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ABSTRACT After being banned by the European
Commission in 2018, the use of formaldehyde as a feed
amendment in the United States has come into ques-
tion. Therefore, this study was conducted to explore
alternatives to formaldehyde, such as formic acid and
monoglycerides, and their effects on poultry production.
In total, 1,728 Cobb 700 broilers were randomly
assigned to 96-floor pens on day of hatch (18 birds/
pen). Using a randomized complete block design
(4 blocks), treatments were assigned to pens with block-
ing based on location within the barn, with the eastern
half of the barn designated for digestibility and the
western half designated for production (per experiment:
8 control pens and 10 pens per treatment). All diets
were based on a negative control (NC), basal diet. Die-
tary treatments consisted of: NC, NC + 0.25% formalin
(F), NC + 0.25 and 0.50% Amasil NA (AML and AMH;
61% formic acid and 20.5% Na-formate), and
NC + SILO Health 104L (SILO; mixture of monoglycer-
ides; 0.5% from 0 to 14 d, 0.4% from 14 to 28 d, and
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0.2% from 28 to 42 d). Water and feed were provided ad
libitum. Performance data were collected during feed
changes on d 0, 14, 28, and 42, with digestibility data
collected at d 14 (2 per pen) and carcass quality (6 per
pen) assessed at d 46 with a randomly selected group of
broilers. A one-way ANOVA followed by Dunnett’s
multiple comparison, where treatments were evaluated
against F were conducted using JMP 14.0 (P ≤ 0.05).
Main effect of treatment was significant for perfor-
mance, nutrient digestibility, and carcass quality. Dif-
ferences in body weight and ADG were observed from d
14 to d 28, resulting in a trending improvement in lysine
digestibility on d 14 and carcass quality on d 46 of birds
fed AML and AMH in comparison to those fed F
(P < 0.05). Whereas birds fed SILO had reduced digest-
ibility of methionine on d 14 and a decrease in meat
quality on d 46 in comparison to those fed F (P < 0.05).
Therefore, Amasil NA at 0.25 or 0.50% may be an effec-
tive alternative to formaldehyde as a feed amendment
for poultry production.
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INTRODUCTION

Poor feed hygiene can lead to premature spoilage
resulting in significant economic loss as well as blooms of
microbial and fungal growth that expose poultry to
unnecessary microbial risk (Ricke et al., 2019). Addi-
tionally, unrestricted microbial growth in the broiler
chicken gastrointestinal tract partitions energy away
from the musculoskeletal development of the bird and
shunts it to the immune system that is actively restrict-
ing microbial growth (Dibner and Richards 2005;
Swaggerty et al., 2019). Because of the energetic burden
this produces on the bird, feed amendments may be
included to control microbial outgrowth (Dittoe et al.,
2018; Ricke et al., 2019, 2020). In addition, the subse-
quent colonization of foodborne microbiota within the
gastrointestinal tract can include foodborne pathogens,
such as Salmonella enterica and Campylobacter, which
can also become a critical concern (Dibner and
Richards, 2005; Dunkley et al., 2009; Horrocks et al.,
2009; Foley et al., 2011, 2013; Suresh et al., 2018;
Ricke et al., 2019; Swaggerty et al., 2019). Ultimately,
beyond the preservation of feed, the reduction of food-
borne pathogens and the improvement of bird gut health
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are important keystones to feed management
(Maciorowski et al., 2007; Ricke et al., 2019).

Formaldehyde-based feed amendments sanitize the
feed and may provide antimicrobial effects to the bird
(Wales et al., 2010; Khan and Iqbal, 2016; Ricke et al.,
2019). Despite public opinion, formaldehyde and other
aldehydes are naturally present in the environment, and
governmental food and regulatory agencies have deter-
mined they can be used safely (Ricke et al., 2019;
Khan and Iqbal, 2016). The inclusion of formaldehyde is
a safe and effective antimicrobial that potentially limits
vertical transmission of pathogens such as Salmonella to
the food supply (Wales et al., 2010; Ricke et al., 2019).

Organic acids are a potential substitute for formalde-
hyde in feed (Khan et al., 2003; Ricke, 2003;
Wales et al., 2010; Dittoe et al., 2018; Ricke et al., 2019,
2020). Although some comparisons of chemical treat-
ments on feed microbiology have been made
(Cochrane et al., 2016), there has yet to be a comprehen-
sive study that evaluates the effects of formic acid or
monoglycerides against formaldehyde in a longitudinal
broiler grow out and processing investigation. Therefore,
this study was conceived to assess whether or not feed
containing Amasil NA (BASF Corporation, Florham
Park, NJ), a non-corrosive formic acid and sodium for-
mate product, and SILO 104L Health (Silo Health, Via
San Bartolo a Cintoia, Florence, Italy), a 1-monoglycer-
ide compound consisting predominantly of monobuty-
rate, have the potential to improve production,
efficiency, nutrient digestibility, and carcass quality as
compared to feed treated with formaldehyde.
MATERIALS AND METHODS

Animal Husbandry

All Cobb 700 broiler chickens in this study were used
in strict accordance with a protocol approved by the
Figure 1. Temperature profiles of set temperature (red line) and actu
throughout a 46 day Cobb 700 growout period.
University of Arkansas Institutional Care and Use Com-
mittee (IACUC Number: 18067). Approximately 21 d
prior to hatch, 5,000 fertile Cobb 700 hatching eggs
arrived at the University of Arkansas Hatchery. Eggs
were set and hatched according to standard industry
guidelines and practices (Cobb-Vantress, Siloam
Springs, AR). On 21 d of incubation (day of hatch),
chicks were vent sexed at hatch, and the female broiler
chicks were humanly euthanized by carbon dioxide
asphyxiation. The male broilers were orally vaccinated
against coccidiosis (Coccivac-B; MSD Animal Health;
Summit, NJ) according to manufacturer recommenda-
tions and transported in temperature-controlled vehicles
to the broiler house, where they were set on fresh pine
shavings with ad libitum access to food and water. Upon
arrival to the chicken house, 18 chicks per pen were
placed in 96 floor pens with an average set weight of
45 § 1 g per chick. All birds were transferred to the floor
pens within minutes of each other. For the production
study, the western wing of the barn was used (48 pens or
experimental units). Whereas the eastern wing (48 pens)
of the barn was used for the digestibility portion of the
study. Regardless, each wing of the house consisted of
48 pens with 8 pens being designated for the basal diet
(control) fed birds (4 pens per block) and 10 pens being
utilized per experimental treatment group (5 pens per
block) across 2 blocks.
The broiler house containing 96-floor pens with fresh

pine shavings was equipped with misters, and negative
pressure ventilation fans. The temperature control was
implemented per the recommendations of the Cobb 700
broiler management guide (Cobb-Vantress Inc.). How-
ever, the house was not equipped with an evaporative
cooling system; therefore, there were deviations from the
recommended temperature profile, particularly from d
22 through d 46 (Figure 1). As a result, additional 48”
box fans were added to the center isles of the production
facility to promote air circulation. A concerted effort to
al ambient temperature (black line) within poultry production facility



Table 1. Composition of the experimental diets (pH, % formate, % Amasil NA, % Recovery) after feed manufacturing during the starter
(0 to 14 d), grower (14 to 28 d), and withdrawal (28 to 42 d) diets.

Phase Diet pH Formate (%)1 Amasil NA (%)2 Recovery (%)3

Starter NC 6.35 < 0.02 0.000 -
0.25% formaldehyde 6.29 < 0.02 0.000 -
0.25% Amasil NA 6.02 0.155 0.207 83
0.5% Amasil NA 5.65 0.318 0.424 85
SILO 104L 6.16 < 0.02 0.000 -

Grower NC 6.31 < 0.02 0.000 -
0.25% formaldehyde 6.29 < 0.02 0.000 -
0.25% Amasil NA 5.91 0.165 0.220 88
0.5% Amasil NA 5.66 0.328 0.437 87
SILO 104L 6.17 < 0.02 0.000 -

Withdrawal NC 6.27 < 0.02 0.000 -
0.25% formaldehyde 6.31 < 0.02 0.000 -
0.25% Amasil NA 5.93 0.175 0.233 93
0.5% Amasil NA 5.58 0.347 0.463 93
SILO 104L 6.29 < 0.02 0.000 -

1Formate recovered from manufactured feed presented as a percentage of feed.
2Amasil NA recovered from manufactured feed presented as a percentage of feed.
3Percentage of recovered of Amasil NA from manufactured feed supplemented with Amasil NA. Percentage was based on recovered vs. what was sup-

plemented in diet (0.25 or 0.5%).
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reduce the movement of the birds throughout the day
occurred, relegating the welfare checks to the early
morning and late evening hours.
Feed Preparations

The feed was formulated and produced at the Univer-
sity of Arkansas poultry feed mill (Fayetteville, AR)
according to industry standards and guidelines estab-
lished by the National Research Council
(National Research Council, 1994). The researchers
were blinded to the treatments throughout the study,
with each fed bag categorized with a specific number to
the unknown treatment. Treatments were unblinded
after the initial analysis was conducted. The diets were
isocaloric, with 12 pounds of sand removed per ton and
replaced with the respective amendment plus sand up to
12 pounds per 1 ton of feed. The feed was analyzed for
pH and formic acid or formaldehyde concentration by a
third party (Eurofins, Des Moines, IA; Table 1). The
diet formulations are listed in Table 2. Dietary treat-
ments included: a no-treatment control (NC), basal
diet; NC + 0.25% of formaldehyde (F); NC + 0.25% of
Amasil NA (AML; 61% formic acid and 20.5% Na-for-
mate); NC + 0.5% of Amasil NA (AMH; 61% formic
acid and 20.5% Na-formate); and NC + SILOhealth
104L (SILO; mixture of monoglycerides; 0.5% from 0 to
14 d, 0.4% from 14 to 28 d, and 0.2% from 28 to 42 d).
All dietary supplements were included in the diet per
manufacturer recommendations with the concentrations
of SILOhealth 104L being chosen to promote increased
carcass characteristics (increased breast weight) as seen
in Bedford et al. (2018).

Three feeding stages were used throughout the trial,
with starter crumble (0−14 d), pelleted grower (14−28
d), and pelleted withdrawal feed (28−42 d). The feed
was weighed per bag and added to the feeders on a per
bag basis to monitor feed consumption. The final feeder
weights were recorded prior to feed change, dumped,
and wiped down prior to the addition of another feeding
stage. The birds were kept on their dietary treatments
through d 46 when they were processed for meat quality.
Evaluation of Feed Efficiency

The average of all the bird pen weights (48 pens at the
western part of the house) at d 0 was 45 g per broiler
chicken. At d 14, 28, and 42, the feed was removed from
the feeders, weighed, and the total feed consumed was
recorded throughout the study. The broiler chickens
were weighed on a per pen basis (including mortalities).
The weights were recorded and divided by the pen popu-
lation to determine the average bird weight per pen.
Feed intake (FI), body weight (BW), gain to feed ratio
(G:F), average daily feed intake (ADFI), and average
daily gain (ADG) were calculated using standard equa-
tions.
Digestibility

A titanium dioxide tracer was added to the starter
crumble feed (0.5% of diet) to enable the determination
of digestibility by the index method. A homogenous ali-
quot of the starter “crumble” feed (500 g £ 2) was col-
lected at the start of the trial and frozen at �20°C until
the analysis could occur. At d 14, two randomly selected
broiler chickens per pen on the eastern side of the house
(48 pens, 96 birds total, 16 control birds, and 20 per
experimental treatment) were humanely euthanized
prior to the feed change, and the ileum was collected dis-
tal to the Meckel’s diverticulum. The contents were
flushed into screw-top urine collection cups with 10 mL
of sterile water and stored at �20°C until shipped to
ATS Scientific (ATS Scientific, El Dorado, AR) to be
analyzed for digestibility.



Table 2. Basal diet composition (NC) of the starter (0 to 14 d),
grower (14 to 21 d), and withdrawal (21 to 42 d) manufactured
feed.

Starter Grower Withdrawal
Ingredient1 % % %

Corn 61.43 64.88 66.18
Soybean meal (48%) 30.26 27.26 25.02
Pro-Plus (54%)2 4.00 4.00 4.00
Poultry Fat 1.02 1.25 2.29
Limestone 0.71 0.66 0.64
Sand 0.60 0.60 0.60
Titanium dioxide 0.50 0.00 0.00
NaCl 0.41 0.41 0.41
DL-Met 0.31 0.29 0.27
L-Lys HCl 0.22 0.23 0.23
Dicalcium phosphate 0.16 0.07 0.00
Trace mineral premix3 0.10 0.10 0.10
Vitamin premix4 0.10 0.10 0.10
L-Thr 0.10 0.09 0.10
Choline CL (60%) 0.05 0.03 0.03
Se premix5 0.02 0.02 0.02
OptiPhos20006 0.01 0.01 0.01
Total 100.00 100.00 100.00

Calculated nutrient content
ME, Kcal/kg 3,015 3,075 3,150
CP, % 22.00 20.83 19.84
Na, % 0.21 0.21 0.21
DEB, mEq/kg 210 196 185
Ca, % 0.90 0.85 0.82
P, available, % 0.45 0.43 0.41
Choline, mg/kg 1,762 1,625 1,575
TSAA, % digestible 0.97 0.84 0.80
Lys, % digestible 1.31 1.24 1.06
Thr, % digestible 0.77 0.73 0.71
Val, % digestible 0.90 0.85 0.81
Ile, % digestible 0.80 0.75 0.71
Leu, % digestible 1.60 1.53 1.47
Arg, % digestible 1.30 1.21 1.14
Trp, % digestible 0.22 0.20 0.19
1Ingredient nutrient composition was analyzed before formulating the

diet.
2H.J. Baker’s ProPlus 55 Animal Protein Concentrate.
3Trace Mineral Premix provided the following per kilogram of finished

diet: 100 mg manganese, 100 mg zinc, 10 mg copper, 1 mg iodine, 50 mg
iron, 27 mg magnesium, 55 mg calcium.

4Vitamin Premix provided the following per kilogram of finished diet:
15,432 IU Vitamin A, 11,023 ICU vitamin D3, 110 IU vitamin E, 0.3 mg
vitamin B12, 3 mg menadione. 13.23 mg riboflavin, 19.84 mg d-panto-
thenic acid, 3.09 mg thiamine, 77.16 mg of niacin, 5.51 mg pyridoxine,
1.76 mg folic acid, 0.17 mg biotin.

5Se premix provided the following per kilogram of finished diet: 0.20 mg
selenium.

6OptiPhos2000 from a dietary inclusion of 0.125% provided the follow-
ing per kilogram of finished diet: 200 FTU (Huvepharma, Inc., Peachtree
City, GA).
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Meat Quality Analysis

On d 45, the feed was withdrawn from the birds 12 h
prior to processing. The following day (d 46), 6 birds per
pen on the western side of the barn (48 pens, 48 control
birds, 60 per experiment treatment) were couped and
transported to the University of Arkansas Pilot Process-
ing Plant, where they were humanely slaughtered and
processed. A total of 60 broilers per treatment, except
NC, which had 48 broilers, were processed, and used for
meat quality analysis. Birds were processed using com-
mercial methods including stunning, exsanguination,
scalding, picking, and evisceration (Mehaffey et al.,
2006). Carcasses were immersed in stationary chill tanks
for 120 min to achieve an end-point temperature of 4°C.
The chilling process included a 15 min pre-chill at 12°C
and 105 min chill at 1°C. Carcasses were deboned 2 h
postmortem (PM). Prior to deboning, carcasses were
weighed, and deboning was performed by trained and
experienced staff.
Live weight, chilled carcass without giblets (WOG)

weight, wings, breast, tenders, whole legs, and frame
weights were collected, with parts yields being determined
as a percentage of live weight. Meat quality was also
assessed by scoring for myopathies of white striping and
woody breast scores after deboning using scales developed
by Kuttappan et al. (2012) and Tijare et al. (2016).
Approximately 24 h postmortem, fillets were weighed,
and drip loss (%) was determined. Muscle pH was mea-
sured using a Testo spear tip probe and meter (Model
Testo 205, Testo Inc., Sparta, NJ). To assess color
changes in the fillet, L*, a*, and b* color values were
determined as an average of 3 different sites on the dorsal
(bone side) of the fillet using a Minolta colorimeter (CR-
300, Konica Minolta, Ramsey, NJ). One side of the butter-
fly fillet was marinated (0.75% NaCl, 0.45% phosphate,
target 15% pickup); marinade pickup and marinade drip
loss (% loss after 24 h) were determined. Fillets (mari-
nated and non-marinated) were cooked and sheared using
the Muellenet Owens Razor Shear (MORS) method on a
texture analyzer (Model TAX-T2, Texture Technologies,
Scarsdale, NY; Cavitt et al., 2004; Tijare et al., 2016).
Shear energy and force were measured.
Statistical Analysis

All data were analyzed using SAS JMP 14.0 (SAS
Institute Inc., Cary, NC). A one-way analysis of vari-
ance (ANOVA) was used to test for the significance of
the main effects of both block and dietary treatment.
The experimental unit of this study was pen, with 10
pens per experimental treatment (AML, AMH, SILO,
F) and 8 pens for the NC-treated birds. All comparisons
among the treatments were made using Dunnett’s multi-
ple comparisons, with the formaldehyde group directly
compared against the other dietary treatment groups.
Statistical significance was determined at P ≤ 0.05, with
important trends noted at P ≤ 0.10 but P > 0.05.
RESULTS

Performance

Prior to the analysis of the data, a homogenous sample
representative of the entire tonnage of feed produced for
all dietary treatment at each feed stage (starter, grower,
and withdrawal) was collected and analyzed for the recov-
erable levels of formaldehyde and formic acid. Table 1
describes the difference in quantified vs. calculated inclu-
sion rate and the pH changes versus the feed amendment
added to the feed. Overall, the consistency between the
treatments at each feed stage was maintained.
Production gains were measured by BW, ADG, FI,

ADFI, F:G, and mortality for the individual weigh
period as well as the full length of the trial. On d 28,
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there was a main effect of treatment (P = 0.004) on BW
with birds fed diets containing NC, AMH, AML, and
SILO were significantly (P < 0.05) heavier than those
with diets supplemented with F. Correspondingly, there
was a main effect of treatment on the ADG from d 14 to
d 28 (P = 0.001) with those fed diets containing NC,
AMH, and AML being greater than that of those fed F
(P < 0.05; Table 3). During that period (14−28 d), the
AMH and AML fed groups gained an average of 73.15
and 70.68 g/bird, respectively, as compared to 67 g/bird
for those fed diets containing F. Those gains correspond
to a 9 and 5% improvement in ADG due to acidification
by AML and AMH, respectively. By d 42, however, the
significant differences in BW were no longer detected
(withdrawal diet; d 28−42).

There was an effect of dietary treatments on the FI
from d 28 to 42 (P = 0.017); however, there were no dif-
ferences between those fed F and those fed the NC or
other experimental diets (P > 0.05). There was a trending
difference in FI between those fed NC and F and those fed
SILO and F with the FI of those fed F being less than
those fed diets containing NC or SILO (P = 0.063 and
P = 0.082). In addition, there were significant main
effects of diet on ADFI from d 0 to d 14, d 28 to d 42, and
d 0 to d 42 (P < 0.05). Birds fed diets supplemented with
both AML and SILO consumed approximately 2.3 g/d
more than those supplemented with F in the first 14 d.
However, despite the significant main effect of diet on
ADFI in both periods ending at d 42, there were no signif-
icant differences according to the Dunnett multiple com-
parison (P > 0.05). There were no detected differences in
the G:F ratios or mortalities across all periods when eval-
uating the main effect of diet (P > 0.05).
Digestibility

Significant main effects were seen in the apparent ileal
digestibility (AID) of lysine, methionine, cysteine, and
tyrosine (P < 0.05; Table 4). For cysteine, lysine, and tyro-
sine, these main effect differences did not result in signifi-
cant pairwise comparisons vs. the F treatment (Dunnett’s,
P > 0.05). For lysine, there was a tendency toward lower
AID in the birds fed F supplemented diets relative to those
provided both AML and AMH dietary treatments
(0.836 vs. 0.887 and 0.898, respectively; P < 0.10). How-
ever, birds fed diets supplemented with NC and SILO had
a lower digestibility for methionine relative to those fed
diets containing F (0.898 and 0.896 vs. 0.942, respectively;
P < 0.05), which was in turn numerically similar to the
AID of methionine for the birds fed diets containing Ama-
sil NA, regardless of concentration (0.921 and 0.938).
Carcass and Meat Quality

The main effect of diet was significant for the live
weight (P < 0.05; Table 5). Wing yield as a percent of
live weight was impacted by diet overall (P < 0.05;
Table 5) but did not result in other significant pairwise
comparisons vs. the F group. There was a tendency for
diet to impact the size of the rack as a percent of live
weight (P = 0.100) with birds fed diets containing NC
having a smaller frame percentage compared to those
fed F (20.91 vs. 21.58%, respectively; P < 0.05).
Meat quality was also evaluated (Table 6). There were

no differences in the groups concerning woody breast or
white striping scores (P > 0.05). There were no differen-
ces (P > 0.05) in the color scores (L*, a*, b*) among the
groups. Additionally, there was a trending difference of
pH between the breast of different treatment groups
(P = 0.10) with the pH of the breast meat of the birds
fed AML supplemented diets having a pH of 5.83 com-
pared to a pH of 5.88 for those fed the diets containing F
(P = 0.042). There was also an effect of treatment on
drip loss, cook loss, and MORS force and energy meas-
urements (P < 0.01) of non-marinated fillets. As com-
pared to the F fed broilers, those fed diets supplemented
with AML and AMH had lower cook loss (26.8 vs. 22.5
and 23.9%, respectively; P < 0.01), and those fed SILO
yielded greater cook loss (30.7%; P < 0.01). Acidification
of the diet (AML and AMH) also improved or tended to
improve breast MORS Force by 5.8 (AML; P < 0.10) to
7.8% (AMH; P < 0.05) relative to those fed diets supple-
mented with F for unmarinated fillets.
Marinade uptake and drip loss both exhibited a main

effect of treatment (P < 0.05; Table 7). The breast of the
birds fed diets supplemented with SILO took up less and
retained less of the marinade (P < 0.05). Marinade
uptake and retention were not different for the breast of
those fed diets containing AML and AMH compared to
those fed diets with F, but the cook loss tended to be
(AML; P < 0.10) less. The breast of those fed AML saw
a tendency toward reduced cook loss in marinated fillets
(19.20 vs. 20.97%; P < 0.10). There was a main effect of
diet on MORS energy; however, there were no pairwise
differences compared to the fillets of those fed diets con-
taining F after marination. There was no effect of diet
on MORS force.
DISCUSSION

Feed hygiene is essential in any system trying to con-
trol the spread of bacterial diseases and foodborne
pathogens. In 2012, despite improvements in feed
hygiene, Salmonella was detected in 19% of feed ingredi-
ent samples and 6% of finished feed samples collected
from feed mills (Li et al., 2012). In a more recent study,
Shariat et al. (2021) using CRISPR-typing determined
that Salmonella was present in 6.2% (24/387) of animal
feed samples collected over 11-mo period across the
United States. Chemical amendments can be an impor-
tant supplement to thermal processing steps such as pel-
leting (Cochrane et al., 2016; Jendza et al., 2018), which
have been shown to be inconsistently effective in prac-
tice (Davies and Wray, 1997). This, in part, has been
attributed to inconsistent temperature control during
the pelleting process and the potential for recontamina-
tion post-pelleting in the feed mill (Jones and Richard-
son, 2004; Jones, 2011).



Table 3. Production parameters such as body weight, average daily gain, feed intake, average daily feed intake, and gain to feed during each feeding phase, starter (0 to 14), grower (14 to
28), and withdrawal (28 to 42 d), and throughout a 42 d growout (0 to 42 d).

NC3 F4 AML4 AMH4 SILO4 Dunnett’s multiple comparison2

Production parameters Mean SEM Mean SEM Mean SEM Mean SEM Mean SEM Block1 Diet1 NC vs. F AML vs. F AMH vs. F SILO vs. F

Body weight (kg)
D0 0.045 0.000 0.045 0.000 0.045 0.000 0.045 0.000 0.045 0.000 0.028 0.210 0.505 0.711 0.964 0.964
D14 0.369 0.009 0.361 0.008 0.377 0.008 0.372 0.008 0.379 0.008 0.953 0.592 0.915 0.485 0.783 0.375
D28 1.374 0.020 1.299 0.018 1.401 0.018 1.361 0.018 1.358 0.018 0.735 0.004 0.024 0.001 0.053 0.069
D42 2.710 0.058 2.619 0.052 2.747 0.052 2.749 0.052 2.669 0.052 0.778 0.348 0.594 0.250 0.243 0.900

Average daily gain (g/bird)
D0 to 14 23.125 0.671 22.570 0.601 23.700 0.601 23.330 0.601 23.840 0.601 0.928 0.597 0.929 0.489 0.786 0.386
D14 to 28 71.763 1.078 67.000 0.964 73.150 0.964 70.680 0.964 69.970 0.964 0.642 0.001 0.007 <0.001 0.034 0.112
D28 to 42 95.438 3.927 94.280 3.512 96.180 3.512 99.100 3.512 93.610 3.512 0.859 0.829 0.998 0.987 0.737 1.000
D0 to 42 63.438 1.380 61.280 1.235 64.350 1.235 64.360 1.235 62.490 1.235 0.789 0.355 0.602 0.251 0.249 0.897

Feed intake (kg/pen)
D0 to 14 8.350 0.190 8.050 0.170 8.630 0.170 8.120 0.170 8.540 0.170 0.558 0.084 0.595 0.068 0.995 0.149
D14 to 28 26.515 0.784 27.220 0.655 28.450 0.655 26.770 0.655 27.860 0.655 0.057 0.274 0.900 0.494 0.969 0.899
D28 to 42 39.813 0.828 42.530 0.740 42.913 0.781 40.569 0.781 40.090 0.740 0.956 0.017 0.063 0.990 0.227 0.082
D0 to 42 74.643 1.300 77.800 1.086 79.278 1.146 75.289 1.146 76.470 1.086 0.441 0.056 0.212 0.765 0.339 0.809

Average daily feed intake (g/bird)
D0 to 14 33.575 0.698 32.150 0.624 34.440 0.624 32.390 0.624 34.460 0.624 0.542 0.026 0.371 0.044 0.996 0.042
D14 to 28 108.593 3.100 109.220 2.590 115.150 2.590 108.480 2.590 114.510 2.590 0.039 0.197 1.000 0.320 0.999 0.419
D28 to 42 164.913 2.598 170.730 2.324 175.613 2.452 165.846 2.452 166.760 2.324 0.404 0.022 0.296 0.420 0.420 0.577
D0 to 42 101.365 1.413 103.920 1.180 107.072 1.246 101.572 1.246 104.560 1.180 0.137 0.018 0.459 0.223 0.471 0.987

Gain to feed
D0 to 14 0.689 0.013 0.703 0.012 0.689 0.012 0.718 0.012 0.692 0.012 0.509 0.359 0.832 0.789 0.793 0.900
D14 to 28 0.656 0.016 0.615 0.013 0.638 0.013 0.653 0.013 0.615 0.013 0.109 0.114 0.179 0.566 0.161 1.000
D28 to 42 0.578 0.020 0.552 0.018 0.553 0.019 0.591 0.019 0.561 0.018 0.872 0.522 0.740 1.000 0.392 0.990
D0 to 42 0.616 0.013 0.590 0.011 0.604 0.011 0.630 0.011 0.598 0.011 0.673 0.126 0.369 0.816 0.055 0.967

Mortality
D0 to 14 0.028 0.010 0.011 0.007 0.017 0.008 0.017 0.008 0.028 0.015 0.885 0.773 0.650 0.986 0.986 0.603
D14 to 28 0.143 0.009 0.000 0.000 0.006 0.006 0.006 0.006 0.012 0.008 0.101 0.854 0.350 0.919 0.919 0.466
D28 to 42 0.029 0.015 0.006 0.006 0.011 0.007 0.040 0.019 0.040 0.012 0.224 0.137 0.558 0.994 0.173 0.186
D0 to 42 0.069 0.017 0.017 0.008 0.033 0.009 0.061 0.023 0.078 0.017 0.120 0.174 0.091 0.863 0.150 0.027
1Main effect of block and diet using one-Way ANOVA.
2Pairwise comparisons between dietary treatments were performed using Dunnett’s multiple comparison with formaldehyde designated as the control. Significance is denoted in bold with a P ≤ 0.05.
3The negative control (NC) fed birds had 8 replicate pens (n = 8).
4Experimental diet fed birds, Formalin (F), 0.25% Amasil NA (AML), 0.5% Amasil NA (AMH), and SILO Health 104L (SILO) had 10 replicate pens (n = 10)
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Table 4. Apparent illeal digestibility of amino acids of 14 d old Cobb 700 broilers fed diets containing either no supplementation or diets
containing formaldehyde, Amasil NA (0.25 and 0.5%), or SILO Health 104L.

NC3 F4 AML4 AMH4 SILO4 Dunnett’s multiple comparison2

Amino acid Mean SEM Mean SEM Mean SEM Mean SEM Mean SEM Diet1 NC vs. F AML vs. F AMH vs. F SILO vs. F

Alanine 0.845 0.029 0.804 0.018 0.849 0.019 0.859 0.026 0.809 0.020 0.254 0.617 0.290 0.332 1.000
Arginine 0.891 0.020 0.888 0.012 0.906 0.013 0.906 0.018 0.876 0.014 0.544 1.000 0.823 0.808 0.939
Aspartic Acid 0.827 0.026 0.816 0.016 0.858 0.018 0.842 0.024 0.791 0.018 0.127 0.990 0.316 0.763 0.782
Cysteine 0.681 0.041 0.744 0.025 0.787 0.028 0.772 0.037 0.669 0.029 0.035 0.540 0.704 0.928 0.212
Dry Matter 0.777 0.040 0.706 0.025 0.754 0.027 0.764 0.037 0.728 0.028 0.480 0.420 0.532 0.581 0.956
Glutamic Acid 0.888 0.019 0.874 0.012 0.902 0.013 0.899 0.017 0.865 0.013 0.239 0.943 0.379 0.577 0.971
Glycine 0.792 0.039 0.726 0.024 0.804 0.027 0.827 0.036 0.748 0.028 0.103 0.471 0.141 0.100 0.952
Histidine 0.849 0.032 0.804 0.020 0.848 0.022 0.852 0.030 0.774 0.023 0.107 0.637 0.437 0.554 0.760
Isoleucine 0.862 0.028 0.829 0.017 0.849 0.019 0.842 0.025 0.783 0.020 0.108 0.757 0.875 0.991 0.274
Leucine 0.875 0.023 0.850 0.014 0.871 0.015 0.872 0.021 0.835 0.016 0.404 0.790 0.721 0.853 0.911
Lysine 0.872 0.023 0.836 0.014 0.887 0.015 0.898 0.021 0.846 0.016 0.050 0.520 0.076 0.066 0.979
Methionine 0.898 0.013 0.942 0.008 0.921 0.009 0.938 0.012 0.896 0.009 0.003 0.030 0.302 0.996 0.002
Phenylalanine 0.863 0.025 0.838 0.016 0.866 0.017 0.857 0.023 0.809 0.018 0.187 0.850 0.615 0.922 0.611
Proline 0.837 0.027 0.808 0.017 0.866 0.018 0.852 0.024 0.820 0.019 0.165 0.807 0.094 0.389 0.971
Serine 0.813 0.028 0.804 0.017 0.838 0.019 0.827 0.026 0.788 0.020 0.431 0.998 0.559 0.885 0.954
Taurine 0.648 0.072 0.549 0.045 0.626 0.049 0.615 0.066 0.525 0.051 0.466 0.651 0.710 0.799 0.996
Threonine 0.762 0.039 0.730 0.024 0.796 0.026 0.769 0.036 0.719 0.028 0.281 0.917 0.269 0.783 0.998
Tryptophan 0.849 0.033 0.802 0.020 0.821 0.022 0.869 0.030 0.777 0.023 0.134 0.615 0.949 0.252 0.852
Tyrosine 0.903 0.019 0.876 0.012 0.896 0.013 0.889 0.017 0.842 0.014 0.037 0.618 0.758 0.894 0.223
Valine 0.831 0.033 0.783 0.020 0.836 0.022 0.817 0.030 0.767 0.023 0.185 0.591 0.271 0.822 0.967

1Main effect of diet using one-Way ANOVA.
2Pairwise comparisons between dietary treatments were performed using Dunnett’s multiple comparison with formaldehyde designated as the control.

Significance is denoted in bold with a P ≤ 0.05.
3The negative control (NC) fed birds had 8 replicate pens (n = 8).
4Experimental diet fed birds, Formalin (F), 0.25% Amasil NA (AML), 0.5% Amasil NA (AMH), and SILO Health 104L (SILO) had 10 replicate pens

(n = 10)

ALTERNATIVES TO FORMALDEHYDE IN BROILER DIETS 7
Formaldehyde has been utilized widely in the poultry
industry as a preservative and sanitizer in feed and has
not been shown to result in adverse effects in the broiler
when used in accordance with the FDA approval
(Ricke et al., 2019). However, there remain questions
about the safety of workers in feed mills due to formalde-
hyde exposure incidental to their exposure to formalde-
hyde from equipment and feed (Ricke et al., 2019).
There have also been questions raised about the poten-
tial negative effects of formaldehyde on nutrient avail-
ability in treated feeds (Greiner et al., 2017;
Campbell et al., 2018a,b; Williams et al., 2018). Both
the worker safety and nutrient availability concerns
stem from the way formaldehyde chemically interacts
with proteins as it works to preserve feedstuffs by dena-
turing protein and forming cross-linkages between pro-
teins (Gustafsson et al., 2015) through a process called
alkylation. These alkylated cross-linkages interfere with
normal enzymatic processes and can inhibit the enzy-
matic digestion of dietary protein (Greiner et al., 2017).
Therefore, the current study was developed to investi-
gate an alternative to formaldehyde, formic acid, and its
effect on the production efficiency, nutrient digestibility,
and carcass quality as compared to diets treated with
formaldehyde.
Production and Relation to Amino Acid
Digestibility

Formic acid, an organic acid, works to preserve feed-
stuffs by acidification. Contrary to formaldehyde, formic
acid is not considered a potential cancer risk to workers
and has been reported to enhance nutrient digestibility
(Tung and Pettigrew, 2006; García et al., 2007;
Abdollahi et al., 2020). It has been suggested that the
improved digestibility is due to enhanced enzyme activ-
ity since many digestive enzymes are more active at
lower pH, and crop pH has been shown to be reduced by
as much as 1 log when consuming feed acidified with for-
mic acid (Al-Natour and Alshawabkeh, 2005). It is also
possible that this enhancement in nutrient availability is
due to the reduced formation of Maillard reaction cross-
linkages between proteins and carbohydrates in the feed
during steam conditioning and pelleting. Ajandouz and
Puigserver (1999) showed that the destruction of lysine
via Maillard reaction was slowed at a lower pH, with up
to 20% degradation of lysine within 20 min of incubation
at a pH of 12 and less than 1% at over an hour incuba-
tion at a pH of 4.0 in an in vitro test.
In the current study, broilers fed diets supplemented

with AML, AMH, and SILO had greater live weights on
d 28 and a greater ADG from d 14 to 28 (grower phase)
compared to those fed diets containing F. Additionally,
broilers fed diets supplemented with AML and AMH
tended to have greater digestibility of lysine than those
fed diets containing F. The improved performance of
birds supplemented with AML, AMH, and SILO com-
pared to those supplemented with F may have occurred
due to the potential of formaldehyde to alkylate and
reduce its availability. Although lysine cross-linkages
due to the Maillard reaction were not explored in the
current study, lysine has previously been shown to be
highly susceptible to cross-linkage formation due to the
Maillard reaction, which can occur during the cooking
or drying of feed or food ingredients (Carpenter and
Booth, 1973; Mauron, 1981; Hagemeister and Erbersdo-
bler, 1985; Friedman, 1996). Whereas the



Table 5. Processing yield of 46 d old Cobb 700 broilers fed diets containing either no supplementation or diets containing formaldehyde, Amasil NA (0.25 and 0.5%), or SILO Health 104L.

NC4 F5 AML5 AMH5 SILO5 Dunnett’s multiple comparison3

Processing characteristics Mean SEM Mean SEM Mean SEM Mean SEM Mean SEM Diet2 NC vs. F AML vs. F AMH vs. F SILO vs. F

Live weight (g) 2,968.000 34.854 2,971.250 24.306 2,966.500 27.925 3,039.767 26.454 2,896.967 30.929 0.010 1.000 0.976 0.247 0.186
WOG1 (%) 78.219 0.323 78.433 0.200 78.657 0.179 78.957 0.186 78.658 0.169 0.133 0.893 0.663 0.210 0.852
Whole breast1 (%) 22.689 0.274 22.157 0.202 22.271 0.241 22.683 0.200 22.273 0.182 0.300 0.281 0.599 0.237 0.986
Wings1 (%) 7.519 0.075 7.678 0.054 7.640 0.051 7.687 0.053 7.788 0.049 0.030 0.166 0.999 1.000 0.424
Tenders1 (%) 4.462 0.065 4.488 0.041 4.493 0.047 4.462 0.037 4.410 0.052 0.719 0.986 0.660 0.982 0.547
Legs1 (%) 22.053 0.224 22.235 0.128 22.207 0.158 22.340 0.150 22.465 0.157 0.486 0.859 0.947 0.971 0.686
Frame1 (%) 20.906 0.249 21.582 0.170 21.483 0.151 21.232 0.163 21.250 0.153 0.100 0.027 0.162 0.385 0.434

1Yield as a percent of live weight (%).
2Main effect of diet using one-Way ANOVA.
3Pairwise comparisons between dietary treatments were performed using Dunnett’s multiple comparison with formaldehyde designated as the control. Significance is denoted in bold with a P ≤ 0.05.
4The negative control (NC) fed birds had 8 replicate pens (n = 8).
5Experimental diet fed birds, Formalin (F), 0.25% Amasil NA (AML), 0.5% Amasil NA (AMH), and SILO Health 104L (SILO) had 10 replicate pens (n = 10)

Table 6. Quality of skinless boneless breast fillets of 46 d old Cobb 700 broilers fed diets containing either no supplementation or diets containing formaldehyde, Amasil NA (0.25 and 0.5%),
or SILO Health 104L.

NC3 F4 AML4 AMH4 SILO4 Dunnett’s multiple comparison2

Meat quality Mean SEM Mean SEM Mean SEM Mean SEM Mean SEM Diet1 NC vs. F AML vs. F AMH vs. F SILO vs. F

WB score 1.438 0.128 1.392 0.111 1.358 0.122 1.325 0.103 1.483 0.111 0.874 0.996 0.999 0.982 0.944
WS score 1.073 0.098 0.892 0.080 1.083 0.098 1.025 0.090 1.075 0.094 0.537 0.476 0.372 0.684 0.412
pH 5.857 0.018 5.888 0.018 5.832 0.012 5.869 0.016 5.843 0.015 0.105 0.511 0.042 0.806 0.146
L* 51.637 0.352 51.101 0.252 51.268 0.254 51.104 0.295 51.433 0.285 0.663 0.518 0.982 1.000 0.821
a* 4.393 0.137 4.390 0.077 4.328 0.098 4.365 0.117 4.409 0.098 0.984 1.000 0.980 0.999 1.000
b* 1.092 0.114 0.996 0.094 0.974 0.104 0.947 0.096 1.147 0.101 0.591 0.920 1.000 0.991 0.664
Drip loss (%) 1.458 0.105 1.402 0.120 1.343 0.105 1.247 0.090 1.297 0.098 0.021 0.988 0.984 0.662 0.881
Cook loss (%) 28.575 0.831 26.795 0.752 22.505 0.620 23.870 0.545 30.742 0.649 < 0.001 0.225 < 0.001 0.007 < 0.001
MORS force (N) 12.915 0.286 12.592 0.232 11.856 0.260 11.611 0.204 12.647 0.211 < 0.001 0.765 0.087 0.012 1.000
MORS energy (N/mm) 169.213 3.500 160.765 3.035 156.131 3.622 153.849 2.939 166.082 3.356 < 0.001 0.245 0.705 0.365 0.598

1Main effect of diet using one-Way ANOVA.
2Pairwise comparisons between dietary treatments were performed using Dunnett’s multiple comparison with formaldehyde designated as the control. Significance is denoted in bold with a P ≤ 0.05.
3The negative control (NC) fed birds had 8 replicate pens (n = 8).
4Experimental diet fed birds, Formalin (F), 0.25% Amasil NA (AML), 0.5% Amasil NA (AMH), and SILO Health 104L (SILO) had 10 replicate pens (n = 10).
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ALTERNATIVES TO FORMALDEHYDE IN BROILER DIETS 9
supplementation of formic acid has the potential to
improve amino acid digestibility and subsequent perfor-
mance due to the decrease in intestinal pH
(Hern�andez et al., 2006; Tung and Pettigrew, 2006;
García et al., 2007; Coelho and Ader, 2019a, 2019b;
Abdollahi et al., 2020) which was noted in the current
study. In contrast to the current study,
Hern�andez et al. (2006) determined that the addition of
formic acid at 10 g/kg (1%) in the diets of male Ross
broilers improved apparent ileal digestibility of dry mat-
ter at 42 d of age and that this improvement in digest-
ibility did not result in improved performance, intestinal
histomorphology, or plasma metabolites of these birds
compared to other treatments.
Previous trials have shown that monoglycerides, such

as SILO, can improve bird performance under a necrotic
enteritis challenge (Coelho and Ader, 2019a, 2019b).
However, the mode of action for this additive is believed
to be the targeted delivery of butyric acid to the hind-
gut. Butyrate in the hindgut has long been associated
with improved intestinal histology and gut health
(Bedford et al., 2018). It is believed that butyrate is a
preferred energy source for enterocytes (Peng et al.,
2009), which get first pass access to any absorbed
nutrients. Through increased access to butyrate, entero-
cytes increase the production of tight junction proteins
(Peng et al., 2009; Yan and Ajuwon, 2017), thus
decreasing paracellular translocation of pathogens into
the bird and reduce overall activation of the gut-associ-
ated immune response (Feng et al., 2018). This then
spares nutrients and energy for use by the bird to deposit
additional body mass. Therefore, it is understandable
that the supplementation of the SILO product did not
impact the digestibility of lysine and reduced the digest-
ibility of methionine, since its mode of action is unre-
lated to protein metabolism unlike formic acid (Amasil
NA). Although there was not a positive impact on amino
acid digestibility through the dietary supplementation of
SILO, there was an improvement of live weight on d 28
and ADG from d 14 to 28 (grower phase) when com-
pared to those fed F.
Acidification of Diets on Carcass Quality
Characteristics

One would expect that with the improved perfor-
mance seen from d 0 to 28 in the current study that this
would translate to improved processing characteristics
and carcass on d 46. However, there were no effects of
dietary treatment on the processing characteristics of
the broilers. Ragaa and Korany (2016a) determined
that when Cobb 500 broilers were provided diets supple-
mented with 5 g/kg (0.5%) of formic acid in the diet, the
dressing, breast, and thigh weight were improved in
comparison to those fed the basal diet. However, the
dressing, breast, and thigh weight of broilers supple-
mented with formic acid were not different than that of
those fed diets supplemented with thyme or the combi-
nation of thyme and formic acid (Ragaa and



10 FEYE ET AL.
Korany, 2016a). Similarly, Ragaa and Korany (2016b)
supplied Cobb 500 broilers with diets containing formic
(5 g/kg or 0.5%) or potassium diformate (5 g/kg or
0.5%) had improved live weight and dressing weight and
tended to have improved breast weight when compared
to those fed basal diets. In the current study, there was a
main effect of diet on the live weight and on wing yield
as a percentage of the dressed bird; however, this did not
translate to improved yield of those fed the experimental
treatments compared to those fed diets containing F.

Although there were no improvements in the carcass
characteristics on d 46, there were improvements in the
cook loss and MORS force of the non-marinated breasts
of those fed diets containing AML and AMH compared
to those fed diets containing F. Similarly, when Loh-
mann MB-202 broilers were supplemented diets contain-
ing 0.1% formic acid there was no direct effect on
carcass characteristics, but there was an effect on the
physical and chemical characteristics (Sugiharto et al.,
2019). As such, there was an increase the pH of the meat
at broth 45 min and 24 h post slaughter, a decrease in
drip loss, an increase in water holding capacity, an
increase in lightness and yellowness compared to those
fed the basal diet only (Sugiharto et al., 2019).

Unlike AML and AMH fed birds, the cook loss and
MORS force of the non-marinated breasts and the mari-
nade uptake and retention of the marinated breasts of
those fed diets containing SILO were negatively
impacted in comparison to that of those fed diets con-
taining F. These differences seen in meat quality of those
fed diets containing SILO could potentially be attrib-
uted to the reduced digestibility of methionine (0.942 vs.
0.896) on d 14 despite the improvements in body weight
and ADG seen on d 28 and d 14 to 28, respectively. In
congruence, Zhai et al. (2016a) reported improved car-
cass, breast, tender, and leg quarter weight of Ross 708
broilers supplemented with increased supplementation
of dietary methionine and lysine. Additionally,
Zhai et al. (2016b) reported lower cook loss and shear
force in Ross 708 broilers consuming increased levels of
dietary lysine and methionine with the two amino acids
demonstrating an interaction on these parameters.
Zhai et al. (2016b) attributed the improved breast qual-
ity to increased sarcoplasmic protein concentration,
ratio to myofibrillar protein, and solubility.
Formic Acid as a Replacement for
Formaldehyde

In conclusion, the 3 dietary treatments, AML, AMH,
and SILO, evaluated in the present study differentially
affected the growth performance, apparent ileal digest-
ibility of amino acids, processing characteristics, and
meat quality in comparison to that of those fed diets
containing formaldehyde. The supplementation of
AML, AMH, and SILO improved live weight and ADG
on d 14 and d 14 to 28, respectively. Those fed AML and
AMH tended to exhibit improved lysine digestibility
whereas those fed SILO had a decrease in digestibility of
methionine compared to those fed F. Downstream, these
differences resulted in improved cook loss and MORS
force of AML and AMH fed birds and a negative impact
on the cook loss and MORS force of the non-marinated
breasts and the marinade uptake and retention of the
marinated breasts of those fed diets containing SILO in
comparison to the fed diets containing F.
Therefore, the supplementation of Amasil NA (61%

formic acid and 20.5% Na-formate), regardless of con-
centration, at 0.25 and 0.50% in Cobb 700 broiler diets
can effectively replace formaldehyde in current feed
hygienic practices as Amasil NA has the potential to
increase apparent ileal digestibility lysine on d 14 and
improve the performance from d 14 to 28 that may
translate into the improved carcass and meat quality on
d 46. However, the supplementation of diets with SILO
health 104 L, a mixture of monoglycerides, may not be
an advantageous alternative to formaldehyde as birds
fed diets supplemented with SILO demonstrated a nega-
tive impact on methionine digestibility and meat quality
in comparison to those fed diets containing formalde-
hyde.
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