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Summary

The high demand for biodiesel has resulted in @neased availability of its
main byproduct, crude glycerin, at a competitivecqgar Crude glycerin produced in
biodiesel plants contains variable amounts of glylcend impurities. The low purity of
crude glycerin limits its use in the food, pharmamal and cosmetic industries. Since
process to purify glycerin is very expensive, resleactivities have focused on new
uses for crude glycerin. During recent years, tirasebeen much interest in using crude
glycerin as a feed ingredient for livestock to reeldeeding costs. Moreover, several
studies have reported that crude glycerin can feetefely used as an energy source by

pigs, poultry and ruminants.

Feeding crude glycerin to pigs has yielded variabkilts. Some studies found
improvements in performance or carcass charadtsiistvhile others reported no
significant effects as a result of feeding glyce@h moderate levels (5-10%).
Differences in the composition and supplementatewvel of crude glycerine may
contribute to the variability of the results, adlwhe age, sex, genetics or physiological
condition of pigs. A better understanding of glyaenetabolism, as well as of its effect
on dietary digestibility and its potential relatiomith metabolic and feed intake-
regulating hormones, will help explain the diffeces observed in previous results and

provide valuable insights for optimizing feedingé¢s.

The general aim of this PhD Thesis was to evaltiaéeinclusion of crude
glycerin from biodiesel manufacturing process inn@ndiets during the different phases

of pig production. To achieve this objective, theaqerimental chapters were designed.

In chapter one we studied the effects of dietary addition ofd&lglycerin on
pellet production efficiency and growth performanaed digestibility in growing-
finishing pigs. Three dietary treatments were @ediy addition of 0, 2.5 or 5% crude

glycerin to barley-soybean meal-based diets.
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In the manufacturing process, crude glycerin supplgation linearly increased
the feeder speed and production rate (P < 0.08)Jtneg in a 20 to 29% improvement
in the feed production rate compared with the @dnfroduction efficiency (kg/kWh)
increased linearly (P < 0.05) as the level of crgbeerin in feed increased, reducing

energy costs.

A performance trial was conducted with 240 barr¢@%+ 1.0 kg initial BW)
using a 2-phase feeding program over a 12-wk pefdthe last day of the growth
experiment, blood samples were collected to detemcirculating glucose,
fructosamine and IGF-1 concentrations. Overall ghoperformance was not affected
by dietary treatment (P > 0.05), and there was ffexteof dietary treatment on any

plasma metabolite measured (P > 0.05).

Additionally, nine male pigs were housed in metabohges to determine the
coefficients of apparent fecal digestibility androgen and mineral balances. Animals
were assigned to one of the three diets in eadiirfggohase following a 3 3 Latin
square arrangement of treatments (43 + 3.1 and 34 kg initial BW in the growing
and finishing periods, respectively). In both fewdiperiods, fecal digestibility of
organic matter and ether extract were affectedibtay treatment, increasing linearly
(P < 0.05) with increasing crude glycerin levelowever, nor CP digestibility or N
retention were affected by the glycerin contentitiner for the growing or finishing
period (P > 0.05). Digestibilities and balance @ &d P showed opposite tendencies
with the variations in crude glycerin content, whieither decreased or increased

depending on the feeding phase.

In conclusion, adding crude glycerin to the dietobe pelleting improved feed

mill production efficiency. Up to 5%, the additiaf crude glycerin to the diet of
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growing-finishing pigs had no effect on growth erhance, blood metabolites,

nutrient digestibility and nitrogen balance.

In chapter two, we determined the effect of crude glycerin additon the
growth performance, nutrient digestibility and hkdodwormone levels of Iberian
crossbred pigs kept under intensive conditions. $tuely was carried out with 80
crossbred pigs (Iberian gilts Duroc boars) of both sexes over a 101-d periodH{34
kg initial BW). Treatments were arranged in a 2 fa@orial design, the factors being
dietary treatment (control or 10% glycerin) and dgn(barrow or gilt). Crude glycerin
was included as a replacement for wheat in dietadtated to provide equal net energy

and digestible lysine levels.

Glycerin-fed pigs had higher average daily gain amdrage daily feed intake
than pigs fed the control diet (P < 0.05). No d#feces were found in the gain to feed
ratio. In regards the gender, barrows consumed rfe@m®@ grew more and reached a
higher final BW compared with gilts (P < 0.05). Neht digestibility was not affected
by the glycerin content or the gender. Howeverreghgas a tendency for acyl-ghrelin
levels to be higher in glycerin-fed pigs (P = 0.058Iso, gilts showed increased

concentrations of acyl-ghrelin and lower insulimggared with barrows (P < 0.05).

In conclusion, 100 g/kg of glycerin can partialgptace wheat without affecting

feed efficiency or nutrient digestibility in Iberiarossbred pigs.

In chapter three, an experiment was conducted to evaluate theteffedietary
addition of crude glycerin on sow and litter perfi@nce, and to determine the plasmatic
levels of hormones related to energy metabolism fedl intake in sows during

gestation and lactation. Sixty three sows wereggassi randomly to one of three dietary
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treatments, containing 0, 3 and 6% crude glyceadded to a barley-soybean meal-

based diet as a replacement for cereals.

During gestation, there was no effect of dietapatment on any performance
variable (P > 0.05), while during lactation, glyicefed sows consumed less feed than
those fed the control diet (P < 0.05). Lactatinggsded 3% crude glycerin diet had a
higher body weight loss (P < 0.05), but these dbffees were not reflected in litter

performance (P > 0.05).

In gestation, the inclusion of glycerin did noteadf blood levels of insulin or
cortisol (P > 0.05). However, pregnant sows fedsdgupplemented with glycerin
showed lower and higher levels of acyl-ghrelin deyatin, respectively (P < 0.01). In
lactating sows, there were no differences betweaetany treatments for any of the
hormones measured (P > 0.05). Before feeding, tykghrelin concentration was
positively correlated with the cortisol during gesin (r = 0.81; P < 0.01) and lactation

(r=0.61; P <0.05).

In conclusion, the inclusion of up to 6% crude gy in the diet can partially
replace corn without affecting the performance oégmant sows, but not during
lactation. Our results also suggest a relationbetwveen glycerin inclusion in the diet
and the serum levels of some feed intake reguldimrgnones, but more studies are
needed to increase our understanding of hormoneeotmation-diet composition

interactions.
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Resumen

La alta demanda de biodiesel ha generado un imgert@mcremento en la
disponibilidad de su principal subproducto, lagflioa bruta. La glicerina producida en
las plantas de biodiesel contiene cantidades \asale glicerol e impurezas, por lo que
requiere de un proceso de purificacion y refinatoigrara su uso como materia prima
en la industria alimentaria, farmacéutica o costaétiSin embargo, el coste de
purificacién resulta muy elevado, lo que ha prodoc&l desarrollo de numerosos
estudios sobre nuevas aplicaciones para la glacgnocedente de la elaboracion del
biodiesel. Durante los ultimos afios, y con el djetie reducir costes de alimentacion,
ha crecido notablemente el interés en el uso dédarina como materia prima para la
fabricacion de piensos. Asi, varios estudios hanod¢rado que la glicerina puede ser

usada eficazmente por cerdos, aves y rumiantes fiante de energia.

El uso de glicerina en la alimentacién porcina Baegado resultados variables.
Algunos estudios sefalan mejoras en el rendimipraductivo o en las caracteristicas
de la canal, mientras que otros no han obteniddadesignificativos como resultado de
la inclusion de glicerina en los piensos de cemamos niveles moderados (5-10%).
Las diferencias en la composicion y en el nivekdplementacion de la glicerina, asi
como en la edad, sexo, genética o condicién figiok de los animales, podrian
explicar la gran variabilidad de los resultadosepbsdos. Una mejor comprension del
metabolismo de la glicerina, asi como de sus efestibre la digestibilidad de los
nutrientes, y su potencial relacion con las horrsogae regulan la ingestiéon de
alimento durante las distintas fases de la produacpiorcina, ayudard a explicar las
diferencias observadas en previos estudios y pecap@ra una valiosa informacién

para optimizar los niveles de inclusion de la glite

El objetivo principal de esta Tesis Doctoral setgeen evaluar la inclusién de

glicerina bruta procedente de la elaboracién deliesel en los piensos de cerdos
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Resumen

durante las distintas fases de la produccion par€@won el fin de alcanzar este objetivo

se disefiaron tres capitulos experimentales.

En el capitulo uno se estudié el efecto de la adicion de glicerinalan
fabricacion del pienso, asi como su influencia sobl rendimiento productivo y
digestibilidad de los nutrientes en cerdos de prerito-cebo. Se formularon tres
piensos con 0, 2.5 y 5% de glicerina bruta incagara piensos base de cebada y

harina de soja.

En el proceso de fabricacion, la inclusion de gileeincremento linealmente la
velocidad de alimentacion (rpm) y la tasa de promfucdel pienso (kg/h) (P < 0.05),
resultando en una mejora de entre un 20 a 29% &asdade produccion respecto al
pienso control. La eficiencia de produccién (kg/Kvdomenté linealmente (P < 0.05) a
medida que se incrementaba el nivel de glicerinal @ienso, reduciendo asi los gastos

de energia.

El estudio de los efectos de la glicerina sobreeadimiento productivo se
realizd con 240 machos castrados £3D.0 kg de peso inicial), usando un programa de
alimentacion en dos fases (crecimiento y cebo)rdard2 semanas. El ultimo dia del
periodo experimental se recogieron muestras de rsampgra determinar las
concentraciones de glucosa, fructosamina e IGF+l.c&njunto, la inclusion de
glicerina en el pienso no afecté al rendimientodpaivo (P > 0.05), y tampoco se

observaron efectos sobre ninguno de los metabglitssnaticos controlados (P > 0.05).

Ademas, nueve cerdos machos fueron alojados emsjauletabodlicas para
determinar los coeficientes de digestibilidad feaal como los balances de nitrégeno y
minerales. Los animales fueron asignados a unogigrds tratamientos (0, 2.5 y 5% de

glicerina bruta) en cada fase de alimentacién,aiglo un disefio cuadrado latino 3 x 3
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43+ 3.1y 74+ 3.3 kg de peso inicial en el periodo de crecinueyptde cebo,
respectivamente). En ambos periodos, el tratamadiettié a la digestibilidad fecal de la
materia organica y a la del extracto etéreo, auanelat linealmente (P < 0.05) al
incrementarse el nivel de glicerina en el pienso.etnbargo, ni la digestibilidad de la
proteina bruta ni la retencion de nitrdgeno seowieafectadas en ninguno de los
periodos (P > 0.05). La digestibilidad y el balamtme Ca y P mostraron tendencias
opuestas al variar el contenido de glicerina, distyéndo o aumentando dependiendo

de la fase de alimentacion.

En conclusién, la inclusion de glicerina antes degtanulacion mejor6 la
eficiencia en la fabricacion del pienso. La inalusde hasta un 5% de glicerina bruta en
el pienso de cerdos de crecimiento-cebo no tuvatafesobre el rendimiento

productivo, metabolitos sanguineos, digestibilidadutrientes y balance de nitrégeno.

En el capitulo dosse determind el efecto de la inclusion de gliGesobre el
rendimiento productivo, digestibilidad de los nemies y nivel de hormonas sanguineas
en cerdos de cruce de ibérico criados en regimaxpletacion intensivo. El estudio se
llevo a cabo con 80 cerdos cruzados (hembras @sxienachos Duroc) de ambos sexos
durante un periodo de 101 dias ¢58 kg de peso inicial). Se utilizé un disefio faietior
2 x 2, con los factores nivel de inclusién de glite en el pienso (0 o 10% de glicerina
bruta) y sexo (macho o hembra). La glicerina stuytcen sustitucion de trigo en los
piensos formulados para ser isoenergéticos y caenniismos niveles de lisina

digestible.

Los cerdos alimentados con glicerina tuvieron mayamancia media diaria y
consumo medio diario que los del grupo control (@.65), sin encontrarse diferencias
en el indice de conversién. En relacion con el géme los animales, los machos

consumieron mayor cantidad de pienso, crecieronynaésanzaron un mayor peso final
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gue las hembras (P < 0.05). La digestibilidad denlatrientes no se vio afectada por el
contenido de glicerina ni por el sexo. Sin embasgpbservd una tendencia para la
grelina acilada, siendo mayor en los cerdos aliatirg con glicerina (P = 0.058).
Asimismo, las cerdas presentaron mayores concéntesc de grelina acilada y

menores de insulina, en comparacion con los maéhe.05).

En conclusion, 100 g/kg de glicerina bruta puedmmplazar parcialmente al
trigo en el pienso de cerdos de cruce de ibéricafgictar a la eficiencia del pienso ni a

la digestibilidad de los nutrientes.

En el capitulo tres, se evalu6 el efecto de la adicién de glicerinbresdos
parametros productivos de cerdas y camadas, y teemilearon las concentraciones
plasmaticas de hormonas relacionadas con el m&atmol la ingestion de pienso, en
cerdas durante la gestacién y la lactacion. Sesgrntas cerdas fueron asignadas
aleatoriamente a uno de los tres tratamientoscouienian 0, 3 0 6% de glicerina bruta

en piensos base de cebada y harina de soja.

Durante la gestacion, no hubo efecto de la incfugié la glicerina sobre
ninguna variable de rendimiento (P < 0.05), mientjae las cerdas alimentadas con
glicerina en lactacion consumieron menos piensolaseel grupo control (P < 0.05).
Las cerdas lactantes alimentadas con el pienscautenia 3% de glicerina tuvieron
mayor pérdida de peso (P < 0.05), pero estas difex® no se vieron reflejadas en el

rendimiento de la camada (P > 0.05).

En la gestacion, la inclusién de glicerina no afeactlos niveles sanguineos de
insulina o cortisol (P > 0.05). Sin embargo, lasdae gestantes alimentadas con
glicerina mostraron menor nivel de grelina acilgdaayor nivel de leptina (P < 0.01).
La inclusion de glicerina en el pienso de las cetdatantes no afecté a los niveles de

ninguna de las hormonas medidas (P > 0.05). Argda distribucion del alimento, la
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concentracién de grelina acilada estuvo positivdmenrrelacionada con el cortisol,

tanto en gestacion (r = 0.81; P < 0.01) como etada@n (r = 0.61; P < 0.05).

En conclusién, la inclusién de hasta un 6% de gheebruta en el pienso puede
reemplazar parcialmente al maiz sin afectar elingiedto de las cerdas en gestacion,
pero no en lactacion. Nuestros resultados tamhigreien la existencia de una relacion
entre la inclusiébn de glicerina en el pienso y hiseles sanguineos de algunas
hormonas reguladoras del apetito. Sin embargo, es&sdios son necesarios para

conocer mejor las interacciones entre la conceadtrarormonal y la composicion del

pienso.
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Literature review

1. GENERAL INTRODUCTION

The increasing demand for transportation fuels h#sacted considerable
attention in recent years. High fossil fuel prigexl political instability in petroleum
producing regions, coupled with negative environtaemmpacts has increased global
interest in biofuels, mainly bioethanol and bioéiesvhich derived from renewable
sources. Biofuel production and use is not newn@er mechanical engineer Rudolph
Diesel developed in the 1890°s the first dieselrgun on pure vegetable peanut oil.
However, due to the wide availability and low coéipetroleum diesel fuel, vegetable
oil-based fuels remained of minor interest, regajrimportant attention during the last

decade.

In 2003, the European Commission published the dbue 2003/30/EC for
promoting the use of biofuels or other renewabkdsfior transport, in order to reduce
greenhouse gas emissions. The European Union iskitlthe goal of reaching a
5.75% share of renewable energy sources in thegoanhsector by 2010. Under the
Directive 2009/28/EC on the promotion of the useepérgy from renewable sources,
this target rose to a mandatory 10% minimum in elsl@mber State in 2020. The
application of tax incentives, grants and capitdts for setting up biofuel facilities
have lead to a very rapid growth of the biofueltgem the European Union, dominated

by biodiesel.

Biodiesel is a clean-burning alternative fuel foes#l engines produced from
renewable sources such as vegetable oils, anirtelafed recycled cooking oils. The
transesterification of oils and fats to producedi@sel generates a considerable quantity
of crude glycerin as byproduct, representing appmately 10% by weight of the

biodiesel produced (Thompson and He, 2006). Crugeedgn produced in biodiesel
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plants contains impurities and a lower purity, vihiimits its usual application as
feedstock in pharmaceutical, cosmetic or food itk Conventionally, crude
glycerin has been purified to achieve the qualpgcifications for these purposes.
However, the purification process is costly, anfinee the increasing amounts of
glycerin would be economic unfeasible, especiatly $mall and medium producers.
Consequently, alternative uses for crude glyceni@ being explored to enhance
profitability of biodiesel industries, and variousviews on value-added opportunities
for direct utilization of crude glycerin have bepublished (Pachauri and He, 2006;

Pluske, 2007; Yang et al., 2012).

One interesting option for using crude glycerinedity is as animal feedstuff.
The rising price of cereals, coupled with volatgeces in the agricultural market,
continually challenge farmers to achieve profitgheir transactions, thus inexpensive
byproducts are widely used for diet formulation.tN\Mthe global expansion of biodiesel
industry, it may be more and more glycerin avadablth a low price, and its inclusion

in animal diets would reduce feeding cost.

During recent years, several authors have stutiieantlusion of crude glycerin
from biodiesel production in animal feed and codeld that it is a good alternative
ingredient for swine (Kijora et al., 1995; Lammetsal., 2008b; Schieck et al., 2010b),
poultry (Cerrate et al., 2006) and ruminants (Bamt al., 2013; Terré et al., 2011).
Regarding to pig production, energy values of crgbeerin (Lammers et al., 2008c;
Kerr et al., 2009; Mendoza et al., 2010) and ifeafon growth performance, carcass
composition, and meat quality (Mourot et al., 19Rdmmers et al., 2008b; Della Casa

et al., 2009) have been determined.
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2. BIODIESEL AND GLYCERIN PRODUCTION

Biodiesel production worldwide has increased caarsidly in recent years due
to energy and environmental concerns, and assdcpaibcies. Biodiesel is a clean-
burning alternative fuel for diesel engines, whistbetter for the environment because
it is made from renewable resources, is biodegiladahd produces less air pollutants
and greenhouse gas emissions compared to convanfii@sil fuels (Beer et al., 2007).
The European Directive 2009/28/EC states that kisfahould account for 20% of the
energy produced from renewable sources in the fit#lsconsumption of energy and a
10% of final energy consumption in the road tramsfxyy 2020. For these reasons,
biodiesel has become increasingly interested aperenced a rapid expansion in its

production capacity.

In the past decade biodiesel production has grogeoreentially from 500,000 to
8 million metric tonnes in the European Union (USBAS, 2013) (Figure 1), which is
the world’s largest biodiesel producer. The nundfegxisting plants all over the EU is
256. Germany and France are by far the main biedmsducer countries, followed by
Benelux and Poland, which have incremented theymtamh afterward 2011 (Table 1).

In contrast, Spain and Italy dropped out of thepgamlucers list.

Figure 1. Trend in EU biodiesel market 2006-2014. SourceDASFAS, 2013.
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Table 1.EU biodiesel production by country (million lit¢r$Source: USDA-FAS, 2013

2006 2007 2008 2009 2010 2011 2017 2013 2014

Germany 2,730 3,280 3,250 2,600 2,880 3,400 8GB,1 3,180 3,180

France 650 1,090 2,000 2,610 2,270 2,060,04@ 2,040 2,040
Benelux 50 290 430 840 910 950 1,000 1,050 1,090
Poland 100 60 310 420 430 410 670 720 740
Italy 680 530 760 900 830 700 570 570 570
Spain 140 170 280 700 1,370 740 510 400 400
Others 1,060 1,250 2,520 1,790 2,020 2,660 51,69 2,320 2,260
Total 5,410 6,670 9,550 9,860 10,710 10,920 9,6650,280 10,280

r=revised/e=estimated/f=forecast

In July 2011, the European biodiesel productionacdp reached 22 million
tonnes, but currently only 41% of the capacitynisise. The rapid expansion seems to
be decelerating from 2011 onwards. Increasing imspfsom third countries such as
Argentina or Indonesia, circumvention measures fionth America and the financial
crisis had negatively impacted the biodiesel mafk&DA-FAS, 2013). In addition, on
January 2014, the European Commission publishednamunication regarding to
policy framework for climate and energy in the pdrirom 2020 to 2030, where new
targets for biodiesel use in transport sector hasebeen established after 2020. For

these reasons, biodiesel production in the EU peeted to remain stagnant in coming

years.

Biodiesel is produced from a variety of renewaldeirses, mainly vegetable
oils, but also recycled frying oils and animal faources of vegetable oils vary
worldwide due to geographical and climate reasdhsis, rapeseed oil is the primary
biodiesel feedstock in the EU, followed by soybesln palm oil and sunflower oill,
which are majority used in the Mediterranean coestrin the USA, Brazil and
Argentina, biodiesel is predominantly produced bybean oil, while in Southeast Asia,

palm oil and coconut oil are the primary sourcészet (FAO, 2012).
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Biodiesel can be produced by three different preegs reaction of the
triglycerides with an alcohol, using a base catalysaction of the triglycerides with an
alcohol, using a strong acid catalyst; or conversibthe triglycerides to fatty acids, and
a subsequent reaction of the fatty acids with @ohall using a strong acid catalyst.
Commonly, biodiesel is obtained using the baselhwadd transesterification of the oil
with alcohol. Methanol is currently the main alcbheed due to its lower cost, shorter
reaction times and easily and economically way @orécycled, compared to other

alcohols (FAO, 2012).

The transesterification reaction is shown in Fig@e During the process,
triglycerides from the oil, stimulated by the cstd) react with methanol to produce
methyls esters (biodiesel) and ethyl ester (glygerBtoichiometrically, 100 kg of
triglycerides react with 10 kg of alcohol, in theegence of a base catalyst, to produce
100 kg of biodiesel and 10 kg of glycerin (Van Garp2005). Usually, the alkaline
catalyst is sodium or potassium hydroxide, and &m@tio 3:1 of alcohol to oil is
required for the reaction. However, most biodidaellities use a 6:1 molar ratio, which
is an excess of 100% of alcohol, to complete tlaetren more rapidly. The excess
alcohol (up to 80%) remains in the glycerin layéierathe reaction, and can be later

recovered for reuse (Quispe et al., 2013).
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Figure 2. Transesterification reaction for biodiesel prodtrct
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| (Catalyst)
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| || |
CH,-0-C-R; CH;-0-C-R;
triglyceride methanol mixture of fatty esters glycerol

3. GLYCERIN COMPOSITION

Glycerin, also known as glycerol, is an alcoholried by three-carbon chain
with a hydroxyl group attached to each carbon.h@ European Union, glycerol is
registered as feed additive E 422 (Anonymus, 199Bysically, pure glycerin is a clear,
colourless, odourless, hygroscopic, viscous liguwith sweet taste. However, crude
glycerin from biodiesel production generally contaiglycerol and impurities such as
ash, free fatty acids, and methanol in variablentjtias (Swiatkiewicz and Koreleski,

2009).

Thomson and He (2006) analyzed the chemical comipoesand nutritional
value of crude glycerin obtained from different g&ble oil sources and recycled
cooking oils, using the same operating conditioms without further refinement. The
results showed little variation between crude glyceamples derived from neat oils,
but glycerin obtained from waste oils had considigrdower glycerol and higher fat
and ash content (Table 2). Hansen et al. (200%actexized crude glycerin samples
from different biodiesel plants in Australia. Inntoast with the findings of Thompson

and He (2006), the data obtained showed a largaticar in the elements measured,
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probably due to the different manufacturing proesssgsed in the different biodiesel
facilities. For example, pH varied between 2 and,18lycerol content ranged from 38
to 96%, and some samples contained up to 29% a$li4% methanol. Thus, crude
glycerin composition is determined by the feedstaded, the production process
involved, the recovery efficiency of the biodieseld whether methanol and catalysts

are recovered (Yang et al., 2012).

Table 2. Nutrient analyses for crude glycerin samples (Tpsom and He, 2006).

:\(/]: ﬁggg I;Aics?;rl(;j Rapeseed Canola Soybean Crambe:g(%?etlﬁle
Fat (%) 2.03 111 9.74 13.10 7.98 8.08 60.10
Carbohydrates (%) 82.80 83.80 75.50 75.20 .20/6  78.60 26.90
Protein (%) 0.14 0.18 0.07 0.06 0%0. 0.44 0.23
Calories (MJ/kg) 14.60 14.50 16.30 17.50 .805 16.30 27.20
Ash (%) 2.80 1.90 0.70 0.65 2.73 0.25 5.50

The methanol content in the crude glycerin mustnomitorized because of its
toxicity, especially with the expectation to beluded into the animal diet. Methanol
toxic effect is due to its metabolite, formate, @idisrupts mitochondrial electron
transport and energy production (Treichel et &03). Dorman et al. (1993) observed
mild CNS depression, tremors, ataxia, and recumbenminipigs with acute methanol
intoxication. Thus, the USDA Food and Drug Admirasibn decided to limit methanol
content at 0.15% in the crude glycerin as feedadignt (USDA-FDA, 2006), while
German regulations allow up to 0.2% methanol (DRG12). Methanol has a boiling
point of 64.5°C; consequently, residual methandll e evaporated during processing
(pelleting) of feeds. Thus, Schroder and Studekud®9g) found no negative effects on
rumen fermentation or energy retention by usinglerglycerin that contained 26.7%
methanol in a pelleted concentrate for ruminantswéler, methanol vapours can pose

a hazard in the feed mill.
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In addition, sodium and potassium salts are comynoséd as catalysts in the
transesterification and trace amounts of them awved in the crude glycerin. For this
reason, it is also important to consider the candémineral salts in the crude glycerin
for diet formulation, in order to meet the recomui&ions and maintain the electrolyte

balance.

4. USE OF CRUDE GLYCERIN AS ANIMAL FEEDSTUFF

4.1. Glycerol metabolism

Glycerol is a sugar alcohol that exists naturallyaod and living tissues. It is an
essential structural component of triacylgliceride®l phospholipids, thus it plays an
important role in energy metabolism. Glycerol igunally produced in the body and
appears in and around all cells in low concentrati¢<0.1 mmol/L) (Robergs and
Griffin, 1998). Normally glycerol is made availalbiem lipolysis in adipose tissues,
from hydrolysis of the triglycerides in blood lipmpeins, and, to a minor extent, from
dietary fat (Lin, 1977). Dietary triglycerides drgdrolyzed by pancreatic lipase to form
free fatty acids and glycerol (Berg et al., 200R)e resulting glycerol, as hydrophilic
solute, is believed to be absorbed mainly by pdltdae passive diffusion, but there is
also evidence for the presence of a Na[+]-depencmier-mediated transport system
for glycerol in the rat small intestine (Kato et, &004). Glycerol also can be absorbed
by the stomach, but at a rate that is slower thet of the intestine (Lin, 1977).
Experiments on rats revealed that the rate of gbyadbsorption by the intestine range
from 70-89% (Hober and Hober, 1937). In laying hethe intestinal absorption of

glycerol has been shown to be more than 97% (Bamel Schneider, 2002).

The metabolism of glycerol is closely associatethwhat of carbohydrates.

Since glycerol is a three carbon alcohol, it is abetized quite readily into
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glyceraldehyde 3-phosphate, a key component imigiabolism of glucose for energy
generation (Lin, 1977; Tao et al., 1983; Brissoalet2001). Once glycerol is absorbed,
it can either form glucose via gluconeogenesiseooxidized for energy production via
the tricarboxylic acid (TCA) cycle (Tao et al., B®8by the shuttling of protons and
electrons between the cytosol and mitochondria otieghiin Figure 3 (Robergs and
Griffin, 1998). When oxidized as an energy subsiratycerol is converted to carbon
dioxide and water, yielding 22 moles of ATP/mol.

Figure 3. Biochemical reactions involved in glycerol syntisesand metabolic

conversation to glycerol-3-phosphate, phosphatidatktriacylglycerol.
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DHA= dihydroxyacetone; DHA-P = dihydroxyacetone ppbate; FAD+ = oxidised from flavin
adenine dinucleotide; FADH = reduced from of flagihenine dinucleotide; FFA = free fatty
acid; GHD = glycerol dehydrogenase; GK = glycelioblse; GLUT4 = glucose transport protein;
GPD = glycerol phosphate dehydrogenase; L = lipd#d)+ = oxidised from of nicotinamide
adenine dincleotide; NADH = reduced from of nicatimde adenine dinucleotide.

On the other hand, glycerol can serve as a glupossursor to provide energy
for cellular metabolism. The amount of glucose oarlarising from glycerol depends
upon metabolic state and level of glycerol consuomp{Lin, 1977; Baba et al., 1995).
The liver is the principal responsible for this @ess, accounting for at least three
fourths of the total body capacity (Krebs et a@68). The kidney cortex can also form

glucose from glycerol and this organ accounts umrie fifth of the total glycerol-
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utilizing capacity of the body (Krebs and Lund, &960ther organs and tissues like
brain, intestine, muscle, leukocytes, lungs andrrspbzoa have shown to utilize
glycerol at lower rates (Lin et al., 1977). Additally, several studies have shown the
beneficial effects of glycerol on amino acid orrogfen retention in rats (Chan et al.,
1981) and humans (Brennan et al., 1975). Glycesrahiinhibitor of important enzymes
like phosphoenolpyruvate carboxykinase (Cryer arattl®y, 1973) and glutamate
deshydrogenase (Steele et al., 1971), which takeinp#he gluconeogenic amino acid
pathway. Thus, glycerol avoids the conversion ofnaracids into glucose through

gluconeogenesis, and can prevent protein catabolism

Glycerol is highly gluconeogenic and some studiagehrevealed a complete
metabolization of all dietary glycerin. Chambersl deuel (1925) recovered, as extra
glucose in the urine, practically all of an 8.5 @gd glycerol administered to two dogs
poisoned with phloridzin to block renal sugar reapson. Mourot et al. (1994) found
no differences in plasma glycerol concentrationenvidietary levels of 5% glycerol
were fed to pigs. However, others have found tingt dietary glycerol is related with
increased serum glycerol concentration. In an exyst with rats fed diets containing
a high level of glycerol (53.4% wi/w), serum glydesmncentrations were elevated
when compared to controls (0.26-M2 0.07-0.12 mg/ml) (Cryer and Bartley, 1973).
Hansen et al. (2009) also observed that increasinge glycerin from 4 to 16% in pig
diets increased linearly serum glycerol levelshe end of their trial, but not in the
beginning. This difference in plasma glycerol levélas been related with glycerol
kinase, a key liver enzyme in glycerol metabol@ati which catalyzes the
phosphorilation of glycerol to glycerol-3-phosph&t&ernon and Walker, 1970). This
enzyme might be saturated when increasing levedgyogrin are fed or there is a long-

term feeding program. Nevertheless, Papadomiclettkal. (2012) found that glycerol
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kinase mRNA expression in liver of post-weaned pigseased linearly when the
glycerin increased from 0 to 15% in the diet. Ireeent study, Bernardino et al. (2014)
also found no evidence of saturation of the glyckmmase activity when feeding up to

7% crude glycerin to broilers.

When gluconeogenic capacity of the liver is excededke excess of glycerol
accumulates in blood and is most likely excretead wiine (Kijora et al., 1995). These
authors reported that increasing levels of dietgiggcerin induced greater glycerol
concentration in blood and uringoreover, glycerin can have a diuretic effect. das
digestibility studies have found greater urine otignd urinary energy excretion in pigs
fed high levels of glycerin than in pigs fed cohtdiets (Lammers et al., 2008c;
Mendoza et al., 2010). Those authors added 20 @%dd@ycerin to diet, respectively,
which may have been above the upper limit for giycenetabolism and could explain
the increased energy excretion in the urine. Adddlly, various authors have
demonstrated feeding glycerin leads to increase@m@nsumption (Johnson et al.,
1933; Cryer and Bartley, 1973). As glycerol stiniesawater intake, crude glycerin
would be an effective hydrating agent and help owprheat stress tolerance, especially
for lactating sows. Additionally, increasing waiatake would supply the mammary

gland with the water necessary for milk synthesis.
4.1.1. Glycerol metabolism in ruminants

In ruminants, dietary carbohydrates are mainly &artad to short-chain volatile
fatty acids in the rumen and often less than 10%hefglucose requirement is absorbed
from the ruminant digestive tract (Young, 1977)ushgluconeogenesis must provide
up to 90% of the necessary glucose in ruminantschvaf the carbon used to support
ruminant gluconeogenesis is derived from eithepiomate (40 to 70%) or glucogenic

amino acids (Bergman, 1973). However, supply ofinampropionate as substrate for
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gluconeogenesis may not be sufficient when rum@are in undernutrition or a
situation of high-energy demand. Then, up to 23%hefglucose may be synthesized
from liberated glycerol from the adipose tissue r(Bean et al., 1968; Weekes and
Webster, 1975). Along with glycerol, a larger amioohfatty acids is released into the
circulation, which may give rise to an increasete raf ketone body formation and
consequently ketosis. For many years, this metaldiBorder has been effectively
treated with drenching of propylene glycol and gyt (Johnson, 1951, 1954; Goff and

Horst, 2001).

The fate of glycerol entering the rumen is not yfulinderstood. Glycerol
disappears rapidly from the rumen either by miabbdigestion, absorption or outflow
through the omasal orifice. An in vitro study whel® to 25% glycerol was added
showed that most glycerol disappeared within 6 ér¢Ber et al., 1995). Kijora et al.
(1998) used glycerol-adapted steers and obsenaddttie rate of disappearance was
more rapid, 85% of glycerol disappeared within aflFadministration, suggesting that
microorganisms adapt to glycerol feeding. In thisdg, elevated serum glycerol was
found but only small amounts of glycerol could betedted in the duodenal digesta.
More recently, Krehbiel (2008) indicated values4d®o fermentation, 43% absorption

and 13% passage.

Glycerin that is directly absorbed from the rumestsaas a precursor for
gluconeogenesis in the liver (Remond et al., 1998hbiel, 2008), while the remaining
part is fermented by ruminal microbes into volafddty acids. Some early reports of
glycerol fermentation indicated that glycerol isnabkt entirely fermented to propionate
(Johns et al., 1953; Garton et al., 1961) whileethreported increased acetic and
propionic acids (Wright, 1969). However, later sésdndicated increased propionate at

the expense of acetate, but also greater butyrateluption (Czerkawski and
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Breckenridge, 1972; Remond et al., 1993; DeFraial¢t2004; Trabue et al., 2007;
Ferraro et al., 2009). For example, Schroder y Riie(1999) used cannulated steers
to evaluate ruminal effects of feeding glycerina(@l 15%). They observed pronounced
postprandial decline in pH when diets containedcely, indicating ruminal
degradation of glycerol was rapid. Feeding glycelioh not affect nutrient digestibility,
but decreased the acetate:propionate ratio andased butyric acid and water intake.
As indicated by Hippen et al. (2008), these changayg be beneficial for dairy cows
because ruminal increment of propionate would meee the supply of this
gluconeogenic substrate to the liver and butyrid @covides energy requirements for

growth of ruminal epithelium.

Glycerin in the diet also might affect other aspeaft ruminal fermentation. For
example, glycerol can negatively affect cellulatyéictivity in the rumen (Roger et al.,
1992; Parsons et al., 2009). Likewise, reductionsroteolytic activity, bacterial protein
synthesis or branched chain volatile fatty acidsdpction have been observed after

glycerin administration (Kijora et al., 1998; Paggial., 1999).
4.2. Caloric value of crude glycerin

Several studies have evaluated the energy conteglyoerin for pigs and
poultry. Pure glycerin contains approximately 4,1@al of gross energy (GE) per kg
(Brambila and Hill, 1966). However, crude glycecan range from 3,000 to 6,000 kcal
GE/kg (Lammers et al.,, 2008a, 2008c; Kerr et al0® Jung and Batal, 2011),
depending upon the different composition of the @as Various experiments
evaluating glycerin have assumed the metabolizabé&rgy (ME) to be approximately
95% of its GE in dietary formulation (Brambila aHdl, 1966; Lin et al., 1977; Cerrate

et al., 2006; Dozier et al., 2011).
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Bartlet and Schneider (2002) reported ME valuesefihed glycerin in swine
diets and showed that the ME value of glycerin éased as the level of dietary
glycerin fed to 35-kg barrows increased (4,18039,4nd 2,256 kcal ME/kg for 5, 10
and 15% dietary glycerin, respectively). Lammersaét (2008c) examined crude
glycerin (86.95% glycerol) fed to starter and fimigy pigs, which shown to have a ME
of 3,207 kcal/kg. This value, when placed on anedent glycerol basis, is marginally
greater than the one determined by Bartlet and &dén (2002) for pure glycerin
(3,688 vs. 3,439 kcal ME/kg), but similar to the 3,656 kcaEMg as reported by
Mendoza et al. (2010) when using a 30% inclusieellef glycerin. In the experiment
with starter pigs (11 kg initial BW), Lammers et €008c) observed that the ME of
crude glycerin declined with increasing levels apglementation, particularly when
starter pigs were fed with a diet containing 20%4cgtin. In contrast, ME determination
in finishing pigs was not affected when level ofide glycerin increased. In a recent
study, Kovéacs et al. (2011) obtained a ME value,@fl8 kcal/kg for crude glycerin
(86.76% glycerol content) added to the diet of gngwpigs (25 to 85 kg BW). Results
from their experiment showed that ME of glycerid diot decline when the application

rate raised from 5% to 10%.

In the study of Kovacs et al. (2011), the ratidb#:GE for crude glycerin was
90.3%, which is slightly lower than the values neéed by Lammers et al. (2008c) and
Kerr et al. (2009) (92 and 96.6%, respectively)e3é high values of DE:GE indicate
that glycerin is well digested. Supporting thisret and Schneider (2002) previously
found that the ileal digestibility of pure glycerimas higher than 97%, even at an
application level of 15%. Additionally, the ME cemt of the diet expressed as a
percentage of the DE content indicates how wellggnés utilized once digested. The

ratio of ME:DE for crude glycerin obtained by Lamset al. (2008c) and Kovacs et al.
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(2011) were 96 and 97.5%, respectively. When coethdo corn and soybean oil,
ingredients used to provide energy in pig diete, ME:DE ratio for crude glycerin is
very similar to the ratio ME:DE for soybean oil 8 and corn (97%) (NRC, 1998).
Those findings support the assertion that crudeegiy is well utilized by the pig as a

source of energy.

The energy value of crude glycerin in poultry hso deen recently evaluated.
The ME content for pure glycerin was 3,929 and 3,88al/kg for laying hens and
broilers, respectively (Bartelt and Schneider, 20@&rrate et al. (2006) reported an
energy value of 3,527 kcal ME/kg for crude glyceannbroilers, calculated as 98% of
the analyzed GE content. Crude glycerin from biseligproduction, containing 86.95%
glycerol, was evaluated by Lammers et al. (2008&)gulaying hens and Dozier et al.
(2011) using broilers. The ME of glycerin obtainedaying hens was 3,805 kcal/kg,
being not very different from its GE value. Whenetmined in broilers, it was 3,434
kcal ME/kg. These results indicate that the enanggrude glycerin is used efficiently

by poultry.

Schroder and Sudekum (1999) explored the poteatiarude glycerin to be
included in ruminant diets. Wethers were fed 40¥%ade, 50% concentrate (low or
high-starch) and 10% crude glycerin of differentifyu In addition, the glycerin of the
highest purity (100% glycerol) was included in diebntaining 40% forage and 5, 10,
15 or 20% glycerin. Concentrations of net energyldotation (NE) were higher when
glycerin was fed with the low-starch concentrat81Z kcal NE/kg). When fed with a
low-starch concentrate, pure glycerin at dietagjusion levels up to 20% had either no
effect or positive effects on nutrient digestilbdg. When included in diets containing
high-starch concentrates, glycerin had markedlyeloWE_ concentrations (1,982 Kcal

NE,/kg) and reduced cell-wall digestibilities were fou Therefore, the economic value
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of energy from glycerin is equal to or even gredan that of corn grain (1,980 kcal

NE,/kg; FEDNA, 2010)
4.3. Crude glycerin and feed manufacturing

When a new ingredient is considered to be incluitethe animal diet, it is
important to evaluate its impact on feed processifiigiency. For example, hard-to-
handle ingredients might entail additional costdainour and equipments, countering
the benefits of utilizing a cheap feedstock. Thhs, study of the physical properties of
the new ingredient, which will determine its flowhaviour, is essential to establish the

storage and handling requirements, especially dfvgeedients.

Crude glycerin is a viscous liquid with limited Woproperties that may difficult
storage and handling operations, especially with temperatures because tends to
thicken and form crystals (Pagliaro and Rossi, 200Begarding to storage
requirements, Mader (2011) studied the conductrodle glycerin stored and handled
under common feed mill storage operations. Bothmotes metal and stainless steel
deposits, showed any evidence of corrosion afterrhenths containing crude glycerin,
which indicates they are suitable for a short-tatorage of this product. In addition,
mix the crude glycerin before using must be tak#a account due to its predisposition

to separate into layers in the tank (Crawshaw, 2001

The use of crude glycerin in diets may improve feedure and palatability, in
addition of reducing dust and fines. Moreover, ghyt can contribute to maintain the
hygienic quality of pelleted concentrates durinyaje, possibly due to the hygroscopic
properties of glycerol (Schréder and Siddekum, 19%8se authors also observed a
positive effect of glycerin on pellet hardness withlusion level of 10%. Groesbeck et

al. (2008) reported glycerin addition up to 12%hweitt affecting pellet quality. In this
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study, increasing levels of crude glycerin (3, 6,12 and 15%) were added prior
pelleting to a corn-soybean meal diet. Pellet mactufing process was enhanced by
decreasing production efficiency (kWh/t), which Weuwesult in energy savings and
potential cost reductions at the feed mill. Addiadly, pellet durability index (PDI)
increased up to 9% added crude glycerin. Pelledhility index was developed as a
predictor of pellet fines produced during mechanitandling. Greater PDI can be
related to lower feed wastage and reduced seledéeding, which improves the
efficiency of feed utilization in pigs (Behnke, 200 Shields et al. (2009) observed
similar results when glycerin (2.5 and 5%) was adienursery and finishing pig diets.
In this study, crude glycerin improved pellet nafficiency and PDI, as well as pellet
mill flow of mash feed. However, mash diets contagnmore than 8% crude glycerin
formed a firm aggregate within 24 h after mixingdatompromised diet uniformity
(Hansen et al., 2009). Thus, pelleting seems tthbemost appropriate process when

crude glycerin is included as feed ingredient.

4.4. Effects of crude glycerin addition on performace and animal

products

During recent years there has been increasingesttén using crude glycerin
due to its potential to reduce feeding costs. Cglgeerin is an attractive energy source
for animal feed because of its similar energy vatueomparison with commonly used
feed ingredients such as corn. Dairy cows have lieemmain consumers of glycerin
historically. However, the use of this byproductations for nonruminant animals has

been growing in recent years.
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4.4.1. Swine

Few studies from middle 1990s appeared in thealiiee detailing the role of
glycerin as feed ingredient for pigs. However, witie recent and marked increase in
global biodiesel production and the abundance péagin, new approaches are being

investigated for the use of glycerin in pig diets.
4.4.1.1. Growth performance, carcass composition and meat quality

Mourot et al. (1994) indicated that growth perfonoa of pigs from 35 to 102
kg was not affected by the addition of 5% glycddra wheat-soybean meal-based diet.
They reported reduced 24-h drip and cooking logsé®sngissmus dorsi muscle (LM)
and Semimembranosus muscles in pigs fed 5% added glycerin, suggeshagglycerin
could increase water holding capacity of the mussdie addition, pigs fed 5% glycerin
had increased oleic acid and decreased linoleicliaotenic acid in backfat, which

resulted in a decline in the PUFA:MUFA ratio in kfat.

German researchers (Kijora et al.,, 1995, 1997; rKijand Kupsch, 1996)
suggested that up to 10% crude glycerin can betdegigs with little effect on pig
performance. Kijora et al. (1995) conducted two eskpents to test glycerin as a
component in barley-soybean meal-based diets afiggefinishing pigs. In their first
experiment, pigs fed diets containing 5 and 10%ayin had increased feed intake (FI)
and daily weight gain compared with controls, sstigg that the sweet taste and the
better feed structure of diets with glycerin migjet the reason for a higher feed intake.
Similar results were obtained in a subsequent wian fed growing-finishing pigs a
diet containing 0%, 5% or 10% of pure or crude ghyt (Kijora and Kupsch, 1996). In
the second experiment the effect of 5, 10, 20 &% Biclusion levels of glycerin was
tested, with no significant improvement in performo@. However, adding 30% glycerin

to the diet impaired feed:.conversion ratio. Kijataal. (1995) and Kijora and Kupsch
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(1996) reported no consistent effect of 5 or 10Uderglycerin addition to the diet on
carcass composition or meat quality, even thougly ttound a tendency toward a
reduction in drip and press water loss in loin chdgijora and Kupsch, 1996).
However, in an additional study, pigs fed 10% crgigcerin showed a significant

reduction in linoleic acid (Kijora et al., 1997).

More recently, Della Casa et al. (2008) observeceffect on pig performance
when feeding pigs from 43 to 160 kg with diet camtay 5% pure glycerin in
substitution of corn. However, pigs fed 10% glyondnad reduced growth rate and feed
efficiency compared to pigs fed the control or 5Btcgrin supplemented diets. Dietary

glycerin affected neither meat or fat quality, sensory characteristics of LM.

Lammers et al. (2008b) fed pigs (8 to 133 kg BWj)hwiorn-soybean meal-
based diets containing 0, 5, or 10% crude glyc8®h51% glycerol) and reported no
effect of dietary treatment on ADG or G:F at anyagd of production. Carcass
composition, meat quality and sensory attributeseweot affected, although loin
ultimate pH was slightly increased in pigs fed @wglycerin compared with pigs fed
control diets. Moreover, fatty acid profile of th@n from pigs fed 10% crude glycerin
had less linoleic acid and more eicosapentaenadt &t addition, blood metabolites

were not affected by diet or sex.

Some studies have used higher inclusion levelgwdecglycerin and found no
detrimental effects on pig production. For examplansen et al. (2009) fed up to 16%
crude glycerin to pigs from 51 to 105 kg pigs with effects on growth performance or
meat quality. However, these authors did not receminusing levels above 8%
glycerin in mash diets because they tended to farfinm aggregate within 24 h of

mixing, presenting some feeding difficulties. Mendcet al. (2010) fed heavy pigs (93
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to 120 kg) up to 15% refined glycerin in corn-baskets and reported no effect on

growth performance, carcass characteristics, ot mesity.

Schieck et al. (2010b) performed a study to testetffects of long- and short-
term feeding of crude glycerin on growth performgncarcass traits, and pork quality
of growing-finish pigs. They fed pigs either comtoorn-soybean meal-based diet (16
weeks, 31 to 128 kg), 8% crude glycerin during list 8 weeks (45 to 128 kg) or 8%
crude glycerin for the entire 16 week period (31128 kg). Feeding crude glycerin
during the last 8 weeks before slaughter enhand@@ And ADFI compared to control
group, and improved carcass and belly firmness.georterm feeding (16 weeks)
resulted in a slight improvement in growth rate amdsmall depression in feed

efficiency, while carcass composition and pork gualere not affected.

In summary, although contradictions exist in theréture in regard to the
potential benefits of adding glycerin to pig diats, negative effects on performance or
pork quality have been reported as a result ofudtiolg crude glycerin in moderate

levels (5-10%).
4.4.1.2. Nursery pigs

Crude glycerin is a valuable energy source for gigglbecause it is easily
digested and metabolized (Kerr et al., 2009). Meeepits sweet taste could increase
the palatability of the feed when fed to nursergsp(Wapnir et al., 1996). Various
studies have evaluated the inclusion of crude giycen diets for nursery pigs.
Lammers et al. (2008b) reported no differencesighpgerformance between weaning
and slaughter (8 to 133 kg BW) when 10% crude gigceas included in the diet. In
contrast, Groesbeck et al. (2008) fed glycerin,&,@&nd 6% to nursery pigs (11 to 27
kg BW) and observed a linear improvement in ADGa assult of increased feed intake

of diets containing crude glycerin. Similar resuitsve been observed by Zijlstra et al.
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(2009) when feeding 0, 4, and 8% crude glyceriwineat-based diets. Piglets fed 8%
glycerin had greater ADG than pigs fed diet withglgcerin. Thus, crude glycerin
could be included in substitution of cereals toseuy pig diets without compromising

the growth performance of nursery pigs.

More recently, Shields et al. (2011) studied thelusion of crude glycerin in
nursery pig diets as a partial replacement foroket Their results exhibit that crude
glycerin supplementation at 10% enhanced growtfopaance. Oliveira et al. (2014)
substituted sweet milk whey with crude glycerinrfaand 18% without affecting ileal
digestibility or plasma metabolites. However, unnalycerol increased when high
levels of crude glycerin were used, suggestingsttaration of the metabolic pathways

of glycerol utilization.
4.4.1.3. Sows

Only one study has been reported relative to fepedinde glycerin to lactating
sows. Schieck et al. (2010a) evaluated the effediaetary crude glycerin in lactating
sow diets on sow and litter performance under lsdass conditions. Treatments
consisted on corn-soybean meal-based diet with ®aBd 9% crude glycerin. Sow and
litter performance were similar for control and ggyin added diets, although sows fed

6% crude glycerin had lower ADFI and BW gain offdrt.

On the other hand, it is assumed that glycerol c@yribute to increase milk
production of sows (Doppenberg and Van der Aar,720Blowever, this assumption
was not confirmed by Schieck et al. (2010a), prtpdbe to the decrease in number of
pigs weaned per litter with increasing glycerin,isthmay reduced the number of
functional glands and consequently, milk yield. Blietkeless, increased dietary crude
glycerin increased lactose concentration in thek.mdlood glucose is the primary

precursor for lactose synthesis in milk (Boyd ef #D95). In lactating sows, plasma
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glycerol concentrations linearly increased withogiyn supplementation up to 9%, but
no effect on blood glucose was found (Schieck gt26110a). This suggests that that
sows metabolize a portion of the excess plasmaghyto glucose via gluconeogenesis,

which was ultimately used in production of lactbgethe mammary gland.
4.4.2. Poultry

Several studies have determined that glycerin @caeptable feed ingredient for
poultry diets. The addition of glycerin up to 10%tlee diet had no adverse effects on
growth performance or carcass yield in broilersn@i et al., 1996, 1997; Cerrate et al.,
2006; Min et al., 2008; Mandalawi et al., 2014). igtover, broilers fed 2.5 to 5%
glycerin showed improved feed conversion (Cerratal.e 2006; McLea et al., 2011)
and breast yield (Cerrate et al., 2006). Howevergasing dietary glycerin above 10%
negatively affected performance and chickens h€8ltlon et al., 1996). Cerrate et al.
(2006) also observed reduced performance whenrigetd% glycerin, although this
was probably related to problems with feed flow.rMaecently, Kim et al. (2013)
reported increased total apparent tract digegtibdi GE and DM when broilers were

fed a diet with 5% crude glycerin supplementation.

In an experiment evaluating AMEn value of crudecghn in laying hens,
Lammers et al. (2008a) observed no impact on eggluation during the 8-day
experiment. Swiatkiewicz and Koreleski (2009) destmated that 6% crude glycerin
could be fed to laying hens without any detrimermtiéct on nutrient retention, egg
production and egg quality. The inclusion of crgtieerin at the level of 5 and 7.5% in
diets increased egg yolk cholesterol content acdedsed the ratio MUFA:SFA (Yalgin

et al., 2010).
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4.4.3. Ruminants

The use of glycerol in the treatment of ketosis weysorted as early as the
1950s. Glycerol was used to treat ketosis in deows via drenching orally, feeding
with concentrates, or both, with a relatively ladgse (Johnson, 1951, 1954; Fisher et
al., 1973); but at that time, the use of glyceralsveconomically unfeasible due to its
high cost. More recently, surplus production of dauglycerin from biodiesel
production has generated renewed interest in tioy sif glycerin as a preventative aid
for metabolic problems associated with transitioows. Goff and Horst (2001)
administered 1, 2 or 3 L of glycerol via an esosgump and found an increase in
plasma glucose by 16, 20 and 25% over pretreatusdunes, respectively. DeFrain et al.
(2004) evaluated glycerol (430 and 860 g/d) topsskd in the diet of transition cows.
They observed greater total VFA, greater molar propns of propionate and
decreased acetate:propionate ratio, but no difte®im glucose plasma concentrations
of glycerin-fed cows compared to controls. Thesadifigs suggest that glycerin
administered by feeding is predominantly used a®rmergy substrate by the rumen

microorganisms instead of entering the gluconeageathway.

More recently, Chung et al. (2007) fed 162.5 g/djlgterol in a dry product to
transition cows without observing effects on feethke, milk yield and components,
blood metabolites or serum composition, althougtk mroduction tended to increase
three weeks after cessation of feeding, which sstgge potential benefit of dry glycerin
on energy status and subsequent milk productioevi®usly, Bodarski et al. (2005)
found an increase in milk yield and milk proteinntent when feeding 300 mi/d
glycerin from 3 weeks prior to calving to 10 weekfter calving. Recent studies

indicated that glycerin can replace corn grain ietdfor lactating dairy cows to as
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much as 15% of the ration DM without deleterioute@ts on milk production or

composition (Donkin et al., 2009).

During recent years, the use of glycerin in feediets has also been evaluated
in several studies with cattle and lambs. Normatlgreasing levels of glycerin in the
diets caused a linear decrease in DMI (Musselmaal. e2008; Parsons et al., 2009;
Gunn et al., 2010). However, positive effects oilydgains and feed efficiency have
been reported when dietary glycerin was includetksd than 10% DM of finishing
heifer and steer diets (Pyatt et al., 2007; Parstias., 2009). Mach et al. (2009) found
no detrimental effect on intake and performance bekf cattle fed concentrate
containing up to 12% of DM crude glycerin. Likewigartai et al. (2013) reported any
effect on growth performance, blood, and rumen bwdies of finishing bulls fed 10%
of DM crude glycerin in replacement of barley m&8die replacement of 7.5% of alfalfa
hay with glycerin in growing steers diets showedhdiieial effects in performance

(Hales et al., 2013).

Slaughter characteristics, carcass compositionraedt quality have not been
affected by the inclusion of low to moderate condions of crude glycerin (Mach et
al., 2009; Bartn et al., 2013). However, glycerin levels above 1@82®M decreased
LM area and marbling scores (Parsons et al., 20R&ently, Eiras et al. (2014) and
Carvahlo et al. (2014) have demonstrated that eN@tsup to 18% glycerin can be fed
to finishing bulls with no effect on carcass chéedastics and meat quality. However,
they found dietary glycerin decreased saturatedty fatcids and increased
monounsaturated and polyunsaturated fatty acitdidlipwhich have been also observed
by Egea et al. (2014), with lower inclusion levésand 4% glycerin). Additionally,

glycerin might attenuate the effects of long dis&aitransportation by maintaining body
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water, decreasing the energy deficit, and sparingahe protein degradation (Parker et

al., 2007).

Musselman et al. (2008) reported negative effeatgmmwth and intake when
high levels of crude glycerin (30-45% of DM) wa<luded to the diet of finishing
lambs from 33 to 55 kg BW. However, the inclusidngbycerin up to 15% of dry
matter during the first 14 d of the feeding perimdproved feedlot performance
variables and had no effects on carcass charaateri&unn et al., 2010). In light lambs
(25 kg of BW at sacrifice), glycerin can be inclddap to 10% without adversely

affecting feed intake, blood metabolites and meatposition (Terré et al., 2011).

There is little information available on feedingyggrin to sheep and goats.
Meale et al. (2013) substituted wheat grain witlderglycerin at 12% DM in the diet of
Merino ewes and no effects on feed intake, BW, aolwyield and production
characteristics were detected. Regarding to ggatserin levels up to 20% DM could

be efficiently utilized for this animals (Chanjwdaal., 2014).
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Justification and Objectives

The main objective of this PhD thesis was to ewualube inclusion of crude
glycerin from biodiesel production as a feed inggad in different phases of pig
production. With this purpose, specific objectivhave been proposed in three

experimental chapters that comprise this thesis:

e Chapter 1:

1. To determine the effect of crude glycerin on pgtletduction efficiency.

2. To evaluate the effect of crude glycerin on growtrformance, plasma
metabolites, nutrient digestibility, and retentiargrowing-finishing pigs.

e Chapter 2:

3. To study the effect of dietary crude glycerin andnder on the
performance, digestibility and blood hormone levelslberian crossbred
pigs.

e Chapter 3:

4. To evaluate the effect of dietary crude glycerin sow and litter
performance.

5. To determine the plasmatic levels of hormones edlato energy
metabolism and feed intake in pregnant and lagatows fed crude

glycerin.

57






CHAPTER 1

Effect of crude glycerin on feed manufacturing, growth
performance, plasma metabolites and nutrient digestibility of

growing-finishing pigs






Chapter 1

ABSTRACT

Three experiments were conducted to determineftaete of dietary addition of
crude glycerin on pellet production efficiency atad evaluate its effect on growth
performance and digestibility in growing-finishipggs. Three dietary treatments were
created by addition of 0, 2.5 or 5% crude glyceoirbarley-soybean meal-based diets,
and four batches of each dietary treatment (twd éarcgrower and finisher diets) were
prepared. In the manufacturing process, crude glyceupplementation linearly
increased the feeder speed and production rate Q®%), resulting in a 20 to 29%
improvement in the feed production rate compareth whe control. Production
efficiency (kg/kWh) increased linearly (P < 0.0%) tae level of crude glycerin in feed
increased. A growth experiment was performed w4l Barrows (3Gt 1 kg initial
BW) using a 2-phase feeding program over a 12-wiogewith 4 pens per treatment
and 20 pigs per pen. On the last day of the graxeriment, blood samples were
collected to determine circulating glucose, fruatogmne and IGF-1 concentrations.
Overall growth performance was not affected (PG5Pby dietary treatment, and there
was no effect (P > 0.05) of dietary treatment oy plasma metabolite measured. A
digestibility experiment involving nine male pigeused in metabolic cages was used to
determine the coefficients of apparent fecal digdsgy and N and mineral balances.
Pigs were assigned to one of the three diets ih &sading period using a*8 3 Latin
square arrangement of treatments (43 £ 3 and 74&g:i8itial BW in the growing and
finishing periods, respectively). In both feedingripds, fecal digestibility of OM and
ether extract were affected by dietary treatmemtreiasing linearly (P < 0.05) with
increasing crude glycerin levels. However, neit@ér digestibility nor N retention was
affected by the glycerin content in either for tlgeowing or finishing period.

Digestibilities and balance of Ca and P showed sppdendencies with the variations
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in crude glycerin content, which either decreasemareased depending on the feeding
period. In conclusion, adding crude glycerin to thet before pelleting improved feed
mill production efficiency. The addition of cruddygerin up to 5% in the diet of

growing-finishing pigs had no effect on growth erhance, blood metabolites,
nutrient digestibility and N balance, but more stsdare needed to determine how

crude glycerin affects mineral metabolism and bagan
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INTRODUCTION

Worldwide production of biodiesel has increasedsaberably in recent years,
and biodiesel is a clean-burning alternative fueldpced from renewable resources
such as vegetable oils, animal fats, and used ogakils. In the past decade, biodiesel
production has grown exponentially from 500,00® tmillion tonnes in the European
Union (EBB, 2010), which is the largest producer babdiesel in the world. The
European Directive 2009/28/EC states that biofsfleuld account for 20% of the
energy produced from renewable sources by 2020offean Union, 2009). The main
byproduct of the biodiesel industry is crude glyeenlso known as glycerol. As the
production of biodiesel grows, a considerable gtanaf crude glycerin will be
generated, representing approximately 10% by weigfhtthe biodiesel produced

(Thompson and He, 2006).

Several experiments were performed to test theisnmh of crude glycerin as an
energy source for replacing cereals in swine digtis variable results. Crude glycerin
generally contains glycerol, water, ash, FFA, andthanol in variable quantities
(Swiatkiewicz and Koreleski, 2009), which may affemimal performance. Several
authors have determined the energy values of cghaeerin (Lammers et al., 2008c;
Kerr et al., 2009; Mendoza et al., 2010) and ifeafon growth performance, carcass
composition, and meat quality (Mourot et al., 19Rdmmers et al., 2008b; Della Casa
et al., 2009). However, there is little informatiabout how crude glycerin affects feed
processing efficiency (Groesbeck et al., 2008; I8k8je2009) and, to our knowledge,
few or no data on its effect on the metabolism ahdalance in fattening pigs fed
barley-soybean meal-based diets. Therefore, thectgs of this research were to

determine the effect of crude glycerin on pellebduction efficiency, as well as to
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evaluate its effect on growth performance, plasnaabolites, nutrient digestibility,

and retention in growing-finishing pigs.
MATERIAL AND METHODS

All procedures involving animals were approved Img tMurcia University
Ethics Committee, and the animal care and expetah@nocedures used in this study
conform to national and European Union regulatiand guidelines (Spanish Royal

Decree RD 1201/2005 and EU Directive 86/609/CERadified by 2003/65/CE).
General Procedures and Experimental Diets

This research was performed to test the performanaglycerin on the feed
production efficiency in the feed mill (Exp. 1). F@ig performance, a growth
evaluation (Exp. 2) and a digestibility trial (Ex®) with growing-finishing pigs were

conducted in commercial and experimental conditioespectively.

Each experiment included three barley-soybean imesdd diets containing O,
2.5 and 5% crude glycerin (GO, G2.5, and G5, rdspmdy). Diets were formulated to
be isoenergetic and iso-AA for each feeding perigcbwing and finishing). Feed
formulation was based on ME and ileal digestible A#ccording to the
recommendations of Fundacion Espafiola para el Bxleade la Nutricion Animal
(FEDNA, 2006). The crude glycerin was included as@acement for corn. The energy
value of crude glycerin included in the feed foratidn matrix was based on FEDNA
(2010). The crude glycerin used in this study wiasioed from a biodiesel production
facility (Abengoa Bioenergia San Roque, Cadiz, 8pavhich used vegetal oils as
feedstock. All experiments used the same batchruafecglycerin. The composition of

the diets is shown in Table 3.
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Table 3.Ingredients and composition of diets (as-fed Basis

Growing Finishing
Crude glycerin, % Crude glycerin, %
ltem 0 25 5 0 2.5 5

Ingredient, %
30.88 30.88 30.53 38.59 38.14 37.46

Barley
Wheat 30.00  30.00  30.00 2500  25.00  25.00
Soybean meal (47% CP) 17.02 1744  18.16 1506 1559  16.17
Corn 1500 1250  10.00 1500 1250  10.00
Animal fat 3.70 3.59 3.51 3.04 3.13 3.23
Crude glycerih - 2.50 5.00 - 2.50 5.00
Calcium carbonate 1.16 1.15 1.15 131 1.55 1.54
L-Lysine 50 (50% Lys) 0.63 0.61 0.59 0.39 0.38 0.36
Monocalcium phosphate 0.46 0.46 0.46 0.49 0.49 0.49
Sodium bicarbonate 0.39 0.20 - 0.38 0.18 -
Sodium chloride 0.30 0.20 0.15 0.40 0.20 0.40
Vitamin-trace mineral premfx 0.30 0.30 0.30 0.30 0.30 0.30
L-threonine 0.09 0.09 0.09 0.02 0.02 0.02
DL-methionine 0.07 0.07 0.07 0.03 0.03 0.03
Calculated compositidn
ME, kcal/kg 3,250 3,250 3,250 3,225 3,231 3,231
lleal digestible Lys, % 0.95 0.95 0.95 0.79 0.79 0.79
Analyzed composition, %
DM 90.47 90.57 90.62 89.32 88.99 89.21
CP 15.62 15.86 16.01 14.74 14.99 14.90
Ca 0.65 0.66 0.68 0.80 0.83 0.82
P, total 0.54 0.49 0.47 0.48 0.46 0.46
Na 0.25 0.20 0.18 0.26 0.25 0.23
Lys 0.96 0.97 0.97 0.90 0.89 0.89
Met 0.30 0.32 0.32 0.31 0.31 0.32
Cys 0.28 0.24 0.26 0.23 0.21 0.24
Thr 0.65 0.64 0.63 0.59 0.63 0.65

TAnalyzed composition: glycerol, 87.42%; methanoD5%; moisture, 7.98%:; ash, 5.87%; Ca, 0.04%; P,96;(Na,
2.01%; ClI, 3.06%; and K, 0.05%.

%pProvided (per kilogram of complete diet): 8,000dtVitamin A; 1,100 IU of vitamin B 20 IU of vitamin E; 1 mg
of vitamin Kg; 1 mg of vitamin B; 3 mg of vitamin B; 1 mg of vitamin B; 0.015 mg of vitamin B; 17 mg of
niacin; 10 mg of pantothenic acid; 0.08 mg of bipt0.02 mg of folic acid; 50 mg of choline; 50 m§ Mn
(manganous sulfate); 0.5 mg of | (potassium iodi@8)mg of Zn (zinc oxide); 10 mg of Cu (copper atdj; 90 mg
of Fe (ferrous carbonate); 0.3 mg of Se (sodiurars@d); and 10 IU of endo-1,4-beta-xylanase (CE1382.from
Bacillus subtilis (LMG s-15136).

3According to FEDNA (2010).
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Feed Manufacturing Process (Exp. I)

Diets were designed and manufactured by a comnemmapany (Alia, Lorca,
Spain). Raw materials were ground through a 2-mneesc using three horizontal
hammer mills (Rosal VRE220 and VRE150 models; R&&. and Mabrik S.A.,
Barcelona, Spain) working at 3,000 rpm. Ingredievse mixed with crude glycerin in
a horizontal mixer (Rosal MHR 10,000 L, 75 CV, 05@m; Rosal S.A. and Mabrik
S.A)) for 3 min. The mash was conditioned at a terajure of 60°C and then conveyed
to a pellet press (pellet mill motor load at 80®W)ets were pelleted in a pellet mill
(Mabrik PV220G; Rosal S.A. and Mabrik S.A.) equigpesith a die that had a wall
thickness of 65 mm and 3.5 mm diameter holes. Baellere cooled using a horizontal
counter flow pellet cooler (Rosal S.A. and MabrildA$. Four batches of each dietary
treatment (two per period: grower and finisher g)igtere manufactured (approximately

4 t per batch).

Pellet mill electrical consumption (kWh), averagetar load (%), feeder speed
(rpm), production rate (kg/h), production efficign&g/kWh), and pellet durability (%)
data were collected for all batches of the dietslleP production efficiency was
calculated by dividing kilograms of feed manufaetliroy electrical consumption in
each batch. The pellet durability index (PDI) wadedmined using a durability tester
(Holmen NHP100 Portable Pellet Tester; Texpro Qdleraine, UK) into which 100 g
of cold pellets were inserted. Additionally, peléstmples were collected for each batch

and stored at -20°C for further analysis.
Growth Performance Experimental Design (Exp. I1)

This experiment was performed in a commercial dpargLorca, Spain) over a

12-wk period. The 240 Large WhiteLandrace barrows (30 = 1 kg BW) were assigned
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to three dietary treatments. Pigs used in the @axpeat were housed in a grow-finishing
facility consisting of 12 pens (20 pigs per pen dnpgens per treatment) with natural
ventilation and a patrtially slatted floor (30% bktpen floor area). Each pen (5x

m) was equipped with two feeders and a cup wat&igs were sorted by initial BW

and randomly allotted to the pens.

Pigs were fed using a 2-phase feeding program. grbeving and finishing
phases comprised periods of 45 and 39 d, respbctivegs were allowead libitum
access to feed and water throughout the experim@&ihtanimals were weighed
individually at the beginning of the trial, at theginning of the finishing period and at
the end of the experiment. The individual BW of thgs within each pen were used to
calculate ADG on a pen basis. Feed intake per pas necorded by weighing feed
added to the feeders and feed remaining at theokedch period to determine ADFI

and G:F.

On day 84, after a 12 h fasting period, five ansna¢re randomly selected from
each pen (4 pens per treatment) to determine theeotration of circulating glucose,
fructosamine and IGF-1. Blood samples were coltegia jugular venipuncture into 5
mL tubes containing heparin. The blood samples werdrifuged at 3,008 g for 10
min at 4°C to recover the plasma, which was st@tee?0°C until analysis. Plasma
concentrations of glucose, fructosamine and IGFdrewanalysed at the Clinical
Pathology Laboratory (Murcia Veterinary Universitylurcia, Spain) by procedures
commonly used for domestic animals (Kaneko, 198%sma glucose was measured
using the laboratory hexokinase method. Fructosamias determined by a nitroblue
tetrazolium colorimetric test, based on the abibfythe ketoamine group of glycated
proteins to reduce tetrazolium salts under alkalomditions. These assays were

adapted to an automatic chemistry analyzer (OlymAaustO0; Olympus, Tokyo,
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Japan). The IGF-1 was analyzed with an automatdd-gloase, enzyme-labeled
chemiluminescent immunometric asgiymulite System; Siemens Health Diagnostics,

Deerfield, IL). The intra- and inter- assay CV wégss than 15%.
Digestibility Experimental Design (Exp. 3)

This experiment was conducted in the Animal NwntExperimental Unit at the
Veterinary Farm (University of Murcia, Murcia, Spai Nine male pigs (Landrace
Large White giltsx Duroc boars) were assigned to three diets peogeatcording to a
replicated 3x 3 Latin square arrangement of treatments to d&terrmoefficients of
apparent fecal digestibility (DM, OM, ether extraCP, Ca and P) and N and mineral
balances (with three replicates and three pigsah equare). Pigs were fed using a 2-
phase feeding program. All pigs were allotted te three dietary treatments in each
feeding period, providing a total of nine individu@bservations per diet and feeding

phase.

All pigs were housed in individual metabolism cagesan environmentally
controlled room that allowed the feed intake tarmnitored and the separate collection
of urine and feces. The length and width of cagesevadjustable to the actual size of
the pigs. Room temperature was kept at 20°C. Aj$ pvere fed 2.4 times the energy
requirement for maintenance, which was assumee 0B kcal of ME/kg of metabolic
weight (BW-"> NRC, 1998). The initial BW of the pigs was 43 aid 74 + 3 kg in the
growing and finishing periods, respectively. Pig&l liree access to water from nipple

drinkers throughout the experiment.

For each replicate, the experimental periods ladt@dd, consisting of an
adaptation period of 5 d followed by a total cdiles of urine and feces for 5 d. The

feces of each individual pig were collected onceag, weighed, and frozen (-20°C).
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The urine was collected individually in a 20-L glascontainer, containing 50 mL of
sulfuric acid (25% KHSO,) to lower the pH and avoid N volatilization andcnabial

growth. The daily urine was filtered through a meshremove any contaminants,
weighed, and the volume was recorded; a 5%-aligiastsaved and frozen at -20°C. At
the end of the collection period, the feces of epichwere homogenized for further

analysis using the same procedure as the urinelesamp
Chemical Analyses

The DM content of feces was determined by dryirgaaple (20% of the total
amount of feces produced) in a forced-air dryingro60°C) until it reached a constant
weight. The DM content of the diets was determibgddrying at 105°C for 8 h. The
moisture content of crude glycerin was determingdhe Karl-Fischer method. Diet
and fecal samples were ground through a 1-mm sc(@etsch ZM 200 Ultra
Centrifugal Mill; Retsch, Haan, Germany) and anati/for the ether extract, and N by
Kjeldahl method (AOAC, 2005). Urine samples wersoahnalyzed for their N content

following the same procedure.

The mineral content of crude glycerin, feed, feaed urine was determined by
dry ashing using a muffle furnace at 550°C. Asherevgolubilized with 50 mL of 0.6 N
nitric acid and subsequently filtered. The P conteinfeces, urine, diets and crude
glycerin was determined by the Molibdate-Vanadatthod (MAPA, 1998). The Ca,
K, and Na concentrations in samples were determibgd atomic absorption
spectroscopy (Solaar M Series; Unicam, CambridgK), tand the chloride ion

concentration was determined by Mohr tritation (MR998).

The total glycerol and methanol contents of crulgeagin were analyzed by gas

chromatography (TRACE GC Ultra;, Thermo Electron fwation, Rodano, Italy),
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using a 30 mx 0.25 mmx 0.25um capillary column (Tracsil TR-FFAP; Teknokroma,
Barcelona, Spain) equipped with a flame ionizatietector. The injector and detector
temperatures were kept at 220°C and 250°C, regphctHelium was used as a carrier
gas at a flow of 2 mL/min with a split ratio of :2Hydrogen, air, and N fluxes were 30
mL/min, 300 mL/min, and 30 mL/min, respectively.liBeation was performed using

standard samples of methanol and glycerol. Acedtittniwas added as internal

standard. The data handling system was used toiracqgund store data from gas
chromatograph (Chrom Card; Thermo Electron Corpo)tiThe glycerol content was

also determined in urine samples collected in tgedibility trial.

Amino acids in feeds were determined by hydrolyzimg samples with 6 N HCI
for 22 h at 112 + 2°C in glass tubes under a N apfhere. Cystine and methionine were
analyzed as cysteic acid and methionine sulfonspedively, by oxidation with
performic acid for 16 h at 0°C (Llames and Fontaib®94). Tryptophan was not
determined. The AA were separated by reverse-pH&i&C column (Waters, Milford,
MA) controlled by a Breeze 2 system (Waters). Therblysates were derivatized with
6-aminoquinolyl-N-hydroxysuccinimidyl carbamatedetermine primary AA, and AA
were recorded (ACCQ.Tag 3.9 mm150 mm; Waters). Regarding the mobile phases
used, solvent A was a 1:10 ratio [AccQ.Tag Elue@@ncentrate Commercial (Waters)
to deionized water] and solvent B 60% (vol/vol) tacrile solutions. The fluorescent
detector was adjusted to an excitation wavelendgth?®0 nm and an emission
wavelength of 395 nm. Amino acids were quantifigddomparing peak area of the

samples with those of an internal standardrfinobutyric acid).
Satistical Analysis
All data were analyzed using SAS (SAS Inst. Incary¢ NC). Data for the

manufacturing process, growth performance, andn@ametabolites concentrations
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were analyzed by 1-way fixed model with dietaryatmeent as the main effect. The

manufacturing batch or pen was considered as theriexental unit.

Grower and finisher digestibility data were anatyzeparately, using the mixed
model procedure (PROC MIXED), to account for eféeat dietary treatment, replicate,
animal and residual. The crude glycerin inclusievel was considered as a fixed effect,
whereas replicate, animal, and residual were censilrandom effects. The model for
digestibility analysis of Ca and P also includethke of Ca and P, respectively, as a
covariate. All reported means are least square sheard orthogonal contrasts were
conducted to determine linear and quadratic effedtglietary glycerin level. The

significance level and tendencies were seta005 and K 0.10, respectively.
RESULTS AND DISCUSSION
Experimental Diets and Manufacturing Process (Exp. 1)

The crude glycerin used in the experiments conthi®é.42% glycerol and
0.05% methanol. Moisture (7.98%) and glycerol arethranol contents were similar to
those reported by other authors (Lammers et a08202008c; Schieck et al., 2010b;
Shields et al., 2011). The ash content of crudeegly was 5.87% (Ca: 0.04%, P:
0.01%, Na: 2.01%, CI. 3.06%, and K: 0.05%). Minerahtent should be considered in
a diet formulation (Groesbeck et al., 2008; Keralet2009) since a high NaCl content
could affect some characters like water-holdingacéty of meat (Schieck et al., 2010b).
Consequently, diets were formulated to have theesatactrolyte balance in each
feeding period (205 and 195 mEqg/kg for grower amdsHer diets, respectively).
Analyzed composition indicated that the diets werepared correctly, and only Na

slightly decreased when crude glycerin was adde8I€T3).
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The effects of glycerin on pellet mill productioffigency are presented in
Table 4. Electrical consumption was not affectedjlygerin addition, and there was no
effect on average motor load, which was initiaky at 80%. However, crude glycerin
supplementation at 0, 2.5 and 5% increased theefespeed and production rate
linearly (P < 0.01), resulting in a 20 to 29% impement in the production rate
compared with the control. Production efficiencypnoved with the addition of glycerin
(P < 0.01), indicating that the energy requiredntanufacture one tonne of feed
decreased as the level of crude glycerin increas#tk feed. The PDI was numerically

greater for diets containing glycerin, but the @liféince was not statistically significant.

Table 4. Effect of glycerin addition to feed on pellet nplloduction efficiency (Exp. 1)

Diet* P-value
Item GO G2.5 G5 SE Diet Linear Quadratic
No. of batches 4 4 4
Electrical consumption, kwWh 125.7 111.7 B06. 6.29 0.13 0.06 0.59
Average motor load, % 77.3 75.5 78.0 1.20 0.36 0.67 0.18
Feeder speed, rpm 27.5 32.0 34.8 0.94 <0.01 <0.01 0.46
Production rate, kg/h 6,904 8,293 8,884 252.1 <0.01 <0.01 0.22
Production efficiency kg/kwh 31.9 39.0 401 1.48 <0.01 <0.01 0.13
Pellet durability index, % 75.7 80.9 83.2 4.95 0.57 0.31 0.82

1Dietary treatments were 0, 2.5, or 5% crude glycetlusion for GO, G2.5, and G5, respectively.

*Two batches of each dietary treatment were maruriedttper feeding period (growing and finishing)elfninary
results indicated that there were no dietary treatrand period interactions.

®Production efficiency was calculated by dividindgpgrams of feed manufactured by electrical consiongin each
batch.

Other studies have shown similar results. For exantproesbeck et al. (2008)
added crude glycerin (0 to 15%) to a corn-soybeaalmiet and found that the addition
of crude glycerin linearly increased the productefficiency and improved the pellet
durability index. However, the addition of crude/agrin decreased the production rate
despite an attempt to hold it constant, perhapausec of slight adjustments in steam
pressure and temperature. Previous research caaddbgtShields (2009) showed that

the addition of crude glycerin improved pellet mibw because of a reduction of
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friction of the feed passing through the pellet. di#ields (2009) also reported an
improvement in pellet mill efficiency and PDI ag/¢grin levels increased (0O, 2.5, and

5%).
Growth Performance and Plasma Metabolites (Exp. 2)

Table 5 shows the effect of crude glycerin additin feed on growth
performance (ADG, ADFI and G:F) for each feedingiqe and for the whole period.
For the growing period, ADG and ADFI were affectaddietary treatment. Glycerin-
fed pigs had decreased ADG (linear,<P0.05) and ADFI (quadratic, B 0.05)
compared with pigs fed the control diet. Howevbese differences were not reflected
in the G:F. For the finishing period and for theoléhperiod, growth performance was
not affected by the dietary treatment, regardidsthe trait studied. Final BW did not

differ among groups.

Table 5. Effect of glycerin addition to feed on growth gerhance (Exp. 2).

Diets
Item GO G2.5 G5 SE P-value
No. of pen$ 4 4 4
Growing period
ADG, *kg 077 0.72 0.72 0.013 0.04
ADFI, * kg 1.95 1.82 1.88 0.033 0.05
G:F, kg/kg 0.39 0.40 0.39 0.006 0.53
Finishing period
ADG, kg 0.75 0.77 0.80 0.035 0.64
ADFI, kg 2.63 2.67 2.69 0.065 0.80
G:F, kg/kg 0.29 0.29 0.30 0.013 0.79
Growing-finishing period
ADG, kg 0.75 0.74 0.76 0.018 0.90
ADFI, kg 2.26 2.21 2.25 0.046 0.73
G:F, kg/kg 0.34 0.34 0.34 0.008 0.92
Final BW, kg 95.2 94.1 96.1 1.74 0.73

! Dietary treatments were 0, 2.5, or 5% crude gigcaclusion for GO, G2.5 and G5, respectively.
2 Each pen housed 20 barrows. The initial BW was 3Mkg.

3 Linear effect for diet factor (R 0.05).

4 Quadratic effect for diet factor €0.05).
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The variability and interpretation of results faogth performance reported by
different authors is confusing. Although some stsdiound no effect of glycerin
supplementation on the growth rate of growing-hmg pigs fed corn-soybean meal
diets (Lammers et al.,, 2008b; Mendoza et al., 2@dhieck et al., 2010b) or wheat-
based diets (Hansen et al., 2009), others hav¢ifidedna negative effect (Della Casa et
al., 2009; Kerr et al., 2009). Moreover, Groesbetkl. (2008) and Zijlstra et al. (2009)
reported improvements in the ADG of nursery pidgsrahe inclusion of crude glycerin

in corn- and wheat-based diets, respectively.

It is important to note that the inconsistency kesw current and previous
results could be related to the precision of thenegées and the power of each study to
detect statistically significant differences. Wheomparing our findings with those
from previous studies, differences between theldew€ glycerin in the diets and the
degree of purity (crude or refined), as well adedédnces between the ingredients
replaced by glycerin and interactions with othexdféngredients, should also be taken
into account. From a productive point of view, owsults showed that growth
performance over the whole growing-finishing periads not affected by dietary

treatment.

The effect of adding glycerin to feed on plasmaahelites is presented in Table
6. There was no effect of diets on any plasma noéiteb. The results of the present
study indicate that including glycerin at relativébw levels (less than or equal to 5%
of the diet) did not affect plasma metabolite cartic@ions. Glycerol can be converted
to glucose in the liver, and if the gluconeogenetipacity is exceeded, the surplus of
glycerol is most likely to be excreted in the urifi@jora et al., 1995). After a 12-h
fasting period, plasma glucose concentrations wemeaverage, 59 mg/dL less than

those measured in animals fasted overnight (Haetsah, 2009) and much less than the
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levels reported by Lammers et al. (2008b) in amgnfad their respective diets before
bleeding. Generally, no differences in glucose plasma metabolites because of the
effect of dietary glycerin have been found in poes studies (Lammers et al., 2008b;
Hansen et al., 2009). On the other hand, Shieek ¢2010a) found a linear increase of
lactose in milk, as dietary crude glycerin increhgep to 9%) in sow diets, indicating
that sows metabolize a portion of the excess plaggeerol, without affecting plasma
glucose concentrations. No references to the coratems of fructosamine or IGF-1,
examined as glucose metabolism markers, are alaifab pigs fed diets including
crude glycerin. In our experiment, there was aviaié inter-pen variability in plasma
concentrations of IGF-1. The experimental CV wasselto 35%; although, intra- and

interassay CV for IGF-1 quantification were lessnii5%.

Table 6. Effect of glycerin addition to feed on plasma afetlites (Exp. 2).

Diets"
GO G25 G5 SE P-value
No. of pen$ 4 4 4
Glucose, mg/dL 60.5 62.5 53.6 2.18 0.27
Fructosamine, pmol/L 91.6 85.7 78.5 3.14 0.28
IGF-1, ng/mL 165.9 129.2 141.9 8.27 0.17

! Dietary treatments were 0, 2.5, or 5% crude gipcaclusion for GO, G2.5 and G5, respectively.
2 Blood samples for plasma analysis were collectech 5 barrows per pen.

Digestibility Experiment (Exp. 3)

The effects of added glycerin on nutrient digeltihi and N and mineral
retention in each feeding period are presentedainleT 7. The average feed intake was
1.18 and 1.65 kg DM/d for the growing and finishjppeyiod, respectively. The addition
of crude glycerin tended to affect the coefficieftapparent fecal digestibility of DM
during the growing period (linear, £ 0.10). In addition, fecal OM digestibility was
affected by the glycerin content (linear<P0.05) when crude glycerin was added in

both the growing and finishing periods. Also, tleedl digestibility of ether extract
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increased linearly (R 0.05) with increasing dietary glycerin in both ipes. For both
the growing and finishing periods, digestibilityetficients for DM, OM, and ether
extract were greater than 87%. These results peogiddence that the inclusion of
crude glycerin to replace 5% of corn in the growed finisher diets for pigs could
improve or, at least, maintain nutrient digesttiili

Table 7. Effect of crude glycerin addition on nutrient dsgjbility and N and mineral

balance in growing and finishing periods (Exp. 3).

Growing period Finishing period
Diet! Diet*
Item GO G2.5 G5 SE P-value GO G2.5 G5 SE P-value
No. of pig$ 9 9 9 9 9 9
ADFI, kg DM/ 1.15 1.17 1.20 0.04 0.66 1.65 1.66 1.66 0.03 0.98
Fecal
digestibility, %
DM 87.2 88.1 88.0 0.36 0.08 88.1 89.0 89.1 0.86 0.16
om34 88.4 89.3 89.3 0.34 0.03 89.1 90.0 90.2 0.78 0.08
Ether extradt! 88.1 88.0 90.1 0.73 0.02 91.3 92.1 926 0.56 0.05
CP 86.3 86.5 86.7 0.78 0.93 895 89.4 899 0.71 0.72
ca* 59.8 62.0 67.6 1.98 0.04 77.7 70.2 62.9 2.15 <0.01
P4 66.4 60.7 60.0 1.20 <0.01 67.8 65.4 67.7 4.60 0.35
N and mineral
balance, %
N retention 65.9 65.5 68.7 525 0.75 64.7 63.6 68.1 6.44 0.63

Ca retentioh 57.1 59.4 63.2 229 0.14 76.0 68.7 57.6 214 <0.01
P retentiof* 64.5 59.9 59.3 1.33 0.03 52.3 64.2 69.1 219 <0.01
Urine output, L/d ~ 3.35 2.69 257 0.75 041 460 411 465 096 0.73

1Dietary treatments were 0, 2.5, or 5% crude glycertlusion for GO, G2.5, and G5, respectively.

2The initial BW of the male pigs was 43 + 3.1 and72.3 kg in the growing and finishing periods, restively.
3Linear effect for diet factor in growing period £F0.05).

4Linear effect for diet factor in finishing perioB £ 0.05).

Fecal digestibility of CP and N retention were afiected by dietary treatment
in either the growing or finishing period. The rigsishow that crude glycerin addition
had no effect on N retention because N ingestiah ldrexcretion were not affected
(data not shown). Few studies have examined thectsffof crude glycerin on N

digestibility in pigs. Groesbeck et al. (2008) fduthat the percentage of N digested
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tended to decrease in pigs fed diets including ergigcerin compared with pigs fed
diets containing soy oil. In previous studies cartdd with rats (Chan et al., 1981),
broilers (Simon et al., 1997) and humans (Brenrnaal.e 1975), the use of glycerin

resulted in an improvement in N retention.

Glycerol is an inhibitor of important enzymes likghosphoenolpyruvate
carboxykinase (Cryer and Bartley, 1973) and glutantieshydrogenase (Steele et al.,
1971), which take part in the AA gluconeogenic path. Thus, glycerol avoids the
conversion of AA into glucose through gluconeogesjeand can prevent protein
catabolism. On the other hand, N retention dependsiany factors, including nutrient
availability, genetics, age, etc. (Simon et al98,91997). Thus, the efficiency of protein
utilization by pigs depends on the dietary compasitind the physiological status or

the growing stage of the animals (Hernandez ep@ll).

The dietary level of crude glycerin affected thgeditibility and balance of Ca
and P (Table 7). In general, greater digestibilityires were associated with greater
retention rates. Within the same feeding period, data showed inverse relationship
between Ca and P. Moreover, digestibility of Ca &dhowed opposite trends with
respect to the feeding period. In the growing pkrithe addition of crude glycerin
increased Ca digestibility (linear, £ 0.05), whereas Ca digestibility decreased with
greater levels of glycerin in the finishing phaBe<(0.05). In contrast, the digestibility
of P decreased in growing period €F0.05), but no effect was found in the finishing

period.

In regard to the mineral balance, no glycerin effat Ca retention was found
for the growing period, but the retention of Cardase with the addition of crude

glycerin during the finishing period (P 0.05). In contrast, P retention after glycerin
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addition depended on the feeding period (i.e. alirdecrease (R 0.05) in the growing

period and linear increase £F0.05) in the finishing period).

Studies examining the effects on the mineral b&afdiets supplemented with
crude glycerin are limited. In a study with layihgns, Swiatkiewicz and Koreleski
(2009) concluded that the inclusion of crude glytep to 6% in the diets of layers had
no effect on the retention or excretion of Ca andlliey also indicated that there was no
experimental data reporting a negative influenceiefary glycerin on the availability
of minerals. On the other hand, previous digestyb#tudies found greater urinary
energy excretion and urine output in pigs fed Heyels of glycerin than in pigs fed
control diets (Lammers et al., 2008c; Mendoza e28l10). These findings suggest that
glycerin could have a diuretic effect, which miglitect the mineral balance, perhaps
because glycerol excretion via urine increases witheasing glycerin doses in feed.
Kijora et al. (1995) also demonstrated that glytéreel in urine increased as the level
of dietary glycerin increased. However, at reldyiilew levels of crude glycerin, we
found no diuretic effect of glycerin because thewrre no differences for urine output
between dietary treatments (Table 7). In additiglycerol was not detected in any

analyzed urine samples.
CONCLUSION

Based on the current results, we conclude thathgdciude glycerin to the diet
before pelleting may improve feed mill productidficgency. From a productive point
of view, our results showed that growth performaocer the whole growing-finishing
period was not affected by the inclusion of crudiecerin. Moreover, the addition of
crude glycerin up to a level of 5% in the diet obwing-finishing pigs had no effect on
nutrient digestibility and N balance. However, moesearch is needed on how crude

glycerin may affect the mineral metabolism and beda
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Effect of dietary crude glycerin on growth performance, nutrient
digestibility and hormone levels of Iberian crossbred pigs from 50 to

100 kg body weight
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ABSTRACT

The aim of this study was to determine the efféatrade glycerin addition on
the growth performance, nutrient digestibility abhtbod hormone levels of Iberian
crossbred pigs kept under intensive conditions. $tuely was carried out with 80
crossbred pigs (Iberian gilts Duroc boars) of both sexes over a 101-d periodH{34
kg initial BW). Treatments were arranged in a 2 fa@orial design, the factors being
dietary treatment (control or 10% glycerin) and dgn(barrow or gilt). Crude glycerin
was included as a replacement for wheat in dietadtated to provide equal net energy
and digestible lysine levels. Glycerin-fed pigs haigher average daily gain and
average daily feed intake than pigs fed the corietl (P < 0.05). No differences were
found in the gain to feed ratio. In regards thedgenbarrows consumed more feed,
grew more and reached a higher final BW compardti gilts (P < 0.05). Nutrient
digestibility was not affected by the glycerin cemt or the gender. However, there was
a tendency for acyl-ghrelin levels to be highegincerin-fed pigs (P = 0.058). Also,
gilts showed increased concentrations of acyl-gim@hd lower insulin compared with
barrows (P < 0.05). In conclusion, 100 g/kg of giye can partially replace wheat
without affecting feed efficiency or nutrient digiegdity in Iberian crossbred pigs.
However, further research is needed to clarify putential relationship between
glycerin inclusion levels in the diet and the plasimlevels of hormones related to feed

intake and energy balance control.
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INTRODUCTION

Environmental concerns and biofuel policies havetrtouted to a significant
increase in global biodiesel production. Biodiasgbroduced by the transesterification
of vegetable oils or animal fats with an alcohdually methanol, in the presence of a
catalyst. In the reaction a large amount of glytes obtained as a byproduct,
approximately 10% by weight of the biodiesel praeti¢Thompson and He, 2006). In
recent years, the surplus of crude glycerin hagdedarchers to look for new ways of
using this byproduct, one of which may be as a-cosipetitive feedstuff. In fact,
several researchers have determined that cruderglyis a good alternative as a feed

ingredient for swine (Kijora et al., 1995; Lammetsal., 2008b; Schieck et al. 2010Db).

The Iberian (IB) pig is a native breed from the thawest of the Iberian
Peninsula, traditionally reared under free rangeditaons and fed acorns and grass. The
IB sector is of great economic importance in Spadure to the high acceptance of
premium lberian cured products. The increasing pectdn of pigs of the Iberian type
has allowed the sector to expand internationallygdbsfy consumer demand for top
guality meat. However, only 20% of the IB pigs glatered in Spain are produced
under traditional systems (Ventanas et al., 200hg use of non-conventional raw
materials could provide higher flexibility in th@rfmulation of the diets, especially

when these pigs are reared under intensive grosystgms.

Some studies on the use of glycerin in pig fattgriave shown that up to 10%
of crude glycerin can be added to the diet withefiect on performance, carcass
composition and meat quality (Della Casa et alD®2@ammers et al., 2008b; Mendoza
et al., 2010). However, no information has beenliphied concerning feeding glycerin

to IB pigs and its crosses. Therefore, the objeati/the present work was to study the
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effect of dietary crude glycerin and gender onpgbgormance, digestibility and blood

hormone levels of growing-finishing Iberian cros=bpigs.
MATERIAL AND METHODS

All experimental procedures were in compliance witle European Union
regulations concerning the protection of animaledugor experimental and other

scientific purposes (Directive 2003/65/CE).
Animals, diets and experimental design

This experimental trial was carried out in a conurafattening farm located in
south-east Spain (Puerto Lumbreras, Spain) ov@iladlperiod. A total of 80 crossbred
pigs (Iberian gilts x Duroc boars) of both sexe¥'%9) with an average initial BW of 54
*+ 3 kg were used. According to a 2 x 2 factoriadige (diet x gender), pigs of the same
sexwere sorted by weight into eight pens of five pgsh, and then randomly assigned
to one of two dietary treatments. Each pen reptedeone replicate (4 replicates per
dietary treatment and sex). Pigs were fed eithHearbey-wheat meal-based diet without
glycerin (GO; control) or a diet containing 10% aeuglycerin (G10). The crude
glycerin was included as a replacement for wheae Trude glycerin used in this
experiment (glycerol, 87.42%; methanol, 0.05%; e 7.98%; ash, 5.87%; Ca,
0.04%; P, 0.01%; Na, 2.01%; CI, 3.06%; and K, 0.D%%4s obtained from a biodiesel
production facility (Abengoa Bioenergia San Roq@adiz, Spain), which used
vegetable oils as feedstock. Both diets were matwfed using the same batch of
ingredients, and the crude glycerin was addedgualkamounts in mixer and molasse
mixer, to the G10 diet. The ingredients and nutreamtent of the diets are presented in
Table 8. The diets were formulated to contain 9,K2NE and 4.5 g ileal digestible
lysine per kg, according to the recommendations darssbred growing-finishing

Iberian pigs (FEDNA, 2006). The diets containearitm dioxide (5 g kg) as an
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indigestible marker to calculate the digestibitfynutrients. Both diets were offered in
a mash form. Pigs were allowed libitum access to feed and water throughout the

experiment (average final BW of 105 + 8 kg).

Table 8.Ingredients and composition of diets (as-feedd)asi

Diet'
Item GO G10
Ingredient, %
Barley 45.00 45.00
Wheat 34.00 19.50
Wheat bran 5.00 7.78
Soybean meal (47% CP) 12.79 14.50
Crude glycerin - 10.00
Animal fat 0.50 0.50
Titanium dioxide 0.50 0.50
L-Lys 50 (50% Lys) 0.10 0.11
Salt 0.35 0.35
Calcium carbonate 1.13 1.13
Monocalcium phosphate 0.33 0.33
Vitamin-trace mineral premfx 0.30 0.30
Calculated compositidn
NE, kJ/kg 9,420 9,420
CP, % 15.20 15.00
Ca, % 0.65 0.65
P total, % 0.47 0.46
lleal digestible AA, %
Lys 0.65 0.68
Met + Cys 0.45 0.43
Thr 0.42 0.43
Analyzed composition, % on DM basis except DM
DM 91.96 91.30
CP 15.22 15.10
Crude fiber 3.42 3.76
NDF 14.10 13.61
ADF 6.53 4.72
Starch 52.07 44.83
Ash 3.95 4.22
Ca 0.63 0.67
P total 0.46 0.42

Dietary treatments: 0 or 10% crude glycerin inclideGO and G10, respectively.

%provided (per kg of complete diet): 7000 IU of wiia A; 1500 IU of vitamin 3; 20 mg of vitamin E; 4 mg of
vitamin B,; 1,5 mg of vitamin B 0.020 mg of vitamin B; 20 mg of niacin; 8 mg of calcium pantothenate) hfly
of choline chloride; 75 mg of zinc oxide; 40 mgrodnganese (1) oxide; 75 mg of ferrous sulfate aleydrate; 12
mg of cupric sulfate pentahydrate; 0,15 mg of sodaelenite; 1 mg of potassium iodate; 0,1 mg ofcbesbaltous
carbonate monohydrate; 500 FTU of phytase (EC B8).3.

3According to FEDNA (2010).
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Data recording and sampling

All animals were weighed individually at the begimm and at the end of
experimental period (on day 101). The individual Bf¥\the pigs within each pen was
used to calculate ADG on a pen basis. Average dedg intake per pen was recorded
by weighing feed added to the feeders and feedinemgaat the end of the experiment.
Also, G:F was calculated. To calculate the digdgiibcoefficients of nutrients, fecal
grab samples were collected directly from the amfuthree randomly selected pigs in
each pen on d-58. The feces were pooled by penfrazén at -18°C for further

analysis.

On d 95 of the experimental period, two animalsemamdomly selected from
each pen for analysing hormones related to energtgbolism: ghrelin (two forms:
acylated and unacylated) and insulin. Blood samplese collected via jugular
venipuncture into 5 mL tubes without additives.ekftentrifugation at 3,009 g for 10

min at 4°C, the serum was collected and store8=&C- until further analyses.
Chemical analysis

The DM content of the diets was determined by dyyrsample in a convection
oven at 105°C for 8 h (AOAC, 2005). Fecal samplesewdried at 60°C for 72 h. The
moisture content of crude glycerin was determingthle Karl-Fischer method (AOAC,
2005). Diet and fecal samples were ground throughnam screen (Retsch ZM 200
Ultra Centrifugal Mill; Retsch, Haan, Germany) athlyzed for crude protein (AOAC,
2005). Diets were also analyzed for crude fibre ;) 2005), and acid and neutral
detergent fibre according to the methods describped/an Soest et al. (1991). The
starch content was measured polarimetrically ugiegofficial analytical method (BOE,

2000).
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The mineral content of diets and crude glycerin @watermined by dry ashing
using a muffle furnace at 550°C. Ashes were sakdalwith 50 mL of 0.6 N nitric acid
and subsequently filtered. The P content was datednby the Molibdate-Vanadate
method (MAPA, 1998). The Ca, K, and Na content detected by atomic absorption
spectroscopy (Solaar M Series; Unicam, CambridgK), tand the chloride ion
concentration was determined by Mohr tritation (MMFA998).The total glycerol and
methanol content of crude glycerin were analyzedjdy chromatography, as described

by Madrid et al. (2013).

The titanium dioxide content of the diet and fesainples was measured by the
colorimetric method described by Myers et al. (20@4hd the digestibility coefficients

of nutrients were calculated from these data.

Serum insulin and acylated and total ghrelin warangfied using commercial
RIA kits (PI-12K, GHRT-88HK, and GHRT-89HK, respeely; Linco Research, Saint
Charles, MO, USA). The interassay CVs were lesa t@206, and the intraessay CVs
were less than 6% for total and acylated ghrelimd éess than 11% for insulin.
Sensitivity for total ghrelin, acylated ghrelin,camsulin was 46.5 pg/mL, 7.8 pg/mL,
and 0.28 pU/mL, respectively. The unacylated ghréévels were calculated by

subtracting the acylated ghrelin from the totalegint

Satistical analysis

All data were analyzed using the SPSS program (SRSSChicago, IL, USA).
Growth performance and digestibility data were gredl by two-way ANOVA. The
model included the effect of dietary treatment @ed as main effects, and the first
order interaction. The pen was considered as tiperexental unit. Individual blood
data were analyzed using a mixed model to accaurgffects of dietary treatment, sex,

pen, and residual. The dietary treatment, sex,thed interaction were considered as
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fixed effects, whereas pen and residual were censitrandom effects. For blood data,
normality was previously checked by using normadtrdbution plots. All reported
means are least square means. The significancedestdendency were set akF).05

and P< 0.10, respectively.

RESULTS

Growth performance and nutrient digestibility

Glycerin addition affected ADG and ADFI (P < 0.08)able 9). Glycerin-fed
pigs had higher growth and feed consumption thgs f@d the control diet (G0O). As a
consequence, pigs fed the G10 diet showed highak BW (107 kgvs. 103 kg), but the
difference was not significant. The G:F was simifar both treatments. Barrows
consumed more feed, grew more and reached a HighéBW compared with gilts (P
< 0.05). Moreover, G:F was poorer for gilts thandarrows (P = 0.042). No interaction
between glycerin addition and sex was found, rdgasdof the trait studied. Glycerin
inclusion and sex had no effect on the digestibilift DM, OM and CP (Table 9).

Moreover, no dietary treatment and gender intevastivere found.
Blood hormone levels

At 95d, no differences for ghrelin and insulin wéoeind between diets (Table
10), although there was a tendency for acyl-ghrigliels to be higher in pigs fed the
G10 diet (P = 0.058). Serum concentrations of aegllaghrelin and insulin were
affected by the gender (P < 0.05), gilts showinghbr acylated ghrelin and lower

insulin concentrations than barrows. Diet and genderactions were not found.
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Table 9. Effect of sex and glycerin addition to feed onwgito performance and nutrient

digestibility of Iberian crossbred pigs.

Diet* Sex P-value
Iltem GO G10 Barrows Gilts SEM Glycerin Sex GxS
Growth
performance
Replicates, pen 8 8 8 8
Initial BW, kg 54 54 55 53 0.8 0.940 343 0.905
Final BW, kg 103 107 109 101 1.7 0.203 0.030 1580.
ADG, kg 0.47 0.51 0.53 0.46 0.009 0.041 0.002 0.180
ADFI, kg 2.32 2.52 2.52 2.33 0.035 0.013 0.017 0.406
G:F, kg/kg 0.203 0.203 0.209 0.197 0.002 0.939 0.042 0.363
Digestibility, %
Replicates, pen 8 8 8 8
DM 74.5 74.3 75.6 74.1 1.05 0.604 0.487.888
OM 79.9 77.4 78.3 77.0 0.93 0.768 0.503.918
CP 67.5 71.3 69.5 69.3 1.74 0.299 0.946.80%

IDietary treatments: 0 or 10% crude glycerin inclideGO and G10, respectively.

Table 10. Effect of sex and glycerin addition to feed on ajimr and insulin

concentration in serum.

Diet' Sex P-value
Item GO G10 Barrows  Gilts SEM Glycerin Sex GxS
N° of pigs 16 16 16 16
Des-acy| 687 705 642 750 58 0.808  0.362 0.130
ghrelin, pg/ml
Acyl - ghrelin, 58 1g5 122 191 14.3 0.058  0.023 0.677
pg/mL
Insulin, pU/mL 5.9 6.5 8.1 4.3 0.85 0.732 0.035 0.436

IDietary treatments: 0 or 10% crude glycerin inclideGO and G10, respectively.

DISCUSSION
Growth performance and nutrient digestibility

Crossbred pigs of IB are mainly reared under intensonditions. These pigs
have a high potential for fat accumulation and flaeightered at higher weights (140-
160 kg BW) than conventional pig genotypes. Thepl8 is a rustic breed showing

lower performance in comparison with industrial gipes. For these reasons, to
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improve feed efficiency and reduce production gastsv feeding strategies need to be

developed.

In this study, pigs fed diets containing glyceradhigher ADFI and ADG than
those fed the GO diet, but these differences weteailected in feed efficiency due to a
proportional increase in both variables. Therefdhe, inclusion of glycerin did not
affect feed palatability and, furthermore, it maduce dust problems when a mash

form is used.

No references are available for IB pigs fed dietduding glycerin. However, in
other swine genotypes and breeds, previous sthdws shown that crude glycerin can
be used as a source of dietary energy (Lammerk, é¢088c; Mendoza et al., 2010),
although with variable results in the growth pemiance (Della Casa et al., 2009;
Lammers et al., 2008b). The differences betwees &nid previous studies could be
related to particular breeds or genotypes (Msamfat) of pigs, or to differences between
the degree of purity (crude or refined) of the glye used and inclusion levels in the

diets.

On the other hand, our results also showed thatriidsbred pigs present
significant gender differences in growth, with loavs growing faster than gilts. The
gender effect was in line with the literature inpi)s (Peinado et al., 2008; Serrano et

al., 2009) due to differences in the body compaosibetween sexes.

Our results show that the inclusion of glycerirréplace 10% of wheat in diets
for IB pigs did not influence nutrient digestibylit Few studies have examined the
effects of glycerin on digestibility. Recently, Madl et al. (2013) determined the
coefficients of apparent fecal digestibility androgen balance using Landracd.arge

White pigs from 43 and 74 kg BW in metabolic cagébese authors found that
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coefficients of digestibility of OM and ether exttancreased linearly as crude glycerin
increased, whereas there was a tendency for higkkedigestibility. However, neither
CP digestibility nor N retention was affected byyagrin inclusion. In contrast,
Groesbeck et al. (2008) found that the percentdde digested tended to decrease in

piglets fed diets including glycerin compared wdibts containing soy oil.

Blood hormone levels

Ghrelin is a fast-acting hormone that increasesetigp operating as a meal
initiation signal for the short-term regulation ehergy balance (Klok et al., 2007,
Steinert et al., 2013). Ghrelin has two major molacforms: acylated and unacylated.
The acylated form is considered the biologicallyivecform, although recent studies
point to different roles for these two forms (Deilhaet al., 2012). Our results showed
that the coefficient of variation for acylated gimdevels (55%) was higher than that
for unacylated ghrelin levels (44%). Moreover, th&as a tendency for acyl-ghrelin
levels to be higher in pigs fed the G10 diet, whitese higher levels were associated

with a higher feed intake.

Insulin is a hormone whose levels usually increafter feeding to provide
energy to the cells (Vieira et al., 2010). Glycenrnhe diet increases plasmatic glycerol,
which can be converted to glucose in the liver, hiasulin promotes the conversion
of glucose into glycogen and fat. The results shibttat the inclusion of glycerin did
not affect blood levels of insulin. Previous studiacluding glycerin at relatively low
levels also found no differences in plasma glucas®entrations (Hansen et al., 2009;
Lammers et al., 2008b). In addition, Schieck et(2010a) found a linear increase of
lactose in milk but no effect on blood glucose bs tevel of crude glycerin was

increased in sow diets.
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The regulation and relationship between these hoesnidave previously been
described in mice, rats and humans. Several studésate that insulin may inhibit
ghrelin secretion (Flanagan et al., 2003; Saad.e2@02) andvice versa, with ghrelin
having an inhibitory role on insulin release (Egietoal., 2002; Reimer et al., 2003).
Moreover, plasma ghrelin levels were higher in wontigan in men (Makovey et al.,
2007). In the current study, gilts also showedeaased concentrations of acyl-ghrelin

and lower insulin compared with barrows.

Some factors influencing the circulating concemrag of these hormones have
been studied in pigs. For instance, Reynolds et(2010) reported how plasma
concentrations of ghrelin and insuline changed m@licg to the feeding patterrad
libitum vs. restricted feeding). In addition, relatively littie known about interactions
between these hormones and the diet compositionetral. (2009) found that dietary
supplementation with zinc increased plasma conatairs of ghrelin, as well as feed
intake and piglet growth. Also in pigs, oral ingestof tryptophan increased circulating
levels of ghrelin (Zhang et al., 2007). The additaf feedstuffs, such as glycerin, may
help increase feed intake and improve the effigiewicIB pig production. Our results
showed that pigs fed diets containing glycerin higgher ADFI and ADG, a finding that

was associated to a tendency for higher acyl-ghteliels.
CONCLUSION

The addition of crude glycerin up to 10% had neetfion either feed efficiency
or nutrient digestibility of Iberian crossbred pigsm 50 to 100 kg BW. However, more
research is needed to clarify the potential retestingp between glycerin inclusion levels

in the diet and the plasmatic levels of hormonésted to energy metabolism.
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ABSTRACT

An experiment was conducted to evaluate the effét¢he dietary addition of
crude glycerin on sow and litter performance, amddétermine the serum levels of
hormones related to energy metabolism and fee#enta sows during gestation and
lactation. Sixty three sows were assigned randdmigne of three dietary treatments,
containing 0, 3 or 6% crude glycerin (GO, G3, arf] (@spectively) added to a barley-
soybean meal-based diet as a replacement for sef@afing gestation, there was no
effect of dietary treatment on any performance alde (P > 0.05), while during
lactation, glycerin-fed sows consumed less feed ti@se fed the control diet (P =
0.002). Lactating sows fed the G3 diet had a hidfoely weight lossK = 0.017), but
these differences were not reflected in litter perfance (P > 0.05). In gestation, the
inclusion of glycerin did not affect blood leveld msulin or cortisol (P > 0.05).
However, pregnant sows fed diets supplemented glyiterin showed lower and higher
levels ofacyl-ghrelin and leptin, respectivell? & 0.01). In lactating sows, there were
no differences between dietary treatments for drtg@hormones measured (P > 0.05).
Before feeding, the acyl-ghrelin concentration wassitively correlated with the
cortisol during gestation (r = 0.81; P < 0.01) dadtation (r = 0.61; P = 0.02). In
conclusion, the inclusion of up to 6% crude glyaein the diet can partially replace
corn without affecting the performance of pregnsows, but not during lactation. Our
results also suggest a relationship between glygedlusion in the diet and the serum
levels of some feed intake regulating hormonespiue studies are needed to increase

our understanding of hormone concentration-dietpusition interactions.
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INTRODUCTION

Biodiesel production from renewable sources imseasedsteadily over the
past decade in the European Union (USDA-FAS, 20I18)e to energy and
environmental concerns and policies. The main ygco of the biodiesel industry is
crude glycerin, which represents about 10% (w/wihefbiodiesel produced (Thompson
and He, 2006). Traditionally, glycerin has beenned and used to manufacture many
value-added products, including drugs, foods arsinatics. However, the quantity of
glycerin produced nowadays may exceed the levellashand by traditional users.
Moreover, given continued growth in biofuel prodant refining all the crude glycerin
will simply become non-viable, especially for srealproducers, who will not be able to
assume the high costs of purification. This hastted search for alternative ways of
using this byproduct, including an evaluation &f mutritive value for animal feeding.
However, the use of crude glycerin in feeds istiahiby the glycerol content, which is
usually higher than 80%.

Glycerol can be converted to glucose in the livérebs and Lund, 1966).
During gestationglucose is the major energetic substrate for pkatemd fetal growth,
and the glucose supplied to the placenta and fetestirely dependent upon its supply
from the maternal circulation. During lactationugpbse is the principal precursor of
lactose in the mammary gland (Boyd et al., 199%)cGse availability to the mammary
gland is the limiting source for the synthesis aftbse, playing a key role in milk
production. Additionally, glycerol could stimulateater intake and improve heat stress
tolerance, especially for lactating sows (Shiecklgt2010a). Therefore, dietary crude
glycerin incorporated in pregnant and lactatingtdismay improve sow and litter
performance, although little informatias available in this respect. Most studies to date

have determined the energy values of crude glyaergrowing-finishing pig diets and
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its effect on growth performance, carcass commositand meat quality (Kijora et al.,
1995; Della Casa et al., 2009; Lammers et al., BOM&ndoza et al., 2010).

On the other hand, the physiological status of salwsng gestation and
lactation involves different energy balances, whichturn, can affect those hormones
related to feed intake (Valros et al., 2003; Pére Bttiene, 2007; Dong et al., 2009).
Feed intake during gestation must provide the energeded for fetal growth,
particularly during late gestation, whereas thetfhalf of gestationis considered an
anabolic phase (Noblet et al., 1990). During lactatthe daily energetic requirements
of sows are particularly high and, in general, ao¢ met by voluntary feed intake
(Noblet et al., 1990). Sow performance could dependits ability to regulate its
metabolism and feed intake, which is thought tordégulated by hormones such as

insulin, ghrelin, leptin and cortisol (Satou et aD11).

The objective of this research was to determineetfext of dietary addition of
crude glycerin on sow and litter performance, alf agto evaluate the serum levels of
hormones related to energy metabolism and feed#anita sows during gestation and

lactation.
MATERIAL AND METHODS

The experimental procedures were in compliance uhén European Union
regulations concerning the protection of animalgedugor experimental and other

scientific purposes (EU Directive 2010/63/EU).
General Procedures and Experimental Diets

This experimental trial was performed from Decen2@t1 to March 2012 on a
commercial farm located in Huércal-Overa (AlmeBautheastern Spain). A total of 63

pregnant sows (Landrace x Large White) of mixedtpdparity 2-5) were used in the
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experimental period, which covered gestation, tamtaand the pre-weaning period.
After confirmation of gestation by ultrasonograpty28 d post-insemination, the sows
were randomly assigned to one of three dietaryrtreats, with an average initial BW
of 190 kg. Experimental diets contained 0, 3, atdBude glycerin (GO, G3, and G6,
respectively (Table 11). All diets were manufacturasing the same batch of
ingredients, and crude glycerin was added to aepabybean meal-based diet as a
replacement for cereals. The crude glycerin usdtii;mexperiment (glycerol, 87.42%;
methanol, 0.05%; moisture, 7.98%; ash, 5.87%; 034%; P, 0.01%; Na, 2.01%; CI,
3.06%; and K, 0.05%) was obtained from a biodiggelduction facility (Abengoa
Bioenergia San Roque, Cadiz, Spain), which usedtabte oils as feedstock. Gestation
and lactation diets were formulated to be isoertergmnd iso-AA. Feed formulation
was based on NE and ileal digestible AA accordingtlie recommendations of
Fundacién Espafiola para el Desarrollo de la Natmiéinimal (FEDNA, 2006). In the
formulation of both diets, the energy value of glyn for sows was 12.05 MJ NE/kg

(FEDNA, 2010).
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Table 11.Ingredients and composition of diets (as fed-Basis

Gestation Lactation
Crude glycerin, % Crude glycerin, %
Item 0 3 6 0 3 6
Ingredient, %
Barley 57.90 56.92 55.93 49.19 45.30 41.51
Wheat bran 19.57 20.08 20.60 10.00 10.00 10.00
Corn 10.00 7.00 4.00 12.00 12.00 12.00
Soybean meal, 440 g CP/kg 8.93 9.43 9.93 20.19 21.11 21.91
Animal fat 0.50 0.50 0.50 3.80 3.80 3.80
Crude glycerin - 3.00 6.00 - 3.00 6.00
Calcium carbonate 1.65 1.64 1.62 1.59 1.62 1.66
Monocalcium phosphate 0.75 0.76  780. 0.95 0.95 0.95
Sodium chloride 0.40 0.37 0.34 0.50 0.46 0.42
L-Lysine 50 (50% Lys) - - - 0.08 0.06 0.05
VTM premix 0.30 0.30 0.30 1.70 1.70 1.70
Calculated compositién
NE, MJ/kg 8.97 8.95 8.93 9.67 9.64 9.67
CP, % 14.00 14.00 14.00 17.00 17.00 17.00
lleal digestible Lys, % 0.57 0.58 0.59 0.84 0.84 0.84
Ca, % 0.87 0.86 0.86 0.98 1.05 1.01
P, % 0.58 0.58 0.57 0.63 0.63 0.62
dEB’, mEq/kg 0.65 0.64 0.63 0.59 0.63 0.65
Analyzed composition, % on DM
basis except for DM
DM 89.84 89.81 88.14 90.20 90.11 89.84
CP 14.80 14.73 14.57 18.48 18.35 17.80
CF 7.71 8.18 7.99 6.78 7.37 6.82
Ca 0.86 0.88 0.84 0.98 1.04 1.01
P, total 0.55 0.54 0.54 0.66 0.64 0.62
AA, total
Lys 0.71 0.67 0.63 1.06 0.91 0.97
Met 0.24 0.23 0.26 0.28 0.28 0.31
Cys 0.33 0.30 0.33 0.35 0.34 0.33
Thr 0.57 0.55 0.61 0.74 0.78 0.80

IFor gestation, supplied per kg of diet: vitamin tafs-retinyl acetate), 12,500 IU; vitamiry (tholecalciferol)
2,000 1U; vitamin E (dl-alpha tocopheryl aceta®), mg; vitamin K (bisulfite menadione complex), 2 mg; vitamin
B, (thiamine-mononitrate), 1 mg; riboflavin 5 mg; pyridoxine (pyridoxine HCI), 2.5 mg; vitamiB,
(cyanocobalamin), 0.020 mg; niacin, 25 mg; pantuitheacid (D-Ca pantothenate), 12.5 mg; choline (cdleol
chloride), 300 mg; D- biotin 0.1 mg; Zn (ZnO), 16@; Mn (MnSQ.H,0), 80 mg; Fe (FeSYH,0), 100 mg; Cu
(CuSQ.5H,0) 10 mg; Se (NSeQ), 0.22 mg; | (KI) 0.5 mg; Co (2CoGO3 Co(OH). H,0), 0.5 mg, 3-phytase (EC
3.1.3.8) 500 FTU.

For lactation, supplied per kg of diet: vitamin #afis-retinyl acetate), 12,000 1U; vitamia @holecalciferol) 2,000
IU; vitamin E (DL-alpha tocopheryl acetate), 40 mitamin K (bisulfite menadione complex), 2 mg; vitamin B
(thiamine-mononitrate), 1 mg; riboflavjrb mg; pyridoxine (pyridoxine HCI), 2.5 mg; vitami, (cyanocobalamin),
0.030 mg; folic acid, 2.5 mg; niacin, 25 mg; pahtstic acid (D-Ca pantothenate), 12.5 mg; cholinel{ch
chloride), 250 mg; D- biotin 0.3 mg; Zn (ZnO), 16@; Mn (MnSQ.H,0), 80 mg; Fe (FeSYH,0), 100 mg; Cu
(CuSQ.5H,0) 10 mg; Se (N®eQ), 0.22 mg; | (KI) 0.5 mg; Co (2CoG@ Co(OH). H,0), 0.5 mg, 3-phytase (EC
3.1.3.8) 500 FTU. Saccharomyces cerevisiae NCYC St 4 UFC.

2According to FEDNA (2010).

*dEB, dietary electrolyte balance.
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Housing, management and data collection

During gestation, sows were housed in individuallst(2.2 m long x 0.6 m
wide). A few days before farrowing, sows were moigd farrowing rooms and placed
in individual crates (2 m long x 1.5 m wide) to yeat piglets being crushed. Each
gestation and farrowing crate was equipped witleedér and a nipple drinker. The

piglet area was heated by under floor heating.

All experimental diets were offered restrictedamounts during gestation (from
28 days post-insemination). Sows were fed 2.5 ktheif respective dietary treatments
once a dayat 08:00 h). From the second postpartum day, thes svere fed lactation
diet twice a day (at 08:00 and 16:00 h). The ihdmount of feed was adjusted daily for
each lactating sow by increasing the amount supdde 0.5 kg when no refusal was
observed until reaching the maximal feed intakee Téfused feed was weighed and
removed every morning, and feed intake was recobyeslubtracting the refused feed

from the feed offered.

Sows were weighed at days 28 and 110 of gestatiithin 24 h of farrowing,
and at weaning. During weighing, backfat thickness measured at the P2 position
(last rib, 65 mm from the center line of the batk)assess body condition and BW
changes. At farrowing, the number of piglets band born alive per litter was recorded
immediately. Within the first 48 h, litters wereoss-fostered within each dietary
treatment to adjust litter size to 11 piglets pawsAll subsequenpiglet deaths were
recordeddaily for each litter. From 7 days of age, suckling piglead acces® a
commercial pre-starter diePiglets were weaned at 21 days. The litter weight w

recorded at birth, after cross-fostering and wegnin

On day 100 of the gestation and on day 11 postypartight sows were

randomly selected from each dietary treatment t@lyae ghrelin (total and acylated),
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insulin, leptin, and cortisol levels. Blood samplegere collected via jugular
venipuncture into 4 mL tubes (BD Vacutainer) at i@ and 30 min after feeding. After
centrifugation at 3000 g for 10 min at 4°C, the serum was collected andedtat

—85°C until further analysis.
Chemical Analyses

The DM content of the diets was determined by dyynsample in a convection
oven at 105°C for 8 h (AOAC, 2005). Diet samplegevground through a 1-mm

screen, and analyzed for crude protein and crime Gontent (AOAC, 2005).

The mineral content of diets was determined by ashing using a muffle
furnace at 550°C. Ashes were solubilized with 50 wfL 0.6 N nitric acid and
subsequently filtered. The P content was determinyetthe Molibdate-Vanadate method
(MAPA, 1998). The Ca content was detected by at@hsorption spectroscopy (Solaar

M Series; Unicam, Cambridge, UK)

Amino acids in feeds were determined by hydrolyzimg samples with 6 N HCI
for 22 h at 112 + 2°C in glass tubes under an Nogpihere. Cystine and methionine
were analyzed as cysteic acid and methionine selfoespectively, by oxidation with
performic acid for 16 h at 0°C (Llames and Fontaib®94). Tryptophan was not
determined. The AA were separated by reverse-pH&& column (Waters, Milford,
MA, USA) controlled by a Breeze 2 system (Water§A). The hydrolysates were
derivatized with 6-aminoquinolyl-N-hydroxysuccinidyl carbamate to determine
primary amino acids, which were recorded on a V8afe€CQ.Tag (3.9 mnx 150
mm). Regarding the mobile phases used, solventd®Bawere a 1:10 ratio [ACCQ.Tag
Eluent A Concentrate Commercial (Waters) to deiedizvater] and a 60% (vol/vol)

acetonitrile solutions, respectively. The fluoredcaletector was adjusted to an
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excitation wavelength of 250 nm and an emissionalength of 395 nm. Amino acids
were guantified by comparing the peak area of trapdes with those of an internal

standard ¢-aminobutyric acid).

The moisture content of crude glycerin was deteeahiby the Karl-Fischer
method (AOAC, 2005). The mineral composition ofd&uglycerin was analyzed by
atomic absorption spectroscopy as described fdas.dlde total glycerol and methanol
content of crude glycerin were analyzed by gas matography (TRACE GC Ultra,
Thermo Electron Corporation, Rodano, lItaly), usaa@0 m x 0.25 mm x 0.25m
capillary column (Tracsil TR-FFAP; Teknokroma, Belana, Spain) equipped with a

flame ionization detector, and as described by Meaetral. (2013).

Serum insulin and acylated and total ghrelin warangjfied in duplicate using
commercial RIA kits (PI-12K, GHRT-88HK, and GHRT{8H, respectively; Linco
Research, Saint Charles, MO, USA). Leptin concéinttavas measured by the Linco
Multi-species assay Kit (Linco Research) previousbtidated for porcine plasma
(Govoni et al., 2005). Cortisol was analyzed bynsbkiminiscence as described by
Escribano et al. (2012). The intra-assay coeffisieri variation were less than 15% in
all the assays. Pig serum pool dilutions resultelthear regression equations for all the
kits, with correlation coefficients close to 1. Rutest revealed no deviation from
linearity.

Satistical Analysis

Sow and litter performance data were analyzed leyway ANOVA using the
General Linear Model (GLM) procedure of SPSS saféMEPSS Inc., Chicago, IL).
Hormone-related data were analyzed using a mixedeimitm account for effects of

dietary treatment, sampling time (before -0 mind 8 min after feeding), animaind

residual. The dietary treatment, sampling time, &mal first order interaction were
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considered as fixed effects, whereas animal, asdlual were considered random
effects. The normality of blood data was previouslyecked by using normal
distribution plots. For each period (gestation dadtation), Pearson’s correlation
coefficients were calculated between the conceatratof the hormones studied within
each sampling time. Comparisons between groups assessed using a Bonferroni
post-hoc test. All reported means are least squmeans. The significance level and

tendency were set at<$0.05 and K 0.10, respectively.
RESULTS

Table 12 shows the effect of incorporating crudgcetin in feed on sow
performance. Neither gestation length nor lactaliemgth differed between dietary
treatments. Body weight at 28 d and 110 d of gestatand BW change during
gestation were not affected by dietary treatment @05). Dietary treatment had also
no effect on backfat depth or the feed intake @&gpant sows (P > 0.05). The feed
intake was similar for all treatments, averaging By DM/d. During lactation, there
were no differences in BW at farrowing or backfapth (P > 0.05). However, there
was a tendency for BW at weaning to differ betwedestary treatments (P = 0.075).
Sows fed 3% glycerin showed lower BW at 21 d otddon than sows fed the control
diet. The tendency for BW was also reflected in Bhénge of lactating sows. Sows fed
the G3 diet showed a greater loss of live weighk (.05); although the BW change
was not different between glycerin-fed sows, omieein sows fed 6% glycerin and
those fed the GO diet. In addition, glycerin-fedvsdhad a lower feed intake than those
fed the control diet (P < 0.05). The ADFI for laatg sows fed the G3 and G6 diets

was 12 and 7% lower, respectively, than for thed{&.
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Table 12.Effect of glycerin addition to feed on sow perf@amae.

Diets'
Item GO G3 G6 SE P-value
No. of sows 21 21 21
Gestation length, d 114.4 114.6 115.4 0.20 0.157
Lactation length, d 21.3 21.6 21.0 0.20 380.
Sow BW, kg
Early gestation, at 28 d 188.9 189.1 190.3 2.62 97D.
Late gestation, at 110 d 229.1 228.0 231.8 2.30 87.7
Farrowing, within 24h 207.6 204.7 205.9 2.30 0.876
Weaning, at 21 d 1989  184.F 190.8° 2.63 0.075
Gestation BW change 40.3 38.9 41.5 1.42 0.757
Lactation BW change -87 -20.6 -15.4° 1.67 0.017
Sow backfat thickness, mm
Early gestation, at 28 d 14.0 13.3 13.0 0.28 0.320
Late gestation, at 110 d 15.4 14.2 13.8 0.32 0.105
Farrowing, within 24h 14.2 13.9 13.3 0.31 0.494
Weaning, at 21 d 11.9 11.4 10.9 0.22 0.226
Gestation backfat change 1.4 1.0 0.8 0.28 629.
Lactation backfat change -2.3 -2.5 -2.4 0.19 950.
Sow ADFI, kg DM/d
Gestation 2.2 2.2 2.2 0.01 0.538
Lactation 42 3.7 3.9 0.06 0.002

! Dietary treatments were 0, 3, or 6% crude glycemifusion.
aPwithin a row, means without a common supersciiiédsignificantly (P < 0.05).

The effects of glycerin on litter performance aresgnted in Table 13. The
average number of piglets born and born alive iter was 13.7 and 11.7, respectively,
with no difference between dietary treatments (B.05). At farrowing, litters were
cross-fostered to adjust litter size and avoidahdifferences among dietary treatments
(P > 0.05). There was also no effect on litter sizeveaning (P > 0.05). In addition, the
amount of glycerol in the diet did not affect preaming mortality of the piglets (P >
0.05), the weight of litters after cross-fosteriffg > 0.05), or weight of litters at
weaning (P > 0.05). The pre-weaning weight gaifittdrs, corrected by the weight of
dead piglets, and the ADG of piglets were simitardll treatments (P > 0.05), with an

average of 41.1 kg and 0.2 kg/d, respectively.
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Table 13.Effect of glycerin addition to feed on litter penmance.

Diets'
ltem GO G3 G6 SE P-value
No. of litters 21 21 21
Litter size
Total piglets born 12.8 13.8 14.4 0.42 0.302
Born alive 11.3 11.6 12.2 0.36 0.605
After cross-fostering, within 48h 10.8 111 11.7 19. 0.178
Weaning, at 21 d 9.9 10.3 10.3 0.19 0.602
Piglet preweaning mortality% 7.6 7.2 11.2 1.27 0.374
Litter weight, kg
Total born litter wt, kg 18.1 18.8 19.6 0.53 0.511
After cross-fostering, within 48h 17.5 17.0 16.7 49. 0.767
Weaning, at 21 d 56.3 56.8 56.1 1.30 0.973
Gair? 40.5 40.8 41.9 0.95 0.802
Piglet initial BW, kg 1.64 1.54 1.44 0.04 0.141
Piglet weaning BW, kg 5.67 5.53 5.47 0.1 0.692
Piglet ADG, kg 0.20 0.19 0.20 0.00 0.604

IDietary treatments were 0, 3, or 6% crude glycevilusion.

ZCalculated for each litter from the number of piglatter cross-fostering.
Corrected by the weight of dead piglets.

“Piglet weight after cross-fostering.

The effect of adding glycerin to feed on the setawels of hormones related to
energy metabolism and feed intake is presentedabieT14. At 100 d, pregnant sows
fed diets supplemented with glycerin showed lowsd &igher levels of acyl-ghrelin
and leptin, respectively (R 0.01). Insulin and cortisol were not affected bgtakry
treatment (P > 0.05). In lactation, there were iff@iitnces between dietary treatments
for any of the hormones measured (P > 0.05). Thasarement time effect, before or
after feeding, was also examined. Serum conceaottrati insulin and leptin changed 30
min after feeding® < 0.05). Insulin concentrations were higher afesding in both
pregnant and lactating sows (P < 0.001). The bebawf leptin, before and after
feeding, depended on the physiological status @stiws. Feeding led to an increase in
leptin concentration in pregnant sows (P < 0.0%) adecrease in lactating animals (P <

0.05). No differences in concentration for the othermones studied were found,
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although there was a tendency for cortisol leveldbe lower in lactating sows after
feeding P = 0.052). In general, diet and sampling time irtgo@s were not significant,

except in the case of acylated ghrelin in lactatogs (P < 0.001).

Pearson’s correlation coefficients were calculdtetiveen each of the hormones
studied in pregnant and lactating sows within samyime: before (0 min) and 30 min
after feeding. Before feeding, the total ghrelimoentration of sows during gestation
was negatively correlated with acyl-ghrelin (r =40, P < 0.05), and the concentration
of acyl-ghrelin was positively correlated with thertisol (r = 0.81; P < 0.01). Thirty
minutes after feeding, total ghrelin still showedegative correlation with acyl-ghrelin
(r = -0.48; P = 0.05), and the concentration ofl-gtyelin was negatively correlated
with leptin (r = -0.73; P < 0.01). During lactatiototal ghrelin and acyl-ghrelin
concentrations were correlated with insulin (r 50).P < 0.01) and cortisol (r = 0.61; P
< 0.05) at 0 min, respectively. After feeding, tt@ncentration of leptin in lactating
sows was negatively correlated with total ghretin=(-0.59; P < 0.01) and positively

correlated with insulin (r = 0.46; P < 0.05).
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Table 14.Effect of glycerin addition and sampling time dagmatic concentration of some hormones in sowsggestation and lactation.

Diets Sampling timé SEM P-value
Item 0G 3G 6G 0 min 30 min P T PxT
No. of sows 8 8 8 24 24
Gestation
Total ghrelin, pg/mL 755.1 811.2 832.8 783.2 631 18.08 0.209 0.110 0.183
Acyl-ghrelin, pg/mL 1130 50.9 49.6 76.7 65.3 8.65 0.006 0.224 0.985
Insulin, pU/mL 15.14 15.84 21.80 4%3 30.5% 2.973 0.607 <0.001 0.174
Leptin, ng/mL 2.57 3.87 477 3.50 3.97 0.199 <0.001 0.025 0.553
Cortisol, pU/mL 4.25 341 2.19 3.20 3.36 0.449 0.253 0.750 0.710
Lactation
Total ghrelin, pg/mL 653.7 698.6 639.8 666.1 266 29.70 0.701 0.848 0.788
Acyl-ghrelin, pg/mL 37.7 53.3 49.2 44.6 48.8 5% 0.608 0.322 <0.001
Insulin, pU/mL 15.65 10.05 15.38 8%83 18.56 1.718 0.338 <0.001 0.384
Leptin, ng/mL 3.19 2.73 3.26 325 2.86 0.253 0.645 0.031 0.785
Cortisol, pU/mL 3.96 4.78 3.95 4.61 3.85 0.547 0.785 0.052 0.582

! Dietary treatments were 0, 3, or 6% crude glycemifusion.
2 Measurement time with respect to feeding timeokeetO min) and 30 min after feeding.
aPwithin a row, means without a common supersciifiérdsignificantly (P < 0.05).
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DISCUSSION

Several authors have evaluated the effects of dgedrude glycerin to pigs
during weaning (Groesbeck et al., 2008; Zijlstraakt 2009) and growing-finishing
periods (Kijora et al., 1995; Della Casa et alQ20Lammers et al., 2008b; Mendoza et
al., 2010). However, studies with sows fed dietstaiming crude glycerin have rarely

been conducted (Schieck et al., 2010a).

In our study, the inclusion of up to 6% crude gheen diets for pregnant sows
did not affect any performance variable. In additidADFI did not differ among
treatments, taking into account that all diets waffered in restricted amounts during
gestation, and there was no leftover feed fronfeékd offered. To our knowledge, there
are no previous studies regarding the effects péagin supplementation in diets for
sows during gestation with which to compare thesellts. However, it is important to
highlight that the amount of crude glycerin addedliets was relatively low compared
with other studies in piglets and growing-finishipms. The inclusion levels tested in
this study did not exceed the maximum level reconaed by FEDNA (2010) for

pregnant sows (6%).

During lactation, glycerin-fed sows had a lower Aliran those fed the control
diet. In contrast, Schieck et al. (2010a) repotteat lactating sows fed a 3% glycerin
diet had greater feed intake than those fed 6%eglycalthough no differences on
ADFI were found when glycerin-supplemented dietseveompared to a control diet.
Crude glycerin inclusion in the diets of growingifihing pigs has also provided
conflicting results as regards growth performar@eme studies found enhanced ADG
and ADFI in pigs fed glycerin (Kijora et al., 199S¢hieck et al., 2010b), while others
reported negative effects (Della Casa et al., 2009)o effects on the growth rate and

feed efficiency (Lammers et al., 2008b; Mendozalgt2010). The variability of these
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results may be attributed partially to differenoeghe chemical composition and energy

value of crude glycerin, and the ingredients regdbloy it.

When feeding lactating sows, the aim is to minintize loss of body mass by
providing them with energy and nutrien®&ude glycerin has an energy content similar
to that of corn, and can be used by the pig asuece®f energy when included in the
diet (Lammers et al., 2008c; Kovacs et al., 20MQreover, glycerol is a precursor of
glucose, which participates in lipogenesis and aavent protein catabolism (Tao et
al., 1983). However, in our study, lactating sowd fG3 diet showed a higher body
weight loss, although this difference was not obseérin backfat thickness during
lactation, which was similar among treatments. Tdveer BW at weaning of sows fed
3% glycerin could be attributed to the lower ADFItlbese sows. Conversely, Schieck
et al. (2010a) found that dietary crude glycerid dot affect either BW changes or
backfat depth during lactation. Moreover, theséhast evaluated the incorporation of
up to 9% crude glycerin, which exceeds the uppeell®f 5% recommended by

FEDNA (2010) for lactating sows.

Glycerol is highly gluconeogenic, glucose being tmeiting source for the
synthesis of lactose, and consequently for milkdpotion. In fact, dietary crude
glycerin has been shown to increase the milk lg&ctmntent in sows, although it was
not reflected in milk yield (Schieck et al., 2010&dditionally, glycerol stimulates
water intake, and and increased water intake seppghe mammary gland with the
water necessary for milk synthesis. These effextsuks to hypothesize that the dietary
supplementation of crude glycerol during lactatmaight improve litter performance.
Our results showed that the addition of up to 64derglycerin to sow diets has no
detrimental effects on litter traits, which did ndiffer from those obtained with the

control diet. Schieck et al. (2010a) reported admndecrease in litter BW gain as the
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glycerol content of the diet increased from O to, @¥6bably related to the lower ADFI
of sows fed 6% glycerin. However, in our studytelitperformance was not affected by
the dietary addition of crude glycerin, despite tbeer ADFI observed in sows fed

glycerin.

Several hormones related to metabolism and feeakentvere examined in
gestating and lactating sows, when different endx@wances are to be expected. Our
results showed that dietary glycerin affected agyielin and leptin levels in pregnant
sows, while no differences between dietary treatmewvere found for insulin and

cortisol, or any of the hormones measured in |amtat

In general, previous studies including dietary ghyt in growing-finishing pigs
found no differences in insulin (Orengo et al., 20 kortisol (Lammers et al., 2008b) or
glucose (Hansen et al., 2009) levels between tezasn Likewise, Schieck et al.
(2010a) found no effect on plasma glucose as thel t&f crude glycerin was increased
in sow lactation diets. Insulin reduces blood ghectevels by enhancing glucose uptake
and use by the cells as an energy source, whiligsgbincreases plasma glucose in
response to stress and its low level in blood (Koaps et al., 2005). In this study,
pregnant sows fed diets containing glycerin hacelolevels of acyl-ghrelin and higher
levels of leptin at 0 min, suggesting that dietsupplementation of glycerin may exert a
satiating effect. Ghrelin is a fast-acting hormadnat stimulates appetite by acting as a
meal initiation signal for the short-term regulatiof the energy balance (Klok et al.,
2007; Steinert et al., 2013), and whose the aayldam is considered the biologically
active form (Kojima et al., 1999). On the other thaleptin is involved in the long-term
regulation of the energy balance, and is capablalobiting feed intake (Barb et al.,

1998).
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The circulating concentrations of some of thesemtuores were also dependent
on the measurement time (0 min and 30 min aftedifgg. The postfeeding serum
concentrations of insulin in sows during gestatma lactation were higher at 30 min.
This was not unexpected taking into account thalin usually increases after feeding
to provide energy to the cells (Koopmans et al.03)0 Regarding leptin, the
postprandial concentrations depended on the ploggaal status of the sows: while
feeding led to an increase in leptin concentratiosows during gestation, there was a
decrease during lactation. This interaction effexg also been described by Martinez et
al. (2014), and suggests a higher satiety in sawsgl gestation, a period in which the
energy balance is more likely to be positive. Lepgivels increase when an individual
has a positive energy balance, acting as a satigtyal that decreases appetite and food
intake in humans (Klok et al., 2007). Also, De Renst al. (2005) concluded that

plasma leptin in sows is associated with backfatlde

The regulation and interactions between these hoesithvave previously been
described in humans (Klok et al., 2007) and othprces (Ma et al., 2012). Most
studies on the relationship between food intakedsgng hormones and diet have
focused on understanding the underlying mechaniswadved in obesity and its related
disorders in humans (Schwarz et al., 2011). In $hisly, the strongest correlation was
found between the concentration of acyl-ghrelin @odtisol in both pregnant and
lactating sows at 0 min. In this sense, severalistuin mice and humans have found
that serum ghrelin concentrations increase in stoesmditions (Chuang et al., 2011;
Stengel et al.,, 2011), which also increase thenmdatevels of cortisol. Our results
showed that pregnant sows fed diets containingegiydad lower levels of acyl-ghrelin
at 0 min, associated to a numerically lower comagion of cortisol. In addition to the

strong linear correlation between both hormonessédhfindings suggest that dietary
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supplementation of the gestation diet with glyceniay also minimize hunger pangs
and improve welfare, although relatively littleksown about any interactions between
these hormones and diet composition. However, is lihe of research, Yin et al.

(2009) found that dietary zinc supplementation eased plasma concentrations of
ghrelin, as well as feed intake and growth in fggylélso in pigs, the oral ingestion of
tryptophan increased ghrelin expression in gastmclus and the circulating levels of

ghrelin (Zhang et al., 2007).
CONCLUSION

Based on the results of the present study, it earobcluded that up to 6% crude
glycerin can be used to partially replace corn igtsdfor pregnant sows, but not for
lactating animals. Furthermore, the addition ofderglycerin seems to affect the serum
levels of some feed intake-regulating hormones. él@x, further research is needed to
determine the effects of crude glycerin on the gydbalance in relation to the

physiological status of the animal.
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Conclusions

. The addition of crude glycerin to the diet befosdlgting increased feeder
speed (rpm) and production rate (kg/h), which tesuin improved feed

mill production efficiency (kg/kwh).

. Feeding up to 5% crude glycerin to growing-finighpigs (Large Whitex

Landrace) had no effects on growth performance @asima metabolites.
Crude glycerin inclusion in replacement of cormglsiiy improved organic
matter and ether extract digestibilities, and dod affect N balance and

mineral metabolism.

. Iberian crossbreed pigs (Iberian giksDuroc boars) can be fed with 10%
crude glycerin in replacement of wheat without etifeg performance and
nutrient digestibility. Pigs fed 10% crude glycenad higher levels of acyl-

ghrelin, which were related to a greater ADFI aridiG\

. Crude glycerin can replace up to 6% of corn indietr pregnant sows
without any detrimental effects on sow and litterfprmance. However,
during lactation, sows fed glycerin had lower ADBhd consequently a

greater body weight loss.

. Before feeding, pregnant sows (Landrace x Large t&)yhfed diets

containing glycerin had lower levels of acyl-ghnelwith a strong positive
linear correlation between acyl-ghrelin and colfisuggesting that the
inclusion of glycerin in gestating diets may ex@datiating effect, and even

minimize hunger pangs and improve welfare
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