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ARTICLE INFO ABSTRACT

Keywords: The objective of this experiment was to test the hypothesis that the basal endogenous loss (BEL) of
Digestibility P from pigs fed a diet containing spray dried plasma, casein, or potato protein concentrate is not
Endogenous Loss different from that of pigs fed a diet containing gelatin. Forty pigs (body weight: 19.34 kg; SD =
PjFree Diet 0.80) were housed individually in metabolism crates and allotted to four low-P diets using a
pig . . . . , . Lo
Phosphorus completely randomized block design with two blocks of 20 pigs and five pigs per diet in each

block. Diets were based on cornstarch and sucrose and contained 200 g/kg gelatin, 200 g/kg
spray dried plasma, 185 g/kg casein, or 200 g/kg potato protein concentrate. With the exception
of Ca and P, diets were formulated to meet requirements of all nutrients. Feces and urine samples
were collected for 4 d following a 5-d adaptation period. Fecal samples were dried and ground,
and fecal and urine samples were analyzed for P. Data were analyzed using a model that included
diet as fixed effect and block as random effect. Results indicated that feed intake and fecal
excretion of dry matter were greater (P < 0.05) in pigs fed diets containing spray dried plasma,
casein, or potato protein concentrate compared with pigs fed the gelatin diet, with pigs fed potato
protein concentrate having the greatest (P < 0.05) excretion. The apparent total tract digestibility
(ATTD) of dry matter was least (P < 0.001) in pigs fed the diet containing potato protein
concentrate, but there were no differences among gelatin, spray dried plasma, and casein diets.
The ATTD of P was greater (P < 0.001) in pigs fed diets containing spray dried plasma or casein
compared with pigs fed gelatin or potato protein concentrate diets. The BEL of P was not different
between the gelatin and casein diets (i.e., 176 and 234 mg/kg dry matter intake), but pigs fed
diets containing spray dried plasma or potato protein concentrate had greater (P < 0.001) BEL of
P (i.e., 338 and 374 mg/kg dry matter intake) compared with pigs fed gelatin or casein diets. In
conclusion, the BEL of P was greater if calculated from diets containing spray dried plasma or
potato protein concentrate compared with gelatin. However, casein may be an alternative to
gelatin to estimate the BEL of P because casein provides a greater amount of P compared with
gelatin, which compensates for the deficient level of P in gelatin, but does not affect the BEL of P.

Abbreviations: ATTD, apparent total tract digestibility; BEL, basal endogenous loss; DM, dry matter; DMI, dry matter intake; STTD, standardized
total tract digestibility.
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1. Introduction

Phosphorus is one of the most expensive nutrients used in swine diets. Formulating diets based on values for standardized total tract
digestibility (STTD) of P instead of values for apparent total tract digestibility (ATTD) may reduce the cost of diets because STTD
values, unlike ATTD values, are additive in mixed diets, which may prevent an oversupply of P (Almeida and Stein, 2010). Values for
STTD of P in plant ingredients, animal proteins, and feed phosphates have been determined (NRC, 2012; Stein et al., 2016) by cor-
recting ATTD of P for the endogenous P loss. The basal endogenous loss (BEL) of P can be estimated using a P-free diet and values are
relatively constant for growing-finishing pigs regardless of the body weight and dietary Ca concentration (Baker et al., 2013; Son and
Kim, 2015; Kim et al., 2017). There are, however, differences in endogenous loss of P between growing pigs and gestating sows (Son
and Kim, 2015; Bikker et al., 2017; Lee et al., 2018).

Gelatin has been widely used in P-free diets because it does not contain any P and has high levels of digestible amino acids (Petersen
et al., 2005; Petersen and Stein, 2006). However, most gelatin products are in a powder form that may make diets dusty and sticky,
which can make it difficult to work with such diets and this may also result in reduced palatability of diets. In addition, feeding pigs a
diet containing no P may result in physiological issues in pigs (Fan et al., 2001; She et al., 2017). Therefore, spray dried plasma, casein,
or potato protein concentrate are possible protein alternatives to gelatin because P in spray dried plasma and casein is close to 100%
digestible and potato protein concentrate has a low concentrations of P (NRC, 2012). Indeed, blood plasma is sometimes used to
determine the BEL of P (Biinzen et al., 2012) because it is assumed that the P contributed by plasma is completely absorbed (Almeida
and Stein, 2011). However, to our knowledge, it has never been confirmed that the BEL of P is the same if estimated from diets
containing gelatin, spray dried plasma, casein, or potato protein concentrate. Therefore, the objective of this experiment was to test the
hypothesis that the BEL of P calculated from pigs fed a diet containing spray dried plasma, casein, or potato protein concentrate are not
different from that of pigs fed a diet containing gelatin.

2. Materials and methods

The Institutional Animal Care and Use Committee at the University of Illinois reviewed and approved the protocol for the
experiment. Pigs used in the experiment were the offspring of Line 800 boars mated to Camborough females (Pig Improvement
Company, Hendersonville, TN, USA).

2.1. Diets and feeding

Four semi-purified diets with low concentrations of P were formulated based on cornstarch and sucrose (Tables 1 and 2). These

Table 1

Ingredient composition of experimental diets.
Item, g/kg Protein Source

Gelatin Spray dried plasma Casein Potato protein concentrate

Cornstarch 468.1 493.8 513.6 495.0
Sucrose 200.0 200.0 200.0 200.0
Gelatin 200.0 - - -
Spray dried plasma - 200.0 - -
Casein - 185.0 -
Potato protein concentrate - - - 200.0
Soybean oil 40.00 40.00 40.00 40.00
Cellulose 40.00 40.00 40.00 40.00
L-Arg - - - -
1-His 3.00 - - -
1-lle 3.90 1.80 - -
1-Leu 7.50 - - -
1-Lys-HCl1 6.60 0.40 - 2.00
pL-Met 2.00 2.40 - 0.50
1-Thr 3.80 0.20 0.80 -
-Trp 1.80 - - 0.50
1-Val 3.80 - - -
Limestone, ground 5.50 7.40 6.60 8.00
Potassium carbonate 4.00 4.00 4.00 4.00
Magnesium oxide 1.00 1.00 1.00 1.00
Sodium chloride 4.00 4.00 4.00 4.00
Vitamin-mineral premix® 5.00 5.00 5.00 5.00

2The vitamin-mineral premix provided the followign quantities of vitamins and minerals per kg of complete diet: vitamin A as retinyl acetate, 10,622
1U; vitamin D3 as cholecalciferol, 1660 IU; vitamin E as DL-alpha-tocopheryl acetate, 66 IU; vitamin K as menadione nicotinamide bisulfate, 1.40 mg;
thiamin as thiamine mononitrate, 1.08 mg; riboflavin, 6.49 mg; pyridoxine as pyridoxine hydrochloride, 0.98 mg; vitamin B;, 0.03 mg; D-pan-
tothenic acid as D-calcium pantothenate, 23.2 mg; niacin, 43.4 mg; folic acid, 1.56 mg; biotin, 0.44 mg; Cu, 20 mg as copper chloride; Fe, 123 mg as
iron sulfate; I, 1.24 mg as ethylenediamine dihydriodide; Mn, 59.4 mg as manganese hydroxychloride; Se, 0.27 mg as odium selenite and selenium
yeast; and Zn, 124.7 mg as zinc hydroxychloride.
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Table 2

Analyzed nutrient composition of experimental diets (as-fed basis).
Item, g/kg Protein source

Gelatin Spray dried plasma Casein Potato protein concentrate

Dry matter 916.2 917.6 920.1 929.5
Crude protein 211.2 179.1 163.0 158.7
Gross energy, MJ/kg 17.19 16.94 17.22 17.63
Ash 14.4 33.6 17.6 20.7
Ca 3.00 3.70 2.80 3.80
P 0.10 3.10 1.40 0.30
Calculated
Ca 3.00 3.00 3.00 3.00
P - 2.60 1.30 0.30

diets also contained 200 g/kg gelatin, 200 g/kg spray dried plasma, 185 g/kg casein, or 200 g/kg potato protein concentrate, which
were the only sources of P in the diets (Table 3). The inclusion rate of the protein sources was determined to meet the amino acid
requirement of pigs. Crystalline amino acids, vitamins, and minerals with the exception of Ca and P were included in the diets to meet
the current requirements for 11- to 25 kg pigs (NRC, 2012). Limestone was included in all diets to reach a level of 3.00 g/kg of total Ca.
Daily feed allotments were divided into two equal meals that were provided at 0800 and 1600 h and pigs were provided feed at 2.5
times the daily maintenance requirement for metabolizable energy (i.e., 197 kcal metabolizable energy per kg body weight®%%; NRC,
2012). Experimental diets were fed for 12 days, with the initial 5 days considered the adaptation period.

2.2. Animals and housing

Forty growing barrows (body weight: 19.34 kg; SD = 0.80) were allotted to the four diets using a completely randomized block
design with two blocks of 20 pigs with 5 pigs per diet in each block for a total of 10 replicate pigs per diet. Pigs in the two groups were
born and weaned two weeks apart and the weaning group, therefore, was the blocking factor. Pigs were individually housed in
metabolism crates that were equipped with a nipple waterer, a feeder, and fully slated floors. A mesh screen and pan were installed
under the slatted floor during the collection period allowing for total, but separate, feces and urine collection.

2.3. Method of collection

Samples of the diets and main ingredients were collected at the time of diet mixing. Feces were collected for 4 days following the
adaptation period using the marker-to-marker procedure (Adeola, 2001). Fecal collection began when the first marker (i.e., chromic
oxide) fed in the morning of day 6 appeared in the feces and ceased when the second marker (i.e., ferric oxide), which was fed in the
morning of day 10, appeared in the feces. Urine was collected from day 6 to day 10. Feed consumption was recorded daily, and orts
were collected to determine feed intake from day 6 to day 10. Pigs had free access to water throughout the experiment.

Fecal collection occurred twice daily, and samples were stored at-20 °C immediately following collection. Buckets containing a
preservative of 50 mL of 6 N HCl were placed under each crate for urine collection. Urine buckets were weighed and emptied once per
day and one-tenth of the collected urine was stored at-20 °C. At the conclusion of the experiment, urine samples were thawed at room
temperature and subsamples were collected for analysis.

2.4. Chemical analyses

Fecal samples were thawed, dried in a 50 °C forced air drying oven, and finely ground using a 500 G swing type grain mill (RRH,
Zhejiang, China) prior to analysis. The dry matter (DM) in diets and ingredients was determined in duplicate by oven drying at 135 °C
for 2 h (method 930.15; AOAC Int., 2019). Diets were also analyzed in duplicate for ash at 600 °C for 2 h (method 942.05; AOAC Int.,

Table 3
Analyzed nutrient composition of ingredients (as-fed basis).
Item, g/kg Protein source
Gelatin® Spray dried plasma” Casein® Potato protein concentrate’
Dry matter 874.90 877.0 887.1 918.4
Crude protein 1010.0 759.6 878.3 823.1
Ca 0.4 1.2 0.3 0.2
P 0.5 16.2 7.1 1.0

# Gelatin obtained from Gelita USA Inc. (Sioux City, IA, USA).

P Spray dried plasma was obtained from APC Inc. (Ankeny, IA, USA).

¢ Casein was obtained from NZMP (Auckland, New Zealand).

d potato protein concentrate was obtained from Royal Avebe (Veendam, Netherlands).
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2019). Diet and ingredient samples were analyzed for Ca and P and feces and urine samples were analyzed for P (method 985.01 A, B
and C; AOAC Int., 2019) using inductively coupled plasma-optical emission spectrometry (ICP-OES; Avio 200, PerkinElmer, Waltham,
MA, USA). Sample preparation included dry ashing at 600 °C for 4 h (method 942.05; AOAC Int., 2019) and wet digestion with nitric
acid (method 3050 B; U.S. Environmental Protection Agency, 2000). Diets were also analyzed for gross energy using an isoperibol
bomb calorimeter (Model 6400, Parr Instruments, Moline, IL, USA) and diets and ingredients were analyzed for N using the com-
bustion procedure (method 990.03; AOAC Int., 2019) on a LECO FP628 Nitrogen Analyzer (LECO Corp., Saint Joseph, MI, USA). Crude
protein was calculated as N x 6.25.

2.5. Calculations

The BEL of P was calculated using the fecal flow of P and feed intake of pigs and was expressed as mg/kg of DM intake (DMI) as
previously outlined (Petersen and Stein, 2006; Almeida and Stein, 2010; NRC, 2012):
BEL of P (mg/kg DMI) = [(Preca outpu/DMI) X 1000 x 1000]

The ATTD of P in each experimental diet was calculated by modifying the equation by Almeida and Stein (2010):

ATTD of P (g/g) = [(Pintake — Precal oulput)/ Pintakel

Retention of P was calculated by modifying the equation by Petersen and Stein (2006):
P retention (g/day) = [Pintake — (Pfeces + Purine)]

where Pintake, Pfeces, and Pyrine are in g/day.

2.6. Statistical analysis

Normality and homogeneity of data were verified using the UNIVARIATE and MIXED procedures (SAS Institute Inc., 2016) and
outliers were identified using Internally Studentized Residuals (Tukey, 1977). Data were analyzed using the PROC MIXED procedure
(SAS Inst. Inc., 2016). The model included diet as fixed effect and block and pig within block as random effects. Pig was the exper-
imental unit for all analyses and results were considered significant at P < 0.05 and a trend at P < 0.10. Treatment mean values were
calculated using the LSMeans statement in SAS and, if significant, were separated using PDIFF option with Tukey’s adjustment. An
alpha value of 0.05 was used to assess significance among means.

3. Results

Feed intake and fecal excretion were greater (P < 0.05) for pigs fed diets containing spray dried plasma, casein, or potato protein
concentrate compared with pigs fed the gelatin diet, but pigs fed the diet containing potato protein concentrate had the greatest (P <
0.05) fecal excretion compared with pigs fed the other protein sources (Table 4). The ATTD of DM was less (P < 0.05) for the diet
containing potato protein concentrate compared with diets containing gelatin, spray dried plasma, or casein. Urine excretion from pigs
fed the gelatin diet was not different from that of pigs fed the other diets, but pigs fed the spray dried plasma diet had greater (P < 0.05)
urine excretion compared with pigs fed diets containing casein or potato protein concentrate.

Table 4

Basal endogenous loss and retention of P by pigs fed low-P diets™2.
Item Protein source

Gelatin Spray dried plasma Casein Potato Protein Concentrate SEM P-value

Feed intake, kg/day 0.59° 0.72% 0.73% 0.73% 0.02 < 0.001
Fecal excretion, g DM/day’ 21.13¢ 31.12° 29.07° 43.16% 0.002 < 0.001
ATTD of DM! 0.96% 0.95% 0.96% 0.94° 0.003 < 0.001
Urine excretion, kg/day 3.93% 4932 2.93° 2.59° 0.57 0.004
P balance
P intake, g/day 0.094 2.23° 1.12° 0.23° 0.02 < 0.001
P in feces, g/kg 4.50° 7.10° 5.30° 5.70° 0.04 < 0.001
Fecal P output, g/day 0.10¢ 0.22% 0.16° 0.25% 0.01 < 0.001
Absorbed P, g/day -0.01¢ 2.01* 0.96" -0.03¢ 0.02 < 0.001
ATTD of P -0.07° 0.92% 0.85% -0.12° 0.05 < 0.001
BEL of P, mg/kg DMI* 176° 3387 234° 3742 16.8 < 0.001
P in urine, g/kg 0.003° 0.144% 0.005° 0.005° 0.001 < 0.001
Urine P output, g/day 0.01° 0.68% 0.01° 0.01° 0.04 < 0.001
P retention, g/day -0.02¢ 1.33% 0.96° -0.04¢ 0.04 < 0.001

ab.¢.d\feans within a row without a common superscript letter are different (P < 0.05).
DM = dry matter; ATTD = apparent total tract digestibility; BEL = basal endogenous loss; DMI = dry matter intake.
2Least squares means represent 10 replicate animals per diet.
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Phosphorus intake was different (P < 0.05) among all diets, with pigs fed the diet containing gelatin having the least and pigs fed
the diet containing spray dried plasma having the greatest P intake. There was no difference in concentration of fecal P (g/kg) between
pigs fed the gelatin diet and pigs fed the casein diet, but pigs fed the gelatin diet had less (P < 0.05) fecal P output (g/day) compared
with pigs fed diets containing the other protein sources. Likewise, pigs fed the casein diet had less (P < 0.05) fecal P output (g/day)
than pigs fed diets containing potato protein concentrate or spray dried plasma. Absorbed P was greatest (P < 0.05) by pigs fed the diet
containing spray dried plasma, and pigs fed the casein diet had greater (P < 0.05) daily absorption of P than pigs fed the gelatin diet or
the potato protein diet. Pigs fed diets containing spray dried plasma or casein had greater (P < 0.05) ATTD of P compared with pigs fed
diets containing gelatin or potato protein concentrate. The BEL of P was not different between the gelatin and casein diets, but pigs fed
diets containing spray dried plasma or potato protein concentrate had greater (P < 0.05) BEL of P than pigs fed the other diets.
Phosphorus excreted in urine, expressed as g/kg or g/day, was not different among diets containing gelatin, casein, or potato protein
concentrate, but pigs fed diets containing spray dried plasma had greater (P < 0.05) urine P excretion compared with pigs fed the other
protein sources. Retention of P was lowest (P < 0.05) for pigs fed diets containing gelatin or potato protein concentrate and was
greatest (P < 0.05) for pigs fed the spray dried plasma diet.

4. Discussion

Concentrations of DM and crude protein in gelatin, spray dried plasma, casein, and potato protein concentrate and analyzed
concentrations of Ca and P in spray dried plasma and casein were in agreement with expected values (NRC, 2012). Likewise, Ca and P
concentrations in potato protein concentrate were consistent with reported values (Nelson et al., 2022).

The observation that pigs fed the gelatin diet had the least feed intake is in agreement with previous observations (Stein et al., 2006;
Alves et al., 2016) and may be due to the reduced palatability caused by gelatin. Differences observed in P intake, fecal P (expressed as
g/kg and g/day), and absorbed P were expected due to the differences in P provided by the diets. However, although no differences in
feed intake were observed among pigs fed spray dried plasma, casein, or potato protein concentrate diets, pigs fed the diets containing
spray dried plasma or potato protein concentrate had greater fecal P output (g/day) than pigs fed the casein diet. The greater total fecal
excretion by pigs fed the potato protein concentrate diet than pigs fed the other diets may have been a result of the increased fiber and
phytate in the potato protein concentrate (NRC, 2012; Nelson et al., 2022) compared with the other ingredients. The greater total urine
output from pigs fed the diet containing spray dried plasma compared with pigs fed diets containing casein or potato protein
concentrate may be due to the greater concentration of Na in spray dried plasma compared with casein or potato protein concentrate
(NRC, 2012), which may have increased water intake and subsequently urine output. The observation that P concentration in the
urine, expressed as g/kg or g/day, was greatest from pigs fed spray dried plasma diet was expected due to greater dietary concentration
of P.

The observation that ATTD of P was negative in pigs fed diets containing gelatin and potato protein concentrate is a result of the low
concentration of P in these diets and pigs were, therefore, excreting more P than they were ingesting from the diets. In contrast, the
greater ATTD of P in the spray dried plasma and casein diets was a result of the greater concentration of P in these diets and reflects that
endogenous P, as a percent of the total P excreted, decreases proportionately as P intake increases (Alves et al., 2016). Values for ATTD
of P in spray dried plasma and casein are consistent with reported values (NRC, 2012).

The BEL of P observed in pigs fed the gelatin diet (176 mg/kg of DMI) is close to the 190 mg/kg of DMI, which the NRC (2012)
designated as a representative value for BEL of P. Observed BEL of P from pigs fed the diet containing spray dried plasma (338 mg/kg of
DMI) is consistent with the value of 370 mg/kg of DMI that was recently observed by Bailey et al. (2023), where spray dried plasma
was the only source of P in the diet. In Brazil, blood plasma is sometimes utilized as a protein source in low-P diets to determine the BEL
of P (Biinzen et al., 2012). Due to the high digestibility of P in spray dried plasma, it is assumed that P provided by spray dried plasma is
completely absorbed, and therefore, any P present in the feces is of endogenous origin (Almeida and Stein, 2011). However, BEL of P
measured from the diet containing spray dried plasma was greater than that measured from pigs fed the gelatin diet, indicating that not
all P provided by spray dried plasma was absorbed by the pig. Therefore, using spray dried plasma may result in an overestimation of
BEL of P. The BEL of P observed in pigs fed potato protein concentrate (374 mg/kg of DMI) is slightly greater than results observed by
Lopez et al. (2022) who reported a value of 308.5 mg/kg of DMI when utilizing potato protein concentrate as the only source of P in the
diet. The BEL of P observed from pigs fed the potato protein concentrate diet was greater than that observed in pigs fed the gelatin diet,
indicating that the P provided from potato protein concentrate is not completely absorbed by pigs. Therefore, potato protein
concentrate may also result in an overestimation of BEL of P. The observed BEL of P in pigs fed the casein diet (234 mg/kg DMI) is close
to the range (110-226 mg/kg DMI) reported by Pettey et al. (2006). Because this value was not different from the value obtained for
the gelatin diet it is concluded that casein, unlike spray dried protein plasma or potato protein concentrate, may be used as an
alternative to gelatin in P-free diets used to estimate the BEL of P. The estimated basal endogenous loss of P from pigs fed both the
gelatin and the casein diets are also within the range of values for basal endogenous loss of P (i.e., 111-325 mg/kg DMI) that has been
reported in the literature (Lee and Stein, 2023). However, the result obtained in this experiment with growing pigs are different from
results obtained with broiler chickens where the basal endogenous loss of P was greater from birds fed a diet based on casein than from
birds fed a gelatin diet (Mutucumarana and Ravindran, 2021). It is not clear why broiler chickens appear to react different than pigs to
casein and gelatin, but regardless of the diet, values for the basal endogenous loss of P in broiler chickens were much lower than what is
usually obtained in pigs (i.e., 25 and 104 mg/kg dry matter intake for gelatin and casein diets, respectively).
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5. Conclusion

The basal endogenous loss of phosphorus was greater if calculated from pigs fed diets containing spray dried plasma or potato
protein concentrate compared with gelatin. However, no difference between the casein and gelatin diet was observed and casein may,
therefore, be used as an alternative to gelatin to estimate the basal endogenous loss of phosphorus. Casein provides a greater amount of
phosphorus compared with gelatin, which compensates for the deficient level of phosphorus in gelatin as well as the poor palatability
of gelatin, but using casein does not impact values for the basal endogenous loss of phosphorus.
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