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Production, College of Agriculture, Jordan University of Science and Technology, Irbid, Jordan

The experiment investigated the effects of limestone particle size and dietary potassium
(K) on live performance, blood physiology, and muscle myopathies in broilers raised to
35 days of age. A total of 384 Ross male broilers were placed in 24 floor pens and fed
four diets during the starter (0-16 days of age) and grower (17-33 days of age) periods
containing two limestone particle sizes (fine: 0.2 mm and coarse: 0.9 mm), and amended
with either 0% basal K (K-) or 0.2% added dietary K (K+) as potassium carbonate to
complete the 2 x 2 factorial arrangement. Live performance was measured from 1-33
days of age. Blood physiology, woody breast (WB), and white striping (WS) scores were
measured at 35 days of age. The K+ dietary treatment reduced (P < 0.05) feed intake
and BWG when compared to K- during the starter and grower period. The K+ dietary
treatment decreased blood Na (mmol/L), blood glucose (mg/dl), ionized blood Ca (mg/dl),
TCO»o (mmol/L), blood HCO3 (mmol/L), and base excess in extracellular fluid (mmol/L)
when compared to K- birds of similar body weight at 35 days of age (P < 0.05). Fine
limestone diets tended to reduce WB scores (3.0 vs. 2.59) when compared to coarse
limestone diets at 35 days of age (P = 0.08). This study demonstrated that using 0.2% of
K as potassium carbonate did not negatively affect FCR even though Fl and BWG were
reduced. Furthermore, fine limestone has the potential to reduce WB in breast muscle
tissues; however, further research is needed to confirm these outcomes.

Keywords: limestone particle size, potassium, blood physiology, woody breast, white striping, broiler, performance

INTRODUCTION

Wooden breast (WB) and white striping (WS) are two forms of muscle myopathies that have
emerged in the last decade. These myopathies have been associated with fast growing, high-yield
broiler chickens (1, 2), and were shown to be potentially associated with acid-base imbalances
(3). The multiple ion channels of sodium (Na), potassium (K), chloride (Cl), calcium (Ca), and
magnesium (Mg) play a critical role in proper muscle function (4). The intracellular fluid (ICF)
major cation K, as well as Na and Cl, the major ions of extracellular fluid (ECF) play important
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regulatory roles (5) in avian acid-base homeostasis. The relative
changes in concentration of Na, K, and Cl in the blood can offset
metabolic or respiratory acid-base imbalances through buffering
mechanisms in blood gas and kidney (6). The decrease in blood
ionized Ca (iCa) causes loss of stability in muscle cell membranes
characterized by muscle twitching, and the release of Ca during
muscle contraction upregulates glycolysis (7) where glucose
status in ICF is maintained via phosphorylation of glucose.
The Ca-mediated changes in permeability of muscle membranes
are caused by dysregulation of Ca homeostasis and acid-base
imbalances and, along with the altered glucose metabolism, are
often associated with WB and WS myopathies (8, 9). Hence,
blood biochemical parameter measures are optimum indicators
to detect the physiological state of acid-base balance, and the
blood variables involved in the assessment of physiological
disturbances, which are pH, partial pressure of CO, (pCO,),
and blood HCOs, as well as hemoglobin concentration (10,
11). Furthermore, the blood iCa and glucose are indicators of
metabolic and physiological status used for assessment of breast
muscle myopathies in chickens (3, 12, 13).

The dietary electrolyte balance of the diets (DEB, as a
formula of Na + K-Cl expressed as mEq/kg) (14) is usually
calculated and balanced during diet formulation to maximize
the efficiency of digestive and metabolic processes. Previous
studies have demonstrated that when DEB was manipulated by
K salts, potassium chloride (KCl) improved growth performance,
meat quality, and plasma K status (15, 16), while potassium
carbonate (K,CO3) has demonstrated a close relationship
between supplemental K, blood physiology, and breast muscle
myopathies, WB and WS (3).

Limestone, a mineral composed of calcium carbonate
(CaCO03), is the most widely used source of Ca supplementation
in the animal feed industry. A wide range of limestone
particle sizes and solubilities are used. Recently, the effects of
limestone solubility and particle size on growth performance,
Ca, phosphorus (P) and amino acids utilization has garnered
much interest in broiler nutrition (17, 18). However, there is a
lack of information on muscle and blood physiology parameters
as affected by limestone particle size and its interaction with
K salt supplementation in broiler chickens. Therefore, this
study was designed to explore the interaction between dietary
limestone particle size and levels of K on live performance,
blood physiology, and breast muscle WB and WS scores of
broiler chickens.

MATERIALS AND METHODS

All practices of animal care and experimental procedures used
in this study were reviewed and approved by the North Carolina
State University Institutional Animal Care and Use Committee.
A total of 384 Ross 708 male broilers chicks were individually
tagged and placed in 24 pens (1.2 x 1.8m; 4.8 m?) with a
stocking density of 0.135 m?/bird. The mean body weight (BW)
at placement in each pen was 45 £ 0.95g. Each pen had two
tube feeders and one Plasson water drinker. Pens were bedded
with fresh pine shavings (20 cm deep). Floor temperature at chick

placement was initially 35.6°C, then reduced to 32°C within 24 h.
Air temperature was then reduced gradually each day until 7
days of age where it reached 29°C and was maintained at that
temperature until 14 days. Temperature was then reduced to
approximately 27°C from 15 to 21 days and 24°C from 16 to 33
days. Artificial light was provided by 18-W fluorescent bulbs. The
lighting program during the first 7 days was 23 h of light, which
was then reduced to 22 h of light to 14 days, and 20 h of light to
21 days. After 21 days of age, only 15 h of light was used.

Experimental Diets

Broilers were assigned to one of four corn-soybean meal-based
dietary treatments that were fed in the starter (days 0-16) and
grower (days 17-33) feeding phases (Table 1) in a 2 x 2 factorial
arrangement. The factors were limestone particle sizes of 0.2 mm
(fine) and 0.9 mm (coarse), containing either existing basal levels
of K (K-) or 0.2% added K (K+) as potassium carbonate
(56.5% K concentration; Arm&Hammer Animal Nutrition).
Each treatment had six replicate pens and 16 male broilers
per pen (blocked by location within the house). Diets were
formulated to either meet or exceed the nutrient requirements
for poultry (19). Samples of each treatment diet were collected
after mixing and post-pelleting, and were analyzed for particle
size (20) and proximate analysis for nutrients (moisture, crude
protein, crude fat, crude fiber, and ash) as well as K, Na,
and, Cl [using inductively coupled plasma-optical emission
spectroscopy (ICP-OES)] following AOAC official methods. The
particle size distributions of the two sources of limestone were
also determined using ASAE $319.3 method (19). Experimental
diets were supplemented with dietary Monensin USP—90 mg/kg
feed (Coban 90, Elanco US, Inc., Greenfield, IN, USA) for
coccidiosis control.

Live Performance and Blood Physiology

Pen body weight (BW) and feed consumed (FI) were recorded
at placement, 16 days, and 33 days for calculation of average
BW, BWG, and FI per bird for each replicate pen. Mortality
was recorded, necropsied to determine the cause of death, and
weighed daily to account for the BW of all deceased birds, total
BWG, and total FI in mortality-adjusted feed conversion ratio
(FCR) calculations for each dietary feeding phase. At 35 days
of age, average BW per pen was determined. Additionally, for
venous blood analysis, a total of 64 birds were selected (within
200 g of the pen average) from four replicate pens per each dietary
treatment (four birds per pen per treatment).

Blood was drawn and analyzed individually from these birds.
Approximately 2 ml of blood was drawn from the left ulnaris vein
and analyzed using the i-Stat® handheld blood analyzer fitted
with a CG8+ cartridge (Abbott Point of Care Inc., Princeton, NJ,
USA), which measured packed cell volume (PCV), hemoglobin
(Hgb), ionized calcium (iCa), glucose (Glu), Na, K, pH, partial
pressure of carbon dioxide (pCO,), bicarbonate (HCOs3), total
carbon dioxide (TCO,), base excess in the extracellular fluid
(BEecf), partial pressure of oxygen (pO;), and oxygen saturation
of hemoglobin (sO3) (21). A systematic approach was utilized to
catch bird, draw and analyze blood, and return the birds back to
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TABLE 1 | Composition of experimental starter and grower diets.

Starter? Grower®

Fine limestone® Coarse limestone® Fine limestone® Coarse limestone®

Ingredients (%) K- K+ K- K+ K- K+ K- K+
(%)

Corn 58.50 58.50 58.50 58.50 65.00 65.00 65.00 65.00
Soybean meal (48% CP) 31.50 31.50 31.50 31.50 26.00 26.00 26.00 26.00
Poultry by-product meal 5.00 5.00 5.00 5.00 4.00 4.00 4.00 4.00
Poultry fat 2.00 2.00 2.00 2.00 2.50 2.50 2.50 2.50
Limestone 0.50 0.50 0.50 0.50 0.36 0.36 0.36 0.36
Defluorinated phosphate 1.05 1.05 1.05 1.05 0.77 0.77 0.77 0.77
Salt 0.30 0.30 0.30 0.30 0.30 0.30 0.30 0.30
Potassium carbonate® 0.00 0.20 0.00 0.20 0.00 0.20 0.00 0.20
Sand 0.27 0.07 0.27 0.07 0.24 0.04 0.24 0.04
Choline chloride (60%) 0.20 0.20 0.20 0.20 0.10 0.10 0.10 0.10
Vitamin premix 0.05 0.05 0.05 0.05 0.05 0.05 0.05 0.05
Mineral premix® 0.20 0.20 0.20 0.20 0.20 0.20 0.20 0.20
Selenium premix” 0.05 0.05 0.05 0.05 0.05 0.05 0.05 0.05
DL-Methionine 0.20 0.20 0.20 0.20 0.20 0.20 0.20 0.20
L-Lysine 0.11 0.11 0.11 0.11 0.11 0.11 0.11 0.11
L-Threonine 0.07 0.07 0.07 0.07 0.07 0.07 0.07 0.07
Coccidiostat' 0.05 0.05 0.05 0.05 0.05 0.05 0.05 0.05
Total 100 100 100 100 100 100 100 100
Calculated nutrient content
Metabolizable energy (kcal/g) 2.99 2.99 2.99 2.99 3.09 3.09 3.09 3.09
Crude protein 23.38 23.38 23.38 23.38 20.54 20.54 20.54 20.54
Calcium 0.90 0.90 0.90 0.90 0.71 0.71 0.71 0.71
Available phosphorus 0.45 0.45 0.45 0.45 0.36 0.36 0.36 0.36
Digestible lysine 1.16 1.16 1.16 1.16 1.01 1.01 1.01 1.01
Digestible methionine 0.53 0.53 0.53 0.53 0.50 0.50 0.50 0.50
Digestible methionine+-cysteine 0.80 0.80 0.80 0.80 0.75 0.75 0.75 0.75
Digestible threonine 0.79 0.79 0.79 0.79 0.70 0.70 0.70 0.70
Sodium 0.25 0.25 0.25 0.25 0.23 0.23 0.23 0.23
Chloride 0.28 0.28 0.28 0.28 0.26 0.26 0.26 0.26
Potassium 0.92 1.03 0.92 1.03 0.80 0.92 0.80 0.92
DEB' (mEqg/kg) 266 291 266 291 231 262 231 262
Analyzed nutrient content
Crude protein 22.58 20.92 23.22 20.50 20.68 21.39 21.26 22.03
Ether extract 4.25 4.35 416 4.31 5.10 5.44 5.38 5.43
Crude fiber 3.00 2.70 2.60 2.60 2.40 2.30 2.40 2.50
Ash 4.88 4.90 5.21 5.08 4.84 4.42 4.78 4.06
Total digestible nutrients 86.19 87.40 86.34 86.32 89.54 91.31 90.51 90.76
Sodium 0.16 0.15 0.17 0.18 0.16 0.13 0.18 0.14
Chloride 0.23 0.29 0.26 0.22 0.25 0.22 0.23 0.22
Potassium 0.75 0.87 0.79 0.90 0.67 0.76 0.65 0.70
Analyzed DEBX (mEq/kg) 197 206 203 246 170 189 180 178

aStarter diet was fed at 16 days of age.

bGrower diiet was fed from approximately 16 to 35 days of age.

CFine limestone particle size, 0.2 mm.

9Coarse limestone particle size, 0.9 mm.

€Potassium carbonate (as 56.5% K): (K-) basal levels of K; (K+) 0.20% K as potassium carbonate (starter and grower).

Vitamin premix supplied the following per kg of diet: 13,200 IU vitamin A, 4,000 IU vitamin D3, 33 IU vitamin E, 0.02mg vitamin B12, 0.13mg biotin, 2mg menadione (K3), 2mg
thiamine, 6.6 mg riboflavin, 11 mg d-pantothenic acid, 4 mg vitamin B6, 556 mg niacin, and 1.1 mg folic acid.

9IMineral premix supplied the following per kg of diet: manganese, 120 mg; zinc, 120 mg; iron, 80 mg; copper, 10mg; iodine, 2.5 mg; and cobalt, 1 mg.
hSelenium premix provided 0.2 mg Se (as Na2Se03) per kg of diet.

ICoccidiostat supplied monensin sodium at 90 mg/kg of food.

IDietary electrolyte balance calculated using matrix values of sodium, chloride, and potassium.

kDietary electrolyte balance calculated using analyzed values sodium, chloride, and potassium.
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their respective pens to assure uniform collection of blood and
handling of the birds.

Carcass Measurements

A WB and WS scoring system developed for the Pectoralis
major breast muscle was used to determine myopathies This
subjective one to four-point ordinal scale of measurement has
been previously described by Livingston et al. (22). This WB
scoring system comprised a hand palpation method where a score
of 1 indicated normal or no signs of WB. A score of 2 indicated
some firming or hardening of the breast with over 50% of non-
affected tissue being pliable. A WB score of 3 indicated that
more than 50% of the breast was hard and resisted palpation
but with some pliability still present. A WB of 4 indicated no
presence of pliability and over 90% of the breast was hard to
the touch. The WS scoring system was similar with a score of
1 for normal breast tissue or no signs of striping. A WS score
of 2 indicated a mild amount of visible striations, a WS score
of 3 indicated a moderate amount of striping, and a WS score
of 4 indicated severe striations across the ventral portion of the
boneless skinless breast fillet. At 35 days of age, all birds in the 24
pens with 16 birds/pen were euthanized by cervical dislocation
and were allowed to proceed through rigor mortis (23). WB and
WS scoring were conducted 6 h postmortem.

Statistical Analysis

All data collected in this study were analyzed as a randomized
block design (RBD), with a 2 x 2 arrangement of treatments.
The two factors were limestone particle size (fine vs. coarse) and
with or without added K (K- or K+) observed in each of the two
complete blocks. Accordingly, the following linear mixed effects
model was used for data analysis, Yy = u + o; + Bj + (aB)y
+ By + &k where i, j, and k are indices for limestone particle
size, K, and block, respectively. Here By denotes a random block
effect. The data were analyzed using the Fit Model Platform of
JMP 13.2 software (24). Growth performance data were analyzed
using pen as the experimental unit, while individual birds were
considered the experimental unit for blood chemistry, WB and
WS scores. Significance level was set at P < 0.05, and a tendency
for significance was set at P < 0.10. Standard least squares
were separated using Tukey’s test for multiple comparisons. To
further discern the venous blood chemistry variables, bivariate
regression analysis was performed with Fit Y by X Platform
of JMP 13.2. Significance was determined at P < 0.05. Further
analysis of the data was performed using WB and WS scores as
independent variables with the same dependent blood variables
with the Fit Model Platform of JMP 13.2. Significance was
determined when P < 0.05.

RESULTS

Growth Performance

The effects of dietary treatments on FI, BWG, and FCR are shown
in Table 2. No significant differences were observed in the live
performance between limestone dietary treatments. Adding K+
to starter and grower feed decreased the feed intake and BWG
when compared to those chicks fed with the K- diets (P < 0.05).

TABLE 2 | Effect of limestone particle size and dietary potassium (K) on feed
intake (FI), body weight (BW), BW gain (BWG), and feed conversion ratio (FCR)
from 1-16 days to 1-33 days of age.

Limestone' Potassium? Age period (days)
1-16 1-33
FI BWG FCR FI BWG FCR
g/bird (9:9) g/bird (9:9)
Fine 749 560 1.33 3,101 2,194  1.41
Coarse 750 551 1.36 3,146 2,208 1.43
K- 763~ 5674 134 31727 22352 1.42
K+ 7368 5448 1.35 3,074 2167° 1.42
Fine K- 760 571 1.33 3,126 2,205 1.42
Fine K+ 737 550 1.34 3,074 2,182 1.41
Coarse K- 766 563 1.36 3,219 2264 1.42
Coarse K+ 736 538 1.36 3,073 2,151 1.43
SEM?® 9.6 7.7 0.017  34.7 30.2 0.011
(Probability > F)
Limestone 0.85 0.22 0.12 0.20 0.64 0.28
Potassium <0.01 <0.01 0.64 0.01 0.03 0.91
Limestone x 0.67 0.83 0.91 0.67 0.15 0.50
Potassium

ab\eans within a column lacking a common superscript differ significantly (P < 0.05).
ABMeans within a column lacking a common superscript differ significantly (P < 0.01).

1 Limestone particle size (starter and grower); Fine (0.2 mm) and coarse (0.9 mm).
2Potassium carbonate (starter and grower); (K-) basal levels of K; (K+) 0.20% added K.
8SEM, Standard error of mean for n = 6 pens for each interaction effect.

However, no differences were observed on cumulative FCR to 33
days of age in either of the dietary treatments.

Blood Physiology

Blood physiology results at 35 days of age are shown in Table 3.
Broilers that had been fed with K+ diets had significantly
decreased (P < 0.05) blood Na (mmol/L), blood glucose (mg/dl),
blood iCa (mg/dl), TCO, tension (mmol/L), blood HCO3
(mmol/L), and base excess in extracellular fluid (mmol/L) when
compared to those of similar BW fed with the K- diets. The
correlation analysis of blood chemistry response variables shown
in Figures 1A-D demonstrated that the blood pH was positively
correlated with blood K concentration (mmol/L) (P < 0.01; R?
= 0.15). The pCO, (mmHg) was positively correlated with blood
pH (P < 0.01; R? = 0.69) and blood K (mmol/L) (P < 0.01, R* =
0.13). The HCO3 (mmol/L) was positively correlated with pCO,
(mmHg) (P < 0.01, R? = 0.42).

Wooden Breast and White Striping

WB and WS score results are shown in Table 4. No differences
were found in WB or WS scores among broilers fed with K+ or
K- diets. However, broilers fed diets with fine limestone trended
toward decreased WB scores when compared to those chicks fed
with coarse limestone diets (P < 0.10). The correlation analysis of
WB scores shown in Table 5 demonstrated that BW (P < 0.001,
R? =0.23) and iCa (mg/dl) (P < 0.01) were positively correlated
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TABLE 3 | Effect of limestone particle size (LPS) and dietary potassium (K) on broiler venous blood pH, sodium (Na), potassium (K), hemoglobin (Hgb), packed cell volume
(PCV), glucose (Glu), ionized calcium (iCa), saturated oxygen (sO»), partial pressure of oxygen (pO»), partial pressure of carbon dioxide (pCOy), total carbon dioxide
(TCOy), bicarbonate (HCOg), base excess in the extra cellular fluid (BEecf) at 35 days of age.

Limestone'2 Potassium'? pH Na K Hgb PCV Glu iCa sO, pO; pCO, TCO, HCO; BEecf
(mmol/L) (g/dl) (%) (mg/di) (%) (mmHg) (mmol/L)
Fine 7.41 145 5.43 7.41 21.8 229 1.37 719 37.8 40.4 27.0 25.8 1.31
Coarse 7.40 145 5.63 7.40 21.8 228 1.36 709 37.7 42.3 27.7 26.4 1.75
K- 7.41 146" 5.50 7.38 21.7 2354 1390 713 374 41.8 27.92 26.62 2,132
K+ 7.40 1448 5.47 7.44 21.9 2238 1348 716 381 41.0 26.8° 25.6° 0.93°
Fine K- 7.42% 146 5.51 7.33 21.6 237 1.39 726 376 39.6Y 27.4 26.2 2.00
Fine K+ 7.40¢ 144 5.56 7.49 221 222 1.35 712 380 4129 26.6 25.4 0.62
Coarse K- 7.40* 146 5.49 7.43 21.9 233 1.39 69.9 37.2 43.9% 28.4 271 2.26
Coarse K+ 7.41% 145 5.38 7.38 21.8 224 1.33 719 383 40.7% 26.9 25.8 1.25
SEM* 0.012 0.50 0.121 0.14 0.41 3.4 0.020 1.92 1.03 1.42 0.56 0.51 0.533
(Probability > F)
Limestone 0.54 0.52 0.41 0.96 0.98 0.82 0.72 0.59 0.94 0.20 0.19 0.18 0.38
Potassium 0.54 <0.01 0.77 0.67 0.62 <0.01 <0.01 0.87 048 0.58 0.03 0.04 0.02
Limestone x Potassium 0.06 0.65 0.48 0.46 0.43 0.39 0.72 035 0.74 0.10 0.55 0.62 0.72

*YMeans within a column lacking a common superscript differ significantly (P < 0.10).
abMeans within a column lacking a common superscript differ significantly (P < 0.05).
ABMeans within a column lacking a common superscript differ significantly (P < 0.01).

" Main effect means calculated using 64 broilers at 35 days of age.

2L imestone particle size; Fine (0.2 mm) and coarse (0.9 mm).

3Potassium carbonate (starter and grower); (K-) basal levels of K; (K+) 0.20% added K.
4SEM, Standard error of mean.

with greater WB myopathy. WS was significantly correlated with
pO; (P < 0.02) and blood glucose (P < 0.05).

DISCUSSION

The objective of the present study was to investigate the effect
of dietary K supplementation and limestone particle size on live
performance, blood physiology, and WS and WB myopathies.
Analyzed K and DEB values (Table 1) for all diets were less
than calculated, which were in agreement with Borges et al.
(25). The calculated dietary K in starter and grower diets was
greater than the requirement of K (0.66-0.74%) as reported by
Borges et al. (26) and Oliveira et al. (27), who reported dietary K
requirements for optimal BW gain to be 0.63% from 8 to 21 days
of age. However, the reduction in analyzed samples compared
to calculated levels may be the result of decreased K levels
in feed ingredients. The formulated dietary Na (starter: 0.25%,
grower: 0.23%) and Cl (starter: 0.28%, grower: 0.26%) levels
were formulated to be similar; the 0.2% K,CO3 supplementation
achieved the K-formulated levels of 1.03 and 0.92% in starter
and grower diets, respectively. An altered DEB may have resulted
in a decrease in FI and BWG, as changes in DEB and acid-
base balance are linked to loss of feed consumption (13). The
present findings were in agreement with Ref. (28) that reported
a reduced BWG with addition of 0.15% K,COj3 and associated
response to reduced water intake. However, the findings among
live performance data were not in agreement with Borgatti et al.
(29), who observed no growth depression by addition of K,CO3
to achieve 1.21% dietary K. The responses could be attributed to
K source, i.e., K;COj3 rather than only a response to DEB or K

levels per se. For instance, El-Deek et al. (15) reported benefits of
dietary K source KCI (0.6%) on improved growth performance
and broiler dressing yield.

Potassium is the major intracellular cation of the body and
maintains intracellular fluid volume and acid-base balance (15).
Thus, this cation is maintained within a narrow concentration
in the blood (13). Ait-Boulahsen et al. (16) reported that
increased plasma K was associated with higher K intake with
0.9% KClI supplementation. However, in the present study, the
venous blood K was not different between the K- and K+
dietary treatments, which implied a maintenance mechanism
for blood K. The K- dietary treatments exhibited elevated
blood Na, which is indicative of higher ECF volume. Elevated
blood glucose may have been associated with the increased
FI of the birds’ potentially increasing water intake. These
suggested alterations in metabolic activity (30) are associated
with the role of Na in glucose absorption. This somewhat
explained the negative impact of K+ treatment diets on BWG.
However, the decreased blood TCO, suggested that there
was no occurrence of hyperkalemia in K+-fed birds (13).
The K- dietary treatments increased the blood iCa, which
was not in agreement with Ait-Boulahsen et al. (16), who
reported increased iCa with 0.6% and 0.9% KCl supplementation;
however, the mechanism for increased iCa could not be
completely explained without measuring the activity-specific
enzymes. However, in the present study, it could only be
speculated that the blood iCa changes may have been an
outcome of Ca’t-mediated changes in muscle membrane
stability (8), which may have been related to lower prevalence
of WB.
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7.55 | -
750 | A -
b %0, o

TABLE 4 | Effect of limestone particle size and dietary potassium (K) on wooden
breast (WB) and white striping (WS) scores of broilers at 35 days of age.

FIGURE 1 | (A) Correlation between venous blood pH and venous blood K at
35 days of age, P < 0.01; R2 = 0.15. (B) Correlation between venous blood
pCO, and venous blood pH at 35 days of age, P < 0.01, R? = 0.69. (C)
Correlation between venous blood pCO» and venous blood K at 35 days of
age, P < 0.01; R? = 0.13. (D) Correlation between venous blood HCOg and
venous blood pCO; at 35 days of age, P < 0.01; R? = 0.42.

The correlation analysis of blood pH and blood buffers
provided a deeper insight into the acid-base status; pH, pCO,,
and HCOj3 (Figures 1A-D) were used in the assessment of the
acid-base status. In the present study, the resting bird’s venous
blood chemistry values were within the range reported by Martin
etal. (21). The blood pH of 7.41 and 7.40 in K- and K+-fed birds,
respectively, were consistent with a homeostasis condition, and
the data agreed with (31), that reported blood pH values of 7.40.
There were no differences found in blood pH in the present study;
however, the numerical difference between the pH could not be
ignored. It somewhat explained the resting near base line acid-
base status being marginally influenced by the K- and K+ dietary
treatments. The blood pH was found negatively correlated with
the blood K concentration. This was consistent with the findings
of Ait-Boulahsen et al. (16), who reported a decrease in blood pH
associated with 0.9% dietary KCI.

-
7.45 ¢
o 7.40 ® * h¢ Limestone'? Potassium’®  Wooden breast  White striping
7.
=735 & 2
=130 * L - Fine 2,59/ 2.09
7.25 r T T T T T T 1 Coarse S.OOX 2'1 2
4 4.5 5 55 6 6.5 7 7.5
Blood K (mmol/L) K= 274 203
K+ 2.84 2.19
Fine K- 2.62 1.93
Fine K+ 2.56 2.25
Coarse K- 2.85 2.13
Coarse K+ 3.12 2.12
i . . . g ] . SEM* 0.228 0.144
7.25 7.30 7.35 7.40 7.45 7.50 7.55 (Probability > F)
Blood pH Limestone 0.08 0.81
65 Potassium 0.66 0.29
,\Gh ﬂ c 4 Limestone x Potassium 0.47 0.27
= 55 28
= 50 < 3 3 *YMeans within a column lacking a common superscript differ significantly (P < 0.10).
E4s 4 . 4 1 Main effect means calculated using 64 broilers at 35 days of age.
o'40 L 2 * 2| imestone particle size (starter and grower); Fine (0.2 mm) and coarse (0.9 mm).
%_ 35 $ * * A d 3 SPotassium carbonate (starter and grower); (K-) basal levels of K; (K+) 0.20% added K.
30 -t +* 4SEM, Standard error of mean.
25 T T T T ]
4.50 5.00 5.50 6.00 6.50 7.00
Blood K (mmol/L)
B The K+ dietary treatments exhibited decreased blood TCO,,
a D . .
=30 23 — HCO3, and BEecf. Apparently, no respiratory compensation was
g 28 * exhibited as the pCO; values did not differ between the dietary
S 3 b ¢ treatments. However, the correlation analysis between pCO, and
= pH, (R? = 0.69), and pCO, and HCO;3 (R?* = 0.42) explained
15 i . i i ’ that pCO; increases accounted for compensation of elevated
20 30 40 50 60 70 H+ ion concentrations and increases HCO3. This compensatory
pCO, (mmHg) mechanistic relationship for maintaining acid-base homeostasis

is well-documented (6), where buffer pair ratios change in unison
according to the isohydric principle to bind the load of H+- ions;
thus, the pCO; increased to balance the increase in HCOj3. The
coarse limestone/K- dietary treatment tended to result in greater
BWG and increased (P = 0.10) pCO; (43.9 vs. 40.7 mmHg) when
compared to K+-fed birds. The transitory reactions leading to
blood gas and anion changes when not compensated may have
resulted in reduced live performance in K4 diets. One notable
fact was that the HCOj3- concentration followed blood Na in
K+ and K- diets, which was in agreement with Benton et al.
(32). Taking growth performance and physiological responses
data together, it could be implied that the blood pH (i.e., the
H+ ion concentration) is a key regulatory blood biomarker that
warrants further investigations to elucidate the effects of acid-
base regulatory ions Na, Cl, and K, as well as their interactions
with various dietary sources of these ions.

In the present study, the fine limestone-fed broilers tended
to exhibit decreased WB scores (P = 0.08) at 35 days of age.
During the grower period, the BWG in fine limestone-fed broilers
trended lower (2,194 vs. 2,208g). These results implied that
a smaller BW may have been associated with decreased WB
myopathies. Independent of dietary treatments, the individual
BW data and WB scores were analyzed for correlations. These
data indicated that greater BW was associated with higher WB
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TABLE 5 | Broiler venous blood pH, sodium (Na), potassium (K), hemoglobin (Hgb), packed cell volume (PCV), glucose (Glu), ionized calcium (iCa), saturated oxygen
(sOz), partial pressure of oxygen (pOz), partial pressure of carbon dioxide (pCO»), total carbon dioxide (1COx), bicarbonate (HCO3), base excess in the extra cellular fluid
(BEecf) at 35 days of age, in relationship to 35 days Wooden Breast (WB), and White Striping (WS) scores.

wB' BW pH Na K Hgb PCV Glu iCa sOz pO2 pCO-2 TCO, HCO; BEecf
(9) (mmol/L) (g/dL) (%) (mg/dL) (%) (mmHg) (mmol/L)
1 2,318 7.43 146 5.55 7.43 21.8 218 1.40 74.2 39.5 37.5 25.8 24.8 0.56
2 2,217 7.41 146 5.46 7.33 21.5 228 1.41 73.5 38.6 40.0 26.9 25.8 1.34
3 2,434 7.41 145 5.46 7.30 21.5 228 1.37 71.4 37.8 41.9 27.8 26.5 1.91
4 2,458 7.42 145 5.52 7.50 22.0 230 1.35 73.8 38.9 39.3 26.7 25.4 1.09
Ws?
1 2,301 7.42 146 5.50 7.29 21.4 231 1.39 7.7 41.5 38.8 26.7 25.4 1.07
2 2,382 7.40 145 5.48 7.42 21.8 229 1.36 71.0 37.7 41.5 27.2 26.0 1.44
3 2,387 7.43 145 5.51 7.47 21.9 219 1.39 70.9 36.9 38.8 26.6 25.5 1.16
4 - - - — — - - — — - — - - —
SEM® 28 0.011 0.50 0.1138 0.12 0.36 3.2 0.018 1.67 0.87 1.40 0.52 0.47 0.497
(Probability > F)
WB <0.01* 0.85 0.19 0.86 0.50 0.51 0.41 0.01* 0.95 0.97 0.90 0.81 0.92 0.94
WS 0.52 0.65 0.63 0.97 0.60 0.62 0.05* 0.79 0.10 0.02* 0.79 0.90 0.99 0.92

"Correlation analysis differ significantly (P < 0.05).

"WB, wooden breast score (1 = none, 2 = mild, 3 = moderate, 4 = severe).
2WS, white striping score (1 = none, 2 = mild, 3 = moderate, 4 = severe).
SSEM, Standard error.

score (P < 0.001, R*> = 0.23). This was in agreement with
Kuttappan et al. (33), who reported that heavier birds have
greater incidences of WB and (22) also observed that reduced
BW was associated with lower prevalence of muscle myopathies.
Furthermore, blood chemistry data, notwithstanding statistical
significance, suggested that greater Hgb, PCV, and blood glucose
in fine limestone-fed diets could be influenced by greater blood
saturated O, (71.9 vs. 70.9 mmHg). This reflected positive aerobic
status or metabolic activity (34) and may have been associated
with lower WB myopathy (22).

The interaction between blood pH (P = 0.06) and pCO, (P <
0.10) demonstrated that the broilers fed with fine limestone/K-
diets returned to an improved pH (7.42 vs. 7.40) compared
to coarse limestone/K-. This indicated that fine limestone-
fed broilers were relatively less acidotic with a lower H+
ion concentration, which in turn required lower homeostatic
compensation as indicated by the blood concentration of pCO,
(39.63 vs. 43.87). This may have been primarily associated
with the lower BWG (>59 g/bird) yielding lesser H+ ion
concentrations that could have been related to decreased
metabolic rate as evidenced by the reduced BWG. The correlation
data demonstrated that severity of WB was correlated with
lowered blood iCa levels, which have been attributed to
intracellular disruption of Ca homeostasis during early onset of
WB myopathies (9). Severity of WS was correlated with lowered
pO; and likely to be associated with hypoxia (34). This may be
an effect rather than a cause mitigated by the mechanism of O,
extraction from tissues, which could be measured by arterial O,
status. The correlation of WS with decreased blood glucose levels
perhaps indicated that an induced state of muscle contraction
was not resolved, which may have been an early sign of onset of
WS myopathy.

In conclusion, findings in the current study shows that
K supplementation had a more pronounced effect on live
performance and blood physiology parameters compared
to limestone particle size. Results demonstrated that K
supplementation as K;COj altered the DEB of the diets
decreasing the feed intake and negatively affecting live
performance. Furthermore, the physiological responses indicated
that the acid-base status and blood gas parameters appeared
to be in a normal homeostatic range for these broiler chickens.
However, the numerical increase in the pH in K+ diets seems
to be the key regulatory biomarker warranting physiological
compensation. In this experiment, blood Cl was not measured.
Indeed, this is an important measurement as it is involved
in the maintenance of blood gas acid-base management in
homeothermic animals. Thus, monitoring Cl would have made
a more powerful argument in this experiment. On the other
hand, feeding fine limestone assisted in lowering breast muscle
myopathy, which could be associated with growth metabolism of
broilers. These findings can be further supported by additional
research to discern the effects at different time points. The
physiological responses indicated that WB and WS myopathies
were associated with inadequate respiratory gas exchange,
inadequacy of Ca homeostasis, and altered blood glucose. The
rate of protein accretion of breast muscle as indicated by higher
growth rate is likely taking precedence over metabolic energy
regulation resulting in an overall imbalance.

DATA AVAILABILITY STATEMENT

The raw data supporting the conclusions of this article will be
made available by the authors, without undue reservation.

Frontiers in Veterinary Science | www.frontiersin.org 7

December 2020 | Volume 7 | Article 603284


https://www.frontiersin.org/journals/veterinary-science
https://www.frontiersin.org
https://www.frontiersin.org/journals/veterinary-science#articles

Joardar et al.

Limestone and Potassium in Broiler

ETHICS STATEMENT

The animal study was reviewed and approved by Institutional

Animal Care and Use Committee North Carolina
State University.
AUTHOR CONTRIBUTIONS

DJ wrote the manuscript. All authors listed have made a
substantial contribution to the design, conducting, preparing,
and reviewing of the manuscript.

REFERENCES

1. Kuttappan VA, Lee YS, Erf GE Meullenet J-FC, McKee
SR, Owens CM. Consumer acceptance of visual appearance
of broiler breast meat with varying degrees of  white
striping.  Poult  Sci. (2012) 91:240-1247. doi: 10.3382/ps.2011-0
1947

2. Petracci M, Mudalal S, Soglia F, Cavani C. Meat quality in fast-growing broiler
chickens. Worlds Poult Sci J. (2015) 71:363-74. doi: 10.1017/5S00439339150
00367

3. Livingston ML, Landon CD, Barnes HJ, Brake J, Livingston KA. Dietary
potassium and available phosphorous on broiler growth performance,
carcass characteristics, and wooden breast. Poult Sci. (2019) 98:2813-
22. doi: 10.3382/ps/pez015

4. Bender DA, Mayes PA. Metabolism of glycogen. In: Rodwell VW, Bender DA,
Botham KM, Kennelly, Weil PJ, editors. Harper’s Illustrated Biochemistry. New
York, NY: The McGraw-Hill Education (2015). p. 176-184.

5. Kaneko JJ. Clinical Biochemistry of Domestic Animals. 4th ed. San Diego, CA:
Academic Press, Inc. (1989).

6. Reece WO. Fundamentals of acid-base balance. In: Reece WO, Howard HE,
Goff JP, Uemura EE. Duke’s Physiology of Domestic Animals. Ames, IA: Wiley
(2015). p. 137-148.

7. Brostrom C, Hunkeler F, Krebs E. The regulation of skeletal muscle
phosphorylase kinase by Ca2+-. ] Biol Chem. (1971) 246:1961-7.

8. Sandercock DA, Hunter RR, Nute GR, Mitchell MA, Hockings PA. Acute
heat stress-induced alterations in blood acid-base status and skeletal muscle
membrane integrity in broiler chickens at two ages: implications for meat
quality. Poult Sci. (2001) 80:418-25. doi: 10.1093/ps/80.4.418

9. Lake JA, Papah MB, Abasht B. Increased expression of lipid metabolism genes
in early stages of wooden breast links myopathy of broilers to metabolic
syndrome in humans. Genes. (2019) 10:E746. doi: 10.3390/genes10100746

10. Bottje WG, Harrison PC. The effect of tap water, carbonated water, sodium
bicarbonate, and calcium chloride on blood acid-base balance in cockerels
subjected to heat stress. Poult Sci. (1985) 64:107-13. doi: 10.3382/ps.0640107

11. Ait-Boulahsen A, Garlich JD, Edens FW. Effect of fasting and acute heat stress
on body temperature, blood acid-base and electrolyte status in chickens. Comp
Biochem Physiol. (1989) 94:683-7. doi: 10.1016/0300-9629(89)90617-8

12. Livingston ML, Ferket PR, Brake ], Livingston KA. Dietary amino acids under
hypoxic conditions exacerbates muscle myopathies including wooden breast
and white stripping. Poult Sci. (2019) 98:1517-27. doi: 10.3382/ps/pey463

13. Lake JA, Brannick EM, Papah MB, Lousenberg C, Velleman SG,
Abasht B. Blood gas disturbances and disproportionate body weight
distribution in broilers with wooden breast. Front Physiol. (2020)
11:304. doi: 10.3389/fphys.2020.00304

14. Mongin P. Recent advances in dietary cation-anion balance: applications in
poultry. Proc Nutr Soc. (1981) 40:285-94. doi: 10.1079/PNS19810045

15. El-Deek AA, El-Deen MS, Hamdy SM, Asar MA, Yakout HM, Attia YA. Effect
of different dietary levels of NaCl and KCl on performance of broiler chicks
fed plant diets. Egypt Poult Sci. (2010) 29:907-21.

ACKNOWLEDGMENTS

The content of this manuscript has been presented in part at
the Poultry Science Association 109th Annual meeting, Joardar,
D., Livingston, K., Edens, F., Qudsieh, R., Livingston, M., and
Brake, J. (2020). Effect of limestone particle size and potassium
supplementation on live performance and blood physiology
of male broiler chickens. PSA virtual annual meeting. (https://
poultryscience.org/files/galleries/2020- PSA- Abstracts.pdf). Data
submitted are part of a dissertation (https://repository.lib.ncsu.
edu/bitstream/handle/1840.20/36316/etd.pdf?sequence=1&
isAllowed=y).

16. Ait-Boulahsen A, Garlich JD, Edens FW. Potassium chloride improves the
thermotolerance of chickens exposed to acute heat stress. Poult Sci. (1995)
74:75-87. doi: 10.3382/ps.0740075

17. Kim SW, Li W, Angel R, Proszkowiec-Weglarz M. Effects of LPS and
dietary Ca concentration on apparent PI and Ca digestibility in presence
or absence of phytase. Poult Sci. (2018) 97:4306-14. doi: 10.3382/ps/
pey304

18. Majeed S, Qudsieh R, Edens FW, Brake J. particle
size, calcium and phosphorus levels, and phytase effects on live
performance and nutrients digestibility of broilers. Poult Sci. (2020)
99:1502-14. doi: 10.1016/j.psj.2019.11.009

19. Aviagen. Ross Broiler Nutrition Specifications. (2019). Available online at:
www.aviagen.com (accessed November 10, 2020).

20. ANSI/ASAE S319. 201. American Society of Agricultural and Biological
Engineers. 2008 R2012. Method of Determining and Expressing Fineness of
Feed Materials by Sieving. American Society of Agricultural and Biological
Engineers: St. Joseph, MI (2008).

21. Martin MP, Wineland M, Barnes H. Selected blood chemistry and
gas reference ranges for broiler breeders using the i-STAT handheld
clinical analyzer. Avian Dis. (2010) 54:1016-20. doi: 10.1637/9223-1222
09-Reg.1

22. Livingston, M.L. (2018). Physiological and nutritional aspects of broiler breast
myopathies (dissertation). NC State University, Raleigh, NC, United States.

23. Sams AR. Meat quality during processing. Poult Sci. (1999) 78:798-
803. doi: 10.1093/ps/78.5.798

24. SAS Institute, Inc. JMP 13.2 User’s Guide. Cary, NC. SAS Institute, Inc. (2017).

25. Borges SA, Fischer da Silva BAV, Moura ASAAMT, Maiorka A, Ostrensky
A. Electrolyte balance in broiler growing diets. Int ] Poult Sci. (2004) 3:623-
8. doi: 10.3923/ijps.2004.623.628

26. Borges SA, Fischer da Silva BAV, Maiorka A. Acid-base balance in
broilers. Worlds Poult Sci ]. (2007) 63:73-81. doi: 10.1017/S0043933907
001286

27. Oliveira JE, Albino LFT, Rostagno HS, Paez LE, Carvalho DCO. Dietary
levels of potassium for broiler chickens. Rev Bras Cienc Avic. (2005) 7:33-
7. doi: 10.1590/S1516-635X2005000100006

28. Teeter RG, Smith MO. High chronic ambient temperature stress effects on
broiler acid-base balance and their response to supplemental ammonium
chloride, potassium chloride, and potassium carbonate. Poult Sci. (1986)
65:1777-81. doi: 10.3382/ps.0651777

29. Borgatti L, Albuquerque R, Meister N, Souza L, Lima F, Trindade Neto
M. Performance of broilers fed diets with different dietary electrolyte
balance under summer conditions. Braz ] Poult Sci. (2004) 6:153—
7. doi: 10.1590/S1516-635X2004000300004

30. Olanrewaju HA, Wongpichet S, Thaxton JP, Dozier WA III, Branton
SL. Stress and acid-base balance in chickens. Poult Sci. (2006) 85:1266—
74. doi: 10.1093/ps/85.7.1266

31. Kaya I, Karademir B, Ucar O. The effects of diet supplemented with sodium
bicarbonate upon blood pH, blood gases and eggshell quality in laying geese.
Vet Med Czech. (2004) 49:201-6. doi: 10.17221/5696-VETMED

Limestone

Frontiers in Veterinary Science | www.frontiersin.org

December 2020 | Volume 7 | Article 603284


https://poultryscience.org/files/galleries/2020-PSA-Abstracts.pdf
https://poultryscience.org/files/galleries/2020-PSA-Abstracts.pdf
https://repository.lib.ncsu.edu/bitstream/handle/1840.20/36316/etd.pdf?sequence=1&isAllowed=y
https://repository.lib.ncsu.edu/bitstream/handle/1840.20/36316/etd.pdf?sequence=1&isAllowed=y
https://repository.lib.ncsu.edu/bitstream/handle/1840.20/36316/etd.pdf?sequence=1&isAllowed=y
https://doi.org/10.3382/ps.2011-01947
https://doi.org/10.1017/S0043933915000367
https://doi.org/10.3382/ps/pez015
https://doi.org/10.1093/ps/80.4.418
https://doi.org/10.3390/genes10100746
https://doi.org/10.3382/ps.0640107
https://doi.org/10.1016/0300-9629(89)90617-8
https://doi.org/10.3382/ps/pey463
https://doi.org/10.3389/fphys.2020.00304
https://doi.org/10.1079/PNS19810045
https://doi.org/10.3382/ps.0740075
https://doi.org/10.3382/ps/pey304
https://doi.org/10.1016/j.psj.2019.11.009
www.aviagen.com
https://doi.org/10.1637/9223-122209-Reg.1
https://doi.org/10.1093/ps/78.5.798
https://doi.org/10.3923/ijps.2004.623.628
https://doi.org/10.1017/S0043933907001286
https://doi.org/10.1590/S1516-635X2005000100006
https://doi.org/10.3382/ps.0651777
https://doi.org/10.1590/S1516-635X2004000300004
https://doi.org/10.1093/ps/85.7.1266
https://doi.org/10.17221/5696-VETMED
https://www.frontiersin.org/journals/veterinary-science
https://www.frontiersin.org
https://www.frontiersin.org/journals/veterinary-science#articles

Joardar et al.

Limestone and Potassium in Broiler

32.

33.

34.

Benton CE, Balnave D, Brake ], Boyd LJ, Brown MA. The use of dietary
minerals during heat stress in broilers. Prof Anim Sci. (1998) 14:193-
6. doi: 10.15232/51080-7446(15)31828-3

Kuttappan VA, Hargis BM, Owens CM. White striping and woody breast
-myopathies in the modern poultry industry: a review. Poult Sci. (2016)
95:2724-33. doi: 10.3382/ps/pew216

Olkowski AA, Korver D, Rathgeber B, Classen HL. Cardiac index,
oxygen delivery, and tissue oxygen extraction in slow and fast
growing chickens, and in chickens with heart failure and ascites: a
comparative study. Avian Pathol. (1999) 28:137-46. doi: 10.1080/030794599
94867

Conflict of Interest: The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could be construed as a
potential conflict of interest.

Copyright © 2020 Joardar, Livingston, Edens, Nusairat, Qudsieh, Livingston and
Brake. This is an open-access article distributed under the terms of the Creative
Commons Attribution License (CC BY). The use, distribution or reproduction in
other forums is permitted, provided the original author(s) and the copyright owner(s)
are credited and that the original publication in this journal is cited, in accordance
with accepted academic practice. No use, distribution or reproduction is permitted
which does not comply with these terms.

Frontiers in Veterinary Science | www.frontiersin.org

December 2020 | Volume 7 | Article 603284


https://doi.org/10.15232/S1080-7446(15)31828-3
https://doi.org/10.3382/ps/pew216
https://doi.org/10.1080/03079459994867
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/veterinary-science
https://www.frontiersin.org
https://www.frontiersin.org/journals/veterinary-science#articles

	Effect of Limestone Particle Size and Potassium Supplementation on Growth Performance, Blood Physiology, and Breast Muscle Myopathy of Male Broiler Chickens
	Introduction
	Materials and Methods
	Experimental Diets
	Live Performance and Blood Physiology
	Carcass Measurements
	Statistical Analysis

	Results
	Growth Performance
	Blood Physiology
	Wooden Breast and White Striping

	Discussion
	Data Availability Statement
	Ethics Statement
	Author Contributions
	Acknowledgments
	References




