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Abstract

Background: A 21-day experiment was conducted to test the hypothesis that Ca requirements to maximize
growth performance expressed as the standardized total tract digestible (STTD) Ca to STTD P ratio is less than 1.40:
1. The second hypothesis was that increasing dietary Ca increases plasma Ca concentration and downregulates
abundance of genes related to Ca absorption (TRPV6, S100G, and ATP2B1) in the duodenum, and tight junction
proteins (OCLN, CLDNT, and ZO1) in the duodenum and ileum.

Methods: Twenty corn-soybean meal diets were formulated using a 4 x 5 factorial design with diets containing 0.
16%, 0.33%, 0.42%, or 0.50% STTD P, and 0.14%, 0.29%, 0.44%, 0.59%, or 0.74% STTD Ca. Six hundred and forty pigs
(initial weight: 11.1 + 1.4 kg) were allotted to 20 diets and 5 blocks in a randomized complete block design. On day
21, weights of pigs and feed left in feeders were recorded and blood, duodenal tissue, ileal mucosa, and the right
femur were collected from 1 pig per pen. Abundance of mRNA was determined in duodenal and ileal tissue via
quantitative RT-PCR. Data were analyzed using a response surface model.

Results: The predicted maximum ADG (614 g), G:F (0.65), and bone ash (11.68 g) was obtained at STTD Ca:STTD P
ratios of 1.39:1, 1.25:1, and 1.66:1, respectively, when STTD P was provided at the requirement (0.33%). If dietary
STTD P was below the requirement, increasing dietary Ca resulted in reduced (P < 0.05) ADG and G:F. However, if
dietary STTD P was above the requirement, negative effects (P < 0.05) on ADG and G:F of increasing STTD Ca were
observed only if dietary STTD Ca exceeded 0.6%. Plasma Ca concentration was positively affected by STTD Ca over
the range studied (quadratic, P < 0.01) and negatively affected by increasing STTD P (linear, P < 0.01). There was a
linear negative effect (P < 0.05) of STTD Ca on the abundance of S100G, TRPV6, OCLN, and ZO1 in duodenum, and
CLDN and ZOT in ileum.
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Conclusions: The STTD Ca:STTD P ratio needed to maximize growth performance of 11- to 25-kg pigs is less than
1.40:1, if P is at the estimated requirement. Increasing dietary Ca reduces transcellular absorption of Ca and

increases paracellular absorption of Ca.

Keywords: Bone ash, Calcium absorption, Digestible calcium, Growth, Pigs, Requirement

Background
Requirements for P have been expressed as standardized
total tract digestible (STTD) P, and although it is be-
lieved that diets for pigs will be more accurately formu-
lated based on a STTD CaSTTD P ratio, Ca
requirements have been expressed as total Ca because of
a lack of data for the digestibility of Ca in feed ingredi-
ents [1]. However, recent work has generated values for
STTD of Ca in most Ca containing feed ingredients [2],
which has allowed for formulating diets for growing pigs
based on STTD Ca. It has also been demonstrated that a
ratio between STTD Ca and STTD P that is less than
1.35:1, 1.25:1, and 1.10:1 maximizes growth performance
of pigs from 25 to 50 kg [3], 50 to 85kg [4], and 100 to
130 kg [5], respectively, if STTD P is provided at the re-
quirement [1]. It is therefore possible that pigs from 11
to 25 kg require a ratio between STTD Ca and STTD P
that may be as high as 1.40:1. It was also reported that
the STTD Ca:STTD P ratio needed to maximize bone
ash is greater than the ratio needed to maximize growth
performance [3-5]. An attempt to estimate the require-
ment for STTD Ca by pigs from 11 to 25 kg was also
made, but due to a reduction in ADG and G:F as dietary
Ca increased, an optimal STTD Ca:STTD P ratio could
not be estimated [6]. It was therefore concluded from
this work that to obtain requirements for STTD Ca in
pigs from 11 to 25kg, it is necessary to not only use in-
creasing dietary concentrations of STTD Ca, but also to
use diets with different concentrations of dietary P.
Calcium is absorbed by transcellular or paracellular
transport [7]. Transcellular transport is the primary
route if dietary Ca is low and this absorption is stimu-
lated by vitamin D [8]. In contrast, if dietary Ca is ad-
equate or high, increased quantities of Ca are absorbed
using paracellular absorption via the tight junctions [9].
Data for effects of dietary Ca on mRNA abundance of
transcellular transporters for Ca in the jejunum and kid-
neys of pigs were reported [6], but there are limited data
demonstrating effects of dietary Ca on abundance of
genes related to paracellular transport of Ca in pigs.
Therefore, the objectives of this experiment were to test
the hypotheses that a STTD Ca:STTD P ratio less than
1.40:1 maximizes growth performance of pigs from 11 to
25kg and that increasing dietary Ca increases plasma
concentration of Ca and downregulates abundance of
genes related to transcellular absorption and transport

of Ca in the duodenum and tight junction proteins in
the duodenum and ileum.

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 359 boars and Camborough
females (Pig Improvement Company, Hendersonville,
TN).

Animals and housing

Six hundred and forty pigs with an initial average body
weight (BW) of 11.1 + 1.4 kg were randomly allotted to
20 diets and 5 blocks in a randomized complete bock
design. The average pen weights were 11.1 + 1.2 kg. Pigs
were blocked based on weaning date and BW within
weaning date. Blocks 1, 4, and 5 had 2 replicate pens per
diet (40 pens) and blocks 2 and 3 had 1 replicate pen
per diet (20 pens). Therefore, there were 8 replicate pens
per diet in total. There were 2 barrows and 2 gilts in
each pen (1.2m x14m) and pens had fully slatted
floors, a feeder, and a nipple drinker. Rooms were venti-
lated using a negative pressure ventilation system and
heat was applied to maintain desired barn temperatures.
Feed and water were available at all times. The Experi-
mental Animal Allotment Program [10] was used to allot
pigs to experimental diets based on BW and sex.

Diets and feeding

Twenty corn-soybean meal-based diets were formulated
to have different concentrations of Ca and P, but the
amount of corn and soybean meal was constant among
diets to keep the concentration of phytate constant
(Table 1). Diets were mixed in a 1000-kg ribbon mixer
and stored in bags until used. One batch of each diet
was mixed. Diets were formulated using a 4 x 5 factorial
design to contain 0.16%, 0.33%, 0.42%, or 0.50% STTD P,
and 0.21%, 0.45%, 0.70%, 0.94%, or 1.19% total Ca, which
correspond to 0.14%, 0.29%, 0.44%, 0.59%, and 0.74%
STTD Ca, respectively (Tables 2 and 3). Diets were for-
mulated using values for total Ca and P from NRC [1]
and values for STTD P and STTD Ca of ingredients
from NRC [1] and Stein et al. [2], respectively. The four
levels of dietary P corresponded to 50%, 100%, 127%,
and 151% of the estimated requirement of 0.33% STTD
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Table 1 Analyzed composition of ingredients used in diets, as fed basis

[tem Corn  Soybean Lactose Calcium Monocalcium Monosodium Sodium Sodium
meal carbonate phosphate phosphate bicarbonate chloride

GE, kcal/kg 3769 4173 3694 - - - - -

DM, % 8529 86.97 94.91 99.94 9247 99.83 6333 99.96

Ash, % 149 7.1 0.19 91.53 81.89 91.85 63.30 100.18

CP, % 643 46.60 - - - - - -

AEE?, % 431 145 - - - - - -

ADF, % 302 660 - - - - - -

NDF, % 9.16 708 - - - - - -

Ca, % 002 030 0.02 39.23 1859 0.04 0.01 0.19

P, % 029 067 0.01 0.02 21.59 2544 0.03 NDP

Phytate®, % 074 149 - - - - - -

Phytate-bound P, 021 042 - - - - - -

%

Non-phytate PY, 008 025 - - - - - -

%

Na, % 002 002 - 0.05 0.09 19.04 27.10 3945

Cl, % 010 0.0 - ND 0.01 ND ND 58.77

K, % 044 249 - 0.10 0.16 022 ND ND

?AEE acid hydrolyzed ether extract
PND not detectable

“Phytate was calculated by dividing the phytate-bound P by 0.282 (Tran and Sauvant [16])
9Non-phytate P was calculated as the difference between total P and phytate-bound P

P [1]. The five levels of dietary Ca corresponded to 30%,
64%, 100%, 134%, and 170% of the estimated require-
ment for total Ca [1]. The concentration of P was in-
creased by increasing the monosodium phosphate
inclusion, but to maintain a constant concentration of
Na among diets, inclusion of sodium bicarbonate was re-
duced as the concentration of monosodium phosphate
increased.

Growth performance, sample collection, and bone
measurements

Pigs that weaned at 20 + 2 days of age were allotted to
experimental diets on d 20 post-weaning and allowed ad
libitum access to feed for 21 d. The amount of feed of-
fered was recorded daily and at the conclusion of the ex-
periment, the amount of feed left in the feeders was
recorded. Pig weights were recorded on d 1 and 21 when
pigs had an average BW of 22.4 + 3.3 kg.

On the last day of the experiment, 1 barrow in each
pen with a BW closest to the average BW of the pen
was euthanized via captive bolt stunning. Blood samples
were collected from the vena cava using purple top
vacutainers and immediately centrifuged and plasma
samples were collected and stored at — 20 °C for analysis
of Ca and P. The gastrointestinal tract was removed.
Duodenal tissue was collected 30 cm distal to the pyloric
spincter and ileal tissue samples were collected 30 cm
anterior to the ileo-cecal valve. Ileal tissue was cut

longitudinally, washed with PBS, and scraped with
microscope slides to recover the mucosal layer. Duo-
denal tissue samples and the scraped mucosal layer from
the ileum were snap-frozen in liquid N, immediately
after collection and stored at — 80 °C.

The right femur was collected and autoclaved at 125 °C
for 55 min. Femurs were broken, dried, and soaked for
72h in petroleum ether under a chemical hood to
remove marrow and fat. Femurs were dried for 2h at
135°C and then ashed at 600 °C for 16 h.

Sample analysis

Corn, soybean meal, lactose, calcium carbonate, monocal-
cium phosphate, monosodium phosphate, sodium bicar-
bonate, NaCl, and diets were analyzed for dry matter (DM)
by oven drying at 135 °C for 2 h (Method 930.15, [11]) and
ash (Method 942.05, [11]). Ingredients (except lactose) and
diets were analyzed for Na and K by flame emission pho-
tometry (Method 956.01, [11]) and Cl by manual titration
(Method 9.15.01, 943.01, [12]). Ingredients, diets, bone ash,
and plasma samples were analyzed for Ca and P by induct-
ively coupled plasma-optical emission spectrometry
(Method 985.01 A, B, and D, [11]) after wet ash sample
preparation [Method 975.03 B(b), [11]]. Corn, soybean
meal, lactose, and diets were analyzed for gross energy (GE)
using bomb calorimetry (Model 6400, Parr Instruments,
Moline, IL). Corn, soybean meal, and diets were also ana-
lyzed for crude protein using the Kjeldahl method by
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Table 2 Ingredient composition and analyzed composition of experimental diets containing 0.16% and 0.33% standardized total
tract digestible (STTD) P, as-fed basis®

Ingredient, % 0.16% STTD P 0.33% STTD P

Total P, %: 035 035 035 035 035 0.53 0.53 053 0.53 0.53

Total Ca, %: 0.21 045 0.70 095 1.19 0.21 045 0.70 095 1.19

STID Ca, %: 0.14 0.29 044 0.59 0.74 0.14 0.29 044 0.59 0.74
Corn 46.00 46.00 46.00 46.00 46.00 46.00 46.00 46.00 46.00 46.00
Soybean meal 3250 3250 3250 3250 3250 3250 3250 3250 3250 3250
Cornstarch 885 7.05 511 3.26 143 839 6.59 471 281 097
Lactose 10.00 10.00 10.00 10.00 10.00 10.00 10.00 10.00 10.00 10.00
Choice white grease - 1.17 245 365 4.85 030 147 270 395 5.15
Calcium carbonate 0.16 0.79 145 210 273 0.16 0.79 1.44 210 273
Monocalcium phosphate 0.10 0.10 0.10 0.10 0.10 0.10 0.10 0.10 0.10 0.10
Monosodium phosphate - - - - - 075 075 075 074 075
Sodium bicarbonate 1.15 1.15 115 115 1.15 0.56 0.56 0.56 0.56 0.56
L-Lys HCI 037 037 037 037 037 037 037 037 037 037
DL-Met 0.14 0.14 0.14 0.14 0.14 0.14 0.14 0.14 0.14 0.14
Thr 0.12 0.12 0.12 0.12 0.12 0.12 0.12 0.12 0.12 0.12
Val 0.01 0.01 0.01 0.01 0.01 001 0.01 0.01 0.01 0.01
Sodium chloride 040 040 040 040 040 040 040 040 040 040
Vitamin mineral prermxh 0.20 0.20 0.20 0.20 0.20 0.20 0.20 0.20 0.20 0.20
Total 100.0 100.0 100.0 100.0 100.0 100.0 100.0 100.0 100.0 100.0

Analyzed composition

GE, keal/kg 3910 3846 3842 3966 3984 3846 3869 3926 3954 3991
DM, % 87.04 8748 87.70 87.88 88.04 8792 88.08 88.06 87.24 8763
CP, % 18.80 19.00 1923 1893 19.50 1942 19.15 1847 19.17 18.86
Ash, % 395 5.03 522 6.84 6.73 4.20 464 555 6.57 6.75
AEES, % 267 333 5.18 594 746 3.03 3.60 527 631 7.56
ADF, % 367 4.22 284 487 343 325 340 321 323 359
NDF, % 6.80 7.26 6.52 773 7.00 6.12 6.20 641 6.59 640
Ca, % 0.26 046 0.74 093 1.27 0.21 046 0.72 1.02 1.24
P, % 036 036 036 037 037 054 0.60 0.58 0.56 059
Phytate“, % 049 049 049 049 049 049 049 049 049 049
Phytate-bound P€, % 0.14 0.14 0.14 0.14 0.14 0.14 0.14 0.14 0.14 0.14
Non-phytate P’ % 022 022 0.22 023 023 040 046 044 042 045
Na, % 046 047 047 049 047 042 050 047 046 047
dl, % 0.28 033 032 032 0.34 033 031 032 033 033
K, % 092 091 0.89 092 095 093 093 092 0.90 0.90
DCAD?, mEq/kg 357 348 342 357 349 327 367 349 339 344
Total Ca: total P 0.60:1 1.29:1 2.00:1 2711 340:1 040:1 0.85:1 1321 1.791 2251
Total Ca: STTD P 1.31:1 2811 4381 5941 7441 0.64:1 1.36:1 2121 2881 3611
STTD Ca: STID P 0.88:1 1.81:1 2751 3691 46311 042:1 0.88:1 1331 1.79:1 2241

2All diets were formulated to have the following quantities of NE (kcal/kg), CP (%), AA (expressed as standardized ileal digestible AA; %), and minerals (%): NE, 2520; CP, 19.30; Arg, 1.20; His,
0.47; lle, 0.72; Leu, 1.42; Lys, 1.23; Met, 0.40; Phe, 0.84; Thr, 0.73; Trp, 0.22; Val, 0.78; Na, 0.47; Cl, 0.33; and K, 0.90. Values for NE and standardized ileal digestibility, and concentration of macro
minerals in ingredients were from NRC, 2012. Value for STTD Ca and STTD P are calculated value. (NRC [1], Stein et al. [2])

PThe vitamin-micromineral premix provided the following quantities of vitamins and micro minerals per kilogram of complete diet: vitamin A as retinyl acetate, 11136 IU; vitamin D3 as
cholecalciferol, 2208 IU; vitamin E as DL-alpha tocopheryl acetate, 66 IU; vitamin K as menadione dimethylprimidinol bisulfite, 1.42 mg; thiamin as thiamine mononitrate, 0.24 mg; riboflavin,
6.59 mg; pyridoxine as pyridoxine hydrochloride, 24 mg; vitamin B;,, 0.03 mg; D-pantothenic acid as D-calcium pantothenate, 23.5 mg; niacin, 44.1 mg; folic acid, 1.59 mg; biotin, 0.44 mg; Cu,
20 mg as copper sulfate; Fe, 126 mg as iron sulfate; I, 1.26 mg as ethylenediamine dihydriodide; Mn, 60.2 mg as manganous sulfate; Se, 0.25 mg as sodium selenite and selenium yeast; and
Zn, 124.9 mg as zinc sulfate

“AEE = acid hydrolyzed ether extract

dPhytate was calculated by dividing the phytate-bound P by 0.282 (Tran and Sauvant [16])

*Phytate-bound P values were calculated from analyzed phytate-bound P in the ingredients

fNon-phytate P was calculated as the difference between total P and phytate-bound P

9DCAD = dietary cation-anion difference. The DCAD was calculated as Na+K - Cl

quantifying N and using a conversion factor of 6.25 to cal-  ether extract (AEE; Method 2003.06, [11]) was analyzed on
culate crude protein (CP; Method 984.13, [11]); a Kjeltec™ an Ankom™T*® (Ankom Technology, Macedon, NY), and
8400 (FOSS, Eden Prairie, MN) was used. Acid hydrolyzed acid detergent fiber (ADF) and neutral detergent fiber
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Table 3 Ingredient composition and analyzed composition of experimental diets containing 0.42% and 0.50% standardized total
tract digestible (STTD) P, as-fed basis®

Ingredient, % 042% STTD P 0.50% STTD P

Total P, %: 063 0.63 063 063 063 0.71 0.71 071 0.71 0.71

Total Ca, %: 0.21 045 0.70 095 1.19 0.21 045 0.70 095 1.19

STID Ca, %: 0.14 0.29 044 0.59 0.74 0.14 0.29 044 0.59 0.74
Corn 46.00 46.00 46.00 46.00 46.00 46.00 46.00 46.00 46.00 46.00
Soybean meal 3250 3250 3250 3250 3250 3250 3250 3250 3250 3250
Cornstarch 808 6.25 435 244 067 7.85 6.02 412 221 044
Lactose 10.00 10.00 10.00 10.00 10.00 10.00 10.00 10.00 10.00 10.00
Choice white grease 0.50 1.70 295 420 535 0.65 1.85 310 435 5.50
Calcium carbonate 0.16 0.79 1.44 210 272 0.16 0.79 1.44 210 272
Monocalcium phosphate 0.10 0.10 0.10 0.10 0.10 0.10 0.10 0.10 0.10 0.10
Monosodium phosphate 1.15 1.15 1.15 1.15 1.15 1.50 1.50 1.50 1.50 1.50
Sodium bicarbonate 027 027 027 027 027 - - - - -
L-Lys HCI 037 037 037 037 037 037 037 037 037 037
DL-Met 0.14 0.14 0.14 0.14 0.14 0.14 0.14 0.14 0.14 0.14
Thr 0.12 0.12 0.12 0.12 0.12 0.12 0.12 0.12 0.12 0.12
Val 0.01 001 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01
Sodium chloride 040 040 040 040 040 040 040 040 040 040
Vitamin mineral prermxh 0.20 0.20 0.20 0.20 0.20 0.20 0.20 0.20 0.20 0.20
Total 100.0 100.0 100.0 100.0 100.0 100.0 100.0 100.0 100.0 100.0

Analyzed composition

GE, keal/kg 3818 3869 3922 4014 4018 3845 3896 3928 4015 4008
DM, % 8747 87.72 8773 87.87 88.17 8744 8744 87.92 87.72 87.86
CP, % 1933 1901 1791 1878 1843 19.59 18.86 18.89 1841 1881
Ash, % 4.82 544 554 6.71 7.82 5.80 551 645 7.16 8.06
AEES, % 3.02 397 556 738 853 363 5.29 5.80 724 7.89
ADF, % 3.69 331 323 4.55 352 381 4.10 3.89 434 355
NDF, % 6.88 6.38 570 746 6.14 557 6.24 529 775 5.66
Ca, % 0.20 047 0.66 091 1.21 0.20 047 063 0.97 1.27
P, % 0.65 063 0.66 0.70 070 075 077 0.79 081 078
Phytate“, % 049 049 049 049 049 049 049 049 049 049
Phytate-bound P€, % 0.14 0.14 0.14 0.14 0.14 0.14 0.14 0.14 0.14 0.14
Non-phytate P’ % 051 049 052 0.56 056 061 063 0.65 067 0.64
Na, % 047 045 047 047 050 047 050 048 046 046
K % 091 093 088 0.95 0.92 092 0.95 093 0.95 091
dl, % 031 034 032 032 033 030 033 031 030 032
DCAD?, mEq/kg 349 339 341 360 358 355 369 359 358 347
Total Ca: total P 0.33:1 0.71:1 1111 1.51:1 1.89:1 0.30:1 0.63:1 0.99:1 1.34:1 1.68:1
Total Ca: STTD P 0.50:1 1.07:1 167:1 2.26:1 2831 042:1 0.90:1 140:1 1.90:1 2381
STTD Ca: STID P 033:1 0.69:1 1.05:1 1.40:1 1.76:1 0.28:1 0.58:1 0.88:1 1181 1.48:1

2All diets were formulated to have the following quantities of NE (kcal/kg), CP (%), AA (expressed as standardized ileal digestible AA; %), and minerals (%): NE, 2520; CP, 19.30; Arg, 1.20; His,
0.47; lle, 0.72; Leu, 1.42; Lys, 1.23; Met, 0.40; Phe, 0.84; Thr, 0.73; Trp, 0.22; Val, 0.78; Na, 0.47; Cl, 0.33; and K, 0.90. Values for NE and standardized ileal digestibility, and concentration of macro
minerals in ingredients were from NRC, 2012.Values for STTD Ca and STTD P are calculated values (NRC [1], Stein et al. [2])

PThe vitamin-micromineral premix provided the following quantities of vitamins and micro minerals per kilogram of complete diet: vitamin A as retinyl acetate, 11136 IU; vitamin D3 as
cholecalciferol, 2208 IU; vitamin E as DL-alpha tocopheryl acetate, 66 IU; vitamin K as menadione dimethylprimidinol bisulfite, 1.42 mg; thiamin as thiamine mononitrate, 0.24 mg; riboflavin,
6.59 mg; pyridoxine as pyridoxine hydrochloride, 24 mg; vitamin B;,, 0.03 mg; D-pantothenic acid as D-calcium pantothenate, 23.5 mg; niacin, 44.1 mg; folic acid, 1.59 mg; biotin, 0.44 mg; Cu,
20 mg as copper sulfate; Fe, 126 mg as iron sulfate; I, 1.26 mg as ethylenediamine dihydriodide; Mn, 60.2 mg as manganous sulfate; Se, 0.25 mg as sodium selenite and selenium yeast; and
Zn, 124.9 mg as zinc sulfate

“AEE = acid hydrolyzed ether extract

dPhytate was calculated by dividing the phytate-bound P by 0.282 (Tran and Sauvant [16])

“Phytate-bound P values were calculated from analyzed phytate-bound P in the ingredients

fNon-phytate P was calculated as the difference between total P and phytate-bound P

9DCAD = dietary cation-anion difference. The DCAD was calculated as Na+K - Cl

(NDF) were analyzed using Ankom Technology method 12 predicted in corn and soybean meal by near infra-red re-
and 13, respectively (Ankom 2000 Fiber Analyzer, Ankom flectance spectroscopy (ESC Standard Analytical Method,
Technology, Macedon, NY). Phytate-bound P was SAMI120; AB Vista, Memphis, TN).
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RNA extraction and quantitative reverse-transcription PCR
The RNA was extracted from 30+0.2mg of frozen
duodenal  tissue and ileal mucosa  using
B-mercaptoethanol (Alfa Aesar, Tewksbury, MA) ac-
cording to the RNeasy Mini Kit (QIAGEN, German-
town, MD) manufacturer’s instructions. Total RNA
was quantified using a NanoDrop ND-1000 spectro-
photometer (NanoDrop Technologies, Wilmington,
DE). The RNA quality was determined using a Frag-
ment Analyzer™ Automated CE System (Method
DNF-471-33 - SS Total RNA 15nt; Advanced Ana-
lytical, Ankeny, IA) and RNA samples with an RNA
quality number greater than 7 were used for cDNA
synthesis.

A portion of the RNA was diluted to 100 ng/pL with
DNase/RNase-free water for ¢cDNA synthesis as de-
scribed by Vailati-Riboni et al. [13] using 4 and 2 uL of
diluted RNA from duodenal tissue and ileal mucosa, re-
spectively. The cDNA was then diluted 1:4 with DNase/
RNase-free water, prior to qPCR analysis.

Quantitative PCR was performed using 4 pL of diluted
¢DNA combined with 6 pL of a mixture composed of 5 puL
of SYBR Green master mix (PerfeCTa SYBR Green Fas-
tMix, ROX™ Quanta BioSciences, Beverly, MA), 0.4 pL
each of 10 umol/L forward and reverse primers, and 0.2 puL
DNase/RNase free water in a MicroAmp™ Optical
384-Well Reaction Plate (Applied Biosystems, Foster City,
CA). All samples were run in duplicate using a 7-point
standard curve that was developed with samples run in
triplicate. Reactions were performed in a QuantStudio™ 7
Flex Real-Time PCR System (Applied Biosystems, Foster
City, CA) using the following conditions: 2 min at 50 °C, 10
min at 95 °C, 40 cycles of 15s at 95 °C, and 1 min at 60 °C.
The presence of a single PCR product was verified by the
dissociation protocol. Data were analyzed using the Quant-
Studio™ Real-Time PCR Software (version 1.3; Applied Bio-
systems, Foster City, CA).

Three internal control genes, B-actin (ACTB; [14]), glyc-
eraldehyde 3-phosphate dehydrogenase (GAPDH), and
hydroxymethylbilane synthase (HMBS; [15]) were used to
normalize the abundance of tested genes. Tested genes in-
cluded S100 calcium binding protein G (S100G), transient
receptor potential cation channel, subfamily V, member 6
(TRPV6), and ATPase, Ca>* transporting, plasma
membrane-1 (ATP2BI) for the duodenal tissue; and occlu-
din (OCLN), zonula occludens-1 (ZOI), and claudin-1
(CLDN1) for both the duodenal tissue and ileal mu-
cosa. The S100G, TRPV6, and ATP2BI1 genes are im-
portant for transcellular absorption of Ca, whereas
OCLN and CLDNI are tight junction proteins that
are important for paracellular transport of Ca.
Primers (Additional file 1: Table S1) were commer-
cially synthesized by Integrated DNA Technologies
(Skokie, IL).
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Calculations and statistical analyses

The percentages of phytate in corn, soybean meal, and
diets were calculated by dividing the analyzed
phytate-bound P by 0.282 [16], and non-phytate P was
calculated by subtracting the amount of phytate-bound
P from total P. Dietary cation-anion difference (DCAD)
was calculated using the following equation [3]:

DCAD, mEq/kg = [(Na x 10000)/23] + [(K x 10000)/39]
— [(Cl x 10000)/35.5],

where Na, K, and Cl were expressed as percentages of
the diet. The average daily gain (ADG), average daily feed
intake (ADFI), and gain to feed (G:F) were calculated for
pigs fed each diet and concentrations of bone Ca and bone
P in grams per femur were calculated by multiplying the
total quantity of bone ash by the percentage of Ca and P
in the bone ash. The final data from the abundance of
tested genes were normalized using the geometric mean
of the 3 internal control genes and the real-time quantita-
tive PCR data were log, transformed before statistical ana-
lysis to obtain a normal distribution.

Normality of residuals and assumptions of the model
were tested using PROC GPLOT and influence options
of SAS (SAS Inst. Inc., Cary, NC). Data for growth per-
formance, concentration and percentage of bone ash,
bone Ca, and bone P, concentration of Ca and P in
plasma, and abundance of genes were analyzed using the
PROC MIXED of SAS with the experimental unit being
the pen. The fixed effects of the model were dietary con-
centration of STTD Ca, dietary concentration of STTD
P, and the interaction between STTD Ca and STTD P;
the random effect was block. Effects of dietary STTD
Ca, STTD P, and the interaction between STTD Ca and
STTD P were considered significant at P<0.10. The
LSMEANS procedure was used to calculate mean values
for treatments. If the interaction or the main effects
were significant, the software NLREG version 6.5 [17]
was used to determine parameter estimates for the
second-order response surface model to increasing con-
centrations of STTD Ca and STTD P as described by
Khuri and Cornell [18]. Parameter estimates of the
model that were not significant (P >0.10) and were not
included in a significant interaction were removed from
the model and the estimates were recalculated. The sur-
face response full model was:

Y=a+bxSTTD Ca+cxSTTD Ca®+dxSTTD P+
ex STTD P? + fx STTD Ca x STTD P +gx STTD Ca® x
STTD P+hxSTTD CaxSTTD P?+ixSTTD Ca®x
STTD P?,

where Y is the dependent variable, « is the intercept, b, c,
d, e, f, g h, and i are the coefficients, and STTD Ca and
STTD P are the percentage concentrations of dietary STTD
Ca and STTD P. By solving the above equation, the per-
centage concentrations of STTD Ca at the maximum re-
sponse values were calculated using the following equation:
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STTD Ca max (%) = [-(h x STTD P>+ fx STTD P + b)]
/ [2x (i x STTD P*>+ gx STTD P + )],

where STTD Ca ., is the percentage concentration
of STTD Ca at the maximum response and STTD P is
the percentage concentration of STTD P in the diet. The
maximum response values were, therefore, calculated for
the variables of interest using the respective model equa-
tions with the concentrations of STTD Ca at the max-
imum response for each concentration of STTD P.

Results

Overall, there was 1.9% mortality in the experiment and
the removed pigs were from 6 different diets and values
for ADG, ADFI, and G:F (Table 4) of these pens were
adjusted as previously explained [19]. The remaining an-
imals consumed their diets without apparent problems
and remained healthy throughout the experiment. The
model to predict final BW, ADG, ADFI, and G:F was re-
duced because only the interaction (P<0.01) between
STTD Ca and STTD P was significant. The predicted
maximum BW at STTD P concentrations of 0.16%,
0.33%, 0.42%, and 0.50% were 21.18, 23.92, 24.40, and
24.27kg at STTD Ca concentrations of 0.31%, 0.46%,
0.54%, and 0.61% respectively. These values correspond
to STTD Ca:STTD P ratios of 1.93:1, 1.39:1, 1.28:1, and
1.21:1 (Fig. 1a). The predicted maximum ADG at STTD
P concentrations of 0.16%, 0.33%, 0.42%, and 0.50% were
481, 614, 635, and 624 g at STTD Ca concentrations of
0.31%, 0.46%, 0.54%, and 0.61% respectively, correspond-
ing to STTD Ca:STTD P ratios of 1.93:1, 1.39:1, 1.28:1,
and 1.22:1 (Fig. 1b). The predicted maximum ADFI at
STTD P concentrations of 0.16%, 0.33%, 0.42%, and
0.50% were 867, 946, 953, and 940 g at STTD Ca con-
centrations of 0.36%, 0.50%, 0.57%, and 0.64% respect-
ively, which correspond to STTD Ca:STTD P ratios of
2.24:1, 1.51:1, 1.36:1, and 1.28:1 (Fig. 1c). The predicted
maximum G:F at STTD P concentrations of 0.16%,
0.33%, 0.42%, and 0.50% were 0.556, 0.652, 0.671, and
0.668 g:g at STTD Ca concentrations of 0.24%, 0.41%,
0.50%, and 0.59% respectively. These values correspond
to STTD Ca:STTD P ratios of 1.51:1, 1.25:1, 1.20:1, and
1.17:1 (Fig. 1d).

The full model was used to predict the concentration
of bone ash, bone Ca, and bone P in g per femur (inter-
actions, P < 0.01; Table 5). The predicted maximum bone
ash at STTD P concentrations of 0.33%, 0.42%, and
0.50% were 11.68, 13.03, and 15.68 g at STTD Ca con-
centrations of 0.55%, 0.63%, and 1.15%, respectively.
These values correspond to STTD Ca:STTD P ratios of
1.66:1, 1.50:1, and 2.30:1 (Fig. 2a). The predicted max-
imum bone Ca at STTD P concentrations of 0.33%,
0.42%, and 0.50% were 4.51, 5.03, and 6.41g at STTD
Ca concentrations of 0.55%, 0.64%, and 1.31%, respect-
ively, corresponding to STTD Ca:STTD P ratios of
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Table 4 Least squares means for growth performance of pigs
fed diets containing different concentrations of standardized
total tract digestible (STTD) Ca and STTD P for 21 d?

[tem STTD Ca, %
0.14 029 044 0.59 0.74
Initial BW, kg®
0.16% STTD P 11.13 10.98 11.21 11.06 11.02
0.33% STTD P 10.89 10.98 11.01 1.7 11.09
042% STTD P 1.1 11.12 11.12 1.14 1095
0.50% STTD P 11.15 11.09 11.05 11.19 11.08
Final BW, kg“
0.16% STTD P 20.87 2091 20.77 19.36 18.11
0.33% STTD P 22.07 23.78 23.79 2347 2261
042% STTD P 20.69 24.50 2367 24.00 2347
0.50% STTD P 20.04 22.80 2371 2427 2401
ADG, ¢¢
0.16% STTD P 465 473 455 395 337
0.33% STTD P 530 609 621 586 548
042% STTD P 451 637 598 612 596
0.50% STTD P 413 557 599 622 615
ADFI, g°
0.16% STTD P 848 849 864 808 791
0.33% STTD P 871 948 931 933 914
042% STTD P 763 978 895 958 928
0.50% STTD P 752 869 925 940 936
GF, g:gf
0.16% STTD P 0.549 0.556 0527 0488 0425
0.33% STTD P 0610 0.645 0.656 0.628 0.601
042% STTD P 0592 0.654 0.671 0.640 0.643
0.50% STTD P 0.549 0.643 0.649 0.663 0.658

®Data are least squares means of 8 observations with the exception of diet
0.44% STTD Ca and 0.33% STTD P for ADG (n=7)

bStandard error of the within treatment least squares means = 0.51
“Standard error of the within treatment least squares means = 0.80
dStandard error of the within treatment least squares means = 0.02
¢Standard error of the within treatment least squares means = 0.04
fStandard error of the within treatment least squares means =0.01

1.67:1, 1.52:1, and 2.62:1 (Fig. 2b). The predicted max-
imum bone P at STTD P concentrations of 0.33%,
0.42%, and 0.50% were 2.14, 2.38, and 2.89g at STTD
Ca concentrations of 0.53%, 0.61%, and 1.19%, respect-
ively, which correspond to STTD Ca:STTD P ratios of
1.61:1, 1.45:1, and 2.38:1 (Fig. 2c). However, maximum
bone ash, bone Ca, and bone P in grams per femur at
STTD P concentration of 0.16% were not estimated be-
cause of a lack of response to increasing concentrations
of dietary STTD Ca.

The model to predict percentage of bone ash was not
reduced (interactions, P<0.01) and the predicted
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a BW = 15.90 +6.279 x Ca - 18.45 x Ca? + 30.79 b ADG-217.7+ 3025  Ca- 8957 x Ca?+ 1,564 <
X P-55.13 x P2 +32.10 x Ca x P (P<0.01) P-2,829 x P2+ 1,575 x Ca x P (P < 0.01)
26.3 730
242 STTD P, % 630 STTD P, %
71 ——0.16 530 ——0.16
o ——0.33 Iy ——0.33
20.0 ——0.42 430 ——0.42
17.9 030 3 =050
15.8 230

0.0 0.1 02 03 04 05 06 07 0.8
Standardized total tract digestible Ca, %

00 0.1 02 03 04 05 06 07 08
Standardized total tract digestible Ca, %

total tract digestible (STTD) Ca and from 0.16% to 0.50% STTD of P

0.0 0. 02 03 04 05 06 0.7 08

Standardized total tract digestible Ca, %

(¢ ADFI = 678.6 + 323.1 x Ca—718.0 x Ca2+919.2 d G:F =0.389 + 0.084 x Ca - 0.529 x Ca® + 1.161
xP-1,969 x P2+ 1,191 x Ca x P (P < 0.01) x P -1.930 x P2+ 1.070 x Ca x P (P <0.01)

1020 0.75

950 STTD P, % 0.67 STTD P, %

880 =016 (59 —-0.16
o0 ——0.33 g ——0.33

810 —o—(0.42 0.51 ——0.42

740 —=—(0.50 0.43 —=—(0.50

670 0.35

Fig. 1 Models and predicted values, based on the interaction between Ca and P (P < 0.01), for (a) final body weight (BW), (b) average daily gain
(ADQG), (c) average daily feed intake (ADFI), and (d) gain to feed ratio (G:F) at d 21 in pigs fed diets containing from 0.14% to 0.74% standardized

00 0.1 02 03 04 05 06 07 0.8
Standardized total tract digestible Ca, %

maximum bone ash at STTD P concentrations of 0.33%,
0.42%, and 0.50% were 49.84%, 51.79%, and 54.27% at
STTD Ca concentrations of 0.56%, 0.62%, and 0.98%, re-
spectively. These values correspond to STTD Ca:STTD
P ratios of 1.70:1, 1.47:1, and 1.97:1 (Fig. 3a). However, a
maximum percentage of bone ash at STTD P concentra-
tion of 0.16% was not estimated because of a lack of a
positive quadratic response to increasing dietary STTD
Ca. The reduced model to predict percentage of bone
Ca only contained the linear (P<0.05) STTD Ca and
STTD P terms (Fig. 3b); whereas, the reduced model to
predict percentage of bone P contained the linear (P <
0.05) STTD Ca and STTD P terms and the quadratic (P
<0.05) STTD P term (Fig. 3c).

In the model to predict the concentration of plasma
Ca in milligrams per deciliter, there were no interactions
between STTD Ca and STTD P (Table 6). The reduced
model only contained the linear and quadratic (P < 0.01)
STTD Ca terms and the linear (P<0.01) STTD P term
(Fig. 4a).

For concentration of plasma P in milligrams per deci-
liter, the model was reduced because the interactions be-
tween linear STTD Ca and STTD P terms and between
linear STTD Ca and quadratic STTD P terms were not
significant; however, interactions (P<0.01) between
quadratic STTD Ca and linear STTD P terms and be-
tween quadratic STTD Ca and STTD P terms were ob-
served (Fig. 4b).

Neither Ca nor P could be used to predict the abun-
dance of ATP2BI1 or CLDNI in the duodenum (Table 7)
or the abundance of OCLN in the ileum (Table 8). The
model to predict the abundance of TRPV6, SI100G,
OCLN, and ZO1 in the duodenum and the abundance of
CLDN and ZOI in the ileum only contained the linear
(P<0.05) STTD Ca term (Fig. 5 and Fig. 6).

Discussion

The analyzed concentrations of Ca, P, Na, Cl, and K in
corn, soybean meal, calcium carbonate, monocalcium
phosphate, monosodium phosphate, sodium bicarbonate,
and NaCl was within the range of previously published
values [20-23]. Diets were formulated using NRC [1]
values for Ca and P in ingredients. This may explain the
differences between calculated and analyzed values in
some diets. However, the objective of obtaining differ-
ences in both Ca and P among diets was met. The calcu-
lated values for DCAD, which ranged from 327 to 369
mEq/kg, were within the range of DCAD values that
support maximum growth performance in young pigs
(200 to 500 mEq/kg; [24]).

The diet containing 0.33% STTD P and 0.70% total Ca
was formulated to meet NRC requirements for Ca and
P. However, it is acknowledged that NRC requirements
are requirement estimates and that these estimates are
related to a presumed NE intake and a presumed growth
rate of pigs. Pigs fed some of the diets in this experiment
had reduced growth performance relative to NRC
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Table 5 Least squares means for concentration (grams per
femur) and percentage of bone ash, bone Ca, and bone P in
pigs fed diets containing different concentrations of
standardized total tract digestible (STTD) Ca and STTD P for 21
da
Item STTD Ca, %

0.14 029 044 059 074

Bone ash, g per femur®

0.16% STTD P 597 585 6.52 563 6.24

0.33% STTD P 7.08 10.63 11.20 11.12 10.76
0.42% STTD P 7.29 1049 1142 13.97 12.75
0.50% STTD P 813 9.89 11.84 1344 14.19

Bone Ca, g per femur®

0.16% STTD P 2.20 217 246 212 239
0.33% STTD P 261 4.01 435 4.27 412
0.42% STTD P 273 3.96 438 546 4.95
0.50% STTD P 303 376 446 518 5.50

Bone P, g per femur®

0.16% STTD P 1.06 1.03 1.13 0.98 1.08
0.33% STTD P 1.29 1.95 2.08 2.00 192
042% STTD P 1.35 1.92 213 259 230
0.50% STTD P 149 1.83 215 245 2.60

Bone ash, %°

0.16% STTD P 39.85 40.38 4205 40.12 43.68
0.33% STTD P 4337 4808 4895 49.25 4863
042% STTD P 4293 4849 49.95 5192 5147
0.50% STTD P 4512 4795 49.92 5258 53.12

Bone Ca, %'

0.16% STTD P 37.11 36.98 3767 37.82 38.12
0.33% STTD P 36.79 3773 38.80 3843 3832
042% STTD P 3741 3768 3833 3892 3887
0.50% STTD P 37.20 38.10 3761 3851 3862
Bone P, %°
0.16% STTD P 17.78 17.64 17.38 17.58 1727
0.33% STTD P 1825 1833 18.62 17.96 17.86
042% STTD P 1849 18.25 1863 1849 18.08
0.50% STTD P 18.34 1855 1817 1822 18.29
CaP in bone"
0.16% STTD P 2.09 209 217 2.15 221
0.33% STTD P 201 2.06 2.08 2.14 2.15
042% STTD P 202 2.06 2.06 2.10 2.15
0.50% STTD P 203 2.05 207 211 211

Data are least squares means of 8 observations with the exception of diet
0.14% STTD Ca and 0.16% STTID P (n=7)

bStandard error of the within treatment least squares means = 0.54
Standard error of the within treatment least squares means = 0.23
dStandard error of the within treatment least squares means =0.10
€Standard error of the within treatment least squares means = 0.82
fStandard error of the within treatment least squares means = 0.57
9Standard error of the within treatment least squares means = 0.26
hStandard error of the within treatment least squares means = 0.02
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a Bone Ash = 12.83 - 66.52 x Ca + 68.29 x Ca’ - 54.93 x
P +80.86 x P2+ 531.8 x Ca x P-555.4 x Ca? x P -
17 727.1 x Ca x P2+ 807.1 x Ca? x P2 (P < 0.01)
14 STTD P, %
1 ——0.16
o0 ——0.33
9 ——0.42
—a—(0.50
6 3 3 3 & >
3
0.0 0.1 02 03 04 05 06 0.7 0.8
Standardized total tract digestible Ca, %
Bone Ca =5.159 - 27.62 x Ca + 28.57 x Ca® - 23.86 x
P+3536xP2+2222xCaxP-232.7xCa’xP-
6.5 307.4 x Ca x P2 +340.9 x Ca? x P2 (P < 0.01)
54 STTD P, %
43 ——0.16
o0 ——0.33
32 —e—(.42
' —a—0.50
2.1 " v " -
1.0
0.0 01 02 03 04 05 0.6 0.7 038
Standardized total tract digestible Ca, %
C Bone P =2.453 - 13.63 x Ca + 14.20 x Ca? - 11.09 x P
+16.53 x P2+ 108.1 x Ca x P-114.9 x Ca? x P - 149.3
3.0 x Cax P2+ 167.7 x Ca® x P2 (P <0.01)
25 STTD P, %
——0.16
2.0 ——0.33
°h ——0.42
1.5 —=—0.50
1.0 — * . ¢
0.5
0.0 0.1 02 03 04 05 06 0.7 038
Standardized total tract digestible Ca, %
Fig. 2 Models and predicted values, based on the interactions
between Ca and P (P < 0.01), for (@) bone ash, (b) bone Ca, and (c)
bone P in grams per femur (g) at d 21 in pigs fed diets containing
from 0.14% to 0.74% standardized total tract digestible (STTD) Ca
and from 0.16% to 0.50% STTD of P

estimates, which was expected due to the low provisions
of Ca and P in these diets. It has been suggested that the
NRC estimated requirement for STTD P is less than the
requirement of modern pigs [25]. However, it is possible
that this conclusion was reached because dietary Ca was
above the estimated requirement, which is expected to re-
sult in increased estimates for STTD P [3-5].

In an experiment that aimed at determining STTD Ca
requirements by 11- to 25-kg pigs, a fixed concentration
of 0.36% STTD P and 6 increasing concentrations of
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( Table 6 Least squares means for concentration of Ca and P in
a Bogli/?;*;;‘“;fi -7;8022 XCC“P“E;: (X) Cacz ;66;7 plasma of pigs fed diets containing different concentrations of
X 2% P? 2xCaxP- .0 xCa*xP- . . .
585 1,055  Ca x P2 + 1,217 x Ca? x P2 (P < 0.01) (sjtaandard\zed total tract digestible (STTD) Ca and STTD P for 21
STTD P, %
537 ’ ltern STTD Ca, %
——0.16
489 o 0.14 0.29 044 0.59 0.74
ES ——0.42 Plasma Ca, mg/dLb
44.1
.__‘_/ =030 016%STTDP 1113 1207 1378 1365 1542
393 0.33% STTD P 937 11.68 12.35 12.96 1347
345 042% STTD P 8.07 1133 11.67 12.50 13.20
00 0.1 02 03 04 05 0.6 0.7 08 0.50% STTD P 940 11.03 12.07 11.78 1214
Standardized total tract digestible Ca, % Plasma P, mg /dLS
b Bone Ca = 3635 +2.282 x Ca + 1.556 x P 0.16% STTD P 8.17 8.36 8.85 9.08 9.75
39.5 (P<0.01) 033%STIDP 1278 1467 1426 1218 1248
STTD P, %
38.8 016 042% STTD P 13.73 14.16 15.28 15.21 14.11
——0.33 0.50% STTD P 13.51 14.66 15.05 14.59 16.29
° 38.1 042 “Data are least squares means of 7 or 8 observations
= —#-0.50 bStandard error of the within treatment least squares means = 0.42
374 “Standard error of the within treatment least squares means = 0.59
36.7
36.0
00 0.1 02 03 04 05 06 0.7 08 a Plasma Ca = 9.816 4 14.77 x Ca - 9.848 x Ca?
Standardized total tract digestible Ca, % -5.804 x P (P<0.01)
16.0 ' '
C Bone P=16.52-0.553 x Ca+9.110 x P - 10.27 x P? STTD P, %
18.8 (P<0.01) 14.2 ——0l6
STTD P, % +0'33
154 .E“\i’\-\.ii o N o
—+—033 o —a—0.50
o181 s £10.6
17.7 —a—0.50 3.8
17.4 \\ 7.0
17.0 00 0.1 02 03 04 05 06 0.7 0.8
00 0.1 02 03 04 05 06 0.7 08 Standardized total tract digestible Ca, %
Standardized total tract digestible Ca, % b
Plasma P = -3.803 + 7.365 x Ca + 10.28 x Ca’
Fig. 3 Models and predicted values, based on the interactions +81.69 x P—98.51 x P2—127.91 x Ca? x P +
between Ca and P (P < 0.01), for percentage of (a) bone ash (%), 18.3 199.57 x Ca? x P2 (P < 0.01)
based on the linear effect of Ca (P < 0.01) and P (P < 0.10), for STTD P. %
percentage of (b) bone Ca, and based on the linear effect of Ca and 159 o
P (P<0.05) and the quadratic effect of P (P < 0.05), for percentage of ——0.16
(€) bone P at d 21 in pigs fed diets containing from 0.14% to 0.74% = 13.6 ——033
standardized total tract digestible (STTD) Ca and from 0.16% to ) ——0.42
0.50% STTD of P E 112 —=-0.50
8.9 ‘/’/o/"—_d
STTD Ca, from 0.32% to 0.72% were used [6]. Results 6.5
indicated that increasing dietary STTD Ca from 0.32% 0 01 02 03 04 05 06 07 08
to approximately 0.56% did not affect ADG and G:F, but Standardized total tract digestible Ca, %
T . . o
providing dieatry STTD C? above approximately 0.56% Fig. 4 Models and predicted values, based on the linear and
reduced ADG and G:F. This response pattern prevented quadratic effect of Ca (P < 0.01) and the linear effect of P (P < 0.01),
the estimation of a STTD Ca concentration that maxi- for (a) plasma Ca (mg/dL) and based on the interactions between
mized growth performance. Therefore, in this study, dif- Ca and P (P<0.01), (b) for plasma P (mg/dL) at d 21 in pigs fed
i ; - o 0 :
ferent concentrations of STTD P (below, at, and above d!ets gonta|n|ng from 0.14% to 0.74% standardized total tract
digestible (STTD) Ca and from 0.16% to 0.50% STTD of P

the requirement; [1]) were used to estimate STTD Ca \ J
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Table 7 Least squares means (log,-backtransformed) for mRNA
abundance in the duodenum of pigs fed diets containing
different concentrations of standardized total tract digestible
(STTD) Ca and STTD P for 21 d?
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Table 8 Least squares means (log,-backtransformed) for mRNA
abundance in the ileum of pigs fed diets containing different
concentrations of standardized total tract digestible (STTD) Ca
and STTD P for 21 d°

[tem STTD Ca, % ltem STTD Ca, %
0.14 0.29 044 0.59 0.74 0.14 0.29 044 0.59 0.74
TRPVE® OCLN®*
0.16% STTD P 0461 0478 0438 0447 0425 0.16% STTD P 0.570 0.574 0.507 0.514 0.535
0.33% STTD P 0.526 0.632 0.587 0479 0.466 0.33% STTD P 0.665 0455 0.678 0529 0.598
042% STTD P 0.717 0.522 0.539 0474 0.585 042% STTD P 0474 0.502 0.597 0.553 0522
0.50% STTD P 0.749 0633 0.601 0.519 0431 0.50% STTD P 0.578 0.541 0432 0.596 0.557
S100G° z01°
0.16% STTD P 1175 1.126 0.968 1.050 1.041 0.16% STTD P 0522 0.544 0464 0.503 0479
0.33% STTD P 1.182 1.175 1.208 0.983 1.091 0.33% STTD P 0.518 0.502 0499 0472 0453
042% STTD P 1117 1.116 1.106 0.955 1.109 042% STTD P 0.521 0458 0.525 0473 0452
0.50% STTD P 1.207 1.017 1112 1.053 1.162 0.50% STTD P 0476 0478 0481 0.504 0440
ATP2B19¢ CLDNT®
0.16% STTD P 0426 0.394 0.388 0409 0.390 0.16% STTD P 1.105 0476 0.700 0578 0432
0.33% STTD P 0.381 0410 0435 0.399 0467 0.33% STTD P 0.526 0.850 0.361 0425 0488
042% STTD P 0422 0.389 0376 0412 0419 042% STTD P 1.275 0430 0.667 0.523 0444
0.50% STTD P 0435 0.389 0.374 0422 0468 0.50% STTD P 1493 1.114 0.821 0.560 0.620
OCLN ?Data are least squares means of 6, 7, or 8 observations
PResults indicated that abundance of OCLN could not be predicted using STTD
016%STTDP 0550 0518 0470 0490 0475  CaorSTTD P
CTHOP 05 0 0 0 0si0 SaEemyolve i v o e 02
042% STTD P 0.548 0511 0.548 0471 0.505 €Standard error of the within treatment least squares means = 0.58
0.50% STTD P 0.580 0.512 0.502 0488 0515
7019 increasing dietary Ca on growth performance was differ-
0.16% STTD P 0534 054 0504 0510 0486 ent if STTD P was at or below the requirement than if
STTD P was above the requirement. Therefore, in the
033% STID P 0535 0521 0501 0500 0458 current experiment, 2 concentrations of STTD P that
042% STTD P 0511 0.508 0.537 0493 0491 were above the requirement were used.
0.50% STTD P 0525 0497 0448 0468 0519 The surface response model was chosen following rec-
CLONTM ommendations about the use of this model in factorial
0.16% STTD P 0656 0338 0338 0323 0ssg experiments with independent variables such as quan-
tities of dietary components [26, 27]. By using this
0.33% STTD P 0.338 0495 0.290 0.287 0.160 . . .
model, interactions between the independent and re-
042% STTD P 0460 0304 0470 0385 029 sponse variables can be quantified to estimate the values
0.50% STTD P 0.349 0.522 0313 0314 0.359

?Data are least squares means of 6, 7, or 8 observations

bStandard error of the within treatment least squares means =0.10
“Standard error of the within treatment least squares means = 0.09
“Results indicated that abundance of ATP2B1 could not be predicted using
STTD Ca or STID P

€Standard error of the within treatment least squares means = 0.04
fStandard error of the within treatment least squares means = 0.04
9Standard error of the within treatment least squares means = 0.03
PResults indicated that abundance of CLDNT could not be predicted using
STTD Ca or STTD P

iStandard error of the within treatment least squares means =0.10

requirements at different concentrations of STTD P.
The reason for including 4 concentrations of STTD P
was that in a previous experiment [4], where only 3
STTD P concentrations were used, the response to

for the independent variables that maximize the re-
sponse [18].

Results obtained in the current experiment indicated a
detrimental effect of increased dietary Ca on growth per-
formance if diets were deficient or marginal in P. This
observation concurs with data previously reported [6].
However, the negative effect of Ca was ameliorated by
including P above the requirement, and this was also ob-
served in research conducted in poultry [28, 29] and in
pigs [3-5, 30]. The reason for the negative response in
growth performance by increasing concentrations of
dietary Ca is likely the formation of Ca-P complexes in
the intestinal tract due to excess Ca, which causes a re-
duction in P digestibility [31-34]. As a consequence,
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Fig. 5 Predicted values, based on the linear effect of Ca (P < 0.05), for mRNA abundance of (a) transient receptor potential cation channel,
subfamily V, member 6 (TRPV6), (b) occludin (OCLN), (c) S100 calcium binding protein G (S700G), and (d) zonula occludens-1 (ZO7) in the
duodenum of pigs fed diets containing from 0.14% to 0.74% standardized total tract digestible (STTD) Ca

0.800

0.680

0.560

0.440

0.320

0.200

1.400

1.280

1.160

Relative mRNA abundance in duodenum

1.040

0.920

0.800

0

a

C

TRPV6 (log>) =-0.677 - 0.618 x Ca
(P <0.05)

\\\

S100G (loga) = 0.263 - 0.270 x Ca
(P<0.05)

\‘\.

0.1 02 03 04 05 06 07 08
Standardized total tract digestible Ca, %

0.650
b ociv(log) = -0.846-0.254 x Ca

0.590 (P <0.05)

0.530 \
g
g 0.470
k=
= 0410
g
8 0.350
g
s
£ 0.650
2 d Z01 (log2) =-0.917 - 0.19 x Ca
<
Z 0.590 (P <0.05)
~
g
o 0.530
E .\.\'\‘\_‘
2 0470

0.410

0.350

0 01 02 03 04 05 06 07 08
Standardized total tract digestible Ca, %

0.650

0.590

0.530

0.470

0.410

0.350

1.200

1.000

0.800

Relative mRNA abundance in ileal mucosa

0.600

0.400

0.200

Fig. 6 Predicted values, based on the linear effect of Ca (P < 0.01),
for mRNA abundance of (a) zonula occludens-1 (ZOT) and (b)
claudin-1 (CLDNT) in the ileum of pigs fed diets containing from
0.14% to 0.74% standardized total tract digestible (STTD) Ca

0.1

201 (log2) =-0.938 - 0.221 x Ca

\‘\.

CLDNI (logz) = 0.077 - 1.727 x Ca

0.2

0.3
Standardized total tract digestible Ca, %

(P<0.01)

(P<0.01)

04 05 06 07 0.8

increased dietary Ca induced a P-deficiency even if diet-
ary P was at the requirement. The fact that inclusion of
P above the requirement reduces the negative effect of
increasing concentrations of dietary Ca on growth per-
formance, further indicates that the detrimental effect of
excess Ca may be a result of P being insufficiently
absorbed. The negative effect of excess Ca on the digest-
ibility of P has been previously observed in pigs [32] and
broiler chickens [35].

The observation that the concentration of STTD Ca
that maximized BW, ADG, and G:F ranged from 0.24%
to 0.31% corresponding to STTD Ca:STTD P ratios
from 1.51:1 to 1.93:1 if dietary P was below the require-
ment, indicates that if STTD P is deficient in the diet,
the concentration of STTD Ca also needs to be supplied
below the requirement to avoid a reduction in growth
performance. In contrast, if STTD P was above the re-
quirement, dietary Ca became the limiting factor for
growth performance, as demonstrated by the gradual
improvement in growth performance as dietary Ca in-
creased from 30% to 140% of the requirement. The ob-
servation that if STTD P concentrations were above the
requirement, a concentration of STTD Ca to maximize
BW, ADG, and G:F that ranged from 0.50% to 0.61%,
with corresponding STTD Ca:STTD P ratios from 1.17:1
to 1.28:1 was needed, indicates that if the concentration
of STTD P is above the requirement, STTD Ca also
needs to be supplied above the requirement as also ob-
served in heavier pigs [4]. This observation is relevant in
finishing pigs fed diets with high concentration of P-rich
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coproducts such as distiller’s dried grains with solubles,
because such diets often contain P in concentrations
that exceed the requirement. The current data indicate
that in this situation, dietary Ca also needs to be in-
creased to maximize growth performance.

The reason the optimum dietary STTD Ca:STTD P ra-
tio is reduced as dietary P is increased from below to
above the requirement likely is a result of the fact that if
P is supplied below the requirement, tissue accumulation
of P in mussle is reduced and the ratio of dietary P used
for soft tissue synthesis is less than if P is supplied at or
above the requirement. As a consequence, if P is at the
requirement, a greater proportion of dietary P is used
for soft tissue synthesis and less for bone tissue synthesis
and the required quantity of Ca to support bone tissue
synthesis is less per unit of P supplied.

The fact that if STTD P was included at the require-
ment, BW, ADG, and G:F was maximized at 0.41% to
0.46% STTD Ca, indicates that the current NRC [1] re-
quirement for total Ca (0.70%) likely is accurate because
this level of total Ca corresponds to 0.44% STTD Ca.
However, this level of dietary Ca will maximize growth
performance only if dietary STTD P is at the require-
ment (i.e., 0.33%). The corresponding STTD Ca:STTD P
ratios that maximize growth performance ranged from
1.25:1 to 1.39:1, which supports our hypothesis that a
STTD Ca:STTD P ratio less than 1.40:1 maximizes
growth performance for 11- to 25-kg pigs. These data
also support the previous data indicating that a STTD
Ca:STTD P ratio greater than 1.50:1 and 1.39:1 is detri-
mental to ADG and G:F, respectively [6].

The observation that at low dietary STTD Ca, feeding
STTD P above the requirement resulted in reduced ADG
and G:F compared with pigs fed STTD P at the require-
ment indicates that dietary P may chelate some of the
dietary Ca in the intestinal tract and prevent absorption.
As a consequence, in situations where Ca is the limiting
nutrient, as is the case if Ca deficient diets are fed, excess
dietary P appears to be detrimental for ADG and G:F.

The femur was used to estimate bone mineralization
because it is believed to be an accurate indicator of the
body mineral content of pigs [36]. The observation that
bone ash, bone Ca, and bone P in grams per femur were
maximized at STTD Ca:STTD P ratios between 1.61:1
to 1.67:1 if STTD P was at the requirement is in agree-
ment with data demonstrating that a greater STTD
Ca:STTD P ratio is required to maximize bone ash than
to maximize growth performance [3-5]. The implication
of this observation is that if the Ca requirement for
growth has been met, Ca along with P are used to
synthesize more skeletal tissue. However, if the dieatry
STTD Ca:STTD P ratio is 1.35:1, the concentration of
bone ash would be 97% of that observed if a ratio of
1.66:1 is wused. This observation indicates that
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formulating diets based on STTD Ca:STTD P ratios that
maximize growth performance does not dramatically
affect bone mineralization.

Because the concentration (grams per femur) of bone
Ca and bone P was calculated by multiplying the con-
centration of bone ash by the percentage of Ca and P in
bone ash, the responses for quantities of bone Ca and
bone P in grams per femur were similar to results ob-
served for bone ash. The fact that bone ash (grams per
femur) was not affected by dietary Ca if STTD P was
below the requirement, indicates that P deficiency was
limiting bone deposition and addition of extra Ca did
not ameliorate this situation. In contrast, if the concen-
tration of STTD P was at or above the requirement [1],
Ca deficiency limited bone deposition; thus, increasing
STTD Ca increased bone ash (grams per femur) up to
the point were P became the limiting factor. This point
was reached at approximately 0.50% and 0.60% STTD
Ca if STTD P was at the requirement or at 130% of the
requirement, respectively. For STTD P at 150% of the
requirement, it appeared that STTD Ca up to 0.74% was
the limiting nutrient for maximum bone tissue synthesis.
These responses in the quantity of bone ash (grams per
femur) at changing dietary Ca and P concentrations
demonstrate the interaction between these 2 minerals in
the skeletal tissue and the need for both Ca and P for
bone tissue synthesis, which has also been previously
demonstrated [37].

The increased percentage of bone ash in pigs fed diets
deficient in P as more Ca was included in the diet indi-
cates that the lack of response in bone ash (grams per
femur) to increasing concentrations of Ca was possibly a
result of the size of the bones, which were smaller in
pigs fed high Ca diets compared with pigs fed low Ca di-
ets. By contrast, in pigs fed diets with adequate or excess
D, the response in percentage of bone ash was similar to
that observed for concentration of bone ash (grams per
femur). Calcium was limiting bone mineralization in low
Ca diets, but P became limiting in high Ca diets, except
at the highest concentration of P.

The Ca to P ratio in bone ash ranged from 2.01:1 to
2.21:1; these values are in agreement with reported data
[3-5] and are close to the ratio of 2.1:1 that is needed to
form hydroxyapatite crystals [Ca;0(PO4)(OH),] [37, 38].
Although the concentration of Ca and P in bone ash is
relatively constant, data from this study indicate that
percentages of Ca and P in bone ash are responsive to
the level of Ca in the diet. Regardless of the level of diet-
ary P, the percentage of Ca in bone ash was increased by
increasing concentrations of dietary Ca; whereas, in-
creased dietary Ca decreased the percentage of P in bone
ash, indicating a negative effect of Ca on P deposition.
However, the changes in the percentage of Ca and P in
bone ash, although significant, were relatively small.
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As mentioned, if STTD P is at the requirement, the
STTD Ca:STTD P ratio that maximizes growth perform-
ance declines as pig BW increases. However, it was also
observed that the STTD Ca:STTD P ratio needed to
maximize bone ash (grams per femur) increases as the
animal becomes heavier. Bone ash was maximized at
STTD Ca:STTD P ratios of 1.66:1, 1.81:1, 2.03:1, and
2.33:1 in pigs from 11 to 25 kg, 25 to 50 kg [3], 50 to 85
kg [4], and 100 to 130kg [5], respectively, if STTD P
was provided at the requirement. A possible explanation
for this observation is that young pigs were supplied suf-
ficient Ca through the milk while they were nursing and
as a consequence when this experiment started, bone
ash was already maximized and a dietary Ca:P ratio
below that in bones was sufficient to maintain bone
composition. In contrast, growing and finishing pigs are
supplied diets that are deficient in Ca (in relation to
what is needed to maximize bone ash), which limits
bone tissue synthesis. Therefore, older pigs have greater
capacity to increase skeletal tissue synthesis than youn-
ger pigs and a greater dietary Ca:P ratio is, therefore,
needed to maximize bone ash. It is also possible that be-
cause P is needed for lean tissue deposition, which is de-
creasing as pigs get older, less P is needed relative to Ca,
which may also contribute to an increase in the STTD
Ca: STTD P ratio. Further research is needed to confirm
this hypothesis.

Results from plasma analysis indicated that plasma Ca
concentration is responsive to dietary Ca. The observation
that as STTD P increased, plasma Ca was reduced indi-
cates that if P is available, more bone tissue synthesis can
occur, and less Ca is present in plasma. Similar effects of
varying concentrations of dietary Ca and P on plasma Ca
concentration were observed in 25-kg pigs [39]. In a simi-
lar experiment, 4 levels of dietary P and 5 levels of dietary
Ca were fed to pigs from 25 to 50 kg, but dietary Ca only
influenced the concentration of Ca in plasma when dietary
P was deficient [3]. In the current experiment, the greatest
variability in plasma Ca concentration was observed in the
P-deficient diets; whereas, in diets with adequate dietary P,
Ca concentrations were within a narrow range. The
physiological range of serum Ca concentration is from 8
to 12 mg/dL [40]. Plasma Ca concentration is regulated by
parathyroid hormone, vitamin D, and calcitonin [41].
Phosphorus concentration in plasma, however, is less
tightly regulated than Ca concentrations [41] and data
from this experiment confirm this hypothesis. Neverthe-
less, the observation that increased Ca addition to diets
with the least and the greatest STTD P concentrations
(0.16% and 0.50%, respectively) resulted in increased
plasma P concentrations was unexpected and we do not
have an explanation for this observation.

The process of Ca absorption from the intestine,
which is important for maintaining Ca homeostasis [42],
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is carried out by transcellular as well as paracellular ab-
sorption of Ca [43, 44]. Transcellular absorption is the
primary route under low dietary Ca conditions whereas
paracellular transport is preferred if dietary Ca is at ad-
equate or high levels [7, 9].

Transcellular absorption of Ca requires energy, Ca
channels, and Ca-binding proteins [45]. Calcium is
absorbed in the enterocyte through Ca channels such as
TRPV6 located in the brush border membrane [8, 46].
In the cytosol, Ca is bound to Ca-binding proteins (cal-
bindin-D9k), which move Ca towards the basolateral
membrane [47, 48]. The release of Ca over the basolat-
eral membrane is accomplished via plasma membrane
Ca-ATPase activity, although Na*/Ca** exchange has
also been identified [42]. This process is regulated by the
active form of vitamin D (1, 25- dihydroxyvitamin D3),
also known as calcitriol, which is activated in response
to low plasma Ca concentration [8, 49, 50]. Calcitriol in-
creases the absorption of Ca by upregulating genes re-
lated to Ca channels and transporters including TRPV6,
Ca-binding proteins (e. g. S100G), and plasma mem-
brane Ca-ATPase (e. g. ATP2B1) [51-54]. Results from
this experiment demonstrated a decrease in the abun-
dance of S100G and TRPV6 in duodenal tissue as more
Ca was included in the diet, which indicates reduced
transcellular absorption of Ca in the duodenum of pigs
fed high Ca diets. This can also be linked to the quad-
ratic increase in plasma Ca concentration by increasing
dietary Ca, which indicates that transcellular absorption
is increased in pigs fed low Ca diets to elevate the con-
centration of Ca in plasma and is inhibited as the upper
limit for plasma Ca is approached. However, dietary Ca
appeared not to influence ATP2B1 abundance. These ob-
servations are in agreement with data for Ca absorption
in the jejunum of 50 kg pigs fed diets with increasing
levels of Ca [6]. The lack of a response in ATP2B1 abun-
dance is not surprising because the influence of calcitriol
on plasma membrane Ca-ATPase activity has not been
consistently observed [42]. It appears that the regulation
takes place at the luminal site and via the transport pro-
tein. This observation implies that transport out of the
enterocyte to the interstitial space is not limiting for the
Ca status of the pig.

Paracellular transport of Ca is a non-saturable passive
process that mainly occurs in the jejunum and ileum [9].
The paracellular pathway takes place via the intercellular
route between enterocytes that allows the movement of
small molecules and ions, but this process needs to be
regulated to maintain selective permeability [55]. The
tight junctions are located in the apical region of the
intercellular space and function as a semipermeable bar-
rier to the passage of ions and molecules [56]. Claudins
and occludin are integral membrane proteins that con-
form the tight junction structure and zonula
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occludens-1 is a peripheral membrane that binds the in-
tegral membrane proteins [56]. Paracellular absorption
of Ca is, therefore, a result of high concentration of Ca
in the lumen that generates an electrochemical gradient
across the epithelium and influences the flux of Ca
through the tight junctions [45]. This observation con-
curs with results obtained in this experiment that dem-
onstrated that abundance of OCLN and ZOI in the
duodenum and CLDNI and ZOI in the ileum was re-
duced as more Ca was included in the diet. Even though
Ca absorption via the paracellular pathway is mainly per-
formed in the jejunum and ileum, the present data indi-
cate that passive absorption of Ca may start in the
duodenum. A negative effect of high dietary Ca on the
abundance of tight junction proteins was previously ob-
served in the jejunum of young pigs [14]. This response
indicates increased paracellular absorption of Ca by in-
creasing dietary Ca and may imply a risk to the intestinal
integrity if Ca is supplied above the requirement.

Conclusions

If the concentration of P is deficient or at the estimated
requirement in diets for 11- to 25-kg pigs, increasing
concentrations of Ca are detrimental to growth perform-
ance. However, if P is above the requirement, the nega-
tive effect of increasing concentrations of dietary Ca is
ameliorated, and increased dietary Ca may increase
growth performance of pigs. The STTD Ca to STTD P
ratio that maximizes bone ash is greater than the ratio
that maximizes growth performance, indicating that pigs
can utilize more Ca and P for bone tissue synthesis than
for growth performance. The STTD Ca:STTD P ratio
needed to maximize growth performance of 11- to 25-kg
pigs is less than 1.40:1. Increasing dietary Ca increases
plasma Ca concentration and decreases abundance of
genes related to transcellular absorption and transport
of Ca in the duodenum, but decreases abundance of
tight junction proteins in the duodenum and ileum,
which may result in increased paracellular absorption.
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