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ABSTRACT

1. The grain drying process may affect the feeding value of maize but until now, no general consensus
has been reached. This knowledge is essential to manage maize nutritional value in feed and ensure
optimal growth performance of broiler chickens.

2. A total of 72 male Ross 308 were used in a complete randomised block design to assess the effect of
initial moisture content (MC) at harvest (high or low MC after the appearance of the black layer) and
drying temperature (54°C, 90°C or 125°C) on the apparent faecal digestibility and the AMEn value of
two maize grain types (flint and flint-dent varieties). Moreover, the relationship between in vitro dry
matter digestibility coefficient (IVDMD) and salt-soluble protein (SSP) content of dried maize grain
with AMEn was assessed.

3. High drying temperature (125°C) significantly decreased the AMEn (by 0.41 MJ/kg) of the maize.
Maize with high-moisture content at harvest had significantly higher AMEn than maize with low
moisture content (0.38 MJ/kg) depending on the variety. Based on the combination of MC at harvest
and drying temperature, an AMEn difference of about 0.65 MJ per kg of dry matter was measured
during this experiment. The faecal digestibility of starch remained close to 98% with low variation
between the treatments. The decrease in AMEn at high drying temperature was related to the
decrease in non-starch organic matter retention (NSOMg). IVDMD and SSP content were not corre-
lated with AMEn of dried maize (R? < 0.1).

4. This study showed that using drying temperature below 90°C for maize grain harvested at high MC,
just after the black layer development, can enhance its AMEn. The IVDMD and SSP content failed to
predict the AMEn of the dried maize, but further research is required to validate the results of this study.
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Introduction

Maize is one of the most suitable crops for monogastrics due
to its high energy content which is readily available for
poultry. However, the nutritional value of maize grain may
vary from batch to batch, even between samples with
a similar proximate composition and this is likely to affect
broiler chickens growth performance (Gehring et al. 2012,
2013; Huart et al. 2018). Among the factors that can influ-
ence the nutritional value of maize grain, drying processes
have been cited (Cowieson 2005; Gehring et al. 2012, 2013;
Kaczmarek et al. 2013; Malumba et al. 2014; Odjo et al. 2016;
Li et al. 2017; Huart et al. 2018; Odjo et al. 2018).

Indeed, in many areas throughout the world, maize is
harvested at high (22-37%) moisture content (MC). To ensure
optimal conservation, maize grains are artificially dried to
reach a final moisture of about 15%. In Belgium, maize grains
are commonly dried in a drying tower. The grain flows from
the top to the bottom by gravity and heated airflow is applied
perpendicular to grain flow. Air temperature is commonly
more than 100°C. The drying temperature, drying time and
air velocity will vary according to the initial moisture content
of the maize grain, drying tower system and grain flow from
the field during harvest period. Drying process may result in
loss of maize nutritional value. Several studies have tried to
assess the impact of drying temperatures on the nutritional
value of maize grain for poultry (Kaczmarek et al. 2013, 2007;

Barrier-Guillot et al. 1993; Bhuiyan et al. 2011; Rivera et al.
1978; Carvalho et al. 2009, 2004). These studies tend to assert
that a high drying temperature could affect the metabolisable
energy of the maize and consequently broiler performance as
maize grain supplies a huge proportion of the total feed
energy. However, no general consensus has been reached,
probably due to the diversity of the experimental procedures
applied (Odjo et al. 2015).

Besides the effect of drying temperature alone, Malumba
et al. (2014) showed that structural modifications that occur
inside the grain during the drying process may be modulated
by the MC at harvest. However, there is a lack of information
about the influence of MC at harvest on maize nutrients
digestibility during drying. In a review, Odjo et al. (2015)
suggested that the impact of the drying process on maize
quality is strongly dependent on MC and should be taken
into account during experimentation.

Maize grading methods are based on physical attributes
which have been shown to be poor estimators of maize
nutritional value (Leeson et al. 1993; Dale 1994). Thus, others
assays that may account for difference in maize quality have
been developed. Métayer et al. (2009) and Gehring et al.
(2013) postulated that salt-soluble protein (SSP) could be
a useful indicator to distinguish maize with a high nutritional
potential. According to Gehring et al. (2013), sources of
maize with similar proximate composition may vary in
their digestible energy content, and in such a situation, SSP
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may be used to differentiate those with wide-ranging AMEn.
Métayer et al. (2009) observed that increasing drying tem-
peratures from 80°C to 140°C resulted in a reduction of the
SSP content and a decrease in AMEn by 0.33 MJ/kg. They
concluded that the SSP assay (Promatest) can be a good
indicator to predict the nutritional value of dried maize for
poultry. This assay may result in an effective method to assess
the metabolisable energy of maize samples, but data are
limited and more research is still required.

In vitro protocols were developed in past decades to
rapidly assess the nutritional value of feedstuffs because
in vivo experiments are time consuming and expensive.
Recently Huart et al. (2018) tried to correlate in vitro diges-
tion with the in vivo growth performance of broiler chickens
fed diets containing maize harvested at two MC and dried at
different temperatures. They used a modified three-step
in vitro procedure developed by Tervild-Wilo et al. (1996).
This study showed that increasing drying temperature and
high MC at harvest improved in vitro maize dry matter
digestibility (IVDMD) but did not improve its AMEn
under the conditions of the performed in vivo experiment.
However, they were unable to conclude that digestibility
differences were only due to the drying process. Indeed,
grain drying affected its milling capacity, leading to different
particle size distributions. This unexpected consequence
probably affected chicken behaviour and, consequently, the
composition of ingested feed in the mash diet.

In the present study, the impact of MC at harvest and
drying temperature on in vivo digestibility and AMEn of two
maize varieties was assessed using tube-fed broilers.
A modified in vitro protocol of Tervild-Wilo et al. (1996)
and the Promatest were used to assess their relationship with
the metabolisable energy of dried maize grain.

Materials and methods
Maize grains and drying conditions

Two Belgian maize cultivars, Zidane (KWS, Einbeck,
Germany) and Colisée (KWS, Einbeck, Germany), were
used in this study. The two maize varieties were sowed and
harvested on the same dates and field grown in the same area.
They were chosen because of their contrasting grain pheno-
types. According to their respective breeder, the Var
I (Zidane) is a flint-dent maize and the Var II (Colisée) is
a pure flint maize. Maize grains were harvested just after
physiological maturity (appearance of the black layer) at
36.7% and 34.0% (wet basis) of MC and 48 d after physiolo-
gical maturity at 23.4% and 24.5% (wet basis) of MC for Var
I and Var II, respectively. Samples were sealed in plastic bags
and stored at —18°C until drying.

Each maize from the two dates of harvest was split into
three batches. Before drying, the grains were equilibrated at
ambient temperature the night before. Approximatively
1.5 kg of maize sample was dried in the fluidised-bed drier,
as described by Janas et al. (2010). A fluidised-bed drier
creates homogenous drying conditions. Air temperature,
velocity and humidity were measured during the drying
process with an accuracy of 0.1°C, 0.2 m/s and 0.1%, respec-
tively. The first batch was dried at 54°C for 270 min,
the second at 90°C for 90 min and the last one at 125°C for
40 min. Drying times were chosen to obtain a final moisture
below 15%.

Bird management

The experiment was approved by the Animal Ethics
Committee of the University of Liege (Protocol number
14-1703). The animal experiment was a 2 x 3 factorial
arrangement with three drying temperatures and two MC
within six randomised complete blocks. Seventy-two, one-
day-old male Ross 308 were used and were initially brooded
at a temperature of 32°C, which was gradually decreased as
the chicks increased in age, with a final set point of 24°C at 32
d of age. A 12 h light-dark schedule was used, as recom-
mended by Teeter et al. (1984). During the first 10 d, chicks
were fed with a starter commercial diet (Starter M 70,
Leievoeders, Waregem, Belgium). Then, until the age of 35
d and during rest periods, broiler chickens were fed with the
same grower commercial diet (Grower M 711, Leievoeders,
Waregem, Belgium). At the age of 26 d, six groups of 12
broiler chickens with similar average body weight were allo-
cated pairwise to 36 cages in each of the six blocks.

The tube-feeding technique was similar to the method of
Lessire (1990), with slight modifications. At the age of 35 d, after
16 h of starvation, broiler chickens were tube fed dried maize.
The six treatments were randomly assigned to six cages in each
of the six blocks. Thus, a total of 12 chickens (two broilers per
cage) were used per treatment. A 60 ml syringe elongated with
a 6 mm plastic tube diameter was used. Maize grains were firstly
ground through a 1 mm aperture screen (Fritsch pulverisette 19,
Idar-Oberstein, Germany). This flour was further ground
through a 0.5 mm sieve (Fritch pulverisette 14, Idar-
Oberstein, Germany). The final size reduction allowed a better
homogeneity of the mixture and facilitated the passage through
the syringe during tube feeding. The ground maize was blended
with water (44 g of flour with 56 g of water) in a concentration
similar to the concentration used by Teeter et al. (1984) and
Lessire (1990). The mixture was then introduced into the crop
of the chicken. Tube feeding was carried out daily at 8:00 am
and 16:00 pm. The amount of feed was recorded and was
approximatively equal to 50 g of dry matter (DM) per broiler
per day (ie. 110 g of mixture similar to Lessire (1990)).
A sample of the mixture was collected before feeding each
chicken to determine the exact amount of DM ingested. After
16 h of starvation from the last feeding (16:00 pm), excreta from
each cage were collected and subsequently frozen. Compared
with the study of Lessire (1990), the fasting period was shor-
tened because no more residues were observed in the excreta
after 16 h of starvation. Samples were then freeze-dried and
ground for further analyses. Broiler chickens were tube-fed first
with the six treatments of the Var I (flint-dent maize). Because
of the time-consuming procedure, tube feeding was carried out
during two consecutive days at a rate of 18 cages per day. After
a rest period of 32 h during which the chicken had free access to
the commercial feed, as advised by Sibbald (1978) to avoid
weight loss, a second experiment was carried out in the same
conditions with the six treatments of the Var II (flint maize).
Water was provided ad libitum throughout the assay period.

In vitro digestion

The in vitro digestibility coefficient of dry matter (IVDMD)
of the maize flour used during animal experimentation was
determined in a three-step experiment, according to the
method described by Tervild-Wilo et al. (1996) with slight
modifications. To simulate digestion phase in the crop, 1 g of



maize flour sample was weighed in a 50 ml polypropylene
tube. Sodium acetate (10 ml 0.05 M, pH 5.4) was added into
the tubes and tubes were placed in a water bath under gentle
agitation for 30 min at 40°C. After this step, a chlorampheni-
col solution (100 pl, 0.5 g/100 ml of ethanol) and HCI solu-
tion (4 ml of 0.2 M) were added and the pH was adjusted to
3 + 0.2 with acetic acid (1 M). Fresh pepsin solution (2 ml,
25 g/l of 0.05 M HCI) prepared from pepsin powder (EC
3.4.23.1; from porcine gastric mucosa; >250 U/mg of solid
powder, P7000; Sigma-Aldrich, Germany) was then added
and the tubes were placed in a water-bath for 45 min at 40°C
under gentle agitation, with manual agitation every 15 min.
After the gastric phase, 15 ml of sodium monohydrogenocar-
bonate 0.2 M was added. The pH was then adjusted to
6.8 + 0.2 using either 0.1 M HCl or a 0.1 M NaOH solution.
Then, 1 ml of fresh pancreatin solution (prepared from
pancreatin, 8 x USP/g of solid powder, P7545; Sigma-
Aldrich, Germany; 100 g/l of phosphate buffer 0.2 M, pH
6.8; undissolved tissue material was removed after centrifu-
gation at 3220 x g) was added and the tubes were incubated
under agitation at the same temperature in the same water-
bath for a period of 2 h, with manual agitation every 30 min.
Finally, the supernatant and the undigested fraction were
separated after centrifugation at 3220 x g during 10 min.
The undigested fractions recovered were washed with
a 10 ml solution of acetone and ethanol, dried at 60°C in
order to attain a constant weight (72 h) and then weighed.

The IVDMD was calculated as follows:

IVDMD = (dry weight of the maize before hydrolysis -
dry weight of the residue)/dry weight of the maize before
hydrolysis

Dry weight of the maize before the hydrolysis is the dry
weight of the sample weighed before in vitro digestion. Dry
weight of the residue was the dry weight (60°C during 72 h)
of the sample after hydrolysis.

Chemical analyses

All analyses were conducted in duplicate. Maize grains and
freeze-dried excreta were ground through a 0.5 mm sieve
(Fritch pulverisette 14, Idar-Oberstein, Germany). The DM
of maize grains, excreta and mixture samples were deter-
mined using AOAC (1990) method 967.03. Ash of maize
grains and excreta was determined using AOAC (1990)
method 942.05. Flour starch content was quantified by
Ewers polarimetric method (ISO 10520:1997). Starch content
of excreta was determined using AOAC (1990) 916.11
method with slight modifications. Times of incubation
were 10, 60 and 120 min for dimethyl sulphoxide treatment,
a-amylase digestion and amyloglucosidase digestion, respec-
tively. Protein content was determined by the Dumas
method (ISO 16634-1:2008). The Marquardt method
(1983) was used in order to quantify uric acid in the excreta
samples. Gross energy was measured using an adiabatic
bomb calorimeter (1241 Adiabatic Calorimeter, PARR
Instrument Co., Illinois, USA). Neutral detergent fibre
(NDF) and acid detergent fibre (ADF) were determined
using an ANKOM-Fibre Analyser (ANKOM-Technology,
Fairport, NY) according to the method of Van Soest et al.
(1991). NDF and ADF content were corrected for ash con-
tent and NDF was determined for maize using thermostable
amylase (Termamyl®, Novo Nordisk, Bagsveerd, Denmark).
Lipid content was determined using a soxhlet extractor
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(AOAC 1990, method 920.29). The Promatest procedure
(AFNOR (2008), NF V03-741) was used to estimate the
SSP content of dried and freeze-dried maize grains according
to Odjo et al. (2012). SSP content was determined on
a representative sample of the maize flour used during the
animal experimentation. Salt-soluble relative concentrations
were expressed in terms of mg of equivalent Bovine Serum
Albumin/100 ml of extraction solution (EBSA). Thousand
kernels weight (TKW) was assessed on each maize batch as
follows; 200 wet kernels were randomly collected from each
frozen sample after thawing overnight and weighed.
Collection and weighing were conducted three times. TKW
was calculated based on mean value corrected for DM con-
tent. Vitreousness of the maize was quantified by a manual
dissection method (Dombrinkkurtzman and Bietz 1993), as
described by Giuberti et al. (2013). The vitreousness was
expressed as the weight of vitreous endosperm divided by
the weight of total endosperm.

The faecal digestibility coefficients of starch, AME and
organic matter retention (OMp) were obtained by calculating
the difference between the content of total DM nutrient
ingested and excreted. The non-starch organic matter reten-
tion (NSOMp) was calculated as follows:

NSOMR (%) = [(OMingested - StarChingested) - (OMexcreta -
StarChexcreta)]/(OMingested - StarChingested) x 100

Where NSOMy, was the non-starch organic matter reten-
tion, OMjpgested aNd OMeycrera the organic matter ingested
and excreted, respectively. Starch;pgesieq and starcheycreta Were
the amount of starch ingested and excreted, respectively.

AME was corrected to zero-nitrogen balance using the
following equation (Larbier and Leclercq 1992):

AMEn (MJ/kg DM) = AME (M]/kg DM) - 0.0344 (AN
(g)/feed ingested (kg DM))

where AME was the metabolisable energy, N the differ-
ence between nitrogen ingested and excreted and 0.0344 was
the energy equivalent (MJ/kg) of uric acid nitrogen.

As uric acid is the major urinary nitrogen (N) compound
in poultry excreta, the apparent faecal digestibility coefficient
of protein (ADP) was estimated by subtracting the N of uric
acid from total excreta N, as proposed by Rotter et al. (1989):

ADP = [Ningested (g) X 6.25 - Nexcreta (g) X 6-25]/Ningested X
6.25 (g)

where ADP was the apparent faecal digestibility coeffi-
cient of protein, Njpgegted the total amount of ingested N (g)
and N cra the total amount of N in excreta corrected for
uric acid content (g N of excreta sample — g N of uric acid in
excreta sample).

Statistical analyses

Data were analysed by ANOVA using the Proc Mixed pro-
cedure of SAS (SAS institute, 9.4). Each cage was considered
an experimental unit and cage location served as the blocking
factor. Each treatment was represented by six replicate cages
with 12 broiler chickens (two broilers per cage). The model
included drying temperature, MC at harvest and the drying
temperature x MC interaction as the fixed effect with block as
the random effect. Body weight of chickens before being
force-fed was used as a covariate. The interaction between
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fixed and random effects was not significant and was
removed from the model. Normality and equal variance of
the error terms in the linear models were checked by inspec-
tion of residual plots. Two outliers were detected using the
univariate procedure of SAS and removed from the data for
starch digestibility of Var II, whereby the outliers were
removed from broilers fed with Var II dried at 125°C and
harvest at 34% and 24.5% of MC. Data are expressed as least
squares means. When interactions were significant
(P < 0.05), the Tukey-Kramer method was used to detect
the differences between individual treatment means. Effects
were considered to be significant when P < 0.05. The
Pearson’s correlations between variables were determined
using the corr procedure of SAS.

Results

Table 1 shows the chemical composition of freeze-dried maize
grains. For similar maturity stages, the harvesting MC of Var
I was 8% higher than Var II at maturity, but 5% lower 48
d later (post-maturity stage). Starch content of Var I increased
during the post-maturation stage, while the starch content of
the Var II decreased at the same time. For both varieties, there
was a slight increase in protein and NDF content between the
first and the second date of harvest while lipid content
decreased between 13% and 17% (Table 1). TKW, gross
energy, ash and ADF didn’t vary according to the harvesting
time. Endosperm hardness did not change for Var I, while
results showed that, even after the emergence of the black
layer, vitreousness of Var II slightly decreased from 83.9%
to 79.3%.

Var I contained more crude protein but less SSP than Var
II. The vitreousness of Var II was higher at maturity but
lower at post-maturity stage than Var I (Table 1).

The chemical composition of dried maize used for animal
experimentation (starch, protein, gross energy and ash) is
shown in Table 2. Maize dried at different temperatures but
from the same batch had approximatively the same compo-
sition. The starch content of dried maize was slightly higher
than that of freeze-dried maize (Table 1) for Var I (4.4%)
harvested at maturity (367 g/kg) and for Var II (3%) har-
vested after maturity (245 g/kg).

The effect of maize harvest MC and drying temperature on
faecal starch digestibility, ADP, OMg, NSOMy and AMEn of

Table 1. Chemical composition of freeze-dried maize grains'-

Var I and II are presented in Tables 3 and 4, respectively. The
MC at harvest did not affect faecal starch digestibility, but
increasing the drying temperature from 54°C to 125°C signifi-
cantly decreased faecal starch digestibility for both maize
varieties. A significant interaction between factors revealed
that, at high MC, the faecal starch digestibility coeflicient for
Var I decreased above 90°C (0.989 vs. 0.973) while its faecal
starch digestibility coefficient was significantly lowered when
processed at 54°C at low MC (0.988 vs. 0.976). For Var II at
high MC, faecal starch digestibility remained constant, but
decreased at low MC (0.992 vs. 0.978) with increasing drying
temperature resulting in a significant interaction.

No significant interactions were observed between MC
and drying temperature for ADP, OMy and NSOMg. ADP,
OMy and NSOMp, were not significantly influenced by initial
MC. However, despite this non-significant effect, high MC at
harvest reduced the ADP of Var II (0.670 vs. 0.643) and
improved its NSOMp (44% vs. 41.9%). Drying temperature
significantly affected ADP, OMy and NSOMy, of Var I. There
was a slight increase in ADP and NSOMy with increasing
drying temperature from 54°C to 90°C, while, at 125°C, ADP
and NSOMy clearly decreased (5.4 points and 6.9 points,
respectively) as did OMy (2.2 points). These effects were
more pronounced at high MC, even if no significant inter-
action was observed. For Var II, no significant changes of
ADP, OMy and NSOMy, were observed. The ADP, OMy and
NSOMy, of Var I were, on average, 5, 1 and 7 points higher
than Var II, respectively.

No significant interactions were observed between drying
temperature and MC for AMEn of both varieties (Tables 3
and 4). Statistically, high MC at harvest (34%) led to better
AMERn (0.38 MJ/kg) for Var II compared with maize harvest at
low MC (Table 4). The AMEn of the Var I was higher at high
MC until 90°C, even if no statistical difference was observed
(Table 3). Drying maize at 125°C significantly reduced the
AMEn by 0.41 and 0.29 MJ/kg for Var I and Var II, respectively.
The decrease in AMEn with increasing drying temperature was
mostly observed above 90°C (Tables 3 and 4). The average
AMERn of Var I was similar to the AMEn of Var IL

In order to assess the relationship between in vivo digest-
ibilities, Pearson’s correlations were performed (Table 5 for
Var I and Table 6 for Var II). The faecal digestibility of
starch, ADP, OMy and NSOMy was positively and signifi-
cantly correlated with AMEn for both varieties assessed.

Var | (Flint-dent maize)

Var Il (Flint maize)

Time of harvest Maturity 48 d after maize maturity Maturity 48 d after maize maturity
Moisture content (g/kg FM?) 367 234 340 245
Starch content (g/kg) 692 719 730 712
Protein content (g/kg) 91.6 94.1 81.9 85.3
SSP? content (EBSA?) 48.7 435 556 54.6
Lipid (g/kg) 54.0 452 529 46.1
NDF° (g/kg) 66.7 70.6 64.2 66.3
ADF® (g/kg) 273 24,5 212 20.6
Ash (g/kg) 16.4 17.8 16.0 15.4
Gross Energy (MJ/kg DM) 19.1 19.1 19.1 19.1
TKW (g/kg) 323 338 329 332
Vitreousness (%) 81.0 81.3 83.9 79.3

'Analyses were performed on duplicate samples except for thousand kernel weight (TKW) performed on triplicate and vitreousness performed on 10

kernels.
2Fresh matter
3salt-soluble protein
“Equivalent bovine serum albumin
®Neutral detergent fibre
SAcid detergent fibre
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Table 2. Chemical composition of fluidised bed dried maize grain used during the animal experimentation-

Variety Moisture content at harvest

Drying temperature Starch (g/kg DM)

Protein (g/kg DM)  Gross Energy (MJ/kg DM)  Ash (g/kg DM)

36.7% 54°C
90°C
125°C
54°C
90°C
125°C
54°C
90°C
125°C
54°C
90°C
125°C

Var | (flint-dent maize)
23.4%
34.0%

Var Il (flint maize)

24.5%

722 929 19.3 16.1
717 94.8 19.2 18.2
728 92.7 19.2 19.5
717 93.9 19.0 17.9
709 95.1 19.2 18.0
716 94.6 19.1 17.2
727 84.3 19.4 16.8
722 84.6 19.5 16.4
725 83.6 19.2 15.6
738 87.1 18.9 18.9
737 87.2 19.0 17.0
728 85.8 19.0 16.4

'Analyses were performed on duplicate samples. Values expressed on a dry matter basis.

A high correlation was found between AMEn and OMjy
(0.956 for Var I and 0.864 for Var II). AMEn was highly
correlated with NSOMpy (0.917 for Var I and 0.714 for Var
II). ADP and NSOMy were highly significantly correlated
with OMg (Tables 5 and 6). Finally, a significant correlation
was observed between ADP and NSOMp, (0.909 and 0.689 for
Var I and II, respectively). Coefficients of correlation in all
cases were higher for Var L.

The Figure shows that the drying temperatures and
initial MC of grains affected the IVDMD of maize vari-
eties and their SSP content in the same way. At high
MC, IVDMD increased almost linearly with increasing
drying temperature, while at lower MC its improvement
was only observed above 90°C. Except for the tempera-
ture of 54°C, higher MC led to a better IVDMD (by 5-7
points). The SSP content of maize harvested at low MC
was higher than maize harvested at high MC (12-14
EBSA), except at 125°C. The SSP content of both vari-
eties harvested at low MC decreased linearly with
increasing drying temperature from 54°C to 125°C
(Figure 1b). At high MC, a non-linear reduction of
SSP was observed with increasing drying temperature
from 54°C to 125°C due to a lower reduction of its
value between 90°C and 125°C.

Discussion

Maize grains were harvested between 34% and 36% MC
when the black layer developed in the grain. According to
Marton et al. (2007), after black layer development, only
water content can progress and MC decreases until it reaches
an equilibrium, which depends on meteorological condi-
tions. The constant TKW observed after black layer appear-
ance showed that this was a reliable tool to assess the
achievement of maximum DM accumulation in maize.
However, there were still some modifications occurring in
the proximate composition of grain, as attested by the slight
variations in starch, protein and SSP during the post-
maturity stage (Table 1). Huart et al. (2018) and Ajayi et al.
(2005) observed that even when assimilates are no longer
being imported into the seeds from the plant, significant
physiological and compositional changes still occur within
the seed. However, it is still not known how these reorgani-
sations occur inside the kernel.

Maize used in Europe are mainly of the flint variety but
proportions of soft and corneous endosperm may vary
according to the variety (Brown et al. 1985). Despite their
supposed dissimilarity of kernel hardness, the vitreousness of
varijeties used in this study was very similar. According to
Gehring et al. (2013), variability is typically low within

Table 3. Effect of drying temperature and moisture content at harvest on faecal starch digestibility coefficient, apparent faecal digestibility coefficient of protein,
organic matter and non-starch organic matter retention and the apparent metabolisable energy corrected for a zero-nitrogen balance of Var | (n = 6)"

Retention
Moisture Drying Faecal digestibility coefficient Apparent faecal digestibility coefficient of om? NSOM? AMEn (MJ/kg
content temperature Starch Protein (%) (%) DM)
36.7% 54°C 0.989% 0.726 86.8 533 16.4
90°C 0.986% 0.738 86.1 52.0 16.2
125°C 0.973° 0.652 83.4 435 15.8
23.4% 54°C 0.988% 0.701 85.6 49.8 16.0
90°C 0.976° 0.734 854 539 16.1
125°C 0.978° 0.711 84.5 48.7 15.8
SEM 0.0023 0.0201 0.78 2.62 0.14
Main effects
Moisture content
36.7% 0.983 0.705 85.4 49.6 16.1
23.4% 0.981 0.715 85.2 50.8 16.0
Drying temperature
54°C 0.989 0.713° 86.2° 51.6° 16.2°
90°C 0.981 0.736% 85.8° 53.0° 16.2°
125°C 0976 0.682° 840°  46.1° 15.8°
P-value
Moisture content 0.205 0.550 0.664 0.599 0.146
Drying temperature <0.001 0.042 0.012 0.036 0.011
Interaction 0.010 0.125 0.348 0.285 0.254

Means with different letters within each column are significantly different (P < 0.05).
"Values are least square means of six replicate cages of two broiler chickens per cage.

2Organic matter
3Non-starch organic matter.
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Table 4. Effect of drying temperature and moisture content at harvest on faecal starch digestibility coefficient, apparent faecal digestibility coefficient of protein,

organic matter and non-starch organic matter retention and the apparent metabolisable energy corrected for a zero-nitrogen balance of Var Il (n = 6)

1.

Retention
Moisture Drying Faecal digestibility coefficient Apparent faecal digestibility coefficient of om? NSOM* AMEn (MJ/kg
content temperature Starch Protein (%) (%) DM)
34% 54°C 0.985% 0.651 84.2 43.6 16.2
90°C 0.986*° 0.640 83.7 427 16.4
125°C 0.987%° 0.637 84.1 455 16.0
24.5% 54°C 0.992° 0.659 84.7 40.7 15.9
90°C 0.982° 0.678 84.3 42.8 159
125°C 0.978 ¢ 0.673 83.1 423 15.7
SEM 0.0022 0.0218 0.64 2.14 0.11
Main effects
Moisture content
34% 0.986 0.643 84.0 440 16.2
24.5% 0.984 0.670 84.1 419 15.8
Drying temperature
54°C 0.989 0.655 84.5 42.2 16.1%°
90°C 0.984 0.659 84.0 428 16.1°
125°C 0.983 0.655 83.6 439 15.8°
P-value
Moisture content 0.287 0.145 0.935 0.266 0.001
Drying temperature 0.047 0.976 0.409 0.732 0.045
Interaction 0.009 0.750 0.388 0.709 0.777

Means with different letters within each column are significantly different (P < 0.05).
"Values are least square means of six replicate cages of two broiler chickens per cage.
?Least square means of maize dried at 125°C and harvest at 24.5% and 34% are values measured based on 5 replicate cages (n = 5) because of the two outliers that

were removed.
30Organic matter.
“Non-starch organic matter.

Table 5. Pearson’s correlation between in vivo digestibilities observed of Var I.

Faecal digestibility coefficient of

Apparent faecal digestibility coefficient of Retention of

Var | AMEn starch protein om’
Faecal digestibility coefficient of starch 0.557*%
Apparent faecal digestibility coefficient of ~ 0.817*** 0.255
protein
Retention of OM 0.973*** 0.556** 0.855%**
Retention of NSOM? 0.917%** 0.320 0.909%*** 0.956***

*, significant (0.01 < P < 0.05);**, highly significant (0.001 < P < 0.01);***, very highly significant (P < 0.001).

'Organic matter.
Non-starch organic matter.

Table 6. Pearson’s correlation between in vivo digestibilities observed of Var II.

Faecal digestibility coefficient of

Apparent faecal digestibility coefficient of Retention of

Var Il AMEn starch protein om’
Faecal digestibility coefficient of starch 0.419*
Apparent faecal digestibility coefficient of 0.346* —-0.126
protein
Retention of OM 0.783*** 0.367* 0.628***
Retention of NSOM? 0.714%** —-0.103 0.689%*** 0.864***

*, significant (0.01 < P < 0.05);**, highly significant (0.001 < P < 0.01);***, very highly significant (P < 0.001).

'Organic matter.
Non-starch organic matter.

a country or region, due to a favoured type of endosperm.
However, the hand dissection method used in this study may
have led to approximations, because the separation of the
floury and corneous endosperm was subjectively conducted
by the experimenter. The standard deviation of vitreousness
reached 5% (data not shown).

To assess the effect of the drying process on maize, this
study used grains dried at different temperatures using vary-
ing times to reach 15% moisture content. Even if the dura-
tion of drying may affect the economical aspect of this
process, it was assumed that the duration of drying did not
significantly affect the AME in broiler chickens, since this

factor did not significantly modify the digestibility or the
structural characteristics of maize grain components (e.g.
proteins and starch).

Indeed, during drying, the effect of temperature was sig-
nificant only at the beginning of the process, when grain still
contained enough moisture. Malumba et al. (2010) demon-
strated that the differences observed were mainly due to the
effect of temperature and humidity in the early stages of the
process. When the moisture content of corn was kept constant
(HMT) below 15%, no perceptible change was observed on
starch granules structure, even for higher heat treatment. Odjo
et al. (2012) reported that a long time was needed to decrease
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Figure 1. Impact of the drying temperature on in vitro dry matter digestibility (IVDMD) (a) and salt-soluble protein (SSP) content (b) of maize grain.

EBSA = equivalent bovine serum albumin.

the moisture content of corn grain when low-temperature
drying was applied, which did not significantly affect the
corn grain in vitro digestibility or protein solubility.

Tube-feeding broilers were employed in this study in order
to assess the effect of the drying process on maize digestion.
Moreover, Huart et al. (2018) showed that particle size dis-
tribution after milling was affected by the drying process
applied to maize grain, which can affect broiler behaviour
and, consequently, the composition of ingested feed in mash
diet. For scientific investigation purposes, tube-feeding would
allow evaluation of the effects of drying on maize nutrient
value, without the influence of feed selectivity (Huart et al.
2018). Similar tube-feeding techniques were recently used in
other studies to assess the nutritional value of feedstuffs
(Aardsma et al. 2017; Corray et al. 2018; Munoz et al. 2018).

According to Cowieson (2005), the metabolisable energy of
the maize can vary by more than 2.09 MJ/kg which could affect
growth performance in broilers. The assumption made in the
current study was that drying temperature and MC could
account for a huge part of this variation. The results showed
that maize AMEn was significantly decreased at 125°C (0.29--
0.41 MJ/kg DM) without any significant interaction of drying
temperature and initial MC. Kaczmarek et al. (2013) observed
that the AMEn of a maize-based diet was reduced by 0.41 M]/
kg when temperatures increased from 60°C to 140°C. Métayer
et al. (2009) showed that increasing drying temperature from
80°C to 140°C decreased the AMEn by 0.33 MJ/kg DM.

The chemical composition of dried maize grain (Table 2)
and freeze-dried maize (Table 1) were the same, suggesting
that the drying process did not affect its composition. This
was in agreement with results of Barrier-Guillot et al. (1993)
and Métayer et al. (2009). The variation observed in maize
nutritional value only resulted from the effect of the drying
process on the digestibility of maize components. The AMEn
of maize grain is influenced by the physiological processes
that occur in the whole digestive tract according to the
activity of digestive enzymes and the microbiota. Thus, in
order to understand the variation in maize metabolisable
energy, this study focussed on the total tract instead of ileal
digestibility of maize components.

As expected, the correlation between AMEn and OMy was
very high (R70.973 for Var I and 0.783 for Var II). Since the
organic matter of maize is mainly composed of starch, it was
supposed that variation in AMEn was mostly explained by
starch digestibility. However, the correlation between faecal
starch digestibility and AMEn was low (R = 0.557 and 0.419
for Var I and IJ, respectively). A significant interaction between
factors was observed, which suggested that the decrease in starch
digestibility coefficient with increasing drying temperature may
be modulated differently according to the MC at harvest.
However, starch digestibility was high (98%) with low variation
due to drying temperature and moisture content, which was in
agreement with the study of Barrier-Guillot et al. (1993) on tube-
fed broilers, and with studies by Huart et al. (2018) based on ad
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libitum consumption. It is likely that most digestion occurred in
the small intestine because the ileal and total digestibilities of
starch from a maize-based diet were found to be very similar in
a previous experiment (Huart et al. 2018). The low effect of
factors on the starch digestibility was probably due to the high
capacity of broilers to digest this material. In the current experi-
ment, the maize was very finely ground, which probably facili-
tated its digestion. However, Jacobs et al. (2010) demonstrated
that the particle size of maize had no consistent effects on
metabolisable energy and amino-acid digestibility in broilers at
21 d of age. It is known that, with coarser particles, the grinding
activity of the gizzard reduces the size of the feed particles and
most of them, on entering the duodenum, are smaller than
100 um (Svihus et al. 1997; Hetland et al. 2002), facilitating
better contact with alpha-amylase. In the current study, maize
grains were ground to pass through a 500 pm sieve, which was
much larger than the potential gizzard reduction of particle
recorded in previous studies. Moreover, amylase activity in the
jejunum content of broiler chickens is three times higher than in
pigs (Svihus 2014). These conditions allow a rapid and efficient
digestion of maize starch in the intestine, even if transit time of
particles rich in starch is very short (Svihus 2014). So, despite the
significant effect of drying temperature, it can be concluded that
differences in the faecal starch digestibility coefficient observed
in this study were of little significance for broiler chickens.

The origin of AMEn losses at high drying temperatures
seemed to be linked to other maize constituents (non-starch
organic matter), as seen in the high correlation between them
(Tables 5 and 6). This was confirmed by the high correlation
between NSOM, and OMy, (Tables 5 and 6). It was supposed
that protein, which is the second most important nutrient
fraction in maize, significantly contributed to the decrease in
AMEn. Indeed, it is well known that high drying temperature
affects protein digestibility (Wall et al. 1975; Odjo et al. 2012;
Peplinski et al. 1994; Malumba et al. 2015). A high correla-
tion between NSOMpy and ADP (Tables 5 and 6) provided
evidence to support this. It was found that increasing drying
temperature significantly decreased the ADP and NSOMp, of
Var I, which was consistent with previous studies. Carvalho
et al. (2009) found a decrease in true digestibility of lysine,
methionine, threonine and tryptophan when increasing dry-
ing temperature from 80°C to 120°C. Kaczmarek et al. (2013)
observed that the ileal protein digestibility of soft corn, with
an initial MC of 36%, decreased by 4.8 points when increas-
ing drying temperature from 60°C to 140°C. This reduction
was associated with protein insolubilisation and disulphide
bond formation. The absence of any significant effect of
drying temperature on ADP of Var II suggested that this
was less susceptible to heat damage than the protein of Var
I. The extent of AMEn reduction with increasing drying
temperature was lower and led less correlation between
ADP and AMEn compared to Var I. Kaczmarek et al.
(2013) concluded that the harder the endosperm, the less
susceptible grain was to heat damage. The variation in pro-
tein digestibility observed in the present study may be
a consequence of a more favourable kernel structure or
a faster decrease in MC that limited protein denaturation,
as postulated by Odjo et al. (2018).

The AMEn of the maize was less for low harvest MC
(Tables 3 and 4; 0.38 MJ/kg for Var II and 0.17 MJ/kg for
Var I). These results showed that modifications inside grains
after maize maturity are likely to affect their AMEn. The
increase in zein and glutelin during grain development

(Bressani and Conde 1961) may result in poor post-
maturation maize protein quality since zein is low in lysine,
the first limiting amino acid for animal growth. Moreover,
glutelin which is a main constituent of the protein matrix
(Christianson et al. 1969) surrounding starch granules,
increases with maturity (Xu et al. 2010). The association
between these components may have consequences on
enzyme accessibility to starch granules. It is possible that
the slight decrease in lipid content and the increase in NDF
content observed in the current study (Table 1) yielded less
metabolisable energy for broilers. According to current
knowledge, there are no publications that have aimed at
assessing the variation in maize components and their inter-
actions after maize maturity, despite possible reorganisation
reported in the literature (Ajayi et al. 2005; Huart et al. 2018).
Further studies are needed to give more information in order
to understand the loss of AMEn during the desiccation stage
observed, and the implication with regard to maize nutrient
digestibility and the growth of broiler chickens. Despite the
absence of any significant effect of initial MC, the more
pronounced decrease in ADP at high MC for Var
I indicated that this may be due to heat-induced protein
denaturation, as demonstrated by Rivera et al. (1978) and
Gausman et al. (1952).

The lower ADP of Var II (5-6 points) compared with Var
I possibly resulted from lower protein content in Var II
(Table 1), making endogenous losses proportionally more
significant compared to protein from excreta. It was possible
that variations in kernel composition (e.g. protein, amylose)
or structure affected the level of endogenous losses. However,
these differences may have arisen from variation in protein
digestibility, according to the maize vitreousness. Such
adverse effects have been observed in ruminants (Corona
et al. 2006) while its effect remains unclear in poultry.
Kaczmarek et al. (2013) observed that the ileal protein digest-
ibility in diets formulated with soft maize was higher than
that formulated with hard maize. These differences are likely
to affect broilers growth performance especially in the
grower phase, when maize is the main ingredient of the
diet (Kaczmarek et al. 2013).

It has been demonstrated that in order to maintain corn
with high nutritional value, drying at low temperature (<90°
C) is needed. However, such drying conditions greatly
increase the processing time and, consequently, cost. The
time required for processing was more than two times higher
at 90°C and more than six times higher at 54°C compared
with a drying at 125°C. It may be postulated that a similar
trend could be observed in a drying tower usually used for
corn drying. Further studies need to be carried out to deter-
mine the optimal time of processing to maintain high corn
nutritional value and avoid excessive costs.

Since there is not a systematic assessment of nutritional
potential of corn batches because of the lack of good pre-
dictors of maize nutritional value for broilers nutrition, feed
formulations are based on standard AMEn values, which
may result in over or underestimation of dietary energy,
which may subsequently affect broiler growth performance.
In this context, Tervildi-Wilo et al. (1996) developed an
in vitro protocol to mimic digestive process in broilers.
More recently, a determination of SSP solubility was pro-
posed to assess the nutritional value of dried maize for
poultry by several authors (Métayer et al. 2009; Gehring
et al. 2013). These variables were measured on dried maize



grain to assess their predictive potential of maize metaboli-
sable energy.

The IVDMD of maize grain increased with drying tempera-
ture, especially for grains harvested at high MC (Figure 1la).
Odjo et al. (2018) showed that the increase in DM digestibility
was due to the increase in starch digestibility at high drying
temperatures, even if protein digestibility was depressed under
the same conditions. This led to a poor relationship with AMEn
(R* = 0.088). The in vitro protocol used in the current study was
a poor estimator of the in vivo digestibility of dried maize for
broilers. Factors that may affect the response of in vitro diges-
tion protocols and its correlation with animal response include
digestion time, temperature, pH, enzyme activity, the nature of
the digestive enzymes used or environmental hydrodynamics,
as demonstrated by Huart et al. (2020), as well as the form of
presentation of ingredients, including their particle size, struc-
ture and complexity.

The second predictive variable measured in dried maize
grain was SSP (Figure 1b). A linear decrease in SSP content
with increasing drying temperature from 54°C to 125°C was
observed, while the decrease in AMEn was initiated beyond
90°C for both varieties. This was consistent with the decrease
in SSP content reported by Wall et al. (1975) within the same
range of temperatures. High temperature causes aggregation
and insolubilisation of albumin (Peplinski et al. 1994). Wall
et al. (1975) showed that the formation of new intermolecu-
lar disulphides bonds causes insolubilisation of SSP.
Moreover, high initial MC improved AMEn while, under
these conditions, SSP content was lower, as observed by
Odjo et al. (2012) and Malumba et al. (2008). This resulted
in a poor relationship between the AMEn of the maize and its
SSP content (R* = 0.090).

While in vivo experimentation showed that protein degra-
dation during the drying process probably reduced maize
nutritive value, SSP content failed to predict the AMEn value.
It is believed that SSP content is not representative of the
nutritional losses of maize grain during drying because SSP
represents only a small fraction of total maize protein with
a particular amino-acid profile. Indeed, SSP is composed of
albumin and globulin and represent only 17% of the total
protein (Malumba et al. 2008) and are mainly localised in the
maize germ (Wall and Paulis 1978). The main proteins of the
maize are zein and glutelin found in the endosperm (Wall
and Paulis 1978). The high concentration of lysine in SSP
differs from the other maize proteins. Rivera et al. (1978)
showed that lysine was more susceptible than all other amino
acids to heat degradation. Among protein, albumin was the
most readily heat-denatured protein according to Malumba
et al. (2008). The different amino-acid profile and location of
SSP make them more susceptible to drying temperature
compared with whole maize protein.

Conclusions

In conclusion, this study showed that the MC at harvest and
the drying temperature affected the AMEn of the maize
grain. For both varieties, harvesting maize just after the
appearance of the black layer, at high MC, and limiting
drying temperature to a maximum of 90°C could improve
AMEDn of maize grain by 0.65 MJ/kg DM, which could have
some beneficial effect for broiler performance. The decrease
in AMEn at high drying temperatures was mainly attributed
to the degradation of NSOM, while faecal starch digestibility
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only varied slightly and remained very high (0.97-0.98).
Unfortunately, this treatment will increase time and proces-
sing costs and the economic sustainability of this model
needs to be evaluated in further studies. Finally, the in vitro
dry matter digestibility and SSP content did not allow the
prediction of energy content from dried maize for broilers.
Further research is needed to confirm these results using
samples varying widely in origin and to determine protocols
that can adequately predict maize nutritional value. Such
a protocol will ensure optimal feed formulation and prevent
poor broiler performance, as the nutritional quality of maize
can vary from batch to batch.
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