal. Results of the experisieodved that the two antioxidants exerted
only small effects on rumen degradability, GP kiceetand volatile fatty acids profile. At the
highest dosage, the red chicory extract showedhprave the efficiency of nitrogen utilization in
the rumen, by increasing the amount of nitrogentwwad by rumen microbes and utilized for
microbial protein synthesis.



Riassunto

Lo scopo generale del presente lavoro di tesi # staello di studiare le fermentazioni
ruminali mediante la tecnida situ, e le piu moderne tecnicl vitro che valutano la digeribilita e
la produzione di gas degli alimenti zootecnici. tiesi comprende i risultati di 5 diverse prove
sperimentali. L'obiettivo della prima prova é stajoello di valutare la possibilita di ridurre la
quantita di campione alimentare incubato all'intedei filter bags previsti dal sistema Daliggla
0,50 a 0,25 g di alimentof/filter bag). La suddeftatesi & stata verificata analizzando i risultati
ottenuti in due differenti prove sperimentali, cottd rispettivamente su 4 e 7 alimenti, il cui
comune obiettivo era il confronto dei valori di iipilita forniti dal Daisy e da un sistemia vitro
tradizionale. | risultati ottenuti hanno dimostratee, con l'incubazione di 0,25 g di alimento/filte
bag, i valori di digeribilita forniti dal Daisyrisultavano complessivamente meno variabili, meglio

correlati e comparabili con quelli forniti dal ®stain vitro tradizionale.

La seconda prova sperimentale € stata condottdl salihenti e si poneva I'obiettivo di
confrontare i valori di digeribilita ottenuti: in situ, attraverso I'impiego di due diversi tipi di
sacchetto (nylon e filter bags) caratterizzati de ulifferente porosita (40 e 25 pmi; sity,
incubando i campioni alimentari direttamente nehine dell’animale, edn vitro, incubando i
campioni alimentari con liquido ruminale prelevattediante sonda esofagea da bovine non
fistolate. | risultati della prova hanno evidenaiahe I'utilizzo dei filter bags, in sostituzioneid
nylon bags, induceva una sottostima sistematicacanaunque stimabile, dei valori di digeribilita
degli alimenti. | campioni alimentari incubati vitro con liquido ruminale prelevato da bovine non
fistolate hanno fornito valori di digeribilita ditamente proporzionali a quelli incubati situ. Un
tale risultato e sicuramente soddisfacente: laipiis di utilizzare liquido ruminale prelevato da
bovine non fistolate puo rappresentare infatti mportante opportunita per molti centri di ricerca,
consentendo di superare le problematiche di na&ttica legate all'impiego di bovine sottoposte ad

operazione chirurgica per I'applicazione di fistakeninali permanenti.

La terza prova sperimentale & stata condotta stgéisi alimenti impiegati nel secondo
contributo e si poneva l'obiettivo di determinareralore energetico degli alimenti applicando tre
differenti equazioni: i) un’equazione basata salanposizione chimica dell’alimento e sul valore
di digeribilita della fibra misuratin situ dopo 48 h di incubazione (Mkg); ii e iii) due equazioni
basate sulla composizione chimica dell’alimentolé&agproduzione di gas misuratavitro dopo 24
h di incubazione (MRenke € MEycp). Un secondo scopo era quello di valutare la pdgai di
ridurre il tempo di incubazionm situ da 48 a 24 h. | risultati della prova hanno diradst che,
prendendo come riferimento le stime di valore esigrg ottenute applicando I'equazione Mg,
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'equazione MEcp forniva stime piu accurate e precise rispetto gil&zione Mlgenke Tuttavia, il
livello di accuratezza e di precisione dell’'equasdByenke€ Migliorato notevolmente escludendo
i quattro alimenti proteici (PG > 16% SS) dall'asrlPoiché i valori di digeribilita ottenuith situa

24 e a 48 h sono risultati fortemente correlataarno evidenziato una riproducibilita comparabile,
la riduzione del tempo di incubazioimesituda 48 a 24 h puo rappresentare una valida soleizbn

fine di contenere i costi di analisi.

La quarta prova sperimentale ha valutato gli eftéttiue diverse modalita di rilascio del gas
(a tempi fissi oppure a pressione fissa) sulletmhe di produzione di gas fornite da due alimenti
caratterizzati da un differente livello di degraititlo ruminale (un fieno di graminacee e una farina
di mais). Ai fini della prova é stato utilizzato @istema innovativo per la misurazione del gas
prodotto dalla fermentazione di matrici alimentanisultati della prova hanno evidenziato che la
modalita di rilascio del gas ha condizionato sigativamente le produzioni di gas fornite dai due
alimenti. Tali effetti sono risultati particolarmenrilevanti nel caso della farina di mais e nedaca
del rilascio a tempi fissi. Alla luce di questiuitati, quando si adotta la modalita di rilascitempi
fissi, lo spazio di testa del sistema, la frequediailascio del gas e la quantita di campione
alimentare incubato dovrebbero essere opportun@mbithnciati per evitare lo sviluppo di
pressioni molto elevate all’interno del sistemaglmli potrebbero alterare le normali cinetiche di
produzione del gas. Comunque, al fine di ridurheritgchi, I'impiego di sistemi che rilasciano iag

a pressione fissa e da ritenersi preferibile.

La quinta prova sperimentale ha valutato gli efi@itdue sostanze antiossidanti (il BHT ed
un estratto di radicchio) dosate a due livelli elifmti ed incubate con farina di mais e fieno di
graminacee, sui principali parametri ruminali. sultati della prova hanno evidenziato che i due
antiossidanti hanno esercitato effetti poco rilévanlla degradabilita ruminale, sulle produzioni d
gas e sui profili acidici forniti dai due alimenfl dosaggio piu elevato, I'estratto di radicchia h
tuttavia migliorato il bilancio azotato ruminalgvbrendo un aumento significativo della quota di

azoto impiegato dai microorganismi ruminali pesilatesi di proteina batterica.



CHAPTER 1

General introduction

1. General aspects

Feeding can account for up to 60% of the costamimal farms, so the nutritional evaluation of
ruminant feeds and the formulation of well-balandegts which can meet requirements of animals
represent important challenges in livestock pradac(Adesogan, 2002). The evaluation of a feed
is defined asthe description of a feed for its ability to sustaifferent types and levels of animal
performancé (France et al., 2000). The ability of a feed testain animal performance depends
mainly on its digestibility. Feed digestibility iafluenced by its chemical (carbohydrate, protein
and fat content) and physical (feed particles sizleqracteristics, as these properties affect
capability of digestive enzymes to colonize ancedighe feed particles (Kitessa et al., 1999). The
digestibility of ruminant feeds can be evaluatemgslifferent techniques. These techniques can be
classified as: i) biological methods, which involbe direct use of the animals, by digesting feeds
in the rumen of the animalén(vivo andin situ methods); ii) laboratory methods, which do not
require the use of animals and simulate rumen enmient and digestion process using rumen fluid

collected from donor animalg(vitro methods).

1.1. In vivo technique: principles of method and shortcomings

The reference method to evaluate the nutritionkievaf feeds is then vivo digestibility, which
estimates theligestibility from total collection of faeces (Mcbald et al., 1981). This method is
known as “total collection technique” and involvesfed a known amount of the tested feed to a
group of animals, which are housed in individualesato allow a measurement of daily feed intake
and the total collection of faeces. Faeces are iadignanalyzed to estimate digestibility of feed
dry matter or of specific nutrients. Although tiniethod is the most reliable for evaluation of feed
digestibility, it appears laborious, time-consumangd expensive, and so not suitable for a routine
and large-scale feed evaluation (Stern et al., 1987 alternative technique is the “marker
technique”, which does not require the total caitetof faeces, as it estimates feed digestibbiy
using markers (Stern and Satter, 1982). Feed dhgagtis computed as ratio between marker
concentration in the faeces and in the feed, soahalts can be influenced by kind of marker used
(McDonald et al., 1981). A great limit of the totdllection and marker techniques is that they
provide information about the extent of digesttlilibut not about kinetics of feed digestion
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(Kitessa et al., 1999). Moreover, some sourcesaoftion can influence the results, as: i) animal
characteristics (sex, age, breed, and so on.).)feéd characteristics (particle size, chemical
treatments, associative effects between feedssarah...) (McDonald et al., 1981; Kitessa et al.,
1999).

1.2. In situ technique: principles of method and shortcomings

Thein situtechnique (known also &s saccoor nylon bag technique) was originally introduced
by Quin et al. (1938), and studied degradabilitywhinant feeds by incubating feed samples into
silk bags placed in the rumen of fistulated sh&bsequently, the silk bags were replaced with
nylon bags (Erwin and Elliston, 1959; Johnson, 13édriguez, 1968). According to the method
of Quin et al. (1938), nylon bag technique involties incubation of feed samples into nylon bags
which are placed in the rumen of fistulated animalge protocol involves to extract and weigh the
bags at fixed times (after O, 2, 4, 8, 12, 24,48%,72 and 144 h of incubation) for measuring the
progressive disappearance of feed from the bagsjdang information both about rate and extent
of feed digestion (Mehrez and @rskov, 1977; Kitessal., 1999). Over the years, the nylon bag
technique has been largely employed to evaluateemudegradability of feeds (Emanuele and
Staplens, 1988; Trabalza Marinucci et al., 1992arfgpero et al., 2003; Gosselink et al., 2004
Damiran et al., 2008) and was found to predict wied in vivo digestibility (Demarquilly and
Chenost, 1969; Fonseca et al., 1998). Howeverteittenique still appears poorly standardized and
plagued by low repeatability and reproducibility ifMalet-Doreau and Ould-Bah, 1992; Madsen
and Hvelplund, 1994). As reviewed by several Aush@Vlichalet-Doreau and Ould-Bah, 1992;
Vanzant et al., 1998; Kitessa et al., 1999), 4 firportant source of variation is represented &g b
porosity. The appropriate bag porosity should alloflux of rumen fluid and, efflux of digested
feed particles, and retention of feed particlesymttfermented (Mehrez and @rskov, 1977). When
the bag porosity is too small (< 35 um), microlpapulation could be sorted by size (Meyer and
Mackie, 1986) and the digested particles couldeb@med in the bags, with a consequent occlusion
of bag pores and accumulation of gases inside #gs fUden et al., 1974; Nocek et al., 1979;
Nocek and Hall, 1984; Uden and Van Soest, 1984)thH@nopposite, a too large porosity (50-60
pim) could potentially facilitate the escape of feadticles not yet digested from the bags (Vanzant
et al., 1998). Several studies (Playne et al., 19#&Iberg and Knutsson, 1981; Michalet-Doreau
and Cerneau, 1991) reported that the escape ofdasdttles from the bags increased with bag
porosity. Currently there is still a debate abotiis the optimal bag pore size forsitu studies.

In relation to counts of protozoa and bacteria, 8fegnd Mackie (1986) indicated that a bag pore
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size of 30-53 um could be an appropriate rangeregseVanzant et al. (1998) recommended a pore
size included from 20 to 60 um. On the basis ofliag porosity, an appropriate grinding size of
feed samples should be chosen (Michalet-Doreau @uottl-Bah, 1992). Feed samples are
commonly ground to pass a sieve priomaituincubation. However, despite of several attempts to
standardize the procedure, a wide range of diffegeimding sizes has been used (Stern et al.,
1997). Nocek (1985) indicated that the grinding cedure should reproduce the effects of
rumination and that feed sample size should be reiondar as possible to the size of ruminated
feed. Generally, a coarse grinding size (4-5 mnas®ociated with lower and slower digestion rates,
whereas a fine grinding size (< 2-3 mm) is suppdsefhcilitate the escape and the loss of feed
particles from the bag (Michalet-Doreau and OuldvB&992). Lindberg and Knutsson (1981)
observed that escape of feed particles from the bageased by reducing the grinding size from
4.5 to 1 mm, whereas Others (Michalet-Doreau anthé2e1, 1991; Damiran et al., 2008) indicated
that the material losses could be influenced bydis&ibution of feed particles inside the bags.
Moreover, Dewhurst et al. (1995) argued that lo$és®a the bags could be higher for concentrates
and by-products, as these feeds contain a larggopion of soluble materials. The guideline is to
grind feeds on the basis of their chemical compwsitNocek (1988) suggested to use a 2 mm-
screen for high-protein feeds, and a 5 mm-screemfire fibrous feeds (grains, by-products and
roughages). Vanzant et al. (1998) reported thasitu studies used commonly a grinding size
ranging from <1 to 6 mm and, from the review ofédperiments, they found that the large part of
the published experiments used a 2-mm screen (3 )Lemm screen (11). Generally, the choose of
1-mm screen should be preferred to simplify andddedize the laboratory procedures, as chemical
analyses of feeds are commonly performed on feegles passed to a 1-mm screen. The choose
of an appropriate grinding size appears importacstbse this factor can influence the ratio between
feed sample size and bag surface area (SS:SA, ssegteas mg/cfh Literature has well
documented that a change of SS:SA can alter idfuxmen fluid, efflux of digested feed particles
and retention of those not yet fermented (Nocel851Michalet-Doreau and Ould-Bah, 1992;
Vanzant et al., 1998). Despite of several attenptstandardize SS:SA, literature reports a large
number of different ratios. From the comparisondeein 73in situ studies, Vanzant et al. (1998)
observed that the largest part of trials (41) us€iS:SA ranging from 10 to 20 mg/fgnbut also
SS:SA > 20 mg/chand < 10 mg/chwere tested (in 12 and 20 trials, respectivelyjsTé a great
shortcoming of nylon bag technique, as SS:SA wasdoto affect significantly degradability
measures. Several Authors (Van Keuren and Heinemi@@2; Figroid et al., 1972; Van Hellen and
Ellis, 1977; Varga and Hoover, 1983) noted ihatitu degradation of feeds decreased significantly
by increasing SS:SA, whereas Mehrez and @rskov7(1fund that degradability values resulted
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higher and less repeatable by decreasing SS:SASio 16 mg/cth Mehrez and @rskov (1977)
suggested that use of large SS:SA could reduce degdadation, as influx of rumen fluid and
efflux of digested particles from the bag couldib@ted. On the basis of these results, it is difft

to establish what SS:SA allows to achieve the maosturate degradability measures. From results
reported by literature, Vanzant et al. (1998) sstggto use a low SS:SA (10 mgRynas greater
differences and variability were found by usinghhtgS:SA. However, a possible recommendation
could be that the choose of SS:SA should vary enbtiisis of bag and sample characteristics. As
confirmation of that, Playne et al. (1978) obserteat in situ degradation of different roughages
did not change when sample size was triplicated BIEA was kept constant by increasing bag

size.

1.3. In vitro techniques

In the last years the use iof situ technique has been strongly criticized by pubpmnmn for

the need of fistulated animals and has raisedathiod moral issues about animal welfare (Stern et
al., 1997). Moreover, high associated costs andddranalytical capacity ah situ technique have
led to the development of alternative vitro techniques, which carried out some important
advantages: i) they do not involve the direct usaromals; ii) they are less laborious and more
suitable for a large-scale evaluation of ruminaeds. Then vitro techniques can be classified as:
i) methods which measure the digestibility of fed€digley and Terry, 1963; Goering and Van
Soest, 1970; Czerkawski and Breckenridge, 197)/md&thods which measure gas production from

feed fermentation (Menke et al., 1979).

1.3.1. Digestibility techniques: equipment and shortcomings

The first digestibility techniques consisted in diatcultures (Tilley and Terry, 1963;
Goering and Van Soest, 1970). These methods ing@w@st 48-h incubation of feed samples into
individual vessels with buffered rumen fluid, folled by a second 48-h incubation with pepsin in
an acid solution (Tilley and Terry, 1963), or wehneutral detergent solution (Goering and Van
Soest, 1970). Although these methods have beealyavglidated within vivo values (Van Soest,
1994), they are plagued by several disadvantayélsey give an end-point measurement; ii) they
do not provide information about kinetics of feedjestion; iii) they are laborious and time-

consuming; iv) they involve the use of rumen flewllected from fistulated animals and, hence,
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they do not allow to solve public ethical concealmut animal welfare. Afterwards, Czerkawski
and Breckenridge (1977) have developed a long-termen simulation technique (RUSITEC),
consisting in eight vessels in which feed sampkfsd) were placed into nylon bags and digested
with rumen fluid collected from fistulated animale particularity of RUSITEC is that a solution
of artificial saliva (McDougall, 1948) is continusly infused in the system to maintain pH and to
reproduce the continuous influx of saliva in thenam. This technique has been widely employed
for different applications, as for evaluating foeadigestibility (Akhter et al., 1996; Tejido et ,al.
2002), changes in rumen microbial population (Nedbet al., 1998) , microbial growth in the
rumen (Carro and Miller, 1999), effects of esséntih compounds on rumen fermentations
(Newbold et al., 2004). However, RUSITEC appearbda labor and time-consuming technique,
so it has a low suitability for a routine analysfsuminant feeds (Stern et al., 1999). To overcome
some of these shortcomings, the research for nféogeat and less animal dependent techniques
has led to the development of alternative methadspaisy incubator (Ankom Technolody
Macedon, NY, USA). Compared to Tilley and Terry @89 and Goering and Van Soest (1970)
methods, the DaiSyone leads to an improvement of labor efficiency,itaallows to analyze
simultaneously up to 100 feed samples. Several gkatfHolden, 1999; Wilman and Adesogan,
2000; Spanghero et al., 2003; Spanghero et al.7;2D@miran et al., 2008) found that this
instrument provided digestibility measures wellretated with the nylon bag and other vitro
techniques. An important similarity between Daisyd the nylon bag technique is the incubation
of feed samples into bags. As consequence, alsorabelts achieved with DaiSycan be
significantly influenced by the bag and the samgiaracteristics, as described for the nylon bag
technique. Tagliapietra et al. (2008), from a corigoa between Daidyand a conventional batch
culture, noted that the digestibility values aclkigwith Daisy were constantly lower and less
repeatable, and attributed this result to a baefiferct exerted by the bags, which altered the mbrm
income and outcome of rumen fluid and feed pagid@espite of many attempts to standardize the
procedure, there is still a confusion about whaha size allows to achieve the most accurate
measures with Daify as some Authors (Holden, 1999; Mabjeesh et BDp2Tagliapietra et al.,
2008) incubated 0.50 g feed sample/bag, whereasr©O{Robinson et al., 1999; Spanghero et al.,
2003) preferred 0.25 g. The bags incubated witlsyare smaller than those commonly used for
in situtrials and have a different texture and porodiy A filter bags; 4.5x4.0 mm; proved to retain
particles > 25 pmAnkom Technolog§, Macedon, NY, USA). Recently, Damiran et al. (2008
compared F57 filter bags and standard nylon bagsttze two feed sample sizes more commonly
used (0.25 and 0.50 g feed sampleffilter bag): thieserved that the two kinds of bag provided
digestibility values highly correlated, and thae tincubation of 0.50 g feed sample/filter bag
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provided digestibility values better correlated hwihose achieved with the nylon bag technique.
Adesogan (2002, 2005) confirmed that the resultsemed with DaisYy can be affected by the
amount of sample incubated into the filter bagsl ebserved that the replacement of F57 filter
bags with alternative bags allowed to improve tbegeadation with digestibility values obtaineal

Situ.

1.3.2. Gas production techniques. principles of the method

Differently from the digestibility techniques whiclaim to evaluate the substrate
disappearance, gas production (GP) method measimeeappearance of fermentation products
(gases, volatile fatty acids, NH(Blummel and @rskov, 1993; Makkar et al., 1998hen a feed is
incubated with buffered rumen fluid, it is degradedd the degraded matter is partitioned to yield
gases (mainly C®and CH), end-products of fermentation (volatile fatty dgiand NH), or
microbial biomass. The assumption that GP is liyegalated to the rate and the extent of feed
digestion is questionable, as GP is strongly aéfédty feed chemical composition (Makkar, 2005).
It is generally accepted that gas is mainly producem carbohydrate fermentation, whereas GP is
small for proteins and negligible for fats (Menkad&Steingass, 1988; Getachew et al., 1997). Gas
produced from feed fermentation is also affecteddognentation patterns and is influenced by the
molar proportion of volatile fatty acids (VFA) iheé rumen, as highlighted in Figure 2. The butyrate
and acetate formation release large amounts ofd®@ CH, whereas propionate production does
not release gas of fermentation (Stern et al., 199Gwever, GP originated from feed fermentation,
defined as “direct GP”, does not represent tota] &Pa notable part of gas, defined as “indirect
GP”, is produced from buffering of VFA. From eacllmf VFA produced, the bicarbonate buffer
releases about 1 mol of GMakkar (2005) indicates that a starch-rich feemtipces only 40% of
gas in a direct way, whereas the remaining 60%raslyced indirectly from buffering of VFA.
Wolin et al. (1960), and afterwards Blummel et @999), indicated that GP and VFA are
stoichiometrically related, so GP could be estimiateom amount and proportion of VFA.
However, Cone et al. (1998) specified that theckiometrical relationship did not fit for protein-
rich feeds. According to this, Cone and Van Ge(d889) observed that each percentage of protein
caused a reduction in GP of 2.48 ml and that tbielsbmetry was altered for protein-rich feeds,
and attributed these results to the fact that profermentation produces NHwhich has an
inhibitory effect on the release of indirect gake$e findings were confirmed by Schofield (2000).
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Figure 2. Release of gas from rumen fermentation.
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1.3.3. Gas production techniques. description and shortcomings

The first GP equipment consisted in batch cultamds were introduced by McBee (1953) and
Hungate (1966). Afterwards, other equipments hasenbdeveloped, consisting in open vessels
equipped with a water manometer (Trei et al., 19¥ijany and Thivend, 1986; Beuvink and
Spoelstra, 1992; Beuvink et al., 1992; Waghorn &tafford, 1993) or in glass syringes equipped
with a plunger (Czerkawski and Breckenridge, 19vignke et al., 1979; Blimmel and @rskov,
1993), in which GP was determined by measuringlitglacement of the water or of the plunger at
regular time intervals. The main shortcoming ofstheystems is that their accuracy depends on the
accuracy of reading of gas volumes inside the gggnand, moreover, they require a heavy work
for manual manipulation of syringes (Cone et a@9d). Wilkins (1974) described a different
approach, in which feed samples were incubatedbsed vessels, and GP was determined using a
pressure transducer which measured the accumulafigmessure in the vessel headspace. This
equipment was subsequently developed by Other$ &Rdl Schofield, 1993; Cone et al., 1996;
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Mauricio et al., 1999; Davies et al., 2000). Peidl &schofield (1993) proposed a system consisting
in closed bottles in which gas is accumulated enlibttle headspace and pressure is measured semi-
automatically every hour. With this system, GP #culated from pressure changes inside the
bottles. The system proposed by Pell and Schofi#@®3) is not vented, so the gas is left to
accumulate inside the bottles and headspace peessurecorded at fixed times. Afterwards,
Theodorou et al. (1994) introduced a system sintdahat proposed by Wilkins (1974), in which
headspace pressure is measured manually and Gitusated as the amount of gas needed to be
released to restore atmospheric pressure insidedttles. The main innovation introduced by this
system, compared to that of Pell and Schofield 198 that the gas accumulated in the bottle
headspace is vented at fixed times (usually at &, 42, 24, 48 and 72 h of incubation). This devic
was introduced as the lack of venting in the systérRell and Schofield (1993) could lead to an
underestimation of GP measures, because: i) witinlyiand rapidly fermentable feeds (i.e.
concentrates), high pressures can be generateateitte system, which could disturb and reduce
the microbial activity of rumen fluid; ii) a giveproportion of gas could remain dissolved in the
inoculum without being released (Theodorou et H998). Despite of these arguments, several
Authors (Mertens and Weimer, 1998; Moss et al.,81%ell et al., 1998) did not observe a
significant reduction of GP measures using Pell &addofield (1993) system. Moreover, Pell et al.
(1998) argued that the reach of high pressureslentiie GP system could be prevented by
increasing headspace of vessels or by reducingrntfoaint of substrate incubated. A shortcoming of
the system proposed by Theodorou et al. (1994psesented by potential errors due to the manual
measure of GP. Therefore, more recently other Asti@one et al., 1996; Mauricio et al., 1999;
Davies et al., 2000) introduced fully-automatedteyss, which released gas accumulating in the
headspace with a higher frequency compared to #reual systems. More recently, an innovative
GP system has been developed (Ankom Techn8|dggcedon, NY, USA), which consists in a kit
of bottles equipped with a pressure detector anmedlegs connected to a PC. Pressure values are
recorded at a set interval time and transmitteith¢oPC, and gas accumulating in the headspace of
bottles is automatically released by an open-closdde when a set threshold pressure has been
reached. This instrument, which allows to measise fed degradability, is very innovative and

the development of a draft protocol is still notrqaete.
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2. Feed evaluation techniques: effect of quality of nnen fluid

As outlined in the previous subchapters, many diffefactors can potentially influence or alter
digestibility and GP measures. Each technique tisasan limitations and weakness points, and all
the different sources of variation must to be taikkeaccount. However, it is largely recognized that
a common source of variation iof vivo, in situ andin vitro techniques is represented by the quality
of rumen fluid (Mould et al., 2005). Literature indtes that the quality of rumen fluid, in terms of
number and kind of microbial population, is mostifluenced by diet composition (Bryant and
Burkey, 1953; Makir and Foster, 1957) and by fegdiequency (Thorley et al., 1968 vivo and
in situtrials should be preferably conducted in animalssoming the feeds or the diets of interest,
to limit the diet effects and to achieve a rumamdfl“ideal” in terms of microbial population
(Vanzant et al., 1998; Kitessa et al., 1999). Asficmation of that, some Authors (Lindberg, 1981,
Cronje, 1992) noted than situ digestion of forages was higher in rumens of atsnigually fed
forage-based diets compared to that of animalsiviagehigh-concentrate diets. Among forage
diets, the kind of forage offered to the animalsvi@und to influence rate and extentinfsitu
digestion (Van Keuren and Heinemann, 1962; Hops@h €1963; Vanzant et al., 1996). Despite of
these shortcomings, the great advantage situ technique, compared o vitro techniques, is that
this method digests feeds in the actual rumen enmient. However, as previously mentioned, the
adoption ofin situ techniques is declining for ethical and moral ¢ssuelated to animal welfare
(Adesogan, 2002). Currently, it is becoming inciegly difficult for research centres to obtain the
licenses required to surgically prepare the aninaald, as consequence, many laboratories are
moving towardin vitro techniques which use rumen fluid collected frortad¢h animals. When
rumen fluid is taken from intact cows, the greatdstllenge is to achieve a representative sample in
terms of microbial population and concentration (NMet al., 2005). It is largely accepted that a
correct sampling procedure should avoid oxygensatida contamination of rumen fluid (Mould et
al., 2005). Saliva contamination could modify pHiaaiter fermentation patterns, as indicated by
Raun and Burroughs (1962), whereas oxygen contdimmaould reduce or completely inhibit
activity and growth of anaerobic rumen microorgarss(Hungate, 1966). Similarly to what
observedn sity, literature reports thah vitro digestibility of forages decreased when rumendflui
was collected by donor animals consuming high-commage diets (Russell and Wilson, 1996;
Tejido et al., 2002; Vargas et al., 2009). To tieigard, some Authors (Bryant and Burkey, 1953;
Makir and Foster, 1957) observed that high-conedatdiets significantly affected microbial count
of rumen fluid. Differently from what reported fdigestibility values, the diet fed to donor animals
was found to exert small effects on GP kinetich{®er et al., 1981; Menke and Steingass, 1988;
Cone et al., 1996; Nagadi et al., 2000). Nagadi.g2000) argued that the real challenge should be
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feeding diets which allow to attain the minimal noigial activity to ensure GP. Cone et al. (1996)
found that microbial activity of rumen fluid wagsificantly affected by the timing of collectiors a
they noted a greater microbial activity in rumeudl collected after feeding. Menke and Steingass
(1988) hypothesized that the minimum microbiahattishould be ensured by using rumen fluid
collected from animals fed within the previous 18However, the same Authors suggested to use
rumen fluid collected before feeding, as it coudtvén a less variable composition compared to that
collected after feeding.

3. Possible applications of feed evaluation techniques

Literature reports that feed evaluation technigiresivo, in situ andin vitro) can be employed
in several applications, as: i) the prediction ofumtary dry matter intake (drskov et al., 1988nVa
Soest, 1994; Blummel et al., 1997); ii) the studyhe effects of lipids on microbial activity and
rumen fermentation (Chalupa et al., 1986; Fergusial., 1990; Michalet-Doreau et al., 1993;
Getachew et al., 2001); iii) the study of the effeof different additives on rumen fermentation
(Hino et al., 1993; Nazifdu et al., 2002; Cardozo et al., 2004; Busquet.e806; Alexander et
al., 2008); iv) the evaluation of associative effdmetween ruminant feeds (Rosales et al., 1998; Li
et al., 2002; Sandoval-Castro et al., 2002). Howethe main efforts are currently focused on the
accurate estimation of energy value of feeds anthemetermination of rumen nitrogen balance, in

order to evaluate the efficiency of rumen fermeataprocess.

3.1. Estimation of feed energy value

The accurate evaluation of energy value of rumifi@eds represents a great challenge in order
to formulate well-balanced diets, which can meetmah requirements and support their
performance. Over the years, different energy systeave been developed for estimating energy
content of ruminant feeds, and different equatitiase been proposed. Weiss et al. (1992)
suggested to predict energy content of ruminardddeom their chemical composition. The main
shortcoming of this approach is that it is a theoa¢ method and it does not take in account neithe
the animal nor the feed characteristics (Kitessal.et1999). Alternative approaches proposed to
estimate energy value of feeds from analytical ddiaut chemical composition (crude protein,
ether extract, ash content) and from:; i) ith@ivo organic matter (OM) digestibility (INRA, 1988);

i) the in situ or in vitro NDF digestibility (NDFD) at 48 h of incubation (NR 2001); iii) thein
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vitro NDFD at 30 h of incubation (Robinson et al., 2Q04) the in vitro GP at 24 h of incubation
(Menke and Steingass, 1988; Robinson et al., 200#gse approaches present significant
differences, as they involve the use of valuesiobthfrom different procedures of analysis (
Vivo, in situ or in vitro). The energy system proposed by INRA (1988) ispen) as the energy
value of feeds is predicted usimy vivo OM digestibility values which were establishednfr@a
database composed by more than 300 feeds. TheUaanergy system (NRC, 2001) suggested to
use NDFD measured after 48 h of incubation, big ot totally clear what technique should be
used for the determinatiom(situ or in vitro). To this regard, NRC (2001) simply indicated timat
vitro techniques should be preferred as more standdrdidso the predictive equations using GP
measures (Menke and Steingass, 1988; Robinson, ét084) are based on different approaches.
The European system (Menke and Steingass, 198&n&iet al., 1989) proposed equations in
which the energy value of single nutrients is dateed fromin vivo digestibility studies with
sheep. Differently, the North-American system (Rsbn et al., 2004) developed more general and
summative equations in which the energy contrilbutsd each nutrient is computed in relation to
the total energy content of feed. Moreover, the systems attributed to GP a different energy
value. The equations based ionsitu or in vitro NDFD (NRC, 2001) usually consider 48 h as
reference incubation time, whereas those basenh atitro GP use 24 h (Menke and Steingass,
1988; Robinson et al., 2004). Currently, theretilsa debate about what incubation time (24 or 48
h) allows to achieve the most accurate predictadfeed energy value. In fact, 24 h appears a time
closer to the retention time of feeds in the runveimereas the adoption of a longer incubation time
(48 h) can allow to achieve more accurate and mepeatable predictions, especially for those
feeds, as roughages, which are characterized lwesland more variable fermentation rates.
Recently, some Authors (Robinson et al., 2004; §bparo et al., 2010) evaluated the possibility to
adopt an intermediate incubation time (30 h) fa déstimation of irvitro NDFD. Spanghero et al.
(2010) found that predictions of feed energy conteming NDFD at 30 h were less repeatable and
reproducible compared to those using NDFD at 48Hereas Robinson et al. (2004) found that the
use ofin vitro NDFD measures at 30 h provided predictions bettarelated within vivo
digestibility, compared to those at 48 h.
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3.2. Determination of rumen nitrogen balance and evaluation of efficiency of fermentation

process

As described above, when a feed is degraded iruthen, the degraded matter is partitioned to
yield microbial protein, volatile fatty acids (VFAnd gases. The sum of microbial protein and
VFA represents the amount of feed energy whichlmmpotentially used by the animals to meet
their requirements, whereas gases are the propasfi@nergy which is lost by the animals. The
accurate estimation of microbial protein synthesize the rumen represents a great challenge in
animal feeding, as it is the most important prosoarce for ruminants (Beever, 1993; Leng, 1993).
Blummel et al.(1997) have demonstrated that the combinatiom ofitro degradability and GP
measures can provide important information aboetgartition of feed energy in the rumen, and
can allow to estimate th@ vitro microbial protein. As suggested by Blummel et(4B97), the
amount of microbial protein synthesizadvitro can be calculated as the ratio between the total
amount (mg) of substrate degraded (TSD) and thém3Padjusted for a stoichiometric factor, to
take in account for VFA production. This allows @stimate the efficiency of microbial protein
synthesis (EMPS), as ratio between the microbiateim (mg) and the TSD (mg). The accurate
estimation of EMPS is crucial in animal nutriticapd several ruminant feeding systems (NRC,
1996, 2001; Offer et al., 2002) include EMPS tadmeanimal performance. Blummel et al. (1999)
obtained a satisfactory correlation between EMRBnagedin vitro from GP andn vivo from the
urinary excretion of allantoin. However, there il & debate about what incubation time allows to
achieve the most accurate estimates of microbakpr and EMPS. Several Authors (Blummel et
al., 1997; Blummel et al., 1998; Makkar and Beck&X99; Getachew et al., 2000) noted that GP
and VFA production were inversely related to theoant of microbial protein, and that at
increasing incubation times GP and VFA productiooreased, whereas the microbial protein
declined, as reflection of microbial lysis. ThemrefoBlummel et al. (1999) suggested to measure the
microbial protein at the time at which half of agptotic GP is produced (defined as “t%2”), as it can
be supposed that microbial activity is maximum amdrobial lysis is minimum at this time. This
incubation time was subsequently adopted by Graigd. (2005), which found a good correlation
between EMPS estimatéa vitro andin vivo. However, further research is needed as othemfysd
evidenced that the accurate prediction of EMPSffeced by animal factors (AFRC, 1993), by
feed characteristics (Hespell and Bryant, 1979) landhe level of synchronization in the rumen

fermentation of N and carbohydrate sources (Sinelzal., 1993).
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CHAPTER 2

General aims

The general aim of the present thesis is the stidymen fermentation processes usingithe
situ and thein vitro digestibility techniques and the vitro gas production technique. Five
experimental contributes will be presented, foumathodological nature (Chapters 3, 4, 5 and 6)
and one of applicative nature (Chapter 7). In dletae aim of Chapter 3 was to investigate the
effect of feed sample size on digestibility valpesvided by two differenin vitro techniques. The
aims of Chapter 4 were: i) to compare the digddithialues achieveth situ andin vitro using two
different kinds of bag; ii) to compare digestihjlivalues obtainedh situ with those achieveth
vitro using rumen fluid collected from intact cows. Taiens of Chapter 5 were: i) to compare
energy value of feeds estimated using equationsdbasin situ digestibility at 48 h om vitro gas
production at 24 h; ii) to compane situ digestibility values measured at 24 and 48 h ofilration.
The aim of Chapter 6 was to compare the effectwaf venting procedures on the GP kinetics
provided by two feeds with a different digestilyiliinally, the aim of Chapter 7 was to evaluate
the effect of increasing dosages of two additivél antioxidant properties on sornrevitro rumen
parameters provided by two feeds.
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1. Abstract

In vitro digestibility with Daisy (D) equipment is commonly performed with 0.5 gfeéd
sample into each filter bag. Literature reporteat th reduction of the ratio of sample size to bag
surface could facilitate the release of solubldérge particulate. A reduction of sample size t050.2
g could improve the correlation between the measents provided by D and the conventional
batch culture (BC). This hypothesis was screenedralysing the results of 2 trials. In trial 1, 7
feeds were incubated for 48 h with rumen fluidBs x 4 replications) both with D (0.5 g/bag) and
BC; the regressions between the mean values pivalethe various feeds in each run by the 2
methods either for NDF (NDFD) arid vitro true DM (IVTDMD) digestibility, had R of 0.75 and
0.92 and RSD of 10.9 and 4.8%, respectively. lal t8, 4 feeds were incubated (2 runs x 8
replications) with D (0.25 g/bag) and BC; the cep@nding regressions for NDFD and IVTDMD
showed R of 0.94 and 0.98 and RSD of 3.0 and 1.3%, respsgti A sample size of 0.25 g

improved the precision of the measurements obtaingdD.

Abbreviations NDFD, NDF digestibility; IVTDMD,in vitro true dry matter digestibility; BC, batch

culture.

Key WordslIn vitro techniques; Rumen degradability; Feeds; Daisy

36



2. Introduction

Daisy' (D) is an equipment for analyzing DM and neutrefetigent fibeiin vitro digestibility
(NDFD). The technique entails digesting severatl fe@mples in filter bags within glass jars which
are rotated in insulated chamber. The amount af $aenple commonly introduced in the filter bags
is 0.50 g (Holden, 1999; Mabjeesh et al., 2000),(ihners preferred 0.25 g (Robinson et al., 1999;
Spanghero et al., 2003). Damiran et al. (2008) dosignificant differences of digestibility due to
sample size of 0.25 and 0.50 g/bag. It can be plestiat a lower sample size could facilitate the
release of soluble and fine particulate, while egda sample size can exert a barrier effect,
occluding the bags pores and limiting the rumeidflassage. This work was aimed to evaluate
what sample size (0.25 or 0.50 g/bag) allows toeseha better correlation between the digestibility
values obtained with the D equipment and with aveational batch culture technique (BC;

Goering and van Soest, 1970).

3. Material and methods

The results of 2 previously conducted trials wemalgzed. In trial 1, 7 feeds (corn meal,
soybean meal, dry sugar beet pulp, corn silagalfalhay, grass hay and wheat straw), milled at 1
mm, were simultaneously incubated (3 incubatiorsxid replications) for 48 h at 39°C both with
D (0.50 g feed/filter bag) and BC (0.50 g feed/ledttusing the same rumen fluid collected from 3
donor cows and a buffer solution. Standard filtagd were used (F57; 4.3x4.8 cm; Ankom).
Similarly, in trial 2, 4 feeds samples (concentnaig; two different corn silages; alfalfa hay) were
incubated (2 incubation runs x 8 replications) bwtth D (0.25 g feed/filter bag) and BC (0.50 g
feed/bottle). At the end of each incubation, th&dweals in the filter bags were analyzed for NDF
content with Ankorf® system while the residuals in the BC were filteredjooch and analyzed
with a fibertech analyser (Goering and van Soe3t0)L Thein vitro true DM digestibility was
computed as IVTDMD = 100*[(DMfeed—NDFres)/ DMfeedWhere NDFres was the residual
NDF after incubation, and DMfeed was the amounDBbf incubated. Data of each trial, either for
NDFD and IVTDMD, were subjected to ANOVA using twoodels in which: i) the effect of
technique was evaluated for each single feedhéa)dffect of technique was evaluated considering
the various feeds as source of variation. The 0ddSE (RMSE) and the coefficient of variations
(CV) were used as precision indexes. The mean saitiigestibility obtained with D equipment
for each feed, in each trial and in each run, veerapared by regression with the values obtained

with BC (trial 1: 21 pairs of values; trial 2: 8igaof values).
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Table 1. LS means and variability parameters folFNDDFD, % NDF) andn vitro true DM
digestibility (IVTDMD, % DM) obtained with the Daj& (D) and the batch culture (BC) techniques
in trial 1 and 2.

))| NDFD ))| IVTDMD

Technique Dais BC Dais BC

MeaniSD' MeaniSD' RMSE Mean+SD  Mean+SD RMSE
Trial 1 (0.50 gffilter bad)

Corn meal 63.5%2.3 81.44.5 11.3* 96.64.3 98.290.4 3.2**
Soybean meal 99.7+1 93.52.0 2.1* 100.06.6 99.10.3 0.6*
Dry sugar beet pulp 76.840 89.74.1 5.5%* 87.98.3 94.78.5 3.1**
Corn silage 38.1#4 63.54.3 6.8** 73.08.5 84.00.6 3.2%*
Alfalfa hay 48.18.3 51.72.6 3.2%* 76.94.8 78.64.1 2.3**
Grass hay 46.33:6 61.92.9 3.4%* 69.6R2.2 78.44.6 2.2%*
Wheat straw 31.43:9 53.12.0 3.6** 46.48.4 63.441.6 3.2*%*
RMSE 6.4 2.6 2.6 1.2

cV? 11.1 3.7 3.3 1.0

Trial 2 (0.25 gffilter bag)

Concentrate mix 71.3%4 75.94.4 4.4** 92.9#.1 94.14.1 1.1
Corn silage 1 62.43:0 65.64.9 2.5%* 80.6#1.5 82.34.3 1.4**
Corn silage 2 57.54.6 60.48.4 3.4** 74.6+.0 76.42.0 1.6**
Alfalfa hay 42.12.3 44.04.0 3.7 73.5#1.1 74.44.7 14
RMSE 3.0 3.6 1.2 2.0

CcV? 5.1 5.9 1.5 1.6

Data within row for NDFD or IVTDMD significantly diered (**P<0.01; *P<0.05).'SD=standard
deviation;?’RMSE=root of MSE>CV= coefficient of variation’Each value is a mean of 12 measurements 3
runs x 4 replicationsfEach value is a mean of 16 measurements (2 runepli8ations).

4. Results and discussion

In trial 1 (0.5 g feed/bag), the valuesNiDF digestibility (NDFD) and IVTDMD obtained
with D were significantly lower and less repeatabith respect to those obtained with BC (Table
1). The relationships for the NDFD and IVTDMD megsuents provided by D (y) and BC (x)
were: y = -20.4 + 1.10x (R 0.75; RSD=10.9%) and y = -27.7 + 1.25X%F0.92; RSD=4.8%),
respectively. The CV obtained with the D techniduath for NDFD and IVTDMD, were markedly
higher than the corresponding CV achieved with BGth respect to trial 1, in trial 2 (0.25 g
feed/filter bag), the digestibility values obtaineidh the 2 techniques were much more similar both
in term of mean values and CV (NDFD CV=5.14 anc6%3IVTDMD CV=1.46 and 1.59%, with
D and BC, respectively). In trial 2 the relationshi between the NDFD and IVTDMD
measurements provided by D (y) and by BC (x) wgre:3.6 + 0.89x (R= 0.99; RSD =3.0%) and
y = -1.15 + 0.99x (R= 0.98; RSD =1.3%), respectively. Result of thisesaing analysis indicated
that the reduction of the sample size from 0.50.8b g of feed sample/bag (corresponding to 12
and 6 mg/crh of bag surface) with the D allowed to achievereates of NDFD and IVTDMD

more correlated to those provided by BC and lesmbig. This good agreement can be useful to
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exploit the advantage of each technique: D alldwessimultaneous incubation of a large number of
samples, giving benefit in term of labour and quest determination, while BC gives the possibility
of measuring not only the disappearance degreelstances but also the product of fermentations,

such as volatile fatty acids and gas production.
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1. Abstract

Many methods for determining dry matter digestypilare available, but studies for
improving their precision and accuracy, for redgcihe cost and for limiting the use of surgically
modified animals are required. This study was desig i) to compare the true dry matter
digestibility (TDMD) values achieved with commeityaavailable synthetic filter bags or with
traditional nylon bag# vitro andin sity; ii) to compare the TDMD values measuiadsitu with
those achievea vitro using rumen fluid collected by oro-ruminal suctioom intact donor cows.
Four methods were comparead:situ with nylon bags (IS-nylon) or filter bags (IS-&H), in vitro
with conventional small individual bottles (CB) with the Daisy incubator using rumen fluid
collected via oro-ruminal suction from intact domomws. For each method 11 feeds were incubated
for 48 h with 8 values for each feed from two separincubations. Repeatability and
reproducibility of methods were computed followirafficial standardized procedures. The
reproducibility coefficient (an index of agreemdmgtween two single measures made in separate
incubations with a specific method on the same)feédhe TDMD measurements was 97.9, 95.1,
98.8 and 96.0 % for 1S-nylon, IS-filter, CB, and ifd, respectively. The main relationships
between TDMD values (g/kg DM) were: IS-nylon = 0<88-filter + 174 (R=0.97; root of MSE=
22); 1S-nylon = 1.02xCB (&0.90, root of MSE =42); I1S-nylon=0.94xDallsy 101 (R=0.93, root
of MSE = 38); IS-filter = 0.98xDaisy(R*= 0.95, root of MSE = 34)n situ andin vitro filter bags
induced a predictable underestimation of the TDMilugs compared to 1S-nylon bags and to CB,
respectively. Nylon bags could be replaced byrfiiags by adjusting the measurements for the
systematic error. The replacement of nylon by ffilagsin situ could simplify the procedure of
analysis, with less manipulation of the residudlfeomentation and less labour, and hence it could
allow to increase the number of samples simultasigoanalyzed. The direct proportionality
between the TDMD values obtainadsitu andin vitro with different techniques (ISnylon vs. CB
and IS-filter vs. Dais}) indicates that rumen fluid collected from intactwvs can produci vitro
estimates of TDMD at 48 h similar to those obtaimesitu. The use of fistulated cows as donors of
rumen fluid forin vitro tests does not seem to be necessary. This ideskgt for many research
centers for ethical and public concerns relatathéouse of surgically treated animals.

Abbreviations:IS, in situ;, CB, conventional bottles; DM, dry matter; CP, d&uprotein; EE, ether
extract; aNDF, neutral detergent fibre; NDFD, aN@estibility; TDMD, true dry matter
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digestibility; NDICP, neutral detergent insolubleude protein; ADICP, acid detergent insoluble
crude protein; RT, repeatability; RD, reproduciili

Keywords: In situ digestibility, In vitro digestibility, Nylon bags, Filter bags, Fistulatedws,
Repeatability.

2. Introduction

Feed digestibility and energy content are commasbessed using chemical assaysjvo,
in situ and in vitro methods.In vivo experiments are very expensive, and often inateua
evaluating feeds that cannot be the sole ingrediktite diet (Schofield, 2000). The energy content
of feeds is more commonly estimated from feed chamtomposition (Weiss, 1993) and feed
digestibility after 48 h of incubatiom situorin vitro (NRC, 2001).

The most commorin situ technique (IS) uses nylon or dacron bags contgitie feed
samples which are placed and left into the rumecowfs for 48 h (drskov and McDonald, 1979).
This technique is expensive, not suitable for reatinalysis and criticized for the use of surgycall
treated animals. However it has the advantageitth&es the rumen environment to measure feed
degradation and for this reason it is often thexddad against which thm vitro methods are
frequently compared (Kitessa et al., 1999). Thdasgment of nylon by commercially available,
synthetic filter bagsn situ could simplify the procedure of analysis, withdewsanipulation of the
residuals of fermentation and less labour, andccallbw an increase in the number of samples

simultaneously analyzed.

In vitro techniques, such as those based on conventidmed twr bottles (CB), are popular
(Tilley and Terry, 1963; Goering and Van Soest,d)%5s they permit the simultaneous analysis of
a large number of samples (Makkar, 2005) and they &lso be equipped with devices for
measuring the kinetics of gas production (Taglimpiet al., 2010a). To better account for post-
ruminal digestion, Van Soest et al. (1966) intragtba technique, which measures itheitro true
digestibility by replacing the acid-pepsin steplud Tilley and Terry (1963) method with a neutral
detergent digestion step. This method is used faserece for evaluating the energy value of the
feeds by NRC (2001). With the vitro Daisy' systen{Ankom Technology®, Macedon, NY, USA)
up to 100 feed samples can be simultaneously ineddato synthetic filter bags placed in large

jars with rumen fluid and buffer (Ammar et al., 9%desogan, 2005).
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The major criticisms about the use of the varidmsvitro techniques (CB, Daidy,
compared to IS, are in regard to possible altanatiaf the fermentation properties of rumen fluid
due to collection, manipulation, dilution with beffand to the accumulation of end products during
fermentations (Mould, 2003). The public opinion d@hd lawmakers arise concerns about the use of
fistulated cows. These concerns could be reducddkeifrumen fluid forin vitro test is collected
from intact cows with suction techniques, avoidihg need of surgical operation. Surprisingly, no
information about collection of rumen fluid with &ion techniques is available in the literature.
Goering and van Soest (1970) only indicated thateru fluid should be “preferably” collected from

fistulated animals.

The present study was designed: i) to compare rthee dry matter digestibility (TDMD)
values achieved with commercially available synthilter bags or with traditional nylon bags
vitro andin sity; ii) to compare the TDMD values measutadsitu with those achieveat vitro

using rumen fluid collected by oro-ruminal suctfoom intact donor cows.

3. Material and methods
3.1. Feeds

Eleven feeds were tested: wheat straw, meadowegtn silages collected from different
farms, 2 alfalfa hays, dry sugar beet pulp, a cormimemixed feed (composed by corn grain
25.9%, barley 19.3%, soybean meal 17.2%, wheat §%i4%, sugar beet pulp 14.2%, mineral mix
8.0%), corn grain and soybean meal. Corn silagepkmmwere previously dried at 60 °C until
constant weight. All the tests, including thosefpenedin situ, were conducted with feed samples
that had been ground by a hammer mill (Pullerise®eFritsch GmbH, Laborgeratebau, D) with a

screen size of 1 mm.

3.2. In situ digestibility with nylon and filter bags

The tests were completed following the procedumepgsed by @rskov and McDonald,
(1979) and the indications proposed by Nocek, (1888 Vanzant et al. (1998).

Two dry Holstein-Friesian fistulated cows (housédha experimental farm of Department
of Animal Science of the University of Milan) thiaad been fed meadow hag libitumand 2 kg/d
of concentrate for 2 weeks were used. The feed lesmyere incubated in two separate periods of
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incubation into the rumen of the two cows for 4&ising simultaneously the two types of bags. For
each kind of bag the experimental design was: @hations x 2 cows x 11 feeds x 2 replications,
giving a total of 8 values for each feed, plusesxt empty bags as blanks (4 blanks/cow/bag type).
The two types of bags used were: nylon bag (40 fipore size; 10.5 x 8 cm of net surface area)
and synthetic filter bag (F57, Ankom Technol8giacedon, NY, USA; which has been tested by
ANKOM to retain particles with size >25 um; 4.5 X¥4&m of net surface area). The ratio between
the amount of feed sample introduced in each bdgrencorresponding net surface area (excluding
the tissue areas not in contact with the feed) Wasg/cni (Nocek, 1988). Thus, the amount of
sample introduced into the nylon and filter bagsswial50+0.005 g and 0.250 +0.001 g,
respectively. Nylon and filter bags were bound l@spc strings and introduced into the rumen of
the cows 2 hours after the morning feeding. AfterMthe bags were extracted from the rumen,
washed in cold water and weakly centrifuged in ahwrag machine (2 minutes rinse + 2 minutes
spin, repeated 5 times), stored at 4°C for abduihich was the time required for transferring the

samples to the laboratory.

3.3. In vitro digestibility with conventional bottles

The tests were completed following the procedumepgsed by Tilley and Terry (1963)
modified by Goering and Van Soest (1970).

The buffer mineral solution, prepared accordinglenke and Steingass (1988), was heated
in a waterbath at 39°C and purged continuously @@ for 30 minutes. Sodium sulphite was used
as reducing agent and it was added (0.33 g/l soluto the buffer solution (Menke and Steingass,
1988).

Rumen fluid was collected two hours after morniegding from 3 dry Holstein-Friesian
cows (housed at the experimental farm of the Usityeiof Padova, Italy) that were fed meadow
hay ad libitumand 2 kg/d of concentrate for 2 weeks. Rumen fluas collected using a vacuum
pump connected to a glass vacuum container indomnected to a semi-flexible oro-ruminal probe
equipped with a steel strainer fixed on the tope Bteel strainer (15 cm of length, 3.5 cm of
diameter and 600 g of weight) had 32 holes of @5of width. The vacuum pump was activated
when the top of the probe was positioned in theemunThe first 100 to 200 ml of rumen liquor
collected from each cow was discarded to limit aamhation with saliva (Raun and Burroughs,
1962). The pH of the rumen liquor was measured ichately after collection and only fluids with

pH lower than 6.8 were kept for the tests. The murfieid was poured into two thermal flasks
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preheated to 39.0 + 0.5 °C and immediately transfieto the laboratory. At the laboratory the
rumen fluid was filtered through 3 layers of chedsth to eliminate feed particles and mixed with
the buffer mineral solution in a ratio 1 to 2. Alle operations were conducted under anaerobic
conditions by flushing carbon dioxide. The timeuiegd for all the operations was less than 30

minutes.

Two incubations were performed in two successivekse The experimental design was: 2
incubations x 11 feeds x 4 replications, givingtalt of 8 values per feed, plus 8 bottles without
feed sample as blanks. Each bottle (280 ml) whsdfilvith 0.5000+£0.0010 g of feed and equipped
with a commercial system (Ankom RF gas productigstesn, Ankom Technology®, Macedon,
NY, USA) that allows the release of gas producednduthe fermentation and maintains a low
positive pressure in the bottle headspace avoitliegntrance of air (Tagliapietra et al., 2010)e Th
bottles were preheated to 39 °C and filled withnibof buffered rumen fluid under anaerobic
conditions by keeping the bottle headspace contisiyoflushed with C@ The bottles were
incubated in an air ventilated chamber at 39 °Ge™8 h of incubation the fermentation liquor

was filtered into crucibles where the residue wakected and immediately analyzed.

3.4. In vitro digestibility with Daisy" incubator

A Daisy' incubator (Ankom Technolo§y Macedon, NY, USA), consisting in a
thermostatic chamber (39 °C) with 4 rotating javas used to determine vitro NDF an true DM
digestibility following the Tilley and Terry (1963pproach modified by Goering and Van Soest
(1970) as described by Ammar et al. (1999).

Two incubations were performed in two successivekseThe experimental design was: 2
incubations x 2 rotating jars x 11 feeds x 2 reqians, giving a total of 8 values per feed, plus 8
empty bags as blanks. Buffer mineral solution,emtibn and manipulation of rumen liquor were
performed as previously described for the CB fElsé feed samples (0.2500 = 0.0010 g/bag) were
weighed into the filter bags (F57, AnkdPechnology, Macedon, NY, USA). The filter bags were
placed into the jars filled with 2.4 | of buffereadmen fluid. After 48 h of incubation the bags were

extracted from the jars, washed in cold water ammédiately analyzed as described later.
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3.5. Chemical analyses

All the chemical analyses were performed in theotatory of the Department of Animal

Science of Padova (Italy) by the same operator.

The feeds were analyzed in triplicate for dry mat@M, AOAC method 934.01, 2003),
crude protein (CP, AOAC method 976.05, 2003), etheract (EE, AOAC method 920.29, 2003)
and ash (method 942.05, AOAC, 2003). Neutral detarfjbre (aNDF) was determined (Mertens,
2002) with a treatment with-amylase and sodium sulphite using the AnKSnfriber Analyzer
(Ankom Technolog§, Macedon, NY, USA). ADF and sulphuric acid ligriignin sa) contents
were determined sequentially after aNDF deternomatiRobertson and van Soest, 1981). The
measurements of aNDF, ADF and Ligeinwere corrected by subtracting values obtained from
blanks. The feeds were also analyzed for neutrrgent insoluble crude protein (NDICP) and
acid detergent insoluble crude protein (ADICP) (tecet al., 1996). The content of metabolizable
energy of feeds (ME, Mj/kg DM) was computed frone thictual chemical composition following
the lignin-based approach proposed by NRC (2001).

All the residuals of fermentation obtained from fthesitu andin vitro incubations were
analyzed for aNDF (Mertens, 2002) and correcteduiracting values obtained for corresponding

blanks.

The nylon bags were dried at 60 °C in an air vatéd incubator and weighed; the residual
feed material was transferred from the bag to aglesl crucible (30 ml por. 2, Robu Glasfilter-
Gerate GMBIY, Hattert, D) and treated as indicated for the aNiDBlysis (Mertens, 2002) with a
Fibertech Analyzer (VELP® Scientifica, Usmate, Mita I). The transfer of the fermented feed
sample from the bag to the crucible can resulihocomplete collection of the feed residual. The
amount of lost material was estimated by calcutptime dry weight of residue remaining in the
bags (as difference between the weights of thewadgthe dry residue and the empty bags) and
that collected in the crucible (as difference beméhe weights of the crucible with the dry residue
minus that of the empty crucible). Therefore, tegidual aNDF found in each crucible was adjusted
for the DM losses computed for each bag. These$oascounted for 7.9 £2.6 % of the dry matter

contained in the nylon bags. A further adjustmentilank crucibles was applied.

Filter bags fromin situ andin vitro Daisy' incubations were analyzed using the AnkBm
Fiber Analyzer following the user’s instruction (kam Technology, 2005), dried at 60 °C until

constant weight and weighed. The removal of thd fesidual from the bag was not applied with
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this procedure, as only the dry weight of the bagfere the incubation (empty bags) and after the

aNDF treatment is required. Data were correcteddtires obtained from blanks. .

The residual fluids of fermentation obtained frorB @ere directly transferred from the
bottles to the crucibles and later analyzed for ENMertens, 2002) using the Fibertech Analyzer

with a correction for blanks.

3.6. Computation of true dry matter digestibility

The aNDF digestibility (NDFD) and the true DM digedity (TDMD) were computed
using the following equations (Goering and Van $dk%70):

NDFD (g/kg NDF)=1000 x ((aNDeq— aNDFeg / aNDFeed (1)
TDMD (g/kg DM)=1000 X ((DMeeq— aNDFe9 / DMseed (2)

where: aNDFRggis the amount (g) of aNDF incubated, aNRFS the amount (g) of aNDF measured

on the residue of fermentation, Mis the amount (g) of DM incubated.

The TDMD values were also computed from the valoESNDFD estimated from the
chemical composition of feeds following the ligrbased approach proposed by NRC (2001) on
page 14 (eq. 2-4e).

3.7. Statistical analysis
3.7.1. Repeatability and reproducibility of methods

Estimation of variance components was accomplisbeplarately for measures of NDFD or
TDMD provided by different methods, using the miy@dcedure of SAS (SAS Inst. Inc.) with two
mixed linear models. In the first model the folloi sources of variation were considered as
random effects: incubation)( the feed ), the interaction IxF and the error tere)( Additional
random effects included in the model were: the tmwthe IS-nylon and the IS-filter methods and
the jar for the Daisyincubations. However, as the proportion of varéaegplained by these factors
was very low these effects were included in th@reterm. The restricted maximum likelihood
method (REML) was used as the method of estimatiorariance components. The components of
variance of each factos?, 6%, o%xr ando’e1, were used to compute the repeatabiR¥ ), defined

as the value below which the absolute differendgvéen two single measures obtained with the
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same method and under the same conditions (samleaitiocn, same feed) is expected with a 95%
probability and coefficient of repeatability (RT%hternational Organization for Standardization,

1994a,b). These parameters were computed as @htaral Organization for Standardization,

1994a,b):

RT=2,/202, €))

where RT is the repeatability and as:

0’1+ 62 p+olLF

RT%= x 100 4
o2+ G2l + o, )

where RT% is the coefficient of repeatability.

Reproducibility RD) was defined as the value below which the absdaliiterence between
two single measures obtained with the same metticghalysis on the same feed in different
incubations is expected within a 95% probabilitydacoefficient of reproducibility (RD%)
(International Organization for Standardization948,b). In this case the components of variance
of each method were estimated using the mixed duoeeof SAS (SAS Inst. Inc.) running a second
mixed linear model which considered only the fead the residual erroref) as random factors.
The values of RD and RD% were computed as (Intemat Organization for Standardization,
1994a,b):

RD=2/202,, (5)

and as:

D% E 100 6
. GzF + 0262. ( )

3.7.2. Comparison among methods

From a preliminary analysis it was found that, adow to the Bartlett’s test (Bartlett, 1937)
of the SAS (SAS Inst. Inc.), the variances assediato the various methods were not
homoscedastic, and so use of ANOVA linear modelsampare the effects due to the different
methods was not applicable. Thus, the various nastieere compared by linear regression of the
mean values of TDMD data obtained for each feednifcant differences of the slope and

intercept from unity and zero, respectively, wergted using the regression procedure (proc reg) of
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SAS (SAS Inst. Inc.). The root of the mean squarer §RMSE) provided as output from the proc
reg analysis of SAS (SAS Inst. Inc.) was considaegrediction error. When the intercept did not
significantly differ from 0 it was forced throughe origin.

4. Results
4.1. Chemical composition of feeds

The chemical composition (Table 1) was close toNR&€ (2001) tabled data. Among feeds,
the aNDF fraction ranged from 101 to 768 g/kg DM @éime ME content computed from chemical
composition (NRC, 2001) ranged from 7.3 to 15.5kgIDM.

Table 1. Chemical composition (g/kg DM) and ME @mit(MJ/kg DM) of feeds

Feed DM CP EE Ash  aNDF ADF Lignig ME'
Wheat straw 927 52 18 84 768 486 58 7.3
Meadow hay 883 85 16 75 600 341 39 9.2
Corn silage 1 948 71 18 42 514 271 35 9.8
Corn silage 2 937 67 13 44 596 336 47 8.9
Corn silage 3 908 83 20 34 433 233 12 11.2
Alfalfa hay 1 953 165 21 110 457 349 90 8.3
Alfalfa hay 2 916 197 31 109 437 314 77 9.2
Sugar beet pulp 910 92 7 43 502 264 33 10.7
Mixed feed 905 166 20 89 245 106 18 12.0
Soybean meal 898 482 18 64 135 81 - 15.5
Corn grain 900 98 37 14 101 19 - 15.2

! Metabolizable energy computed from actual chengoahposition of feeds following the lignin-
based approach suggested by NRC (2001).

4.2. Digestibility and repeatability

The values of NDFD (Table 2) achieved with IS-nylmags and CB for the various feeds
were on average numerically higher (overall meah @hd 659 g/kg NDF) compared to those
achieved with IS-filter bags and Dalfsgoverall mean 540 and 575 g/kg NDF, respectivélie IS
methods based on nylon or filter bags showed aatapdity of 119 and 174 g/kg aNDF,
respectively, the repeatability of Dalswas intermediate (135 g/kg aNDF) and that of CB was
good as indicated by the low values of RT (66 gdk¢pF). The reproducibility values were in
general similar or slightly higher than the cori@sging values of repeatability.
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The TDMD values provided by I1S-nylon bags were atsvaumerically higher compared to
those provided by the I1S-filter bag technique (&hd 778 g/kg DM respectively). With respect to
IS-nylon bags, IS-filter bag showed slightly lespeatability. The TDMD values provided by CB
were in general close to those obtained with ISymydags and the overall means were 834 and 847
g/kg DM, respectively (Table 2). With respect tce tbther techniques, CB showed the best
repeatability, being the RT value only 24 g/kg DiMe TDMD values obtained by Dalsywhich
uses the filter bags, were always lower compardtidse achieved from IS-nylon bags, but similar
to those achieved with the IS-filter bag technigTiable 2). DaisYy and IS-filter bag also provided

similar reproducibility, as the RD values were witthe range from 79 to 65 g/kg, respectively.
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Table 2.In situandin vitro aNDF (NDFD) and true DM (TDMD) digestibility at 48(mean + SD).

NDFD, g/kg aNDF TDMD, g/kg DM

In situ In vitro In situ In vitro

Feed Nylon bag  Filter bag CB? Daisy' Nylon bag  Filter bag CB Daisy'
Wheat straw 473 +21 351 +22 511 +8 371 74 595 +16 502 +17 625 +6 517 +57
Meadow hay 503 +27 359 +62 628 +24 491 +47 702 +16 616 +37 777 +14 695 +28
Corn silage 1 723 +10 512 +39 637 +20 618 +40 857 +5 749 +20 813 +10 804 +21
Corn silage 2 591 +82 492 +27 586 +34 585 +12 756 +49 697 +16 753 +20 752 +7
Corn silage 3 588 +42 408 +51 633 +9 389 +48 822 +18 743 +22 841 +4 735 +21
Alfalfa hay 1 566 +17 386 +50 414 +31 422 +28 802 +8 719 +23 732 +14 736 +13
Alfalfa hay 2 624 +31 445 +100 506 +15 480 +29 835 +14 757 +44 784 +7 773 £12
Sugar beet pulp 1000 +1 830 £17 894 +14 761 56 1000 +1 915 +9 947 +7 880 +28
Mixed feed 800 +110 631 +48 706 +70 703 +57 951 +27 910 +12 928 +17 927 +14
Soybean meal 1000 +1 959 +86 935 +5 932 +25 1000 +1 994 +12 994 +1 991 +3
Corn grain 1000 +1 572 +162 802 +22 572 +86 1000 +1 957 +16 981 +2 957 +9
Mean 715 540 659 575 847 778 834 797
Repeatability, R: 119 174 66 135 50 44 24 57

RT% 95.9 91.3 98.0 92.8 98.2 99.0 99.5 97.8
Reproducibility, RD: 128 206 92 142 55 65 35 79

RD% 95.2 87.7 96.1 92.1 97.9 95.1 98.8 96.0
" Each value is the mean of 8 valdé3pnventional bottles:

2 2

3 Repeatability: RT = ¢202,; and RT% _02; 02F+;2+1 GF Ifczel x 100 ; Reproducibility: RD = 22025, and RD% = %‘x 100

where:o?, 6%, o°ixe ando’e1 6% are variance components for incubation (I, n=88df(F, n=11), incubation x feed,ithe error term for RT and
e is the error term for RD.
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4.3. Relationships between TDMD values achieved with different methods

The TDMD data provided by the two IS techniquesenaighly correlated (Table 3).
The regression between the 1S-nylon bag and tHétés-bags data showed a slog&=0.02)
and an interceptP<0.01) significantly different from unity and zem@spectively; the RMSE
was only 22 g/kg and the CV was 2.6%. The regraedseiween IS-nylon bags and CB had a
slope not different from the unity (1.09; P=0.4Apan intercept not different from zero (-61
g/kg DM; P=0.56). Forcing the intercept to zero the slopeabex 1.02, the RMSE was 42
g/kg DM and the CV was 5.0%. The relationships leefwwthe TDMD values achieved with
IS-nylon bags and Daiyshowed, as observed for I1S-nylon vs. IS-filter baglope lower
than one (0.94), an intercept of 101 g/kg DR4Q.19) and a RMSE of 38 g/kg DM. When the
intercept was forced to zero the slope became dnd&differed from the unity (P<0.01). The
relationships obtained using the CB-TDMD valuesl@gendent variable and the I1S-filter bag
or the Daisy TDMD values as independent variables were simiathose where the 1S-
nylon bags data were used as predicted variaktewlise, the TDMD values calculated from
IS filter bags were linearly related with the TDM@lues from DaisYfilter bags with a slope
of 1.09 £=0.26) and an intercept of -89 g/kg DN#<X0.17). Forcing the intercept to the
origin the slope became close to the unity (0.98) the RMSE was increased only from 32 to
34 g/kg DM. The results for the 1S-nylon bag TDMRta regression against the TDMD
values achieved from the sole chemical analysisguisie lignin based approach suggested by
NRC (2001) are also shown in table 3 for comparigdms relationship showed slope higher
than 1, a low Rand a high RMSE.
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Table 3. Relationships between TDMD values (g/kg)@stimated using different methdds

Method$* . SE P-valug ) cV®
Dependent (y)  Independent (x) Equation Slope Intercept R RMSE %
IS-nylon bag IS-filter bag y=0.86x + 174 0.05(0.02 37 (<0.01) 0.97 22 2.6

“ cB* y=1.02x 0.02 (0.27) - 0.90 42 5.0
Daisy y=0.94x + 101  0.09 (0.49) 72 (0.19) 0.93 38 4.5
Daisy'* y=1.06x 0.01 (<0.01) - 0.90 40 4.7
CB IS-filter bag y=0.73x + 262  0.07 (<0.01) 5@ 1) 0.92 34 4.1
“ Daisy' y=0.81x + 190  0.09 (0.06) 71 (0.03) 0.90 38 4.6
|S-filter bag Daisy * y=0.98x 0.01 (0.13) - 0.95 34 4.4
IS-nylon bag Chem. analysis  y=1.14x — 88 0.23 (0.88 181 (0.58) 0.69 82 9.7

! Eleven pair of observations (n.=11), each obs&mas the mean of 8 measurements.

2 IS-nylon bag: TDMD values of feeds incubaiedsitu for 48 h into nylon bags; IS-filter
bag: TDMD values of feeds incubatadsitu for 48 h into filter bags; CB: TDMD values of
feeds incubateéh vitro 48 h in conventional bottles (without use of bag3isy': TDMD
values of feed incubated vitro for 48 h using filter bags; Chem. analysis: TDMBlues
computed from actual chemical analysis of feeddofohg the lignin-based approach
proposed by NRC (2001).

3 All the in vitro techniques were performed using rumen fluid cediécby oro-ruminal
suction from intact cows: Equation obtained forcing the intercept to z&r@pot of the mean
square error.

® Coefficient of variation.

5. Discussion

5.1. General considerations

Ideally, in situ andin vitro methods for evaluating feed digestibility shoulel tested
againstin vivo measurements but these also have methodologitiaieteies (White and
Ashes, 1999; Mould, 2003; Damiran et al., 2008)e ®Experiments which compare feed
digestibility values achieved using different mathgresume that estimates determiired
vivo are accurate and that errors in the prediction care to errors in the alternative
techniques. Clearly these assumptions cannot bleatand the extent of the resulting error

cannot be determined (Robinson et al., 2004).

The in situ method based on nylon bags has been generallyl fmuprovide a good
comparison within vivo measurements even though it is notoriously diffibe standardize
and hence it is often plagued by a low reprodutybéind repeatability (Kitessa et al., 1999).
A number of parameters can afféctsitu digestion and the major are: bag porosity, sample
particle size, sample size to bag surface ratilmgdat et al., 1998), physical nature of the
feed (Cozzi et al., 1993; Ramanzin et al., 1994ptady effects, associative effects
(Tagliapietra et al., 2010b), animal effects (Cedabt al., 2004) and operating procedures
(Huntington and Givens, 1997; Michalet-Doreau andldéBah, 1992). In spite of these

shortcomings, the IS-nylon bag method has the adgarovein vitro methods in that it uses
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the rumen environment to measure feed degradahons, it is one of the preferred methods
for some feeding systems and it is commonly comedi¢he standard against which the

vitro methods are compared (Kitessa et al., 1999).

In this trial the repeatability achieved for thendon bag TDMD measurement (50
g/kg), if expressed in term of residual standardia®n (,/0?.,=18 g/kg) was good and

comparable with those found by others (see theevewf Kitessa et al., 1999). At least, in
part, this value might also have been influencedhieymanual transfer of feed samples from
the bags to crucibles, required for the aNDF ams|lys this transfer was associated toa 7.9 +
2.6% (30 +11 mg) of DM losses. It should be notiteat with CB, where the whole content

of the bottles was directly filtered in the crued) the data were much more repeatable.

The repeatability and reproducibility values ob&minwith CB (24 and 35 g/kg,

respectively) were comparable, when expressed nmsteof residual standard deviation

(/02.:=8.6 and./02,,=12.3 g/kg) to those observed for the rumen liquepsin method,
where the residual standard deviations betweencetet within an incubation and between
incubations were £6.6 and £11.8 g/kg of apparent @yestibility, respectively (Tilley and
Terry, 1963). The good repeatability and reprodiitylof the CB methods (Tilley and Terry,
1963; Goering and van Soest, 1970; Mould, 2003drie of the reasons why they are
recommended as reference for evaluating the enelgg of feeds by the NRC (2001) energy

system.

Results of this work are also in agreement withs¢hof Wilman and Adesogan
(2000), who found that the repeatability of the ND&d TDMD measurements was slightly
better with CB compared to DalsySpanghero et al. (2007), in a trial conducted .62 hay
samples, obtained a limited repeatability of thespdNDFD measurements (SEM=4.8% of
the mean) and attributed this result to unidertifiber bags characteristics and preparation
(porosity, sample size, amounts of substrate,...yvéd@r, the lower repeatability of the filter
bags can be overcome by increasing the numberptitates, as 3 filter bags can give, as
shown in this research, approximately the samedatdnerror of the mean of 2.5 nylon bags

and of 2 CB measurements.
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5.2. Theeffect of filter bags

To our knowledge no research has compared nyl@itegobagsin situ. Damiran et al.
(2008) found that filter bags situ tended to overestimate forage digestibility corepato
Tilley and Terry (1963) and to Daisybut the incubation was preceded by a 48 h aqidipe
treatment. Cattani et al. (2009) found that NDFA &MD values measured vitro with
CB were higher than those achieved with Daifilfer bag and this was influenced by the
sample size of the feed introduced in the bags. psewious findings (Robinson et al., 1999;
Spanghero et al., 2003) obtained higher digedbiialues for Daisy compared to 1S-nylon
bags, but in these trials feed samples incubatédI®inylon bags were more coarsely ground
(2 and 4 mm, respectively for Dalsyand 1S-nylon bags). Lindberg and Knutsson (1981)
noticed that the escape of fine particulate mdttan nylon bags more than doubled when
using a grinding size of 1 mm compared to 4.5 mab,this occurred during the first 24 h of
digestion. Vanzant et al. (1998), when reviewing literature found that feed samples for IS-
nylon bag incubations are commonly ground usingestisize ranging from <1 to 6 mm, and
that, among the 53 reviewed papers, 34 used a Zeneen, whereas 11 used a 1 mm screen.
However, it is generally assumed that after 48 hnatibation the degradation of these
escaped particles is complete (Setéla, 1983; Varetat., 1998).

Results of the current experiment showed that DM D values achievead situfrom
nylon or filter bags were very well correlated. Howgr, the significant differences of the
regression slope from one and of the intercept fzeno suggest the presence of a systematic
underestimation due to the filter bags, as grafigiexidenced in Figure 1. This effect was
also evidenced by the relationship between theylS8anbag and DaidYfilter bag data. This
relationship was very similar with respect to sl@mel intercept, to that relating the two kind
of bagsin situ. In addition, the two methods based on the uddtef bags but operating in
different environmentsn situ andin vitro, were linearly related (0.95) with a slope not
different from one (0.98P=0.13). Therefore, considering that in the presaat the ratio
between sample weight to bag surface area (14 mMp#md the grinding size (1 mm) were
the same in the two kind of bags, the most probaddeson for these effects is due to the
different texture and pore size of the nylon (40)amd the filter (25 um) bags. Meyer and
Mackie (1986) suggested the use of nylon bags ®@tho 53 pum pore size to allow for
maximal activity of rumen microorganisms and gelhgthe recommendations range from 20
to 60 um (Vanzant et al., 1998). It is widely recizgd that texture and pore size of bags used
for in situincubations can influence the efflux of digesteatenial, the exchange of fluid with
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the rumen content and the loss of digested mat@itdssa et al., 1999). According to this,
the results of the present trial indicate thaefilbags depressed feed degradation and induced
a lower repeatability of the measurement compavdtidse achieved from IS-nylon bags and
from CB.

However, the very close correlation’&®.97) found between I1S-nylon and IS-filter
bags suggests that filter bags can be used togvriglinylon bag digestibility at 48 h by
adjusting the data for the systematic error. Theaggn found in this trial, being based on a
limited number of feeds, should be used with cautiad only as a first indication. Reliable
equations based on a wider range of feeds shoulig\moped as it could be useful to replace
nylon with filter bagsin situ for simplifying the procedure of analysis, redgrithe
manipulation of the residuals for the chemical gsial and processing a larger number of

samples in a short time.

5.3. Use of in vitro methods with rumen fluid collected from intact cows for TDMD

determination

In contrast to common practice, timevitro tests in this research were completed using
rumen fluid collected via oro-ruminal suction franmtact donor cows. Very few attempts to
compare the effect of the method of rumen fluidleztion have been published so far
(Spanghero et al.,, 2010). Collection of rumen flgldould avoid, as much as possible,
salivary and oxygen contamination and exposurentbient temperature, because of their
possible effects on the microbial population antlvag (Mould et al., 2005). Raun and
Burroughs (1962) reported that total volatile fa#tgids tended to be lower and pH was
significantly higher in samples taken using a sucstrainer technique than in those taken via
rumen fistula and attributed this result to saljwaontamination. Lodge-lvey et al. (2009)
recently described an oral lavage technique forratspg rumen fluid from intact sheep. They
showed that rumen samples collected via oral lasagamen cannula had similar contents of
ammonia and volatile fatty acids and no differeimcéhe bacterial community as determined
by gradient gel electrophoresis. Whatever the ntetbbrumen fluid collection, oxygen
contamination and exposure to ambient temperataresunavoidable, but they can be

minimized by reducing the collection to incubatibme. In the current trial incubations
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started within 30 minutes from rumen fluid collectiand the first 100-200 ml of rumen fluid
collected from each cow was discarded to avoid/iggticontamination.

In the current experiment there was a good corredgrace between the TDMD values
provided by the IS-nylon bag and CB, as the valfighe slope (1.02) did not differ
significantly from one and a?Ralue of 0.90 was acceptable. In addition, it wasfl that the
TDMD values calculated from the IS-filter bags geedictable with a good accuracy
(R?=0.95) from the TDMD Daisy values. The slope of this regression did not diffe
significantly from one, strengthening the eviderafethis relationship. The feed samples
incubated with 1S-nylon or CB differed by the pnese of a bag and by the different types of
rumen fluid (oro-collected or in the rumen). Feadhples treated with filter bags situ or in
vitro differed only by the types of rumen fluid. For &le other conditions they were
subjected to the same treatments (grinding sizeplaweight:bag surface area, procedure of
analyses). The direct proportionality between tlMD values obtainedh situ andin vitro
with different techniques suggests that the feratem properties of the rumen liquor
collected by suction from intact cows can be com®d similar to that of thm situ rumen
environment at least in terms of ability to degr#uefeeds in 48 hours of incubation.

This result is important as it implies that the wiefistulated cows for collecting
rumen fluid forin vitro tests appears not to be necessary, providingathdhe operations
from fluid collection to the start of the incubati@re conducted by avoiding salivary and
oxygen contamination and minimizing the exposurairabient temperaturefn vitro tests
comparing the fermentation properties of rumerdficollected from the same cows through a
surgically placed cannula and with the oro-rumipedbe should be conducted to support

these results.
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6. Conclusions

The use of filter bags induced a systematic, bedligtable, underestimation of the TDMD
values compared to nylon bags. The replacemenglohrby filter bagsn situ could simplify
the procedure of analyses, with less manipulatibrthe residuals of fermentation for
chemical analysis and associated errors. This t@ebrrequires less labour and equipment
than other conventional techniques, and like Daisffers the possibility to process a large
number of samples in a short time. The lower regiekly provided by the filter bags can be
overcome increasing the number of replicates: t@rfibags give approximately the same
standard error of the mean of 2.5 nylon bags artleomean of 2 CB measurements. Rumen
fluid collected from intact cows and used forvitro test produces estimates of TDMD at 48
h directly proportional to those obtainabitesitu. Therefore, the use of fistulated cows for
collecting rumen fluid forin vitro tests may not be necessary. The use of rumen fluid
collected from intact cows is of interest for mamgearch centers for ethical and public

concerns related to the use of surgically treatschals.
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1. Abstract

The true digestible DM (TDMd) and ME contents oéds are frequently assessed from
the amount of digestible aNDF (dNDF) measuiregitu or in vitro after 48 h of incubation,
using the summative approach proposed by NRC. idtere ways for determining the ME
content of feeds are based on the gas producedzdftk ofin vitro incubation (GP24) and
the chemical composition of feeds. The presentystves aimed to: i) evaluate the validity to
reduce then situ time of incubation from 48 to 24 h for determinif®Md; ii) to study the
relationship between the ME values estimated frod@E and from GP24. Eleven feeds, with
an aNDF content ranging from 101 to 768 g/kg DM,revaised. The feeds were
simultaneously incubated in the rumen of two coars2¥ and for 48 h with two replications.
The entire incubation was repeated a week latdlowing the NRC approach, the amounts
of digestible aNDF measured after 24 and 48 h afibation were used to compute the true
DM digestibility values (TDMd24 and TDMd48, respeety) and the ME (MRrc)
estimates. The same feeds were incubgtedtro and GP24 was measured by an automated
gas production system with 4 replications. Therenrticubation was repeated at a later time.
Estimates of ME from GP24 were computed using tlobdaheim (MEgenke and the UC
Davis (MBycp) equations. The Mirc, MEwenke @and MEjcp estimates were compared by
regression. The repeatability of TDMd24 and TDMa4&s comparable (SED=12 g/kg DM)
and they were related as: TDMd48= 0.74xTDMd24 + @&3:0.98; RMSE=21.5 g/kg DM).
The results suggest that, farsitu tests, the incubation time can be shortened frério4£24 h,
so that the labor and the costs for feed evaluat@ombe reduced. The measures of GP24 and
TDMd48 were also well correlated #£0.97), but only for feeds with less than 16% of
CP/DM. The repeatability of Mirc, MEvenke @nd MEycp, €xpressed in terms of SED, were
0.35, 0.46 and 0.46 MJ/kg DM, respectively. The \MEwas predicted as 1.04xMgp
(RMSE=0.63 MJ/kg DM) and as 1.11xMEke (RMSE=1.16 MJ/kg DM). When the Mkkc
values are taken as comparison terms, the UC Dmgustion is more accurate and precise
than the Hohenheim ones. However, the precisiontla@ccuracy of ME predictions based
on GP24 depend on: i) the availability of standeediprocedures for measuring GP; ii) the
availability of reliable equations relating GP afedd chemical composition (with special
regards for CP) to predicted or vivo measured energy contents of feeds; iii) the set of
equations that a given energy system proposextbhgdthe ME of feeds from their digestible

nutrient contents.

Keywords Feed energy; Nylon bags; Automated gas produstystemjn situ digestibility;
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2. Introduction

Energy content of ruminant feeds is often estimditenh feed chemical composition
(Weiss, 1993) or alternately using situ or in vitro methods that evaluate the feed
digestibility (NRC, 2001), or even the gas production (GP) (Meakd Steingass, 1988,
Robinson et al., 2004). The traditionalsitu method (drskov and McDonald, 1979) has the
advantage that it uses the actual rumen environtoeanteasure feed degradation and that it is
the standard against which tivevitro methods are often compared (Kitessa et al., 1999).
However, this technique has some shortcomings Becél it is expensive in terms of labour
and analytical costs; ii) it measures the feedmtisarance and not the actual amount of
fermented substrate; iii) it has raised public @ns about animal welfare (Lindberg, 1985;
Nocek, 1988; Michalet-Doreau and Ould-Bah, 1992n&et al., 1997). Tha vitro batch
culture fermentation followed by an enzymatic digesstep is a reliable alternative (Tilley
and Terry, 1963). Goering and Van Soest (1970)acsa the enzymatic step with a neutral
detergent treatment to determine the amount ofstllje aNDF (dNDF) and the true dry
matter digestibility (TDMd). NRC (2001) suggestattthe ME content of feeds (Mkc) can
be estimated from dNDF determined situ or in vitro after 48 h of feed incubation with
rumen fluid. Some advantages of this technique, paoed to the conventionah situ
technique, are: i) ease of standardization and ¢ost (Makkar, 2005); ii) less ethical
concerns related to the use of surgically canndlatevs, as rumen fluid can be collected
from intact donor cows (Tagliapietra et al., sulbeaij. A reduction of the incubation time
from 48 to 30 or 24 h has been previously propobedause the shorter incubation times are
considered to be closer to the retention timefefféed particles in rumen of high producing
dairy cows (Hoffman et al., 2003; Goeser and Cor2B89). However, direct comparisons of
TDMd values achieved after 24, 30 or 48 h of indudmaare still insufficient and more
information is required (Hoffman et al., 2003; Sglero et al., 2010).

Alternative, reduced cost, ways for determining émergy value of feeds are those
based on gas production (GP). The Hohenheim techn{tylenke and Steingass, 1988)
estimates the feed ME content (Mo usSing equations based on the amount of gas
produced in syringes after 24 h of incubation (GR2W from the feed chemical composition.
The UC Davis approach described by Robinson €2@04) is similar, but it uses a different
equation for estimating ME (Mkp). This technique is evolving towards semi-automate
(Theodorou et al., 1994; Mauricio et al., 1999) automated systems (Pell and Schofield,
1993; Cone et al., 1996; Tagliapietra, 2010); kaith reduced cost in terms of time and labor
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when compared to the Hohenheim syringe method.ri&er doubts about the use of these
techniques regard: i) the repeatability of the G&asurements; ii) the relationship between
GP and feed digestibility; iii) the relationshipstiwveen the ME values predicted from GP24
and the ME values resulting from the digestibifitgasurements.

The aims of the present study were: i) to evalubee repeatability of the TDMd
measurements obtained situ after 24 (TDMd24) or 48 h (TDMd48) of incubation and the
relationship between these two sets of measuremi@nts evaluate the repeatability of the

MEnrc, MEwenke @and MEycp estimates and the relationships among the varidaesimates.

3. Material and methods

3.1 Feeds

The following 11 feeds were used: wheat straw, raealday, 3 corn silages collected
from different farms, two alfalfa hays, dry suga&ebpulp, soybean meal, ground corn grain
and a commercial mixed feed (composed by corn ¢t&i@%, barley 19.3%, soybean meal
17.2%, wheat grain 15.4%, sugar beet pulp 14.2%eral mix 8%). Corn silages were
previously dried at 60 °C until constant weighte@fesamples were ground to pass a 1-mm
sieve using a hammer mill (Pullerisette 19, Frit&hbH, Laborgeratebau, D) and analyzed
for their chemical composition (Table 1).

Table 1. Chemical composition (g/kg DM) oédis

Feed DM aNDE ADF ADL CP EE Ash
Wheat straw 927 768 486 58 52 18 84
Meadow hay 883 600 341 39 85 16 75
Corn silage 1 948 514 271 35 71 18 42
Corn silage 2 937 596 336 47 67 13 44
Corn silage 3 908 433 233 12 83 20 34
Alfalfa hay 1 953 457 349 90 165 21 110
Alfalfa hay 2 916 437 314 77 197 31 109
Sugar beet pulp 910 502 264 33 92 7 43
Mixed feed 905 245 106 18 166 20 89
Soybean meal 898 135 81 - 482 18 64
Corn grain 900 101 19 - 98 37 14

Data are means of three analyses

68



3.2 In situ technique

The incubations were completed according to theqmore proposed by @rskov and
McDonald (1979), modified by Nocek (1988) and Vartzt al. (1998).

Two dry Holstein-Friesian fistulated cows (housedtlae experimental farm of
Department of Animal Science, University of Mildtgly), that had been fed hagl libitum
and 2 kg/d of concentrate for 2 weeks, were uséeé. fEed samples were incubated in two
separate periods of incubation in the rumen of tike cows for 24 h and 48 h. The
experimental design was: 2 repeated incubationsow x 11 feeds x 2 incubation times x 2
replications, giving a total of 8 bags per feed padtime, plus 16 empty bags as blank.

Feed samples (1.150+0.005 g) were placed in nydgs 40 um of pore size; 10.5 x 8
cm of net surface area) to achieve a ratio betvieet sample size and net bag surface area
(excluding bag areas not in contact with the fesfd)}4 mg/cmi (Nocek, 1988). The nylon
bags were bound to plastic strings and introduoettie rumen of the cows 2 hours after the
morning feeding. After 24 and 48 h the bags weteaeted from the rumen, washed in cold
water, weakly centrifuged in a washing machine {@utes rinse + 2 minutes spin, repeated 5
times) and stored at 4°C for about 2 h, which wees time required for transferring the

samples to the laboratory.

3.3 Gas production technique

The in vitro gas production analyses were completed accordinthé procedure
proposed by for 24 h (Menke and Steingass, 1988).f€éed samples were incubated in two
separate periods of incubation. The experimentsibdevas: 2 incubation periods x 11 feeds
x 4 replications, giving a total of 8 bottles pered, plus 8 empty bottles as blank (4
blanks/incubation).

The buffer mineral solution, prepared accordindgvienke and Steingass (1988), was
heated in a waterbath at 39°C and purged contityaugh CO, for 30 minutes. Sodium
sulphite was used as reducing agent in the bufflertiesn (0.33 g/l solution; Menke and
Steingass, 1988). Rumen fluid was collected twordi@iter morning feeding from 3 dry
Holstein-Friesian cows (housed at the experimefaaih of the Department of Animal
Science, University of Padova, Italy) that were fexyad libitumand 2 kg/d of concentrate
for 2 weeks. Rumen fluid was collected using a vatpump connected to a glass vacuum
container in turn connected to a semi-flexible arotinal probe equipped with a steel strainer
fixed on the top (Tagliapietra et al., submittee steel strainer (15 cm of length and 3.5 cm
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of diameter, 600 g of weight) had 32 holes of On% af width. The vacuum pump was
activated when the top of the probe was positianettie rumen. The first 100 to 200 ml of
rumen sample collected from each cow was discatdelimit contamination with saliva
(Raun and Burroughs, 1962). The pH of the rumeunoligvas measured immediately after
collection and only fluids with pH lower than 6.&xe kept for the tests. The rumen fluid was
poured into two thermal flasks preheated to 39B2C and immediately transferred to the
laboratory. At the laboratory the rumen fluid wasefed through 3 layers of cheesecloth to
eliminate feed particles and mixed with the buff@neral solution in a ratio 1 to 2 (Menke
and Steingass, 1988). All the operations were ccteduunder anaerobic conditions by
flushing carbon dioxide. The time required forthk operations was less than 30 minutes.

A commercial wireless GP apparatus (Ankom RF Gasmdirition System, Ankom
Technolog¥, Macedon, NY, USA) consisting of to 48 bottles ipped with pressure sensors
(pressure range: from —69 to +3447 kPa; resolutiop? kPa; accuracy: +0.1% of measured
value) and a receiving base station and computsrusad. Each bottle (280 ml) was filled
with 0.5000+0.0010 g of feed sample and preheatednaght at 39 °C. On the day of the
incubation, each bottle was filled with 75 ml offfesed rumen fluid (headspace volume of
205 ml), keeping headspace of bottle continuousighied with CQ. After the inclusion of
the feed the bottles were closed and placed inrareatilated oven at 39+0.4 °C.

During the incubation, the bottle headspace presshanges, with respect to the
atmospheric pressure measured at the start oftldation (Po), were transmitted via a radio
frequency to a PC with a set frequency of 1 minGas in the headspace of the bottles was
automatically released by opening a closed valvenadnthreshold pressure variation of +3.4
kPa was reached. This pressure, previously us@aglyapietra et al. (2010), is slightly lower
than 4.5 kPa used with others automated equipm@ssgies et al., 2000; Calabro et al.,
2005). The readings of gas pressure changes 2dteand 48 h of fermentation were
cumulatedapr) and converted to units of volume (GP, ml) usingitieal gas law:

GP = A\P/P0)x Vo (1)
where: AP is the cumulated pressure change (kPa) in th&e detadspace; Vo is the bottle
headspace volume (205 ml), Po is the atmospheedsspre read by the equipment at the
beginning of the trial. The final GP volume of the$ with no feed (blank) was subtracted
from the final GP volume for bottles with feed torect for baseline fermentation in the
rumen fluid. Data of GP were expressed as ml/g Dbdlbated.

At the end of the incubation the fluids of ferméiaia were analyzed for pH to test the
ability of medium to maintain the buffer propertersd the values resulted always higher than
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the threshold of 6.2, below which the Menke’s buffe exhausted and the release of gas
becomes not-linearly related to the productionraf products of fermentation (Menke et al.,
1979; Beuvink and Spoelstra, 1992).

3.4 Chemical analyses

All the chemical analyses were performed in the esdaboratory by the same
technician.

The feeds were analysed in triplicate for dry ma{ieM, AOAC method 934.01,
2003), crude protein (CP, AOAC method 976.05, 2p@®)er extract (EE, AOAC method
920.29, 2003) and ash content (AOAC method 942063). Neutral detergent fibre (aNDF)
was determined (Mertens, 2002) with a treatment wiamylase and sodium sulphite using
the Ankonf?® Fiber Analyzer (Ankom Technolofly Macedon, NY, USA). ADF and
sulphuric acid lignin (LigniRa) contents were determined sequentially after aNDF
determination (Robertson and Van Soest, 1981). féhds were also analysed for neutral
detergent insoluble crude protein (NDICP) and ad&tergent insoluble crude protein
(ADICP) (Licitra et al., 1996).

After incubation and washing, the nylon bags wareddat 60°C in an air ventilated
incubator and weighed; the residual feed materad wansferred from each bag to weighed
crucibles (30 ml por. 2, Robu Glasfilter-Gerate GNB Hattert, D) and treated as indicated
for the aNDF analysis (Mertens, 2002) with a Fieent Analyzer (VELP Scientifica,
Usmate, Milano, I).

3.5 Computation of TDMd and MEngrc values
The digestible NDF (dNDF) and the true DM digeditipi(TDMd) were computed
using the following equations (Goering and Van $dE%70):
dNDF (g/kg DM) = 1000 x [(aNDfeg- aNDFeg / DMseed; (2)
TDMd (g/kg DM) = 1000 % [(DMseg— aNDFed / DMteed; (3)
where: aNDRegis the amount of aNDF incubated with the feed, aNO& the amount of
aNDF residual measured after 24 or 48 h of ferntemaDMeqis the amount of DM
incubated; these amounts were expressed in grabsiof
The energy values of feeds were computed as (NB@,)2
DE (MJ/kg DM) = (dNDF/1000%4.2 + tdNFC/1000x4.2dP/1000%5.6
+ tdFA/1000%9.5 - 0.3)x4.184 4)
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MEngrc (MJ/kg DM) = [ — 0.45 x 4.184 + 1.01xDE] (5)

where: dNDF is the measurement described beforeotyt at 48 h of incubation, and
tdNFC, tdCP and tdFA are the estimated true digestontents of non-fibre carbohydrates,
crude protein and fat (g/kg DM) calculated using #guations proposed by NRC (2001)
(Egs. 2-4a to 2-4e) with an adjustment factor (PAfF)different feeds selected from NRC
(2001). For the application of these equationsaialytical determination of the following
feed constituents is required: aNDF, CP, NDICP, @PJ EE and Ash.

3.6 Computation of MEpenke and MEycp values from GP measurements

The Hohenheim gas method was developed using data400in vivo digestibility
trials mainly conducted on sheep. The feed ME cust&vere computed considering 15.2,
34.2 12.8, and 15.9 MJ ME/kg ah vivo measured digestible CP, EE, crude fiber and
nitrogen free extract. These ME values were thegressed against the GP24 and the
proximate composition of the same feeds. The nagukquations, proposed for estimating
the feed MIgenke Values from only GP24 and proximate compositioerenthe following,
respectively for roughages and other feeds (MenkieSteingass, 1988):
MEenke (MJI/kg DM) = 2.20 + 0.1357xGP24 + 0.0057xCP + 0.0002859%EE (6)
MEmenke (MJ/kg DM) = 1.06 + 0.1570xGP2Z# + 0.0084xCP + 0.0220%EE — 0.0081xAsh (7)
where: GP24, (ml/200 mg of DM incubated) is the gas productioeasured at 24 h. All the
chemical constituents were expressed as g/kg DM.

In the present research we used the first equéiofor wheat straw, grass hay, alfalfa
hay and corn silage and the second one (7) foretinaining feeds.

Metabolizable energy content was also estimatedgusie UC Davis unified equation
proposed by Robinson et al. (2004) and resultioghfa modification of those proposed by
Menke and Steingass (1988):

MEuyco (MJ/kg DM) = 1.25 + 0.0292 x GPg¢ + [0.0143x% (CP-ADICP)] + 0.0246 x EE (8)
where: GP24y is expressed as ml/g DM.

3.7 Statistical analysis
3.7.1 Repeatability and reproducibility

Estimation of variance components was accomplisteggarately for estimates of
TDMd, GP at 24 and 48 h, Migc, MEyenke,aNndMEycp provided by different methods, using
the mixed procedure of SAS (SAS Inst. Inc.) witlotmixed linear models. In the first model

the following sources of variation were consideasdandom effects: the period of incubation
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(1), the feed ), the interaction IXF and the error tere)( An additional random effect
included in the model was the effect of the différeows for than situ method, but as the
proportion of variance explained by this factor wasy low, it was included in the error term.
The restricted maximum likelihood method (REML) wesed as the method of estimation of
variance components. The components of varianeadi factorg?, 6°r, 6%xr ando?e; were
used to compute the repeatabilitRT(), defined as the value below which the absolute
difference between two single measures obtainel thit same method and under the same
conditions (same incubation, same feed) is expewtgd a 95% probability, and the

coefficient of repeatabilityRT% ) (International Organization for Standardizati®@94a,b):

RT =2./202, (9)
and
2.2 .2
o1t 6°p1+0° T,
RT% = 5—5—5———— x 100 (10)
6“1+ 6“F 0 L.F T 0%¢;

Reproducibility RD) was defined as the value below which the absdlifference
between two single measures obtained with the saatkod of analysis on the same feed in
different incubations is expected within a 95% adaibty, and coefficient of reproducibility
(RD%) (International Organization for Standardizati®@94a,b). In this case the components
of variance of each method were estimated usingniked procedure of SAS (SAS Inst. Inc.)
with a second mixed linear model which considerely the feed as random factor and the
residual errord;). The values of RD and RD% were computed as:

RD = 2/202,, (11)
RD% =————x 100 (12)
0'2F + O'Zez

3.7.2 Comparisons

From a preliminary analysis it was found , using Bartlett's test (Bartlett, 1937) of
the SAS (SAS Inst. Inc.), that the variances assedito the various methods were not
homoscedastic, and so the use of ANOVA linear n®dels not applicable to compare the
effects due to the different methods. Thus, theouar methods were compared by linear
regression of the mean values of TDMd, GP24 yNMJ=MEpenke and MEcp data obtained

for each feed. Significant differences of the sloged intercept from unity and zero,
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respectively, were tested using the regressionegiae (proc reg) of SAS (SAS Inst. Inc.).
The root of the mean square error (RMSE) providedwtput from the proc reg analysis of
SAS (SAS Inst. Inc.) was considered as predictioore When the intercept did not

significantly differ from 0 it was forced throughe origin.

4. Results

4.1 Repeatability of TDMd, GP24 measurements and of MEnrc, MEpenke and MEycp
estimates

The values of TDMd (Table 2) measured fromsitu digestion for the various feeds
were 6.3% lower at 24 h compared to those measiré8 h of incubation (overall mean 793
and 847 g/kg, respectively). The RT values werd 2hd 50.5 g/kg DM respectively for 24
and 48 h, corresponding to RT% values of 99.5%%ha8%, respectively. The values of RD
and RD% were slightly higher than the correspondtitigand RT% values.

The GP24 values of the feeds averaged 259 ml/g mivbiated. The RT and the RD
values of GP24 were 46.0 and 46.3 ml/g DM, respelsti

Except for wheat straw, the Mkc values were always numerically higher than the
MEwenke Values based on GP24. The ME values were intermediate. The reproducibility of
the MEyrc estimates (RD=0.98 MJ/kg DM) was better compaoeithét obtained by the other
two procedures based on the GP24 measuregeEand MEcp, (RD=1.32 and 1.35 MJ/kg
DM, respectively).
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Table 2.In situ TDMd* at 24 or 48 h of incubation and estimated feedddéording to NRC
(2001) (MEyrc); in vitro gas production at 24 h of incubation (GP24) ariohneded feed ME
(MEmenke @and MEycp) according to Menke and Steingass (1988) and Robirt al. (2004),
respectively; (mean = SD).

TDMd GP24 MEngrc MEpenke MEuco
Incubation time g/kg DM ml/g DM MJ/kg DM MJ/kg DM MJ/kg DM
24 h 48 h 24 h 48 h 24 h 24 h
Feed:
Wheat straw 456+12 595+16 149+13 6.3+0.3 6.6+0.3 6.6+0.4
Meadow hay 583+25 702+16 19817 8.80.3 8.1+0.5 8.520.5
Corn silage 1 753+25 85745 273120 11.3+0.1 10.1+0.5 10.6+0.6
Corn silage 2 687+8  756+49 245+25 9.4%0.9 9.3+0.7 9.5+0.7
Corn silage 3 739+20 822+18 275+20 10.8+0.3 10.2+0.5 10.8+0.6
Alfalfa hay 1 775+9 80248 199+16 10.0+0.1 8.7+0.4 9.60.5
Alfalfa hay 2 816+9 83514 1668 11.1#0.2 8.1+0.2 9.30.2
Sugar beet pulp 1000+1 1000+1 375+10 15.1+0.0 13.4+0.3 13.6+0.3
fi‘ég‘memia' mixed 932+2 951427 305417 13.2+0.5 11.840.5  12.905
Soybean meal 1000+1  1000+1 250+12 16.3+0.0 12.8+0.4 15.8+0.3
Corn grain 979+6  1000+1 411417 15.7+0.0 15.5+0.5 15.5+0.5
Mean 793 847 259 11.6 10.4 11.2
Repeatability, RY 34.1 50.5 46.0 0.90 1.31 1.34
RT% 99.5 98.2 96.2 99.0 97.1 97.5
Reproducibility, RD 38.9 54.9 46.3 0.98 1.32 1.35
RD% 99.4 97.9 96.2 98.8 97.1 97.4

! True dry matter digestibility:Each observation is the mean of 8 measureméRegeatability: RT=
2 2 2
2./26%2,, and RT%= 2L %EorF_ » 100; * Reproducibility: RD = 2,/26%,, and RD% =

o’ 1+ o2 ptog + 0%
o . . .
ﬁ.x 100, wheres?, o%, o’ ando’, o%, are variance components for incubation (I, n=2),
F e2

feed (F, n=11), incubation x feed,i®the error term for RT and ie the error term for RD.

4.2 Relationships between true digestibility, gas production and ME estimates

The TDMd24 and TDMd48 values were well correlat@®=0.98) and the relationship
obtained by regressing TDMd48 (y) against TDMd2) €xidenced a slope lower than 1
(P<0.01) and a positive intercept (P<0.01) (Table 3
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Table 3. Relationships between TDMga/kg DM) and GP data (ml/g DM) of eleven feeds
measured after 24 and 48 h of incubation.

Methods SE P-value) 5
Dependent  Independent Feeds Equation | R? RMSE Cf;/
) ) n. Slope Intercept 0
TDMd48 TDMd24 11 y=0.74x+260 0.04 (<0.01) 31 (<D.0 0.98 21.5 2.5
GP48 GP24 11 y=0.92x+53 0.06 (0.20) 16 (<0.01) 60.9 15.2 52
TDMd24 GP24 11 y=156x+388 0.49 (0.28) 133 (D.0D.53 1280 16.2
TDMd48 GP24 11 y=127x+519 0.33(0.44) 90 (<0.00.62 867 10.2
TDMd24° GP24 7 y=2.10x+164 0.15(<0.01) 42 (<0.01) 0.98 .932 4.4
TDMd48° GP24 7 y=159x+381 0.13(<0.01) 37(<0.01) 0.97 .329 3.6

! True DM digestibility of feeds incubated situ for 24 or 48 h into nylon bagsGas production of
feeds incubateih vitro for 24 h or 48 h® Each observation is the mean of 8 measurem& st of
the mean square erré€oefficient of variation® Equations obtained excluding the four feeds wih C
content > 160 g/kg DM (soybean meal, 2 alfalfa heryd the commercial mixed feed).

The TDMd values both at 24 and 48 h of incubati@renpoorly correlated with the
GP24 measurements, being thé &ways lower than 0.62. However, thé Bf these
equations increased markedly until values of 0.88wthe feeds with CP content > 160 g/kg
DM (soybean meal, 2 alfalfa hays and commercialeaiixeed) were excluded from the

regression analysis (Figure 1).

Figure 1. True DM digestibility values (TDMd) of X¥&eds achieveth situ after 48 h of incubation
(y) and gas production values measureditro after 24 hof incubation(x). Four feeds 4) with >
160 g CP/kg DM were excluded from the regressidme dther feeds are indicatedeas
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The MErc values were poorly correlated%®.86) with the Migenke values and the
prediction error of the corresponding regressios Wd6 MJ/kg DM (Table 4). Also in this
case, the equation was improved when the four Ipigitein feeds were excluded from
regression analysis R0.97) and in this case the prediction error w&8 WJ/kg DM. The
MEnrc values were always well correlated€R.96) with the Migcp estimates, excluding or
not the four rich-protein feeds, and the prediceoror of the equation was 0.63 MJ/kg DM.

Table 4. Relationships between ME values (MJ/kg ¥gleven feeds estimated according
to different approaches.

Methods SE (P-value) 3
Dependent  Independent Feeds Equation S| R’ RMSPE C0>/
) (x) n. ope Intercept 0
MEnrc MEwenke” 11  y=1.09x+0.27 0.14(0.55) 1.54(0.86) 0.87 1.2210.5
“ “ e 11 y=1.11x 0.03 (<0.01) - 0.86 1.16 9.9
“ 6 7 y=1.06x 0.02 (0.04) - 097 063 57
MEngrc MEycp 11  y=1.04x-0.01 0.08(0.57) 0.83(0.99) 0.96 0.685.4
“ “ € 11 y=1.04x 0.02 (0.03) - 096 063 54
6 7  y=1.03x 0.02 (0.13) - 097 058 52

! Each observation is the mean of 8 measuremeRisot of the mean square erroCoefficient of
variation.* ME contents estimated from the digestible aNDF eonof feeds incubated situ for 48 h

into nylon bags according to NRC (2001)ME contents estimated from gas production of feeds
incubatedn vitro for 24 h according to Menke and Steingass (198Bjuation obtained forcing the
intercept to zero! ME contents estimated from gas production of feéedsbatedin vitro for 24 h
according to Robinson et al. (2004).

5. Discussion

5.1 Prediction of the true digestibility of feedsfromin situ incubation at 24 or 48 h

For evaluating TDMd and the energy value of ruminf@eds NRC (2001) suggests
the use of digestible aNDF data achieved after d8ii situ or in vitro incubation. There is a
debate about the validity of reducing the incubatione from 48 to 30 or 24 h. A first
consideration is that a shorter incubation timd vatluce the cost of feed evaluation tests.
Some authors (Hoffman et al., 2003) suggestedribabation times in the order of 24 to 30 h
are preferable, as these are closer to the retetitrees of the feed particles in the rumen of
high producing dairy cows. Others authors indicdted a 48-h incubation time is preferable
to shorter durations because of a better repetyadilithe measures (Hall and Mertens, 2008;
Spanghero et al., 2010). Hall and Mertens (2008y)paved different types of vessels for
measuring thén vitro TDMd and observed that the reduction of the intiobaime from 48

to 24 h tripled the standard error of the diffeesn¢SED~c2,,; from 13 to 37 g/kg DM,

77



respectively). In the present work, conduategitu with nylon bags, it was observed that the
reduction of the incubation time from 48 to 24 Hueed the RT of the TDMd measurements
from 50.5 to 34.1 g/kg DM. These values are indane range of variation of those reported
by Hall and Mertens (2008), when expressed in tesfiredandard error of the differences (18
and 12 g/kg DM, respectively). However, in contrastwhat was observed by Hall and

Mertens (2008), the shortest incubation time was@ated to the best repeatability. This was
mainly due to the fact that the TDMd measures franfeeds (a corn silage and the
commercial mixed feed) showed low standard dewiat@t 24 h and high standard deviations
at 48 h (Table 2). The repeatability of TDMd24 afdTDMd48 measures was comparable
when these two feeds were excluded. The TDMd24 Tddslld48 were strongly correlated

(R?=0.98) in this experiment, which is in agreemerthwioffman et al. (2003). These results,
even considering the comparable reproducibilityaot#d at the 2 incubation times, suggest
the validity of developing equations to predictdeggestibility using values measured at 24
instead of 48 h. This could represent a good oppayt for reducing the costs of feed

evaluation, but requires further investigationsadarger set of feeds.

5.2 Prediction of ME content of feedsfrom in vitro gas production

The gas production technique is an alternative lasd expensive method tham situ
studies for evaluating the value of feeds. Accaydm published studies, the GP24 values are
commonly found to be less repeatable and reprotutian TDMd data (Gosselink et al.,
2004; Rodrigues et al., 2009). Because of the pepeatability, the GP technique is
recommended mainly as a tool for ranking feeds v et al. 1999; Hall and Mertens,
2008). The poor reproducibility of the GP measunetm&etween laboratories can be partially
attributed to the low standardization of the metk@dtachew et al., 2002; Spanghero et al.,
2010). Instead of measuring the disappearancesoluhle feed components, as occurs in
otherin situ andin vitro methods, the GP technique measures the appeavargaseous
products. The gas measured is not only that dyrepherated by the fermented matter, as
additional amounts of gas are released from th&ebiurf relation to the acid properties of the
end-products of fermentation. Thus, although adgowrelation between the amounts of OM
digested and gas produced is expected (Makkar,)20@bdegree of correlation is influenced
by various factors (different equipments, differemdn experimental protocol, feed and

inoculum characteristics) that alter the releasgas from the medium (Cone et al., 2002;
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Mould et al., 2005; Tagliapietra et al., 2010). 3defactors could also influence the
repeatability and the reproducibility of the GP sw@&ments.

In the current trial we used an automated apparatwhich the headspace pressure inside
the bottles is maintained always lower than 3.4 lkPeneans of automated gas valve venting.
This low threshold pressure was adopted in ordgrréwent underestimation of GP due to
supersaturation of the medium, as described byidgtra et al. (2010). In contrast to what
is commonly practiced, we used rumen fluid collddig a suction technique from the rumen
of intact cows. This procedure was adopted on #sskof a previous trial (Tagliapietra et al.,
submitted), conducted on the same feeds used ircuhent experiment, where it was
observed that tha situ TDMd48 values achieved with nylon bags were ptatiie as 1.02
(RMSE=42 g/kg DM) of then vitro TDMd48 data achieved from conventional bottles and

rumen fluid collected by the suction technique.this trial the repeatability of the GP24

measurements was similafo?,,= 16 ml/g DM) to the values reported by other atghwith
standard errors of the differences in the ordelrdoinl/g DM (Valentin et al., 1999; Getachew
et al., 2002; Gierus et al., 2008). The valuespeatability of TDMd24, TDMd48 and GP24
reported in Table 2 are not directly comparabléhay have a different unit of measurement.
However, when considering the ratio between RD #medcorresponding means, it can be
seen that the GP24 measurements were about 3lesseseproducible than the TDMd values
computed from the aNDF measurements achieved &#teand 48 h of fermentation.
Nevertheless, once the data were converted in Wastethe reproducibility of the Mlgnke
and of the Mlgcp estimates was the same and about 30% greater (BDahd 1.35 MJ/kg
DM, respectively) than that computed for M (RD=0.98 MJ/kg DM). This confirms that
GP measurements and feed chemical information beusbmbined for predicting the ME of
feeds, as the release of gas from the medium liseiméed by the feed chemical composition
(Menke and Steingass, 1988) and likely by the exténwhich the feed constituents are
fermented. On the other hand, feed chemical infionaalone are inadequate for a precise
ME content prediction (Robinson et al., 2004); he present work, when the Mk values
of feeds where regressed against ME values compiteding the lignin-based NRC (2001)
approach, entirely based on chemical informatiofeed, the resulting equation was accurate
but not precise (Miwc = 1.04xMEgnin+ 0.57,; R =0.78).

The dietary CP content of feeds is a factor whiels Wound to strongly reduce the amount
of gas released. Cone and Van Gelder (1999) oldé¢hat fermentation of casein produced

only 32% of gas volume compared to carbohydrates therefore a correction of GP values
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for CP content of feeds is required when theseesdre compared with the corresponding
digestibility measurements (Chenost et al., 2001)agreement with these findings, in the
current trial, the correlation between TDMd48 arf2@ measurements was good<R.97)
when the four feeds containing > 160 g CP/kg DM evexcluded from the regression
analysis. In the current trial the Mg values were well correlated to the Nz estimates
and their regression showed a prediction error.@8 01J/kg DM. The same did not occur for
the MBvenke Values as in this case the regression relatingidMEto MEyrc was neither
precise nor accurate, except when protein-rich Segdre excluded. These results are in
agreement with those reported by Robinson et 804 and Magalhaes et al. (2010). The
difference observed between the Menke and Steifd@88) and the Robinson et al. (2004)
approaches are partially due to the different wisigtitributed to the various independent
variables considered in the predicting equatiorie ihtercept of these regression equations
do not differ very much nor does the energy conadtnbuted to GP24 [a GP of 100 ml/g DM
is equivalent to 3.14 and 2.92 MJ of ME with Mergkel Steingass (1988) and with Robinson
et al. (2004), respectively] but they substantidifyer for the weight attributed to the dietary
CP content. Menke and Steingass (1988) allow aribotibn of 0.57 and 0.84 MJ of ME for
each 100 g of CP/kg DM for forages and concentratspectively, whereas Robinson et al.
(2004) attribute about 1.43 MJ of ME per 100 g @QHM.

The better precision and accuracy achieved withRbbinson et al. (2004) equation
compared to those proposed by Menke and Steind®83) also depend on the energy
system taken as a reference. In this work we used eeference the summative equation
approach proposed by NRC (2001), based on dNDFureragnt and feed chemical analysis.
In this approach the DE content is calculated bytipiying the truly digestible nutrient
concentrations by their heats of combustion (233®874, 17.57 and 17.57, and MJ/kg for
CP, EE, NDF and NFC, respectively); summing thesedycts and adjusting for the
metabolic fecal energy. The resulting DE is coraeihto ME with the equation proposed by
NRC (2001). At the basis of the GP24-based approadhenke and Steingass (1988), there
is the implicit assumption that ME can be predicdsd15.2xdCP + 34.2xdEE, + 12.8xdCF +
15.9xdNFE, where dCP, dEE, dCF and dNFE are thestilde contents of crude protein,
ether extract, crude fiber and nitrogen free extraespectively. In the two systems the
energetic coefficients used to weigh the varialses very different. Vermorel and Coulon
(1998) showed that for feeds identical for chemmahposition and digestibility the use of
different coefficients in the equations proposedthy different energy systems resulted in
marked differences in the predicted ME contentseyTlobserved that NRC (1989)
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overestimates the ME content of feeds at maintenanth about 5-7% compared to various

European energy systems. They attributed thesereiftes mainly to the equation adopted by
NRC (1989) to convert DE in ME (equation n. 5). §t@quation, established from data

obtained with lactating cows at feeding level cltz& times maintenance (Moe and Tyrrell,

1976), is still adopted by NRC (2001). This overaation is of the same order of magnitude

of those of + 4% and + 6% evidenced by theyEvalues compared to the Mg and the

MEwenke , respectively, but in this last case only exahgdihe protein rich feeds.

6. Conclusions

The results of the present work support the validftreducing the duration of the situ
incubation time from 48 to 24 h, with advantageterms of saving labour, time and costs for
the TDMd evaluation of feeds. The reproducibilifyT@®Md48 and TDMd24 was comparable
(SED=14 g/kg DM) and these measures were relategtidbfollowing relationship: TDMd48
= 0.74xTDMd24 + 260 (R0.98; RMSE=21.5 g/kg DM).

It was found that the measures of GP24 and TDMad8aell correlated (R0.97), but
only for feeds with less than 16 % of CP/DM, as §€€Rngly reduces the release of gas
produced during fermentation. The siti-based MIgrc content of feeds can be predicted
with good precision and accuracy from measurementG&24 and feed proximate
composition, providing that the influence of feed® @ontent on GP24 is adequately
quantified. To this regard the equation proposedRbpinson et al. (2004) was found to be
more precise and accurate than those proposed bgeévend Steingass (1988). However, the
precision and the accuracy of predictions basedB24 depend on: i) the availability of
standardized procedures for measuring GP; ii) ttelability of reliable equations relating
GP and feed chemical composition (with special mégdor CP) to predicted an vivo
measured energy contents of feeds; iii) the seeqfations that a given energy system

proposes to predict the ME of feeds from their diilpbe nutrient contents.
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1. Abstract

An automated batch system, consisting in 20 bo#tgspped with gas pressure sensors and
venting valves, was used to test the effects ofi$mace pressure on the kinetics of gas
production (GP). Two venting procedures were combawith FT (fixed times) the gas
accumulated in the headspace of bottles was reledss 2, 4, 6, 8, 12, 24, 48, 72 and 144 h
of incubation, whereas with FP (fixed pressure)ulkres were opened at a threshold of 3.4
kPa. For each procedure, samples of corn meal a&adlow hay (0.50 g) were incubated in 4
replications in 310 ml bottles with 25 ml of ruméunid and 50 ml of medium for 144 h at
39°C. Both with FT and FP, gas pressures at thestiof venting, converted in terms of
volumes, were adjusted or not for the amount a$alieed gas according to the Henry’s law.
Data were cumulated and they were best fitted fingteorder model the which parameters are
the asymptotic GP (A), the time at which half ofs®produced (T%2) and the sharpness (c) of
the curve. The effects of the 2 procedures weréuated using a Wilcoxon two-sample test.
The headspace pressure obtained with FT peaked2l84 kPa at 12 h on corn, while
peaked 7.5+0.81 kPa at 48 h on hay. For corn, thadjusted GP achieved between 12 and
48 h of incubation were 21 and 8% lower with FT pamned to FP (P=0.01), and FT also had
greater standard deviations. A similar trend, Bssentuated, was observed for hay. The T
values were greater with FT compared to FP (+1B+h3 h, for corn and hay, respectively;
P<0.05), suggesting that FT delayed the releasgasf dissolved in the medium. After
adjustment, the GP values provided by the 2 praesdoontinued to be different for corn:
compared to FP, FT reduced GP at 12, 24 and 4&0.(P). Adjustments removed all the
differences for hay due to the venting procedurntythe FT procedure, headspace volume,
venting frequency and amount of fermentable mattest be carefully balanced to avoid high
headspace pressures, lowered gas release and, dsiesl GP kinetics.

Abbreviations GP, gas production; FT, fixed time; FP, fixedgzre; A, asymptotic GP; T%z:
time at which half of GP is obtained; c: sharpr@fdhe kinetic curve of GP.

Keywords In vitro rumen fermentation; Gas production techniquesy&/alenting; Feed

evaluation.
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2. Introduction

Gas released from feeds inoculated with rumen fleftects the microbial activity. Gas is
produced as the fermentation proceeds and the abedubrofile can give information on feed
digestibility and fermentation kinetic (Getachewakt 1998). Kinetics of gas production (GP)
are used to rank feeds and GP at 24 h is usedtitnaés feed energy value (Menke and
Steingass, 1988). The main employed techniquesamed on the measurement of the volume
of gas produced in syringes under atmospheric pregdenke and Steingass, 1988) or on
the measurement of the headspace gas pressureutfation bottles (Pell and Schofield,
1993; Theodorou et al., 1994; Cone et al., 1996jd3zet al., 2000). Gas produced during the
in vitro fermentation obtained with the techniquegmosed by Pell and Schofield (1993) is not
vented, but the cumulated headspace pressureasdegtat regular times, whereas with the
techniques described by Theodorou et al. (1994)eGa al. (1996) and Davies et al. (2000)
headspace gases are released at pre-determinesl (e or when a pre-set threshold of
pressure (FP) is reached. The effect of ventinghduhe incubation on the profile of GP has
been the object of many discussions (Rymer eR@05), in particular after the observations
of Theodorou et al. (1994) who argued that (i) whengas pressure is left to accumulate in
the fermentation bottles, according to the Hentgis, a given proportion of gas remains
dissolved in the culture medium, so less gas sasgld, and (ii) microbial activity could be
disturbed if gas pressure exceeds a given thregi8l#Pa). The effect of venting procedure
was discussed in papers reporting comparisons batwechniques (Rymer et al., 2005;
Gierus et al., 2008), but the results were incasieky likely because of confounding effects
due to the use of different apparatus, diets ambidanimals. No efforts have been made to
evaluate the effects of venting on GP using theesaquipment. The effects of FT or FP
venting procedures on the GP kinetics were studigldl an automated batch GP system on

feeds with different degradability.

3. Material and methods

3.1. Gas production system

A commercial apparatus (AnkomRF Gas ProductionedysAnkom Technology, NY, USA)
consisting up to 50 bottles equipped with presseresors (pressure range: —69, +3447 kPa;

resolution: 0.27 kPa; accuracy: +0.1% of measui@de) wireless connected to a computer
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was used. During incubation the headspace pres$aach bottle is read with a frequency of
1 minute and recorded in a database. Each bottgupped with an electromechanical valve
that controls the release of gas: for each bdiéeoperator can establish the venting by fixing

a given threshold of pressure (FP) or in altermadiypre-defined sequence of times (FT).

3.2. Experimental design and incubation procedures

Eight samples of corn meal and 8 samples of meddguwmilled through a 1 mm screen,
were incubated in a single run using 16 bottlesg@ for blanks) of the system. A buffer
solution (2 1), reduced with sodium sulphite aceogdto Menke and Steingass (1988), was
placed in a waterbath at 39 °C and purged with. e rumen fluid was collected by an
oesophageal probe from 3 dry Holstein-Friesian cadsd libitummeadow hay and 2 kg of
concentrate (500 g/kg corn meal, 250 g/kg barlegln®50 g/kg soybean meal). The use of
fluid collected with the probe instead of fluid lemted from fistulated cows was not
considered to be relevant for the purposes ofwligk. The rumen fluid, strained through 3
layers of cheesecloth, was stored into pre-hedtednios and immediately transferred to the
laboratory. Each bottle (310 ml) was filled wittb000+£0.0010 g of feed, 25 ml of rumen
fluid and 50 ml of medium, for a corresponding hegmate volume of 235 ml. These
procedures were conducted under anaerobic congliipn keeping the bottle headspace
continuously flushed with COThe bottles were placed into a ventilated incobat 320.5
°C for 144 h and they were not stirred or shakaghtEbottles were vented at fixed times
(FT), after 2, 4, 6, 8, 12, 24, 48, 72 and 144 mofibation, as commonly done with manual
equipments (Calabro et al., 2004; Adesogan e2@05; Blummel et al., 2005) and avoiding
that bottle pressure exceeded 48 kPa (Theodoral, €#994). The remaining 8 bottles were
vented when the headspace pressure reached tisbdldeof 3.4 kPa (FP). This pressure,
slightly lower than 4.5 kPa used with others autdaequipments (Davies et al., 2000;
Calabro et al., 2005), was chosen in order to:inimmze the effect of headspace pressure on
gas release; ii) maintain a good precision of mesmsants according to the pressure detection

ability of the system.
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3.3. Computations and statistical analysis

The pressure data measured at the times of eadingyemere converted in terms of
volume and cumulated; correction for blanks wadigide. The data were best fitted by the
model proposed by Groot et al. (1996): GP=(A/[1+(T¥24)], whereA= asymptotic GP, T
= time at which half oA\ is producedt = observation time ant= a constant representing the
sharpness of the curve. The volumes measured dingewere adjusted by adding the
amounts of dissolved gas computed according tbéidrey’s law, from total gas pressure and
CO; solubility as extensively described by Pell anti@eld (1993). The adjusted data were
fitted with the model of Groot et al. (1996). Thealsixon two-samples test (SAS, 2007) was
used to test the effects of venting on GP, adjustedot, at different times and on the GP

kinetics parameters of the 8 curves achieved fon ézed.

4. Results and discussion

The pressure profile during incubation of corn aag with the 2 venting procedures is given

in Figs 1 and 2.

Figure 1. Effect of the venting procedure (“fixeohés”: dotted lines; “fixed pressure”: solid

lines) on the headspace pressure values (kPajestduring the incubation of corn meal
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Figure 2. Effect of the venting procedure (“fixechés”: dotted lines; “fixed pressure”: solid
lines) on the headspace pressure values (kPadestduring the incubation of meadow hay.
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With FP the number of venting was 280000 and 1180.4 for corn meal and meadow hay,
respectively. With FT the headspace pressure addamnth corn peaked 5:6.11, 12.@3.70,
18.0t2.82, 17.62.24, 10.51.10 kPa respectively at 6, 8, 12, 24 and 48 pedsvely,
whereas with hay the pressures were much lowempaasled 2.50.51, 3.%0.44, 4.20.52,
7.4+0.40 and 7.5+0.80 kPa at the same incubation timespectively. The profiles of

cumulated pressure, expressed in terms of volunteowt adjustment for dissolved gas, are
shown in Fig. 3.
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Figure 3. Effect of the venting procedure (“fixéahés”: dotted lines; “fixed pressure”: solid
lines) on the gas productions recorded duringrthabation of corn meal and meadow hay.
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All the curves achieved with FT presented the saliseontinued pattern. The points of
discontinuity reflects the fact that after each tiremn the internal pressure rapidly increases
because of the release of the dissolved gas prdduacthe previous interval. The profiles
achieved with FP using both corn meal and meadowdithnot show signs of discontinuity.
For corn, the observed GP at 12, 24 and 48 h (TBbleere lower with FT compared to FP
(-21, -15 and -8%, respectivelp=0.01), and also less repeatable as indicated byreager
standard deviations. A similar trend, less accdatljavas observed for hay. As consequence,
differences due to venting were observed for thoua kinetics parameters of the 2 feeds
(P<0.05). The T% values, being greater with FT comgdo FP (+1.3 and +2.3 h, for corn
and hay respectively?<0.05) indicated that FT there delayed the reledgms, as the gas
dissolved at the times of venting was released hamnde read, later.
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Table 1. Effect of venting procedure on gas pradac{GP) and kinetic parameters of GP
(meart + SD) for corn meal and meadow hay using GP datadjusted for the dissolved gas
in the medium.

Feed Corn meal Meadow hay
Venting procedure Fixed times  Fixed pressure P®  Fixed times  Fixed pressure P?

(FT) (FP) (FT) (FP)

Observed GP:

at4h, ml 122.0 132.6 0.03 132.4 132.3 0.44

at6 h, ml 342.3 353.9 0.56 183.3 2:3.1 0.56

at12 h, ml 837.8 105+1.6° 0.01 325.0 354.6 0.34

at24 h, ml 12910.6° 1512 .5 0.01 486.0° 53t5.1° 0.05

at 48 h, ml 1498.9 16242 .7 0.01 645.6 70:4.6 0.06

Parameters:

A, ml 15%6.6° 168t3.¢° 0.17 915.6 9%3.5 0.17

T%, h 11.40.88 10.1+0.2% 0.01 22.54.04 20.243.1F 0.05

c 2.04:0.242 2.3%0.196 0.01 1.080.077 1.19:0.02 0.01

RSD® 4.1 2.4 1.5 1.4

1 Each data is the least square mean of 4 obsersafiixed times, the bottles were vented
after 0, 2, 4, 6, 8, 12, 24, 48, 72, 144 h fromldbginning of incubation; fixed pressure: the
bottles were vented when the headspace pressurieerkthe value of 3.4 kPaWilcoxon
Test, couples of values are statistically differehienP<0.05.% A, asymptotic GP; T, time
at which half ofA is produced; c, sharpness of the kinetic curv&®f” Residual standard
deviation of fitting procedure.

After adjustment (Table 2), the gas released by2thenting procedures continued to be
different for corn at 12, 24 and 48 B=0.01), but not for meadow haiX0.05), where the
adjustment accounted for around 50% of the diffeesnThese results indicate that with FT
the adjustment of the pressure for dissolved gdsrats of venting was useful for a better
representation and interpretation of the gas proolucprofiles, both when forages and
concentrates were used. In the case of hay, wherbdadspace pressure was always lower
than 7.5 kPa, only numerical differences of GP letwventing procedure were observed. In
the case of corn, where high pressures were reattieadjustment alone was not sufficient
for removing the differences of GP due to the 2twmgnprocedures, and GP remained lower

(P<0.01) and less repeatable with FT compared to FP.
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Table 2. Effect of venting procedure on gas pradac{GP) and kinetic parameters of GP
(meart + SD) for corn meal and meadow hay using GP ddjizsted for the dissolved gas in
the medium.

Feed Corn meal Meadow hay
Venting procedure Fixed times  Fixed pressure P°®  Fixed times Fixed pressure P?

(FT) (FP) (FT) (FP)

Adjusted GP:

at4 h, ml 1#2.2 14:2.7 0.10 132.6 142 .4 0.44

at6 h, ml 362.6 36:3.9 0.44 193.6 213.2 0.44

at12 h, ml 919.0° 106t1.6 0.01 3%5.3 36t4.5 0.24

at 24 h, ml 136+11% 152+2.5 0.01 5146.1 5445.1 0.35

at 48 h, ml 152+9.8 163 2.8 0.01 66+5.6 71+4.6 70.1

Parameters:

A, mi 158+6.6 165+3.0 0.06 92+5.7 97+3.6 0.10

T¥, h 10.5+0.78 9.6+0.25 0.10 20.615.50 19.5+3.40 0.44

c 2.20+0.27% 2.72+0.196 0.01 1.11+0.083 1.12+0.008 0.56

RSD® 3.9 2.4 15 1.4

1,2,3,4,5

see Table 1 for explanations.

A first hypothesis to explain these results is inathe bottles with high pressure (FT) a
supersaturation of COn the medium could have occurred. To this regacdn be observed
that with both the venting procedures the bottlesenwnot stirred. Pell and Schofield (1993)
have suggested that, in their closed system, amitatevents supersaturation of solution with
CO,. Morris (1983) and Lowman (1998) indicated thahi bottles are continually vented (at
threshold pressure of 4.5 kPa) supersaturationokitisn is unlikely to occur. Moreover,
Lowman (1998) found that gas production was higimetbottles that were not shaken
compared to those that were shaken intermitterfitéy @avery gas reading or continuously on
an orbital shaker at 115 rpm. Davies et al. (200@) to explain these results suggesting that
microbes subjected to shaking could not be wedichied to the feed particles as in not shaken
bottles, but this explanation is not fully convingi and further research is required. An
additional consideration is that high amounts afsdived CQ can affect the pH of the
medium and, consequently, can alter the microlmtiVity (Mould et al., 2005) and perhaps
GP. To this regard Theodorou et al. (1994) indtaieat the microbial activity can be
disturbed when the pressure was around 48 kPa,itacdnnot be excluded that lower
pressures can also inhibit the microbial actiityoper trials, including gradients of pressures
and corresponding yields of volatile fatty acidsp@dd be performed to test if this is true.
However, it is unlikely that headspace pressurerbbiyant influences on volatile fatty acids
yield in this trial. More likely, in this experimethe Henry’'s Law was not fully appropriate to
quantify the CQ dissolved in the rumen fluid, particularly in FThere high headspace
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pressures were reached. As no reliable methodadmounting variations of dissolved €0
are available, systems operating at low pressuck fesguent valve opening should be

preferred.

5. Conclusions

Venting exerts a critical role for the correct exslon of GP duringin vitro
fermentation, particularly when high pressures garerated from feed fermentation. It was
proved that different venting procedures influettoe GP kinetics, and reasonably this could
also have consequences on feed ranking. In situatizere only the FT procedure can be
applied, the headspace volume, the venting frequand the amount of fermentable matter
must be carefully balanced to avoid high headspaessures, less gas releasing and
consequent alterations of the GP kinetics. Wherh lpgessures are generated inside the
bottles adjustments for the amount of dissolved gaghe time of venting could not be
sufficient for a proper evaluation of the GP pmfiwith FT the frequency of GP reading
should be as high possible; for fibrous feeds #rge should be more frequent in the range
from 12 to 24 h when the rate of gas productiohighest. However, this is not commonly
done for reasons of labour and convenience. Teaksigvith automated devices for gas
release at low threshold pressure can stronglyceedwch shortcomings, moreover they

provide repeatable measurements of the GP prafddlzey also are less labour consuming.
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1. Abstract

Effects of Butyl-Hydroxyl-Toluene (BHT) and of R&hicory Extract (RCE) on kinetics
of gas production (GP) and rumen digestibility ¥ay(OMD, NDFD andn vitro true OM
digestibility - IVTOMD) of two feeds (meadow haydueorn meal) were evaluated using an
in vitro automatic batch system. For each feed 2 increatmsgges (0.15 and 1.5 mg/g of
feed) of BHT and RCE and a Control (C) were tegtetl replications and 2 incubations. First
incubation lasted 72 h, thd'®one was stopped at the times on which half of G& w
produced (7,), which were 9 and 16 h for corn and hay, respelti From the supernatants
of the 29 incubation, VFA, NH, N content of the residual NDF were analyzed dmel t
microbial N balance was computed. The 2 feeds fsgnitly affected rumen fermentation
parameters; BHT significantly increased asymptoB®, t, and IVTOMD @<0.01),
decreased the proportion of butyraR<@.01) but did not affect microbial N balance; RCE
did not influence any of the parameters measuréd respect to C, except for a significant

increase of the estimated N available for micradtebe higher dosage.

Abbreviations OMD, organic matter digestibility; NDFD, NDF digggility; IVTOMD, in
vitro true organic matter degradability; BHT, Butyl-Hgdyl-Toluene; RCE, red chicory
extract; VFA, volatile fatty acids; GP, gas prodact A, asymptotic GP; TY, time at which
half of A is produced; c, sharpness of the cunddiler.

Key words:Gas productionin vitro rumen digestibility, Natural extracts, Antioxidant
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2. Introduction

In the North East area of Po valley red chicorgngying a great success and in the year
2005 the local market demand reached about 250@®§ear. Increasing amounts of by-
products are made available. Red chicory has be@mrsto contain considerable amounts of

phenolic compounds with antioxidant properties @et® et al., 2005).

Extraction of bioactive substances from by-produstseceiving growing interest for human
and animal nutrition, also for the opportunity eplace synthetic compounds. Some studies
suggested that natural extracts from vegetables bmarused to manipulate the rumen
fermentations, selecting or promoting the growtld #me activity of microbes, changing the
amount and the ratio of the end products of ferateamt (Nazir@lu et al., 2002; Busquet et
al., 2006; Alexander et al., 2008). However, liditgata are available about the effect of
antioxidants and natural extracts on rumen ferntiems This study was aimed to screening
the effect of Red Chicory Extracts (RCE) and BuHydroxyl-Toluene (BHT) on some

parameters of rumen fermentations when incubiatedro with different feeds.

3. Material and methods

In vitro rumen fermentations were conducted using an audtorbatch gas production
(GP) system (RF, Ankom Technold9yfor 72 h at 39°C. In each jar, 25 ml of rumeridju
collected from 3 dry cows, 50 ml of buffer (Meng&eal, 1979) and 0.55 g/batch of meadow
hay or corn meal, milled at 1 mm, were used. Fohdaed 5 treatment groups were tested in
4 replications: 2 increasing dosages (0.15 andmghy of feed) of BHT (BHTL; BHTH,
respectively) and RCE (RCEL; RCEH, respectively)l @nControl (C) group. Four blanks
without feeds were also included. Note that theimar dosage of BHT permitted by law in
compounds feeds is 0.15 mg/g. Chicory extracts wehgeved as described by Rossettal.
(2005). GP at various time$) (vas measured by mean of a pressure detector eviaute.
GP kinetics were fitted with the model: GP = A/[T#{t)], where A is the asymptotic GR, t
is the time at which half of the asymptotic GP isduced, c is a constant representing the
sharpness of the switching characteristics of thr@ecprofile. At the end of incubation OM,
NDF and thein vitro true OM digestibility (IVTOMD) were computed frorahemical
analysis of feeds and residues as proposed by €£eingl. (2005). The T2 values resulting
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from the first incubation for the 2 feeds (9 andhltdr corn and hay, respectively) were used
to establish the times for stopping’ﬂ hcubation performed with the same criteria dédwsai
above. The supernatant fractions, obtained fronRthincubation, were analyzed for volatile
fatty acids (VFA), NH and N content of the undegraded NDF and the miakdb balance
was computed (Gringst al, 2005). Data were analyzed for the effects of $eadlditives at
different dosages and their interactions by ANOVA.
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4. Results and conclusions

The GP kinetics are graphically described in Fidure

Figure 1. Kinetics of gas production (72 h) of maaday (a) and corn meal (b) samples
incubated with 0 (C), 0.15 (L) and 1.5 (H) mg/gdex BHT or Red Chicory Extract (RCE).
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The kinetic parameters and the digestibility valaesgiven in table 1. In general, the residual
variability within treatment was low (coefficientd variation always lower than 7%, except
for ¢). Hay and corn significantly differedP€0.01) for almost all the various kinetic and
digestibility parameters. With respect to ContBHT significantly increased asymptotic GP,
ty, and IVTOMD, without any difference between the whasages. No significant influence of
RCE was observed on the various parameters of @Rligestibility parameters with respect
to Control. In agreement with literature, the ratetween the truly degraded OM and GP at
72 h (TOMD/GP) ranged from 2.47 to 2.70 mg/ml. Tfwemer parameter was not
significantly influenced both by feeds and addive

Table 1. Kinetics of gas production (GP), OM, NDidan vitro true OM digestibility of
feeds incubated with 0 (C), 0.15 (L) and 1.5 (H)/gnfged of BHT or Red Chicory Extract
(RCE)

Feed Additive Root
Control BHT RCE

Hay Corn c 3 H 3 H MSE
Kinetic of GP:
c 1.5¢ 2.43 2.04 191 1.82 212 216 0.27
A ml 182 176" 147 167 167 148 148 11
Ty, h 160 8.7 12.¢ 130 134 118 113 038
Digestibility (72 h):
OMD % 663 95.8 81.4 80.6 80.1 821 808 1.3
NDFD “ 586 83.8 71.2 734 727 706 706 1.9
IVTOMD “ 70 98.0 838 844 847 838" 8368 04
TOMD/GP mg/ml 2.51 2.70 2.70 247252 268 268 0.20

Numbers on the same row for feeds or additives wditierent letters significantly differed:
A,B P<0.01; a,b P<0.05. c= sharpness of the curvelpr®&rE asymptotic GP; ;J= time at
which half of the asymptotic GP has been formedMBOGP= truly digested OM/GP at 72 h.

As expected, results of thé“2incubation showed significant differences of VFAofile
between hay and coriiP€0.01) (Table 2). Hay produced higher proportiohaaetate and
lower proportions of propionate anmdbutyrate with respect to corn. A, thay and corn
significantly differed also for the microbial N laaice. With hay, amount of N in form of
ammonia found after 16 h {Ifor hay) of incubation was similar to the valueasered at the
beginning of incubation, while for corn after 9 himcubation the amount of N from ammonia
was reduced by half, with respect to the initidliea The estimated amount of N available for
microbial growth for hay was about 3 times lowearththat observed for corn at,. TBHT

significantly decreased the proportion of butyratel significantly increased the remaining
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VFA (P<0.01), but no significant effects were observedtfe microbial N balance, with
respect to C. RCE did not influence any of the peters measured with respect to C, except
for a significant increaseP€0.05) of the estimated N available for microbeghat higher
dosage. In conclusion, the results of this workrhtl evidence a significant effect of RCE on
rumen fermentation when incubated with differerdd® at different dosages, whereas BHT
significantly influenced GP kinetics, degradabilgrameters and VFA profile.

Table 2. VFA profile and microbial N balance of haryd corn incubated for 9 and 16 BT
respectively, with 0 (C), 0.15 (L) and 1.5 (H) mdéed of BHT or Red Chicory Extract
(RCE).

Feed Additive Root
Control BHT RCE

Hay Corn C 3 H 3 w MSE
Acetate (Ac) % 738 6668 667 748 7468 687 664 0.6
Propionate (Pr) “ 159" 208 17.¢ 19.0 195 179 176 0.8
n-Butyrate (Bu) “ 7.° 96 13 29 24 1068 130 11
Others VFA “ 3.4 3.F 2.8 36 353 33® 30® 03
(Ac+Bu)/Pr ratio 6.4 4.8 5.7 504 5% 57 57 02
Microbial N balance (mg/jar)
N from feed (F) 4.3 6.8 5.6 5.6 5.6 5.6 5.6
N from NH; at t=0(NO) 10.4 10.4 10.4 104 104 104 104 -
N from NH; at T, (N£) 10.4' 5.4 9.3 89 74 81 58 1.6
N content of NDF at (N_NDF) 1.2 1.9 1.5 1.3 1.7 2.0 1.3 0.5
Microbial N at T, 3.8 9.9 5.2 58 69" 59 8¢ 1.9

AP P<0.01:*P<0.05. Microbial N attwas computed as: (F + NO) — (Nt + N_NDF).

Acknowledgements: Research financed by PRIN 2006
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CHAPTER 8

General conclusions

The main conclusions to be drawn from of this disg®n are:

« With Daisy' equipment, the use of 0.25 g feed sample/bag shmipreferred to 0.50
g/bag, as this sample size seemed to provide thgigtestimates more correlated to
those achieved with a conventional batch cultuctlass variable

* Forin situ studies commercial synthetic bags could repladennipags, as the two
kinds of bag provided digestibility values highlgrelated; the replacement of nylon
bags with commercial bags could allow a simplificatof procedure of analysis

» Forin vitro studies the use of rumen fluid collected fromulisted animals seems to
be not strictly necessary, as the digestibilityneates obtainedh vitro using rumen
fluid taken from intact cows were directly proportal to those achieved situ

* As the digestibility measures at 24 and 48 h weghlh correlated and showed a
comparable reproducibility, it seems to be posdibleeduce the duration of the situ
incubation time from 48 to 24 h, with advantageseirms of saving labour and costs
for feed evaluation.

* Once the GP values were converted in terms of iEng into account the effects of
feed chemical composition, the repeatability of Mie estimates from GP24 was only
20% higher than the ME resulting from digestibiliyeasurements

e The precision and accuracy of feed energy estinfedes GP strongly depends by the
equations used to convert GP values in energy salue

* The venting procedure can affect significantly GiRekics, especially when high
pressures are generated from feed fermentation

* With venting at fixed times the headspace volumé tre amount of fermentable
matter incubated should be carefully balancedy#ring frequency should be higher
in correspondence to the highest GP rate

* When highly and rapidly fermentable feeds are iateh, high pressures could be
generated into the GP system, and the adjustmeGPomeasures for the amount of
dissolved gas could not be sufficient for allowangroper evaluation of GP kinetics

» GP techniques equipped with automated devicesefeasing gas at a fixed pressure
should be preferred
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« The red chicory extract (RCE) did not exert a digant effect on rumen
fermentations, although it was found to improve #fiiciency of microbial protein
synthesis; with respect to RCE, BHT showed moreerit@ated effects, as it

significantly influenced GP kinetics, degradabiltgrameters and VFA profile.
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