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ABSTRACT Chelating agents can be used to improve
the nutritional availability of trace minerals within the
gastrointestinal tract. This study was conducted to
determine the effect of a novel chelating agents, L-glu-
tamic acid N,N-diacetic acid (GLDA), a biodegradable
alternative to ethylenediaminetetraacetic acid on the
nutritional bioavailability of zinc in broilers. Twelve di-
etary treatments were allocated to 96 pens in a ran-
domized block design. Pens contained 10 Ross 308 male
broilers in a factorial designwith 6 incremental zinc levels
(40, 45, 50, 60, 80, and 120 ppm of total Zn), with and
without inclusion of GLDA (0 and 100 ppm) as respec-
tive factors. Experimental diets were supplied from day 7
to 21/22 and serum, liver and tibia Zn content were
determined in 3 birds per pen. Growth performance and
liver characteristics were not affected by dietary
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treatments, but both supplemental Zn and GLDA
enhanced tibia and serum zinc concentration. The posi-
tive effect of GLDA was observed at all levels of the di-
etary Zn addition. The amount of zinc needed to reach
95% of the asymptotic Zn response was determined using
nonlinear regression. When GLDA was included in the
diet, based on tibia Zn, the same Zn status was achieved
with a 19 ppm smaller Zn dose while based on serum Zn
this was 27 ppm less Zn. Dietary GLDA reduces sup-
plemental Zn needs to fulfill nutritional demands as
defined by tibia Zn and serum Zn response. Considering
the positive effect on the nutritional availability of Zn in
broilers, GLDA presents an opportunity as biodegrad-
able additive, to reduce Zn supplementation to livestock
and thereby reducing Zn excretion into the environment,
while fulfilling the nutrition Zn needs of farmed animals.
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INTRODUCTION

Zinc (Zn) is a component of almost every metabolic
pathway, making it a critical nutrient to farm animal
health and productivity. To fulfill their biological de-
mands for zinc, animals need adequate levels of bioavail-
able zinc (free and loosely bound Zn21 ions) in their diet/
ration (Brugger and Windisch, 2017; Goff, 2018;
Skrypnik and Suliburska, 2018). The availability of
zinc is the result of efficient digestion as well as the inter-
action with other dietary components. Commercial farm
animal diets are generally supplemented with high levels
of Zn to guarantee the fulfillment of the nutritional re-
quirements. However, Zn supplementation above the
requirement decreases the relative efficiency of Zn ab-
sorption, which increases fecal Zn excretion (Weigand
and Kirchgessner, 1980). Higher inclusion of Zn in diets
will therefore lead to an increase in environmental pollu-
tion (Brugger and Windisch, 2015, 2019). A reduction of
excessive supplemental levels is however not as straight-
forward as it may seem. These levels of supply are justi-
fied by unpredictability of trace mineral availability in
the diet. Bioavailability might be compromised interac-
tions and antagonisms with other dietary components
in the digestive tract (Underwood 2004; Bao et al.,
2010). Ionizable supplemental forms such as Zn sulfates
rapidly solubilize and dissociate in a solution, which en-
ables other dietary components to interact with the zinc
ion, with phytic acid being the best described antagonist
(Windisch, 2002; Humer et al., 2015). Under mild acidic
to neutral conditions (pH 5 5-7) phytic acid develops
sustainable bonds with divalent cations yielding insol-
uble phytate complexes (Linares et al., 2007; Humer
et al., 2015). There are indications that poultry have
inadequate intrinsic phytase activity to utilize the
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phytate bound minerals and as such cannot absorb the
complete mineral pool present in plant biomass
(Brugger and Windisch, 2017). Dietary solutions that
lower the effect of antagonists and thereby increase
zinc bioavailability for production animals are required
to realize an adequate mineral supply and to reduce
the environmental burden (EFSA Panel on Dietetic
Products and Allergies, 2011). Apart from supplements
of exogenous phytase, single strong chelating agents
can be used to minimize the effect of antagonisms and
thereby increase mineral bioavailability. Chelating
agents comprise molecules with a high affinity to bind
to trace elements and can potentially provide stability
of the soluble complex in the upper gastrointestinal
tract, which minimizes the formation of insoluble com-
plexes. The binding strength of these chelating agents
is exponentially higher than binding strength of most
naturally occurring organic ligands (Goli et al., 2012;
Krezel and Maret, 2016). Ethylenediaminetetraacetic
acid (EDTA) is an example of a strong chelating agent,
with well-described effects on nutritional trace mineral
availability (O’Dell et al., 1964; Vohra and Kratzer,
1964; Oberleas et al., 1966; Maenz et al., 1999). Ethyle-
nediaminetetraacetic acid was found to decrease supple-
mental Zn requirements when isolated soybean protein
served as the source of dietary protein. The addition of
100 ppm of EDTA to the diets chelated about 8 ppm
of Zn, which was assumed to be the amount of Zn bound
by the soybean proteins (Kratzer and Starcher, 1963).
Ethylenediaminetetraacetic acid however has limited
biodegradability and can accumulate in soil and surface
water, thereby contaminating the environment (Wu
et al., 2015). A novel chelator, L-glutamic acid, N,N-
diacetic acid (GLDA) can be regarded as a more environ-
mentally friendly alternative to EDTA, with a smaller
impact on surface waters and soils because of its faster
biodegradability. It exhibits good chelating capacity to-
ward a plethora of metal ions, including Zn, whereas it
has a high biodegradability, with more than 60% being
degraded within 28 d (Ko1ody�nska, 2013; Wu et al.,
2015). Its production is based on the flavor enhancer
monosodium glutamate from fermentation of readily
available corn sugars (Seetz and Stanitzek, 2008).

Previous work from this group indicated that the ef-
fect on Zn availability for GLDA and EDTA are similar
(Boerboom et al., 2020). The effect of GLDA at a fixed
level with increasing amounts of supplemental dietary
Zn has not been described before. Confirmation and
quantification of its potential effect on Zn bioavailability
in the diet would offer an opportunity for reduction of Zn
supplementation in complete feeds, whereas safeguard-
ing the Zn status of the animal, thereby mitigating this
aspect of environmental impact of animal production.
A dose-response study was designed to test the hypoth-
esis that GLDA improves the Zn availability in broiler
diets, thereby allowing for a reduction in Zn supplemen-
tation. Furthermore, on confirmation of the hypothesis,
the potential effect of GLDA on Zn supplemental needs
was quantified.
MATERIALS AND METHODS

Animals

This experiment was performed in accordance with
the Dutch legislation and regulations for animal experi-
ments and approved by the Committee for Animal Ex-
periments of Wageningen University and Research, the
Netherlands (AVD401002015196, IvD code 2016057.a).
This study was conducted at the facilities of Wagenin-

gen Bioveterinary Research, Building 161, Lelystad, the
Netherlands, using 1100 one-day-old Ross 308 male
broilers. During the first week, broilers were housed as
one group in a floor pen bedded with white wood shav-
ings (2 kg/m2). All birds received a standard starter
diet formulated to adequately comply with all nutri-
tional requirements of the broilers including 80 ppm of
supplemental Zn derived from Zn sulfate monohydrate
(ZnSO4.H2O). After 1 wk, 960 healthy animals were
selected and equally distributed as per a weight class sys-
tem (10 animals/pen) over 96 floor pens with a flexible
slatted plastic floor. From this moment on until the
end of the study, the birds received treatment-specific di-
ets. The 12 dietary treatments were randomly distrib-
uted over 8 blocks of 12 pens. Treatments were
randomly allocated to pens within blocks aiming to
create a balanced distribution of treatments within
blocks and over the experimental room taking into ac-
count location of blocks within the barn. Four birds
within each pen were marked with marker sprays at
day 7, 3 animals were marked blue and one green. This
was performed to ensure a random selection of birds
was later used for blood and tibia sampling at comple-
tion of the study. The birds marked in blue were sampled
and the bird marked in green served as a backup in case a
blue-sprayed bird died during the study.
Diets

The dietary treatments comprised 6 incremental levels
of supplemented Zn (0, 5, 10, 20, 40, and 80 ppm Zn from
ZnSO4.H2O, leading to 40, 45, 50, 60, 80, 120 ppm of to-
tal Zn) and presence or absence of supplemental GLDA
(0 and 100 ppm GLDA, i.e., 0 and 333 ppm GLDA-silica
premix (30%)) (Trouw Nutrition, Amersfoort, the
Netherlands). A basal diet was formulated to meet or
exceed all nutritional requirements other than from
zinc. The basal meal was formulated with maize, wheat,
soybean meal, wheat bran, soybean oil, and rice bran,
the latter to provide a higher presence of phytate in
the diet. With the intention to additionally challenge
trace mineral availability, a surplus of calcium was
added (10 g/kg in the form of feed grade limestone).
To inactivate endogenous phytase from the feedstuff,
the basal was pelleted at elevated temperature (80�C)
and subsequently milled through a 4.0-mm screen in a
hammer mill. The basal meal contained approximately
40 mg of native Zn from feed ingredients per kg. Treat-
ment specific premixtures were used to prepare the
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experimental diets and an amount of hydrated silica,
equal to the inclusion level of GLDA, was added to the
non-GLDA supplemented diets as a control. All diets
were pelleted through a 3.2 mm die with the addition
of steam (75�C). The experimental feeds were formu-
lated and produced by Research Diet Services B.V.
(Wijk bij Duurstede, the Netherlands).
Diet Analysis

Representative samples of the diets were taken and
ground to 0.5 mm to determine Zn, Cu, and GLDA
content. Zinc and Cu content were measured in
duplicate by using inductively couple plasma mass
spectrometry (ICP-MS, Thermo Fisher, Waltham,
MA) after ashing and HCl extraction in accordance
with method NEN-EN 15510 (Bikker et al., 2017).
L-glutamic acid N,N-diacetic acid content was
measured in duplicate by using liquid
chromatography–mass spectrometry (LC-MS,
Thermo Fisher, Waltham, MA) (MasterLab B.V.,
Boxmeer, The Netherlands). L-glutamic acid N,N-
diacetic acid was quantitatively water extracted
from ground feed samples. The extracted GLDA
and extracted components from the experimental di-
ets were separated applying reversed phase liquid
chromatography, using an Alltima C18 AQ 3 mm col-
umn as stationary phase and 0.2% trifluoroacetic
acid in water as mobile phase. L-glutamic acid
N,N-diacetic acid presence was detected at m/z
264.070 using a Triple Quadrupole LC-MS mass
spectrometer. L-glutamic acid N,N-diacetic acid
levels in feed samples were calculated using a
GLDA standard curve based on a calibrated GLDA
standard.
Measurements

Performance parameters, including body weight
(BW), feed intake, body weight gain, and feed conver-
sion ratio, were determined at 7, 14, and 21/22 d of
age. At the end of the study (at day 21 (pen 1-48)
and day 22 (pen 49-96)) blood samples were taken
from the 3 blue-marked birds in each pen to deter-
mine Zn concentration in serum. The blood samples
were taken from the wing vein in Zn-free serum tubes
(VACUETTE TUBE 6 mL Z No Additive). In total,
288 (96 pens ! 3 animals) blood samples were taken.
After collection the blood was centrifuged for approx-
imately 30 min. Subsequently, the harvested serum
was divided in 2 aliquots of approximately 1 mL per
bird in coded 2.5 mL cryotubes. The serum samples
were stored at 220�C until further analysis. Serum
samples were analyzed for Zn content with inductively
coupled plasma mass spectrometry (ICP-MS) after
hydrochloric acid destruction at MasterLab B.V.
(Boxmeer, the Netherlands) (Olukosi et al., 2018). Af-
ter blood collection, the birds were anaesthetized by
intramuscular injection of a solution made of 50 mL
sedamun and 30 mL ketamine (1 mL/kg BW) and
20 min later euthanized by an intravenous injection
of T61 (an aqueous solution containing 200 mg embu-
tramide, 50 mg mebezonium iodide, and 5 mg tetra-
caine hydrochloride per mL) and the left and right
tibia bones and the liver were collected. The tibia
bones were pooled per animal and stored at 4�C until
further processing. The tibia bones were cleaned from
flesh after soaking in hot water and incinerated over-
night at 500�C to determine ash content, followed by
hydrochloric acid destruction and ICP-MS analysis to
determine the Zn content in tibia ash at MasterLab
B.V. (Boxmeer, The Netherlands) (Olukosi et al.,
2018). The liver samples were stored at 220�C until
further processing. Each liver sample was incinerated
at 500�C to determine ash content, followed by hy-
drochloric acid destruction and ICP-MS analysis to
determine the Zn content at MasterLab B.V. (Box-
meer, the Netherlands) (Olukosi et al., 2018).
Statistical Analysis

The data were analyzed using SAS Studio (SAS Insti-
tute Inc., Cary, NC). Outliers were identified using the
influence statement within the procedures. Growth per-
formance data, and liver, serum, and tibia characteris-
tics were analyzed using the MIXED procedure.
Treatments, GLDA and Zn dose were analyzed as
main effects with block as a random effect and time (if
applicable) as a repeated effect. Pen was used as the
experimental unit.

Zinc levels in serum and tibia were subsequently
analyzed using nonlinear regression (NLmixed). Because
Zn absorption is primarily a homeostatically regulated,
saturable, carrier-mediated process, the response to die-
tary Zn is nonlinear and using nonlinear regression was
preferred over data transformation and linear regression
(Miller et al., 2007).

The nonlinear regression model used for the analysis of
serum and tibia Zn content in this study was selected
based on statistical fit and biological meaning
(Archontoulis and Miguez, 2015).

Y5A � expð�expð�k � ðdietary Zn level� TÞÞÞ
In which:
Y 5 response parameter, serum or tibia Zn content;
Dietary Zn level 5 total dietary Zn level (mg/kg);
A 5 asymptote, representing the maximum

response in the Y variable;
k 5 rate parameter controlling the steepness of the

curve;
T 5 inflection point at which the response rate is

maximized.

In addition, the effect of GLDA inclusion on the
regression parameters was determined by including a
factor representing GLDA inclusion and parameters
A1, K1, and T1 representing the difference between
the control and GLDA supplemented diets. The full
model is described below.
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Y5 ðA1A1 �GLDAÞ � expð�expð�ðk1 k1 �GLDAÞ
� ðDietary Zn level� ðT1T1 �GLDAÞÞÞÞ

In which:
Y 5 response parameter, serum or tibia Zn content;
A, A1 5 asymptote, representing the maximum

response in the Y variable;
k, k1 5 rate parameter controlling the steepness of

the curve;
T, T15 inflection point at which the response rate is

maximized;
GLDA 5 factor representing dietary GLDA inclu-

sion (0, 1);
Dietary Zn level 5 total dietary Zn level (mg/kg).

A reduced model was created including only signifi-
cant GLDA effects after exclusion of all nonsignificant
GLDA effects on parameters using a backward elimina-
tion procedure. Finally, this reduced model was used to
determine the dietary Zn level required to reach a
response of 95% of the asymptotic value for serum Zn
and Zn concentration in tibia ash. This value was
considered as criterion for estimating the bioavailability
of the Zn in the diet (Huang et al., 2013), but most
importantly to describe the potential minimum supple-
mental dose of Zn for fulfillment of nutritional
requirements.

RESULTS

In Table 1, the intended and analyzed concentration
of Zn and GLDA in the experimental diets is included.
The results indicate that the analyzed content of Zn
and GLDA was aligned with the intended Zn and
GLDA levels and in accordance with the experimental
design (Table 1). The MIXED and NLMIXED proced-
ures therefore were based on the intended dietary Zn
levels. Table 2 shows the diet composition, with
Table 3 showing analyzed nutrient contents of both
the starter diets as well as the basal meal.

Zinc dose and the inclusion of GLDA did not affect
bird performance and there no interactions were
detected between them (Table 4). Growth performance
observed in this study was in line with Ross 308 guide-
lines (Aviagen, 2014).

Dietary inclusion of Zn or GLDA had no significant ef-
fect on the liver measurements or on tibia weight or tibia
ash content (Table 5). Zinc content in tibia and serum
increased significantly with increasing levels of dietary
Zn P (, 0.001). In addition, GLDA significantly
enhanced the Zn content in serum and tibia across all
levels of supplemental Zn including the zero. The effect
of GLDA inclusion depended on the amount of Zn that
was added to the diet as shown by the significant inter-
action (P , 0.001).

The results of the regression analysis with the
nonlinear model for serum Zn are described in Table 6
and illustrated in Figures 1 and 2. The reduced model
indicated that no significant effects of GLDA were pre-
sent for the maximum response in serum Zn
concentration (asymptote) and inflection point (T) in
serum Zn response. The similar Akaike information cri-
terion, root mean squared error, and concordance corre-
lation coefficient of the 2 models confirmed that these
parameters did not contribute to the prediction of the
serum Zn response. L-glutamic acid N,N-diacetic acid
significantly affected the steepness of the response in
serum Zn to increasing dietary Zn levels (parameter k),
indicating an increased rate in serum Zn response. L-glu-
tamic acid N,N-diacetic acid enhanced the Zn concentra-
tion in serum when added to the diet of the birds. In
presence of GLDA, a substantially lower dietary Zn level
was adequate to reach 95% of the maximum serum Zn
concentration. L-glutamic acid N,N-diacetic acid inclu-
sion in the diets reduced the required level of dietary
Zn by 22 ppm in the full model and by 27 ppm in the
reduced model.
The results for Zn in tibia ash using a nonlinear

model are described in Table 7 and illustrated in
Figure 3. The reduced model indicated that no signif-
icant effects of GLDA were present for the maximum
response in tibia Zn (asymptote) and the inflection
point (T) in tibia Zn response. The similar root mean
squared error and concordance correlation coefficient
of the 2 models confirmed that these parameters did
not contribute to the description of the Zn response
in tibia ash. The Akaike information criterion
improved slightly when the reduced model was used
in comparison with using the full model indicating
an improved model performance. L-glutamic acid
N,N-diacetic acid significantly affected the steepness
in response of Zn in tibia ash to an increase in dietary
Zn increase (parameter k), indicating an increased
rate in response of Zn in tibia ash. L-glutamic acid
N,N-diacetic acid enhanced Zn concentration in tibia
when added to the diet of the birds. In presence of
GLDA, a lower dietary Zn level was adequate to reach
95% of the maximum Zn content in tibia. L-glutamic
acid N,N-diacetic acid inclusion in the diets reduced
the required level of dietary Zn by 17 ppm in the full
model and by 19 ppm in the reduced model.
DISCUSSION

Zinc is an essential trace mineral nutrient in broiler di-
ets. The dietary Zn content from most combinations of
feed ingredients is assumed to be below the require-
ments. Furthermore, Zn availability may be compro-
mised by dietary antagonists of variable and uncertain
presence including phytate and fiber (Windisch, 2002;
Yu et al., 2010). Therefore, broilers are generally supple-
mented with Zn in their diets to assure adequate supply
to sustain performance and health and to avoid Zn defi-
ciency. In practice, broiler diets are generally formulated
with Zn levels above the reference recommendations and
even close to the maximum allowed legal limits (120 mg
Zn/kg in the European Union) (Additives and Feed,
2014). However, Zn utilization of broilers is rather low
with only a small portion of dietary Zn retained in the
body (Brugger and Windisch, 2017). This results in a



Table 1. Intended and analyzed moisture, zinc and L-glutamic acid N,N-diacetic acid (GLDA) content in experimental diets used to
determine the effect of GLDA in broilers.

Treatment
Analyzed moisture,

g/kg
Analyzed total Zn,

mg/kg
Intended supplemental Zn,

mg/kg
Analyzed supplemental Zn,

mg/kg
Intended GLDA,

mg/kg
Analyzed GLDA,

mg/kg

1 118 41 0 - - 0
2 117 45 5 4 - 0
3 115 49 10 8 - 0
4 114 56 20 15 - 0
5 113 74 40 33 - 0
6 113 116 80 75 - 0
7 112 40 0 - 100 100
8 113 46 5 5 100 102
9 115 51 10 10 100 99
10 113 61 20 20 100 103
11 112 78 40 37 100 105
12 113 112 80 71 100 103

Supplemental Zn is calculated as analyzed total Zn content in each diet minus 41 mg/kg from basal meal.

Table 2. Composition starter and grower phase feeds.

Ingredients Starter, g/kg Grower, g/kg

Wheat 395.5 299.0
Corn 200.0 200.0
SBM 315.0 234.0
Potato protein - 15.0
Wheat bran - 85.0
Rice bran - 65.0
Soybean oil (veg.) 42.0 57.3
L-Lysine 2.3 2.6
DL-Methionine 2.4 2.3
L-Threonine 0.4 0.5
Limestone 16.5 19.2
Mono Calcium Phosphate 16.5 11.0
Salt 2.0 1.8
NaHCO3 2.4 2.3
Zn excluded premix 5.0 5.0
Total 1,000.0 1,000.0

EFFECT OF GLDA ON TRACE MINERALS IN BROILERS 5
high excretion of nonutilized Zn in the feces or excreta,
contributing to accumulation of Zn in the environment,
especially in soil and surface water. A novel chelator with
low environmental persistency and a high chelation
strength, GLDA, was tested in this study. Dietary inclu-
sion of this compound was hypothesized to increase the
availability of Zn in the digestive tract of broilers, which
would allow a reduction in Zn supplementation of diets.
No significant effects of dietary inclusion of Zn and
GLDA were detected for any of the performance param-
eters analyzed during the experimental period of 0-21/
22 d. This is in accordance with the expectations because
41 mg/kg Zn was present in the basal diet and literature
indicates that a dietary Zn content around 40 mg/kg is
adequate for normal growth (Mohanna and Nys, 1999;
Schlegel et al., 2010). In addition, literature suggests
that intrinsic phytase activity in broilers may be
increased in the case of high phytate levels, which might
also have contributed to the absence of an effect on per-
formance (Zeller et al., 2015). Growth performance is
generally regarded as an insensitive criterion for mineral
availability (Jongbloed et al., 2002; Huang et al., 2013).
Bone and serum zinc content, on the other hand, are
considered to be more sensitive criteria for Zn bioavail-
ability in broiler chickens, regardless of the low or high
supplementation of Zn in the diet (Cao et al., 2002;
Huang et al., 2013). Indeed, the results of the present
study confirm a substantial and significant response of
serum and tibia Zn content to Zn supplementation of
the diet.
Results in this study demonstrated a significant effect

of GLDA on tibia and serum Zn content, both in diets
containing supplemental Zn as well as in the diets con-
taining no supplemental Zn. This shows that GLDA
can make the inherent Zn from common feed ingredients
in diets more bioavailable. Strong chelators such as
EDTA ensure protection against precipitation of min-
erals, which was thought to improve mineral solubility
in the gastrointestinal tract (O’Dell et al., 1964;
Oberleas et al., 1966; Maenz et al., 1999). This improved
solubility appears to coincide well with the observed
effect of GLDA, allowing for better uptake of Zn in the
present study. These results are in line with previous
research of our group in which the effect of Zn availabil-
ity in broilers between GLDA and EDTA were
compared and equivalent nutritional properties between
the 2 were observed (Boerboom et al., 2020). Improve-
ment of nutritional availability by the use of chelators
has been well demonstrated for strong chelators with
stability constants (logK) for Zn between 5 and 20
(Davis et al., 1962; Vohra and Kratzer, 1964, 1968). L-
glutamic acid N,N-diacetic acid has a stability constant
of 10, which indicates that the observed changes in Zn
availability are justified (Ko1ody�nska, 2011). The results
also indicate that even though GLDA has a high chela-
tion strength, the transporters of the intestinal tract
are strong enough to ensure sufficient uptake of Zn.
This was not the case for some other chelating agents
that were tested before (Vohra and Kratzer, 1964).
The effect of GLDA on Zn retention was constant at
lower levels of dietary Zn (,60 ppm) and this effect
gradually decreased with increasing levels of Zn, without
significant differences at higher inclusion levels of Zn.
The lack of significance does not indicate that GLDA



Table 3. Intended and analyzed nutrient contents of the starter diet (0-7 d) and
the basal meal used for production of the treatment diets (7-21/22 d) to
determine the effect of L-glutamic acid N,N-diacetic acid (GLDA) in broilers.

Feed Material

Starter diet Basal diet

AnalyzedIntended Analyzed Intended

Dry matter (DM) g/kg n.a.1 897 n.a.1 891
Moisture g/kg n.a.1 103 n.a.1 109
Ash (g/kg) g/kg 65 59 69 65
Starch (g/kg) g/kg 378 375 385 322
Crude protein (CP) g/kg 216 215 202 198
Fat (EE) g/kg 58 67 79 90
Crude fiber (CF) g/kg 24 23 32 33
Phosphorus (P) g/kg 7.4 7.4 8.2 7.0
Calcium (Ca) g/kg 10.0 10.9 10.0 11.3
Zinc (Zn) mg/kg 113 110 36 43
Copper (Cu) mg/kg 22 21 21 23
Iron (Fe) mg/kg 200 342 186 273
Manganese (Mn) mg/kg 115 121 124 146

1n.a. 5 Not available.
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has no effect at higher Zn levels; it indicates that there is
a strict regulation in Zn homeostasis. In the case of abun-
dant Zn, the expression of Zn transporters and related
proteins is decreased to downregulate the absorption of
Table 4. Effect of dietary L-glutamic acid N,N-diacetic acid (
from d 7 to 21/22.

Parameter GLDA, mg/kg

Total Zn, mg/

40 45 50 60

BW d7, g
0 137 134 135 136

100 134 134 134 134

BW d14, g
0 437 432 438 435

100 433 438 436 430

BW d21/22, g
0 942 923 918 915

100 914 919 927 907

BWG 7-14, g
0 300 298 303 300

100 299 304 302 295

BWG 7-21/22, g
0 805 789 782 780

100 780 784 789 772

BWG 14-21/22, g
0 505 491 479 480

100 481 481 490 477

FCR 7-14
0 1.32 1.3 1.32 1

100 1.31 1.28 1.29 1

FCR 14-21/22
0 1.48 1.51 1.49 1

100 1.51 1.49 1.48 1

FCR 7-21/22
0 1.42 1.43 1.42 1

100 1.43 1.41 1.41 1

FI 7-14
0 397 387 399 386

100 390 390 391 387

FI 14-21/22
0 749 741 715 711

100 724 718 727 710

FI 7-21/22
0 1,146 1,128 1,114 1,097

100 1,115 1,108 1,112 1,097
Zn. The strict regulation of Zn homeostasis prevents a
physiological response after the asymptote has been
reached (Ao et al., 2007; Schlegel et al., 2013). The re-
sults in this study indicate that GLDA does not
GLDA) and Zn levels on growth performance of broilers

kg

SE

P-value

80 120 GLDA Zn GLDA*Zn

135 134 0.2 0.29 0.81 0.28
135 136

434 436 1.4 0.86 0.75 0.84
435 443

911 919 4.9 0.61 0.94 0.66
917 917

299 302 1.3 0.71 0.69 0.87
300 307

770 785 4.9 0.46 0.58 0.7
782 781

477 483 4.3 0.52 0.92 0.53
482 474

.29 1.3 1.3 0.003 0.51 0.35 0.06

.31 1.32 1.29

.48 1.49 1.48 0.004 0.68 0.91 0.89

.49 1.5 1.49

.41 1.42 1.42 0.003 0.98 0.62 0.59

.42 1.43 1.41

387 393 1.5 0.96 0.48 0.77
395 395

712 719 7.2 0.64 0.9 0.38
724 706

1,090 1,112 7.7 0.45 0.29 0.42
1,119 1,101



Table 5. Effect of dietary L-glutamic acid N,N-diacetic acid (GLDA) inclusion and Zn levels in broilers on liver, tibia and
serum characteristics when fed from d7 to d21.

GLDA,
mg/kg

Total Zn, mg/kg

SE

P-value

40 45 50 60 80 120 GLDA Zn GLDA*Zn

Liver

Weight, g
0 37.3 37.0 39.1 36.4 33.9 37.6 0.46 0.46 0.38 0.59

100 38.5 37.8 37.7 38.2 36.7 36.5

Ash, g/kg
0 1.23 1.22 1.22 1.21 1.24 1.22 0.005 0.63 0.83 0.90

100 1.24 1.23 1.23 1.22 1.21 1.24

Zn in fresh, mg/kg
0 18.9 18.2 17.5 17.6 18.8 20.1 0.34 0.84 0.72 0.95

100 18.4 17.7 18.5 18.7 19.4 18.9

Total Zn, mg
0 0.73 0.69 0.69 0.64 0.64 0.77 0.02 0.77 0.91 0.95

100 0.72 0.68 0.70 0.73 0.71 0.69

Ratio liver/BW, %
0 3.96 3.98 4.17 3.92 3.79 3.96 0.04 0.44 0.61 0.75

100 4.04 3.95 3.88 3.97 3.87 3.75

Tibia

Weight, g
0 4.77 4.44 4.72 4.71 4.49 4.81 0.05 0.24 0.13 0.38

100 4.87 4.79 4.70 4.80 4.49 4.95

Ash, %
0 39.4 40.4 39.7 38.2 38.9 39.3 0.19 0.18 0.65 0.47

100 38.8 38.8 38.9 39.2 38.9 38.6

Zn, mg/kg ash
0 200A 219A,B 241C 268D 287D 314E 2.53 ,0.001 ,0.001 ,0.001

100 232.2B,C 247.5C 276.0D 282.4D 311.4E 312.7E

Serum

Zn, mg/L
0 0.97A 1.07A,B 1.31C,D 1.43C,D,E 1.63E,F 1.75F 0.02 ,0.001 ,0.001 ,0.001

100 1.22B,C 1.31C,D 1.52D,E 1.65E,F 1.79F 1.84F

A,BValues with different superscripts within a parameter differ significantly (P , 0.05).
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compromise the Zn control mechanisms that are in place
and as such supports the broilers in maintaining a proper
Zn status. The lack of response at high dietary Zn also
indicates that the GLDA Zn complex appears to exert
its effect only in the gastrointestinal tract, with limited
passive absorption taking place. The increased solubility
Table 6. Parameter estimates of a nonlin
serum Zn to total dietary Zn content an
(GLDA) including an estimate of Zn req

Parameters Full model SE

A 1.75 0.05
A1 0.09 0.07
k 0.056 0.01
k1 0.010 0.19
T 29.10 2.40
T1 23.65 4.05
s2e 0.055 0.00
AICC 24.8
RMSE 0.24
CCC 0.73

Total Zn (mg/kg) to reach 95% of asymptote
Control 83.5
GLDA 61.2

Model: Y5 (A1A1!GLDA)! exp(-ex
(T 1 T1!GLDA)))).

Abbreviations: AICC, Akaike information
RMSE, Root mean squared error.

s2e, variance.
of the complex would in the case of passive absorption
also lead to an increase in Zn levels when higher levels
of Zn are fed with GLDA. To estimate the amount of
Zn that is made bioavailable by the addition of GLDA,
the results of serum and tibia Zn were analyzed applying
nonlinear regression. The higher regression coefficient k
ear model describing the response of
d L-glutamic acid N,N-diacetic acid
uirements (95% of asymptote).

Reduced model SE

1.81 0.035
NS
0.046 0.007
0.033 0.008

210.99 2.01
NS

4 0.055 0.005
24.8
0.24
0.73

A
94.1
67.0

p(-(k1 k1!GLDA)! (dietary Zn level-

criterion; CCC, Concordance correlation;



Figure 1. Effect of dietary L-glutamic acid N,N-diacetic acid (GLDA) inclusion and total dietary Zn content on the Zn concentration in serum using
a nonlinear full model. Dotted lines represent the value for Zn at which the serum Zn level is equal to 95% of the asymptote.
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in presence of GLDA indicated an improvement in the
bioavailability of Zn, in accordance with the results dis-
cussed previously. Hence, using concentrations of Zn in
serum and Zn in tibia ash as response criteria, the inclu-
sion of GLDA would allow for a reduction in dietary Zn
Figure 2. Effect of dietary L-glutamic acid N,N-diacetic acid (GLDA) inclu
a nonlinear reduced model. Dotted lines represent the value for total Zn at w
supplementation of 20 mg/kg, without compromising
the Zn supply of the broilers and the physiological Zn
status of the birds. This would allow for a similar reduc-
tion of Zn in the excreta and thereby into the environ-
ment. Adopting a Zn supplementation of 80 mg/kg, as
sion and total dietary Zn content on the Zn concentration in serum using
hich the serum Zn level is equal to 95% of the asymptote.



Table 7. Parameter estimates of a nonlinear model describing the response of tibia Zn to total dietary Zn
content and L-glutamic acid N,N-diacetic acid (GLDA) including an estimate of Zn requirements (95% of
asymptote).

Parameters Full model SE Reduced model SE

A 314.4 5.44 314.5 3.25
A1 0.53 6.83 NS
k 0.048 0.007 0.046 0.0045
K1 0.015 0.012 0.020 0.003
T 216.77 2.41 -17.54 1.88
T1 21.97 3.94 NS
s2e 454.4 38.47 454.9 38.51
AICC 2,513 2,510
RMSE 21.3 21.3
CCC 0.85 0.85
Total dietary Zn (mg/kg) to reach 95% of

asymptote A
Control 85.3 86.5
GLDA 67.9 67.1

Model: Y 5 (A 1 A1 ! GLDA) ! exp(-exp(-(k 1 k1 ! GLDA) ! (dietary Zn level-(T 1 T1 !GLDA)))).
Abbreviations: AICC, Akaike information criterion; CCC, Concordance correlation; RMSE, Root mean squared

error; s2e, variance.
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often used in commercial diets, and a total dietary Zn
content close to 120 mg/kg, the estimate of 20 mg/kg
as discussed above would allow for a reduction of
approximately 20% in total dietary Zn content and Zn
excretion.
CONCLUSION

The results of this study demonstrate that dietary
inclusion of GLDA improved the bioavailability of
Zn in broiler diets. L-glutamic acid N,N-diacetic
Figure 3. Effect of dietary L-glutamic acid N,N-diacetic acid (GLDA) inc
a nonlinear full model. Dotted lines represent the value for Zn at which the
acid exerts its effect in the gastrointestinal tract
with both diets containing only inherent Zn from
common feed ingredients as well as diets containing
supplemental Zn. This demonstrates that GLDA
can be used as a dietary ingredient to safely reduce
Zn supplementation in complete feed without
compromising the Zn status of the animals. L-gluta-
mic acid N,N-diacetic acid inclusion can substantially
contribute to a reduction of Zn excretion into the
environment if Zn supplementation in the diets is
reduced.
lusion and total dietary Zn content on the Zn concentration in tibia using
tibia Zn level is equal to 95% of the asymptote.
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