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ABSTRACT:  Silages from four amaranth var-
ieties (A5, A12, A14, and A28) were compared 
with corn silage (CS) in terms of  their yield, 
chemical composition, phenolic compounds, 
oxalic acid and nitrate levels, silage fermenta-
tion characteristics, in vitro methane produc-
tion, organic matter disappearance (OMD), 
microbial crude protein (MCP), ruminal am-
monia (NH3-N), pH, volatile fatty acids, cellulo-
lytic bacteria numbers, protozoa counts, and in 
situ dry matter (DM) and crude protein (CP) 
degradability were determined. Forages were 
harvested 93 d after planting, chopped, and en-
siled in plastic buckets for 60 d. The study was 
based on a randomized complete block design, 
and data were analyzed using SAS, general 
linear model (GLM) procedure for normal dis-
tribution. Compared with CS, amaranth silages 
(AMS) had lower ash-free neutral detergent 

fiber nitrate, OMD (P  <  0.001), phosphorus 
(P  =  0.003), and metabolizable energy (ME) 
(P = 0.043) but higher (P < 0.001) CP, calcium, 
non-fiber carbohydrates (NFC), acid detergent 
lignin, ether extract, ash, total phenolics, pH, 
NH3-N concentration, MCP, digestible unde-
gradable protein (DUP), and metabolizable pro-
tein (MP). Fresh, OM, OMD, ME (P < 0.001), 
and DM (P  =  0.032) yields of  AMS from dif-
ferent varieties were higher than CS, with the 
exception of  A5. Overall, amaranth made good 
quality silage, with some variation, and A28 
had the highest yield and nutritional value (CP, 
NFC, MCP, DUP, and MP). The yield, CP con-
centration, and nutritional value of  A28 silage 
were higher than CS. Although these in vitro re-
sults are promising, they also need to be valid-
ated with future in vivo research.
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INTRODUCTION

Many amaranth varieties have been intro-
duced into the Middle Eastern region, but their 
acclimation and the evaluation of their agronomic 

and nutritional values in the peculiar agroecolo-
gies of the region are unknown (Akin-Idowu 
et al., 2016). Amaranth has a lower water require-
ment than corn (Ofitserov, 2001) and can yield up 
to 85 t fresh weight/ha (Abbasi et al., 2012) with 
a higher crude protein (CP) (122 vs. 77 g/kg dry 
matter [DM]) and a lower acid detergent lignin 
(ADL) (35 vs. 45 g/kg DM; Rezaei et al., 2015). 
The CP in most forages is predominantly rumen 

mailto:rozbeh_y@modares.ac.ir?subject=
http://orcid.org/0000-0001-6818-4465
http://creativecommons.org/licenses/by/4.0/


2 Shadi et al.

Translate basic science to industry innovation

degradable protein (RDP). However, Lotfi et  al. 
(2018) showed that amaranth silages (AMS) had 
higher CP levels than corn silage (CS) and particu-
larly more digestible undegradable protein (DUP). 
The DUP is available in the lower gut and is more ef-
ficiently used in post-ruminal digestion (Van Soest, 
1994). Increasing DUP in heifer diets improved 
feed efficiency and live weight gain (Tomlinson 
et al., 1997) and dairy cow milk yield (Vagnoni and 
Broderick, 1997). Low protein solubility feeds with 
high levels of RUP were reported to result in lower 
methane production compared with high protein 
solubility feeds, that is, fermentation of rumen pro-
tein resulting in methane production (Preston et al., 
2013; Ho Quang Do et al., 2013).

Genotypes of Amaranthus are characterized 
by fast growth after germination (Pisarikova et al., 
2006), early maturity, water requirement (Kauffman 
and Weber, 1990), and high nutritive value of AMS 
as a ruminant feed (Rezaei et al., 2009). This has led 
to its use as a substitute for corn, especially in arid 
regions (Rezaei et  al., 2015). Replacing CS with 
AMS had a similar effect on Holstein dairy cow 
performance (Rezaei et al., 2015) and improved the 
growth rate of lambs (Rezaei et al., 2014). Hence, 
testing different varieties of AMS to select the best 
of them is desirable. Therefore, in this study, four 
new varieties of amaranth considered suitable for 
silage production in semi-arid zones were chosen 
and their silage characteristics, including yield, 
chemical composition, antinutrient levels, silage 
fermentation characteristics, in vitro digestibility, 
and in situ DM and CP degradability, were com-
pared with those of CS.

MATERIALS AND METHODS

The Guide for the Care and Use of Agricultural 
Animals in Research and Teaching (FASS, 2010) was 
followed for housing, feeding, transport, proper and 
humane care and use of animals, veterinary care, 
occupational health and safety, program manage-
ment, and procedures. The Committee of Animal 
Science of Tarbiat Modares University (Iran) ap-
proved the experimental protocols.

Forage and Silage Preparation and 
Sampling Method

Corn (Zea mays, var. hybrid SC 704; Seed and 
Plant Research Improvement Institute, Karaj, Iran) 
and four amaranth varieties (A5, A12, A14, and 
A28) provided by S.-E Jacobsen (Quinoa Quality 
ApS, Teglværksvej 10, DK-4420 Regstrup, CVR 

40610588). According to the agronomic performance 
of these varieties, they were selected by S.-E. Jacobsen, 
who is a member of the European project entitled 
PROTIEN2FOOD and working on amaranth and 
Quinoa plants, which ended in February 2020. The 
cultivated species of amaranth (Amaranthus sp.) ori-
ginated from Latin America and belong to the species 
such as Amaranthus hypochondriacus, A.  caudatus, 
and A. cruentus. The corn and four amaranth varieties 
were grown near the city of Nishapur (Khorasan-e 
Razavi Province, Iran) at 1,250 m above sea level, 
with an average yearly (2017) rainfall of 250 mm and 
an average temperature of 20  °C in a soil charac-
terized as soft loam. A randomized complete block 
design with four replicates (four plots of 25 m2 each 
per treatment) was used in the field study. The for-
ages were sown on April 30 (2017). Amaranth culti-
vation was initially conducted in special culture trays 
(industry standard) with a coconut coir bed and then 
planted out when the plants reached 10 cm height (in-
dustry standard). The corn was sown with a four-row 
precision drill (Tarashkadeh Co., Karaj, Iran). All 
plants were spaced in 50-cm rows. There was daily 
irrigation of amaranth plants growing in coco coir 
beds and every 2 d during the vegetative period in the 
field plots in the form of droplets with special drip 
irrigation strips (20 cm hole spacing, bar type). The 
mean total water volumes applied to the amaranths 
and corn were 250 and 350 mm (i.e., 2,500 and 3,500 
m3/ha), respectively. Ninety-three days after planting, 
the forages were harvested leaving a 10-cm stubble, 
and the corn was harvested at the milk stage of its 
kernels (growth stage BBCH-75; Lancashire et  al., 
1991). The forages were chopped into approximately 
2-cm length cut. Homogeneous mixtures of each of 
the five treatments were packed tightly into 20-liters 
plastic barrels, and excess air was removed before the 
barrels were vacuumed to remove excess air before 
sealing to maintain the anaerobic environment. The 
barrels were ensiled for 60 d (one for each plot), and 
individual samples weighing 3 kg were taken before 
(i.e., fresh samples were taken per silo) and after ensil-
ing for later analyses.

For measuring silage pH, 50  g of fresh silage 
was blended with 125  mL of distilled water and 
allowed to stand at room temperature for 1  h 
(Faithfull, 2002). After decanting the silage extract 
into a small beaker, the pH was measured using a 
digital pH meter (Sartorius PT-10; Germany). Two 
milliliters of juice from the silages were pipetted 
into centrifuge tubes containing 0.2  mL of acid 
(25% meta-phosphoric acid and 2-ethyl butyric 
acid 2  g/L as the internal standard), then centri-
fuged at 10,000 × g for 10 min at 4  °C (Galyean, 
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1997). Volatile fatty acids in the supernatant were 
quantified using gas chromatography (UNICAM 
4600; SB Analytical, Cambridge, UK) with a flame 
ionization detector (FID; 250  °C), split-injection 
port (1.0 μL injection), capillary column (Agilent 
J & W HP-FFAP, 10 m by 0.535 mm by 1.00 μm, 
19095F-121; Agilent, CA), and helium as the car-
rier gas (column head pressure of 10 psi). To deter-
mine NH3-N, an extract was obtained by squeezing 
the silage material, filtered using Whatman 54 filter 
paper, then a 9  mL of aliquot was taken, mixed 
with 1 mL of 7.2 N H2SO4, and stored at −20 °C. 
After thawing, the silage extracts were analyzed 
for NH3-N using a phenol-hypochlorite assay 
(Galyean, 1997).

Chemical Analyses

Weighed samples were dried at 60 °C for 48 h 
period to determine DM concentration, ground 
to 1-mm sieve (Wiley mill; Thomas Scientific, 
Gloucester, NJ) and analyzed for organic matter 
(OM) (method 924.05), CP (method 984.13), ether 
extract (EE; method 954.02), ash-free acid deter-
gent fiber (ADFom), and ADL (method 973.18) 
by AOAC (1998) procedures. Ash-free neutral 
detergent fiber (NDFom) was determined by 
Mertens (2002) method. The determination of 
water-soluble carbohydrates (WSC) concentration 
was carried out using the anthrone reaction assay, 
and absorbance of  the extract was measured by 
a spectrophotometer (MAFF, 1986). The color-
imetry was used to measure nitrate (Singh, 1988). 
The levels of  oxalic acid were measured using a 
spectrophotometer after extracting the total ox-
alate from 1 g of  ground sample with 50 mL 2 M 
HCl at 80 °C for 15 min (Savage et al., 2000). The 
Folin–Ciocalteau method (Makkar, 2000) was 
used to measure total (TP) and non-tannin pheno-
lics (NTP). The difference between TP and NTP 
gives the amount of  total tannins (TT) with tannic 
acid (Merck GmbH, Darmstadt, Germany) used 
as the standard.

In Vitro Gas Production and Related Variables

In vitro gas production (GP) was carried out for 
24 h (Menke et al., 1979) to assess treatment GP and 
fermentation variables (pH, NH3-N, lactate, vola-
tile fatty acids, cellulolytic bacteria and protozoa 
numbers, and methane). A probe used for ruminal 
fluid collection from the rumen of three fistulated 
adult Shall sheep before the morning feeding. The 
sheep’s diet contained 10%, 15%, 40%, 14%, 15%, 

5%, and 1% of AMS, CS, alfalfa hay, wheat bran, 
rolled barley, soybean meal, and a vitamin–mineral 
mix, respectively (on a DM basis). Sheep feeding 
times were 0700 and 1900 h, and they had free ac-
cess to water. After filtering through cheesecloth 
(four layers), the rumen fluid was mixed with an 
anaerobic mineral buffer (1:2, v/v) in CO2-flushed 
thermos flasks warmed to 39 °C and stirred under 
CO2 until use (Menke et  al., 1979). Each silage 
sample of 200  mg was incubated for 24 hours at 
39  °C in a prewarmed 100-mL glass syringe con-
taining 30 mL of rumen fluid and buffer (1:2, v/v). 
One hundred and sixty-six syringes (five treatments 
× four blocks [replicates] × two individual samples 
per block [replicate] × two syringes per sample × 
two runs, with three blanks in each run) were used 
in total. After 24  h, the volume of gas (GP) was 
measured, and the disappearance of OM (OMD) 
and metabolizable energy (ME) were estimated as 
follows (Menke et al., 1979): 

OMD (g/kg) = 148.8 + (8.893 × GP24) + (0.448 × CP)
+ (0.651 × XA)

ME (MJ/kg DM) = 2.20 + (0.1357 × GP24)
+ (0.0057 × CP)
+

(
0.00002859 × CP2

)

In the above equations, OMD is the disappear-
ance of OM, GP24 is net gas produced over 24  h 
(mL/200  mg DM), CP is crude protein in g/
kg DM, XA is ash in g/kg DM, and ME is the 
metabolizable energy.

Truly degraded substrate (TDS), partitioning 
factor after 24 h (PF24), and microbial CP (MCP) 
of the treatments were measured by taking the 
contents of eight syringes per treatment from 
each run (four blocks × two individual samples × 
one syringe per sample), removing soluble prod-
ucts using a neutral detergent solution (Van Soest 
et  al., 1991) and then weighing the undissolved 
feedstuffs in crucibles, after washing and drying 
at 60  °C for 48  h. Loss in weight after drying 
was the measure of TDS (mg/g DM; Blümmel 
et  al., 1997). The PF24 (to estimate the efficiency 
of fermentation) was derived from the equation: 
PF24 (mg/mL) = TDS (mg) /GP24 (mL), where 
PF24 is the partitioning factor after 24 h (mg sub-
strate truly degraded in vitro/mL gas) and GP24 
is gas produced after 24 h (Blümmel et al., 1997). 
The MCP (mg/g DM) was derived from the equa-
tion: TDS (mg) − (mL GP24 × 2.2 mg/mL), the 
2.2 mg/mL being a stoichiometric factor expressing 
mg of carbon, hydrogen, and oxygen required for 
the short-chain fatty acids–gas complex production 
needed for 1 mL of GP (Blümmel et al., 1997).
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Eight syringes per treatment per run (four 
blocks × two samples × one syringe per sample) 
were used to determine in vitro pH, volatile fatty 
acids (VFA), NH3-N, cellulolytic bacteria, and 
protozoa numbers. After 24 h, the pH of the syr-
inge contents was measured with a digital pH meter 
(Sartorius PT-10, Germany). A strained sample of 
2.5 mL was mixed with 0.5 mL of 0.2 N HCl and 
analyzed for NH3-N using the phenol-hypochlorite 
assay (Galyean, 1997). For analysis of VFAs, 2 mL 
of supernatants was preserved, at –20  °C, with 
0.5 mL of an acid solution containing 20% ortho-
phosphoric acid and 20  mM 2-ethylbutyric acid. 
Total VFAs were measured by gas–liquid chroma-
tography using ethyl-butyric acid as the internal 
standard. Counting total and subfamily numbers 
of protozoa from syringe contents was done using 
the method of Dehority (2003); 5  mL of syringe 
contents, which was strained through three layers 
of cheesecloth into a CO2-filled sterilized bottle 
(39  °C), was used to enumerate the cellulolytic 
bacteria population. The anaerobic techniques of 
Hungate (1966) as modified by Bryant (1972) were 
used to prepare anaerobic culture media. Hungate 
tubes with anaerobic media and Whatman number 
1 filter paper, as the carbohydrate source, were 
made. Strained rumen fluid was serially diluted and 
added to the tubes that were incubated at 39 °C for 
21 d.

Methane produced in the syringes was deter-
mined using the method of Anele et al. (2011). The 
total GP24 from each syringe was measured, then 
4 mL of 10 M NaOH was added to each syringe 
to absorb CO2, and then the remaining gas volume 
was recorded as CH4.

The GP kinetics of the treatments were evalu-
ated using a 96-h in vitro GP. Gas volumes were 
measured at 2, 4, 6, 8, 10, 12, 16, 24, 48, 72, and 
96 h. Kinetic parameters were estimated using the 
exponential model described by Blümmel et  al. 
(2003), y = B(1 e−ct), where y is the volume of 
gas at time t, B is the asymptotic value of GP 
(mL/200 mg DM), and c is the first-order fractional 
constant rate of GP (/h).

In Situ Degradability of DM and CP

The degradability of DM and CP of the samples 
was calculated according to the nylon bag method, 
pre-weighed bags were placed in the rumens of 
four fistulated male Shal sheep of 62 ± 2.1 kg live 
weight (AFRC, 1992). The sheep’s diet contained 
10%, 15%, 40%, 14%, 15%, 5%, and 1% of AMS, 
CS, alfalfa hay, wheat bran, rolled barley, soybean 

meal, and a vitamin–mineral mix, respectively (on 
a DM basis), fed twice daily at 0700 and 1900 h as 
a total mixed ration, and with 24 h access to water. 
The bag size was 21 × 10  cm with a pore size of 
45  µm (Bucksburn, Aberdeen, UK). Dried silage 
samples were ground to 4-mm sieve in a Cyclotec 
TM 1093 Sample Mill (Foss Companies, Hillerød, 
Denmark). Samples of 5-g DM were placed into 
bags and incubated for 2, 4, 8, 12, 24, 48, 72, and 
96 h. One bag per sample per sheep for each time 
was used. Following incubation time, bags were re-
moved by hand and rinsed under tap water, washed 
in a washing machine (Hoover OPHS 612; London, 
UK) using cold water for 1 h, and then dried in a 
55 °C oven for 48 h. Time zero degradability was 
measured by cold water machine washing three 
extra bags per sample for 1  h. Bags and contents 
were weighed to estimate degraded DM. The per-
centage of ruminal degradability (Y) at time (t) was 
obtained from an exponential curve of the type 
Y = a + b (1 ect), which was fitted to the experi-
mental data by iterative regression analysis (Ørskov 
and McDonald, 1979). In this equation, e is the 
base of natural logarithms, the constant a repre-
sents the soluble and very rapidly degradable frac-
tion, and b represents the insoluble but potentially 
degradable fraction, which degrades at a constant 
fractional rate (c) per unit time. Effective DM de-
gradability (ED) in the silages was then estimated 
(Ørskov and McDonald, 1979) as:

ED = (a + b × c)/ (c + k), in which ED is 
the effective DM degradability; constant a is the 
soluble and very rapidly degradable fraction; b is 
the insoluble but potentially degradable fraction, 
which degrades at a constant fractional rate (c) per 
unit time; and k is the fractional outflow rate of 
small particles from the rumen. An assumed value 
of  k = 2%/h was used, which is an average value 
for sheep given a mixed diet at a very low level of 
feeding, equivalent to approximate maintenance 
(Alderman et al., 1993). CP from bag residues was 
measured using the method No. 988.05 of  AOAC 
(1998). The ruminal degradability percentage (Y) 
of  DM and CP at time (t) was taken from an ex-
ponential curve where Y = A + B (1 − e−Ct

),  
which fitted the experimental data using itera-
tive regression analysis (Ørskov and McDonald, 
1979). The ED of  DM and CP was then es-
timated (Ørskov and McDonald, 1979) as 
ED (%) = (A + B × C) / (C + k). In these 
equations, “e” is the base of  natural logarithms, “A” 
is the soluble and very rapidly degradable fraction, 
and “B” represents the insoluble but potentially 
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degradable CP fraction, which degrades at a con-
stant fractional rate (c) per unit time (t), ED is the 
effective degradability, and “k” refers to the frac-
tional outflow rate from the rumen. An accepted 
value for “k” was 0.02 fraction/h (Alderman et al., 
1993). Effective RDP (ERDP), DUP, and metab-
olizable protein (MP) levels were calculated from 
equations recommended by AFRC (1992).

Statistical Analysis

Data on the yield, chemical composition, and 
silage fermentation characteristics were analyzed 
using the GLM procedure of SAS (SAS Inst. Inc., 
Cary, NC) in a randomized complete block design 
with the fixed effect of treatment. The model was 
Yijk = µ+ Ti + Bj + eij + eijk, where Yijk is ob-
servation, μ is general mean, Ti is treatment effect, 
Bj is block effect, eij is experimental error, and eijk is 
sampling error.

A split-plot in a randomized complete block 
design (including the effects of treatment, block 
[replicate], sample per block, and run) was used for 
analyzing the in vitro GP data, where treatment was 
considered as the main plot and run as the subplot. 
The analysis was performed based on the model 
Yijkl = µ+ Ti + Bj + eij + Rk + (TR)ik + eijk + eijkl 
In this model, Yijkl, µ, Ti, Bj, eij, Rk , (TR)ik, eijk, and 
eijkl are observation, general mean, treatment effect, 
block effect, treatment × block (main plot error), 
run effect, treatment × run, treatment × block × run 
(split-plot error), and treatment × block × run  × 
sample (sampling error), respectively.

Prior to ANOVA, residual normality for data 
was tested using Proc UNIVARIATE. Multiple 
comparisons among the means were performed 
with the Tukey’s multiple range test. Statistical sig-
nificance was defined by P-values ≤ 0.05.

RESULTS

Yield and Chemical Composition

The yield of the forages before and after ensil-
ing is presented in Table 1. When comparing yields 
per hectare of pre-ensiled corn and amaranth var-
ieties, it was found that A28 had the highest fresh 
weight (P  <  0.001), DM (P  =  0.032), OMD, CP, 
and MP (P < 0.001).

Freshly harvested corn had higher (P  <  0.001) 
NDFom, ADFom, WSC, and phosphorus concentra-
tions compared with the amaranth forages (Table 2). 
CS had higher NDFom, ADFom, non-fiber carbohy-
drates (NFC) (P < 0.001), and phosphorus (P = 0.003) 
levels compared with AMS. The cultivar A28 had the 
highest CP level (P < 0.001) compared with all other 
forages and silages. Among the amaranth varieties, 
A12 had the highest (P < 0.001) NDFom level, and 
A5 had the lowest (P < 0.001) ADFom, ADL, and ash 
concentrations but higher concentration (P < 0.001) 
of EE compared with the other amaranth forages and 
silages. Moreover, the WSC concentration of the fresh 
forage (P < 0.001) and silage (P = 0.028) from variety 
A5 was higher than the other amaranth varieties.

Amaranth forage varieties had higher 
(P  <  0.001) nitrate, TP, and TT concentrations 
than corn (Table 3). Among the silages, CS had the 
highest nitrate concentration, A12 had the highest 
oxalate and TP concentration, and A28 had the 
highest TT concentration (P < 0.001).

Silage Fermentation Characteristics

Ammonia-N concentration and pH were higher 
(P < 0.001) in AMS, compared with CS, their values 
ranging from 54.5 to 60 g/kg of total N and 4 to 4.6, 
respectively (Table  4). Among AMS, A5 had the 
lowest (P < 0.001) pH and NH3-N concentration.

Table 1. Yields of the fresh forages and silages of four amaranth varieties (A5, A12, A14, and A28) and 
corn 

Item Corn

Amaranth

A5 A12 A14 A28 SEM P-value

Yield, t/ha

Fresh forage 35.0d 19.0e 44.2c 51.0b 56.0a 1.20 <0.001

Ensiled forage

  DM 9.10c 4.91d 11.8ab 12.9ab 14.1a 0.47 0.032

  OM 8.40b 4.01c 9.58ab 10.3a 11.0a 0.52 <0.001

  OMD 5.68a 2.23b 5.22a 6.02a 6.13a 0.50 <0.001

  CP1 0.683d 0.351e 1.92b 1.52c 2.57a 0.03 <0.001

  MP 0.410d 0.225e 1.23b 0.984c 1.59a 0.008 <0.001

1CP estimated from total nitrogen content × 6.25.

Means in the same row with different superscripts (a–d) letters are significantly different (P < 0.05).
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In Vitro GP and Fermentation Variables

The in vitro ruminal pH did not differ (P = 0.93) 
among ensiled forages, but the level of NH3-N 
was lower in CS (P < 0.001), compared with AMS 
(Table 5). The incubated CS had higher in vitro total 
VFA concentration (P = 0.005) and cellulolytic bac-
teria numbers (P = 0.003) compared with the other 
silages, with no difference in total protozoa. AMS had 
higher (P = 0.008) Entodiniinae protozoa count than 

CS, but CS and A5 had higher (P = 0.009) Isotrichidae 
protozoa count than other silages. CS had higher 
GP24 OMD, TDS (P < 0.001), ME (P = 0.043), and 
in vitro methane production (P < 0.001) than AMS 
(Table 6). AMS had higher (P < 0.001) in vitro rumi-
nal MCP compared with CS. However, there was no 
difference (P = 0.060) among AMS in PF24. The in 
vitro incubation of A12 and A28 resulted in lower 
methane production (P < 0.001) than the other AMS.

Table 3. Antinutritional factors levels (g/kg DM) of the fresh forages and silages of four amaranth varieties 
(A5, A12, A14, and A28) and corn

Item

Fresh forages Ensiled

Amaranth Amaranth

Corn A5 A12 A14 A28 SEM P-value Corn A5 A12 A14 A28 SEM P-value

Nitrate 2.1e 2.5c 2.3d 3.5a 3.0b 0.03 <0.001 0.69a 0.50b 0.35c 0.51b 0.49b 0.01 <0.001

Oxalate 7.3b 8.6b 13.0a 4.7c 8.8b 0.6 <0.001 7.2b 8.4b 12.0a 4.5c 8.9b 0.60 <0.001

TP 3.5e 8.6d 9.8b 9.0c 10.0a 0.02 <0.001 2.0e 4.1d 7.0a 6.2b 5.7c 0.02 <0.001

TT 2.0e 5.0d 5.9b 5.3c 6.4a 0.04 <0.001 1.2e 1.7d 4.0b 2.5c 4.9a 0.03 <0.001

Means in the same row with different superscripts (a–d) letters are significantly different (P < 0.05).

Table 4. Fermentative characteristics of the corn and AMS varieties (A5, A12, A14, and A28)

Item

Amaranth

Corn A5 A12 A14 A28 SEM P-value

pH 3.8e 4.0d 4.2c 4.4b 4.6a 0.057 <0.001

NH3-N, g/kg total N 39.5c 54.5b 58.0a 59.5a 60.0a 0.8 <0.001

Lactic, g/kg DM 65.2 63.0 61.0 59.1 58.5 4.7 0.64

Acetic, g/kg DM 19.0 17.8 16.7 16.4 16.0 1.01 0.91

Propionic, g/kg DM 3.2 3.2 3.9 4.2 4.4 0.6 0.70

Butyric, g/kg DM 0.21 0.25 0.40 0.46 0.52 0.04 0.73

Means in the same row with different superscripts (a–c) letters are significantly different (P < 0.05).

Table 2. Chemical composition (g/kg DM) of the fresh forages and silages of four amaranth varieties (A5, 
A12, A14, and A28) and corn

Item 

Fresh forages Ensiled

Amaranth Amaranth

Corn A5 A12 A14 A28 SEM P-value Corn A5 A12 A14 A28 SEM P-value

DMa 252 251 258 246 247 4.8 0.12 260 258 267 253 251 7.0 0.13

CPb 80d 83d 176b 129c 192a 1.9 <0.001 75.0d 81.4d 163b 118c 182a 1.8 <0.001

NDFom 515a 402b 413b 373c 376c 4.0 <0.001 490a 391b 405b 361c 367c 4.2 <0.001

ADFom 318a 246d 273c 249d 289b 3.3 <0.001 292a 235d 265c 239d 281b 2.3 <0.001

ADL 51.0c 47.3d 61.3b 59.3b 64.6a 1.0 <0.001 48.7c 53.0b 59.3ab 56.0b 62.0a 1.3 <0.001

WSC 111a 75.5b 59.6d 63.3c 53.8d 0.73 <0.001 15.2ab 15.1b 11.0c 15.0b 14.5b 0.87 0.028

EE 32.5c 44a 40b 41.5b 42b 0.93 <0.001 42.5c 90.3a 81.6b 77b 77b 1.1 <0.001

NFC 310a 321a 209c 269b 200c 2.89 <0.001 317a 265b 163d 241c 159d 1.8 <0.001

Ash 63e 150c 163b 188a 190a 1.1 <0.001 76.0e 182d 188c 203b 215a 0.90 <0.001

Calcium 4.5b 12.1a 11.6a 12.4a 12.0a 0.49 <0.001 4.6b 12.1a 11.8a 12.7a 12.0a 0.48 <0.001

Phosphorus 7.1a 4.0b 3.8b 3.7b 3.6b 0.42 <0.001 7.1a 4.0b 3.8b 3.8b 3.6b 0.38 0.003

Magnesium 3.5 3.5 3.7 3.9 3.6 0.28 0.11 3.7 3.6 3.8 3.8 3.8 0.19 0.19

aDM (g/kg as fed).
bCP estimated from total nitrogen content × 6.25; ADL, lignin measured after solubilization of cellulose with 72% sulfuric acid.

Means in the same row with different superscripts (a–d) letters are significantly different (P < 0.05).
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There were differences in CP and DM deg-
radation in CS and amaranth varieties (Table  7). 
Among all silages, A5 had the highest (P < 0.001) 
ED of DM. The ED of CP for A28 was the highest 
among AMS, but they were all lower (P < 0.001) 
than that of CS. The cultivar A28 had higher 
(P < 0.001) ERDP and MP in comparison with the 
other silages, and the DUP values of A12 and A28 
were higher (P < 0.001) than the other AMS.

DISCUSSION

Yield and Chemical Composition

Among all the forages, the yields of A12, A18, 
and A28 were relatively good (11.8 to 14.1 t/ha on a 
DM basis; Table 1). Yields of up to 86.4 t/ha as fed 
and 13.2 t/ha of DM have been recorded for am-
aranth forage, respectively (Mehrani et  al., 2012), 
with differences in yield being attributed to differ-
ences in variety, soil, climate, season, and N fertil-
izer usage (Klemencic and Kramberger, 2006).

Differences in the nutritional values of  the am-
aranth varieties compared with corn are reflected in 
their chemical composition. The amaranth forage 
DM (>25% of fresh weight) in this study was more 
than that observed by Rezaei et al. (2014), but was 
within the range reported by Abbasi et al. (2018). 
The lowest level (8% of DM) of CP needed to pro-
vide the necessary level of  NH3-N to support op-
timum rumen microbiota growth (Norton, 1998) 

was found in all AMS suggesting that they have 
potential as a CP source in ruminant rations.

Compared with CS, AMS had lower levels 
of  NDFom and ADFom showing their potential 
for ruminant fodder (Rezaei et al., 2014), as these 
compounds (plant cell wall derivatives) in high 
concentrations limit feed intake and energy avail-
ability (Jung and Allen, 1995). Seguin et al. (2013) 
showed that the cell wall contents of  AMS fairly 
similar to our findings (361 to 405  g/kg DM), 
whereas Olorunnisomo and Ayodele (2009) and 
Rezaei et al. (2015) reported higher NDFom lev-
els. The ADL concentrations in these AMS var-
ieties (46 to 65 g/kg DM) were higher than those 
reported for AMS from other varieties (Seguin 
et  al., 2013; Rezaei et  al., 2015). Differences in 
ADL depend on the growth stage at harvest and 
the cultivar (Abbasi et  al., 2012). Fermentation 
requires an adequate WSC concentration for 
conversion into lactic acid to lower pH for good 
quality silage (Kaiser et  al., 2004). Forages with 
levels of  50 to 80 g WSC/kg DM should develop 
low pH sufficient for a stable silage (McDonald 
et al., 1991). In the current study, all pre-ensiled 
forages had WSC concentrations above 50  g/kg 
DM, and good stable silages were achieved. Low 
levels of  residual WSC in the silages indicate in-
creased bacterial utilization leading to higher 
lactic acid production. After ensiling, reductions 
in WSC, protein, and NDF led to a proportional 
increase in silage EE levels. Similar to the present 
study, Abbasi et al. (2012) and Seguin et al. (2013) 
reported high ash concentration in amaranth. 

Table 5. In vitro ruminal fermentation characteristics, ruminal protozoa numbers (× 105/mL digesta), and 
cellulolytic bacteria numbers (log10/g digesta) of the AMS varieties (A5, A12, A14, and A28) and corn 

Item Corn

Amaranth

A5 A12 A14 A28 SEM P-value

pH 6.72 6.72 6.76 6.79 6.80 0.58 0.93

NH3-N, mg/dL 11.7d 14.8c 15.5c 17.3a 16.3b 0.23 <0.001

Total VFA, mmol/L 63.0a 57.5b 53.9b 57.0b 53.5b 1.4 0.005

VFA, mol/100 mol

  Acetate 72.5 68.6 70.0 70.6 69.6 5.7 0.59

  Propionate 20.2 21.5 20.8 20.5 21.3 2.5 0.88

  Butyrate 5.6 7.7 7.1 6.1 6.8 0.9 0.38

  Isovalerate 1.7 2.2 2.5 2.8 2.3 0.44 0.97

Total protozoa 6.68 6.78 6.66 6.78 6.60 0.08 0.59

  Isotrichidae 1.93a 1.92a 1.60bc 1.80ab 1.51c 0.07 0.009

  Entodiniinae 2.81e 3.03d 3.11bc 3.08cd 3.25a 0.029 0.008

  Diplodiniinae 1.12 1.01 1.15 1.08 1.02 0.06 0.57

  Ophrioscolecinae 0.823 0.823 0.798 0.822 0.823 0.024 0.97

Cellulolytic bacteria 8.8a 8.2b 8.3b 8.4b 8.2b 0.086 0.003

Means in the same row with different superscripts (a–d) letters are significantly different (P < 0.05).
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The ash content in AMS (182 to 215  g/kg DM) 
was genetically higher than that of  CS, which was 
comparable to the results reported by the oth-
ers (Olorunnisomo and Ayodele, 2009; Karimi-
Rahjerdi et al., 2015). Compared with CS, AMS 
had higher Ca and lower phosphate concentra-
tions. These Ca levels were lower than in other 
studies (Rezaei et  al., 2014), and the Ca:P ratio 
in AMS, which ranged from 2.5:1 to 3.3:1, was 
higher than the recommended 2:1 ratio. However, 
a Ca:P ratio of  2:1 or greater is recommended to 
prevent urinary calculi in sheep (NRC, 1985). The 
amaranth varieties had higher Mg concentrations 
compared with Plainsman and D136 varieties, but 
these differences may be caused by other changes 

in factors that influence plant growth (Seguin 
et al., 2013).

The amaranth forage had higher levels of 
nitrate than corn but nitrate concentration de-
creased over time following a decline in CP (i.e., 
from 253 to 160  g/kg DM at 40 and 60 d after 
planting, respectively), similar to that reported 
by Sleugh et  al. (2001). Ensiled amaranth had 
lower nitrate levels than the fresh forage, be-
cause of  the action of  microorganisms reducing 
nitrate to NH3-N via nitrite in the ensiling pro-
cess (McDonald et al., 1991). The nitrate content 
of  AMS, at 0.3 to 0.69 g/kg DM, was lower than 
the toxic level for ruminants (i.e., > 6 g/kg DM; 
Radostits et al., 2007).

Table 7. In situ degradability of DM and CP of the silages (four amaranth varieties and corn)

Item Corn

Amaranth

A5 A12 A14 A28 SEM P-value

DM degradation1 

  A, g/kg DM 420a 425a 373b 436a 378b 8.6 <0.001

  B, g/kg DM 340c 408b 354b 353b 535a 8.5 <0.001

  C, /h 0.038c 0.062a 0.380c 0.040b 0.014d 0.008 <0.001

  ED, g/kg DM 602b 632a 573c 583bc 509d 6.53 <0.001

CP degradation

  A, g/kg CP 460a 361d 334e 387c 426b 6.9 <0.001

  B, g/kg CP 324d 347c 372b 330cd 454a 6.9 <0.001

  C, /h 0.041a 0.030b 0.029b 0.017c 0.019c 0.006 <0.001

  ADIN 1.10c 1.16c 2.42a 1.75b 2.66a 0.1 <0.001

  ED, g/kg CP 605a 492c 480c 471c 550b 6.8 <0.001

  ERDP, g/kg DM 38.5d 30.2e 67.1b 46.3c 85.1a 1.01 <0.001

  DUP, g/kg DM 20.0d 26.5c 62.7a 46.2b 59a 1.21 <0.001

  MP, g/kg DM 45.1d 46.0d 105b 76.3c 113a 1.27 <0.001

1A, soluble and very rapidly degradable fraction; B, insoluble but potentially fermentable fraction; C, fractional degradation rate of B; ED cal-
culated for an outflow rate of 0.02/h.

Means in the same row with different superscripts (a–d) letters are significantly different (P < 0.05).

Table 6. In vitro ruminal GP and estimated parameters, TDS, and MCP of the AMS varieties (A5, A12, 
A14, and A28) and corn

Item

Amaranth

Corn A5 A12 A14 A28 SEM P-value

24-h incubation

  GP24, mL/200 mg DM 50a 29b 22.5c 28b 21c 0.88 <0.001

  OMD, g/kg 676a 557c 545c 584b 557c 5.7 <0.001

  ME, MJ/kg DM 9.57a 6.69b 6.95b 7.08b 6.93b 1.18 0.043

  TDS, g/kg DM 658a 625c 635b 632b 614d 2.6 <0.001

  PF24, mg TDS/mL GP24 2.63b 4.31a 5.64a 4.80a 5.84a 0.88 0.060

  MCP, g/kg DM 108e 306d 388a 364c 383b 1.95 <0.001

In vitro methane, mL/g DM 29.5a 25.6b 21.5c 25.0b 20.0c 0.68 <0.001

96-h incubationa

  B, mL/200 mg DM 57.3a 50.0b 40.0d 42.1c 50.0b 0.51 <0.001

  C, /h 0.030b 0.034b 0.034b 0.070a 0.035b 0.002 <0.001

aB, the asymptotic value of gas production; C, constant rate of gas production.

Means in the same row with different superscripts (a–d) letters are significantly different (P < 0.05).
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High levels of oxalate ingestion can cause 
hypocalcemia and kidney failure, and high doses 
can prove fatal (Knight and Walter, 2003). In this 
study, the ensiling of amaranth had no effect on ox-
alic acid concentration with oxalate in the silages 
ranging from 4.5 to 12.0 g/kg DM, which is lower 
than the toxic level for ruminants (i.e., 20 g/kg DM) 
proposed by Rahman et al. (2013). Teutonico and 
Knorr (1985) found that amaranth varieties showed 
a large variation in total oxalate concentration (i.e., 
2.0 to 114 g/kg DM) and this may be related to cul-
tivar, plant maturity, climate, and field management 
(Bressani, 1993).

Tannin supplementation up to 40 g/kg DM in 
lambs’ diets showed no negative effects on ruminal 
fermentation or animal productivity in a long-term 
feeding trial (Salami et  al., 2018). In the current 
study, the levels of TT in AMS were low, between 
1.2 and 4.9  g/kg DM, and, therefore, had no ad-
verse effect on the in vitro fermentation. Tannins 
may bind to protein in a ration and reduce its di-
gestibility, but their effect is variable and may de-
pend less on their concentration than their structure 
and molecular weight (Rochfort et al., 2008).

Silage Fermentation Characteristics

Among the silages, the pH of CS was lower 
than that of the AMS because its higher WSC con-
tent led to higher lactic acid production (Kaiser 
et al., 2004). The AMS pH ranged from 4.0 to 4.6, 
which is considered low enough for an acceptable 
preservation (Faithfull, 2002). The pH of AMS 
from other cultivars was within the range of AMS 
obtained in the current study (Rezaei et al., 2014, 
2015) and in the study of Seguin et al. (2013).

Protein degradation during fermentation is 
minimized in good quality silage (McDonald et al., 
1991), and the lower level of NH3-N in CS (39.5 g/
kg total N) compared with the (54 to 60 g/kg total 
N) in AMS probably resulted from its lower pH, as 
this reduces protein breakdown (Kaiser et al., 2004). 
The NH3-N concentration in AMS was relatively 
low for a low DM (<300 g/kg) silage (Demarquilly, 
1990) indicating good preservation but Rezaei et al. 
(2009) reported lower NH3-N concentrations in low 
DM AMS.

Silage lactic acid levels (59 to 65 g/kg DM) in the 
present study were within the range of good quality 
silage (30 to 140 g/kg DM) characterized by ZoBell 
et al. (2004). In other work, higher lactic acid levels 
have been recorded for AMS (Seguin et al., 2013; 
Rezaei et  al., 2014). Low levels of butyric acids 

(Table  4) in the AMS silages indicated that there 
had been good fermentation (Kaiser et al., 2004).

In Vitro GP and Fermentation Variables

The in vitro ruminal pH values of  the present 
treatments varied within the normal range of  5.9 
to 7.0 reported by Dehority (2003), and the NH3-N 
levels were within the range for optimal growth of 
the rumen microbiota (>50  mg/L; Sinclair et  al., 
1993). The in vitro incubation of  CS led to a lower 
NH3-N concentration compared with AMS, re-
lated to its lower CP level. Rumen VFA production 
depends on the levels of  cellulose, hemicellulose, 
CP, and WSC in the feed (Bureenok et al., 2011). 
The in vitro ruminal total VFA levels differed 
among the treatments suggesting that the ruminal 
fermentability of  OM differed among the silages. 
The greater degradation (TDS) of  CS compared 
with AMS explains the higher total VFA concen-
trations from CS during in vitro fermentation (Van 
Soest, 1994).

The higher in vitro ruminal cellulolytic bacteria 
population of CS in comparison with AMS corres-
ponds to its higher NDF substrate concentration 
(Van Soest, 1994).

The lower in vitro GP24, OMD, TDS, and ME 
in AMS compared with CS was possibly due to 
the lower NFC and cellulolytic bacteria numbers, 
and higher ADL concentration (McDonald et al., 
2011). Amaranth varieties used in the current study 
had lower GP24, OMD, ME, and TDS than those 
observed by Sarmadi et al. (2016), and this may be 
due to their higher ash and ADL levels.

The PF24 values of AMS were between 2.75 
and 4.41 mg/mL, within a theoretical range defined 
by Makkar (2010), but the value for CS was below 
this range. Feedstuffs that have a higher PF24 (mg 
degraded substrate divided by mg gas produced in 
vitro) have more degraded substrate incorporated 
into microbial mass (i.e., improved efficiency of 
MCP production; Makkar, 2010). Consequently, 
the MCP of AMS was higher than that of CS in-
cubated in vitro. The lower in vitro methane pro-
duction of AMS compared with CS relates to their 
lower NDFom concentration, as methane pro-
duction positively correlates with levels of NDF 
(Pinares-Patino et  al., 2007). The higher DUP in 
AMS compared with CS corresponded to the de-
cline in in vitro methane, that is, lower rumen 
protein fermentation results in lower methane pro-
duction (Preston et al., 2012; Ho Quang Do et al., 
2013).
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For DM degradability, the increased fraction B 
in AMS compared with CS could be related to their 
higher CP content (i.e., more CP for ruminal bac-
teria to ferment fraction B; McDonald et al., 2011). 
Van Soest (1994) observed that there was a correl-
ation between ED and NFC; however, in the cur-
rent study, such correlation was not obtained in the 
AMS silages. Compared with reports by Karimi-
Rahjerdi et al. (2015) and Sarmadi et al. (2016), the 
AMS in this study had a lower ED of DM, which 
is probably due to its higher ADL content, as high 
ADL concentrations can limit ruminal degrad-
ability (Jung and Allen, 1995).

Data on ruminal CP degradability (i.e., protein 
quality) of AMS are limited. In this study, AMS 
contained less fraction A and more fraction B and 
DUP compared with CS and this may be due to 
more CP being bound to cell wall components 
(Abbasi et al., 2012). The higher DUP in AMS may 
be due to the presence of tannins reducing proteo-
lytic bacteria activity in the in vitro fermentation 
(Molan et al., 2001).

Since yield was measured using one year and 
one location, further research is warranted.

CONCLUSIONS

In comparison to CS, the ensiled amaranth 
from the cultivar A28 could be a potential forage 
resource for ruminants based on its high DM 
yield, CP and DUP content, with low antinu-
trient compounds, and in vitro methane pro-
duction (i.e., A28 could be used instead of  CS). 
However, more in vivo work is needed to assess 
the amaranth forage quality particularly in terms 
of intake.

ACKNOWLEDGMENTS

We would like to thank the Iran National 
Science Foundation for the financial support given 
to carry out this trial and also gratefully acknow-
ledge Mr. Gary Easton for his English language 
correction of the manuscript.

Conflict of interest statement. The authors de-
clare that there were no conflicts of interest.

LITERATURE CITED

Abbasi,  D., Y.  Rouzbehan, and J.  Rezaei. 2012. Effect of 
harvest date and nitrogen fertilization rate on the nutri-
tive value of amaranth forage (Amaranth hypochondria-
cus). Anim. Feed Sci. Technol. 171:6–13. doi:10.1016/j.
anifeedsci.2011.09.014

Abbasi, M., Y. Rouzbehan, J. Rezaei, and S. E. Jacobsen. 2018. 
The effect of lactic acid bacteria inoculation, molasses, or 
wilting on the fermentation quality and nutritive value of 
amaranth (Amaranthus hypochondriacus) silage1. J. Anim. 
Sci. 96:3983–3992. doi:10.1093/jas/sky257

AFRC. 1992. Energy and protein requirements of ruminants. 
Nutrient requirements of ruminant animals: protein. 
AFRC, Technical Committee on Responses to Nutrients. 
CAB International, Wellington, UK. Report No.: 10. 
Nutr. Abstr. Rev., Series B 62. p. 787–835. 

Akin-Idowu,  P.  E., M.  A.  Gbadegesin, U.  Orkpeh, 
D. O. Ibitoye, and O. A. Odunola. 2016. Characterization 
of  grain amaranth (Amaranthus spp.) germplasm in 
South West Nigeria using morphological, nutritional, 
and random amplified polymorphic DNA (RAPD) ana-
lysis. Resources. 5(1):6. doi:10.3390/resources5010006

Alderman,  G., and B.  R.  Cottrill. 1993. The Agricultural 
Food Research Council (AFRC), Energy and Protein 
Requirements of Ruminants. CABI Publ., Wallingford, 
UK.

Anele,  U.  Y., K.  H.  Südekum, J.  Hummel, O.  M.  Arigbede, 
A.  O.  Oni, L.  A.  Olanite, C.  Böttger, V.  O.  Ojo, and 
A. O. Jolaosho. 2011. Chemical characterization, in vitro 
dry matter and ruminal crude protein degradability and 
microbial protein synthesis of some cowpea (Vigna unguic-
ulata L. Walp) haulm varieties. Anim. Feed Sci. Technol. 
163:161–169. doi:10.1016/j.anifeedsci.2010.11.005

AOAC. 1998. Official methods of analysis. 16th ed. 4th rev ed. 
Assoc. Off. Anal. Chem., Arlington, VA.

Blümmel, M., A. Karsli, and J. R. Russell. 2003. Influence of 
diet on growth yields of rumen micro-organisms in vitro 
and in vivo: influence on growth yield of variable carbon 
fluxes to fermentation products. Br. J. Nutr. 90:625–634. 
doi:10.1079/bjn2003934

Blümmel, M., H. P. S. Makkar, and K. Becker. 1997. In vitro 
gas production: a technique revisited. J. Anim. Physiol. 
Anim. Nutr. 77:24–34. doi:10.1111/j.1439-0396.1997.
tb00734.x

Bressani, R. 1993. Amaranth. In: R. McRae, R. K. Robinson, 
and M.  J.  Sadler, editors, Encyclopedia of food science, 
food technology and nutrition, vol. 1. Academic Press, 
London/England/San Diego, CA. p. 135–140.

Bryant, M. P. 1972. Commentary on the hungate technique for 
culture of anaerobic bacteria. Am. J. Clin. Nutr. 25:1324–
1328. doi:10.1093/ajcn/25.12.1324

Bureenok, S., W. Suksombat, and Y. Kawamoto. 2011. Effects 
of the fermented juice of epiphytic lactic acid bacteria 
(FJLB) and molasses on digestibility and rumen fermen-
tation characteristics of ruzigrass (Brachiaria ruzizien-
sis) silages. Livest. Sci. 138(1):266–271. doi:10.1016/j.
livsci.2011.01.003

Dehority, B. A. 2003. Rumen microbiology. 1st ed. Nottingham 
Univ. Press, Nottingham, UK. 

Demarquilly,  C. 1990. Utilisation des conservateurs: quand 
et pourquoi les utiliser. Resultats zootechniques obtenus 
avec des ensilages d’herbe prepares avec des conservateurs 
ficaces. In: Symposium International sur l’ensilage d’herbe; 
April 11, 1990; Rouyn-Noranda (CA): Conseil de recherche 
en agro-alimentaire de l’Abitibi-Témiscamingue. p. 93–104. 

Faithfull,  N.  T. 2002. Methods in agricultural chemical ana-
lysis: a practical handbook. CAB Int., Wallingford, UK.

FASS. 2010. Guide for the care and use of agricultural animals 
in research and teaching. 3rd ed. Fed. Anim. Sci. Soc., 
Champaign, IL.

https://doi.org/10.1016/j.anifeedsci.2011.09.014
https://doi.org/10.1016/j.anifeedsci.2011.09.014
https://doi.org/10.1093/jas/sky257
https://doi.org/10.3390/resources5010006
https://doi.org/10.1016/j.anifeedsci.2010.11.005
https://doi.org/10.1079/bjn2003934
https://doi.org/10.1111/j.1439-0396.1997.tb00734.x
https://doi.org/10.1111/j.1439-0396.1997.tb00734.x
https://doi.org/10.1093/ajcn/25.12.1324
https://doi.org/10.1016/j.livsci.2011.01.003
https://doi.org/10.1016/j.livsci.2011.01.003


11Ensiled amaranth compared with corn silage

Translate basic science to industry innovation

Galyean, M. L. 1997. Laboratory procedures in animal nutri-
tion research. Dept. of Anim. Food Science, Texas Tech 
Univ., Lubbock, TX.

Do H. Q., T. D. Khoa, T. P. Hao, T. R. Preston, and R. A. Leng. 
2013. Methane production in an in vitro rumen incubation 
is lower for leaves with low compared with high protein 
solubility. Livestock Research for Rural Development. 
Volume 25, Article #134.Available from http://www.lrrd.
org/lrrd25/7/hqdo25134.htm

Hungate, R. E. 1966. The rumen and its microbes. Academic 
Press Inc., New York, NY.

Jung,  H.  G., and M.  S.  Allen. 1995. Characteristics of 
plant cell walls affecting intake and digestibility of 
forages by ruminants. J. Anim. Sci. 73:2774–2790. 
doi:10.2527/1995.7392774x

Kaiser, A. G., J. W. Piltz, H. M. Burns, and N. W. Griffiths. 
2004. Successful silage. 2nd ed. Dairy Australia and 
NSW Dept. of  Primary Industries, New South Wales, 
Australia.

Karimi-Rahjerdi,  N.  K., Y.  Rouzbehan, H.  Fazaeli, and 
J.  Rezaei. 2015. Chemical composition, fermentation 
characteristics, digestibility, and degradability of silages 
from two amaranth varieties (Kharkovskiy and Sem), 
corn, and an amaranth-corn combination. J. Anim. Sci. 
93:5781–5790. doi:10.2527/jas.2015-9494

Kauffman, C. S., and L. E. Weber. 1990. Grain amaranth. In: 
J. Janick and J. E. Simon, editors, Advances in new crops. 
Timber Press, Portland, OR. p. 127–139.

Klemencic,  S., and B.  Kramberger. 2006. Effects of growth 
stage and the season on the mineral concentrations in 
Cerastium holosteoides. J. Cent. Eur. Agric. 7 (4):767–772. 
doi:10.5513/jcea.v7i4.423

Knight, A. P., and R. G. Walter. 2003. Plants causing kidney 
failure. In: Knight  A.  P. and R.  G.  Walter, editors, A 
guide to plant poisoning of animals in North America. 
International Veterinary Information Service, Ithaca, NY. 
p. 263–276.

Lancashire,  P.  D., H.  Bleiholder, T.  Van  Den  Boom, 
P.  Langeluddeke, E.  Stauss, and E.  A.  Weber. 
1991. A uniform decimal code for growth stages 
of  crops and weeds. Ann. Appl. Biol. 119:561–601. 
doi:10.1111/j.1744-7348.1991.tb04895.x

Lotfi,  S., Y.  Rouzbehan, H.  Fazaeli, M.  T.  Feyzbakhsh, and 
J.  Rezaei. 2018. Yield and nutritional value of ensiled 
Amaranth spp. compared with corn silage cultivated in 
North of Iran [MSc thesis]. Tarbiat Modares University, 
Tehran, Iran.

MAFF. 1986. The analysis of agricultural materials: a manual 
of the analytical methods used by the agricultural devel-
opment and advisory service. 3rd ed. Minist. Agric. Fish. 
Food, London, UK.

Makkar, H. P. S. 2000. Quantification of  tannins in tree fo-
liage. A  laboratory manual for the FAO/IAEA co-or-
dinated research project on ‘use of  nuclear and related 
techniques to develop simple tannin assays for predict-
ing and improving the safety and efficiency of  feeding 
ruminants on tanniniferous tree foliage’. Joint FAO/
IAEA Division of  Nuclear Techniques in Food and 
Agriculture, Animal Production and Health Sub-
programme, FAO/IAEA Working Document, IAEA, 
Vienna, Austria.

Makkar, H. P. S. 2010. In vitro screening of feed resources for 
efficiency of microbial protein synthesis. In: Vercoe, P. E., 

and H. P. S. Makkar, editors, In vitro screening of plant 
resources for extra-nutritional attributes in ruminants: 
nuclear and related methodologies Springer, Dordrecht, 
Netherlands. p. 107–144. 

McDonald,  P., R.  A.  Edwards, J.  F.  D.  Greenhalgh, 
C. A. Morgan, L. A. Sinclair, and R. G. Wilkinson. 2011. 
Animal nutrition. 7th ed. Prentice Hall, Essex, UK.

McDonald, P., A. R. Henderson, and S. J. E. Heron. 1991. The 
biochemistry of silage. 2nd ed. Chalcombe Publication, 
Marlow, UK.

Mehrani, A., H. Fazaeli, and H. Asadi. 2012. Effect of harvest 
in different growth stages on quantity and quality of forage 
of amaranth (Amaranthus sp.) varieties and its economic 
assessment. Seed Plant Prod. J. 28:173–185. (English 
Abstr.). doi:en.jourals.sid.ir/viewpaper.aspx?ID=282846

Menke, K. H., L. Raab, A. Salewski, H. Steingass, D. Fritz, 
and W. Schneider. 1979. The estimation of the digestibility 
and metabolisable energy content of ruminant feedstuffs 
from the gas production when they are incubated with 
rumen liquor. J. Sci. Food Agric. 93:217–222. doi:10.1017/
S0021859600086305

Mertens,  D.  R. 2002. Gravimetric determination of amyl-
ase-treated neutral detergent fiber in feeds using refluxing 
in beakers or crucibles: collaborative study. J. AOAC Int. 
85:1217–1240.

Molan, A. L., G. T. Attwood, B. R. Min, and W. C. McNabb. 
2001. The effect of  condensed tannins from Lotus pedun-
culatus and Lotus corniculatus on the growth of  proteo-
lytic rumen bacteria in vitro and their possible mode 
of  action. Can. J.  Microbiol. 47:626–633. doi:10.1139/
w01-060

Norton,  B.  W. 1998. The nutritive value of tree legumes. In: 
R. C. Gutteridge and H. M. Shelton, editors, Forage tree 
legumes in tropical agriculture. Trop. Grassl. Soc. Aus. 
Inc., St Lucia. Queensland, Australia. p. 15–48.

NRC. 1985. Nutrient requirements of sheep. 6th rev. ed. 
National Academy Press, Washington, DC.

Ofitserov,  E. 2001. Amaranth: perspective raw material for 
food processing and pharmaceutical industry. Chemistry 
and computational simulation. Butlerov Commun. 2:1–4.

Olorunnisomo,  O.  A., and O.  J.  Ayodele. 2009. Effects 
of intercropping and fertilizer application on the 
yield and nutritive value of maize and amaranth for-
ages in Nigeria. Grass Forage Sci. 64:413–420. 
doi:10.1111/j.1365-2494.2009.00706.x

Ørskov, E. R., and I. McDonald. 1979. The estimation of pro-
tein degradability in the rumen from incubation measure-
ments weighed according to rate of passage. J. Agric. Sci. 
92:499–503. doi:10.1017/S0021859600063048

Pinares-Patino, C. S., P. DHour, J. P. Jouany, and C. Martin. 
2007. Effects of stocking rate on methane and carbon 
dioxide emissions from grazing cattle. Agric. Ecosyst. 
Environ. 121:30–46. doi:10.1016/j.agee.2006.03.024

Pisarikova,  B., J.  Peterka, M.  Trckova, J.  Moudry, Z.  Zraly, 
and I. Herzig. 2006. Chemical composition of the above-
ground biomass of Amaranthus cruentus and A.  hypo-
chondriacus. Acta Vet. Brno. 75:133–138. doi:10.2754/
avb200675010133

Preston, T. R., H. Q. Do, T. D. Khoa, T. P. Hao and R. A. Leng. 
2013. Protein solubility of fish meal and groundnut meal 
and methane production in an in vitro incubation. Livest. 
Res. Rural. Dev. Volume 25, Article #16. Available from 
http://www.lrrd.org/lrrd25/1/hqdo25016.htm.

http://www.lrrd.org/lrrd25/7/hqdo25134.htm
http://www.lrrd.org/lrrd25/7/hqdo25134.htm
https://doi.org/10.2527/1995.7392774x
https://doi.org/10.2527/jas.2015-9494
https://doi.org/10.5513/jcea.v7i4.423
https://doi.org/10.1111/j.1744-7348.1991.tb04895.x
https://doi.org/en.jourals.sid.ir/viewpaper.aspx?ID=282846
https://doi.org/10.1017/S0021859600086305
https://doi.org/10.1017/S0021859600086305
https://doi.org/10.1139/w01-060
https://doi.org/10.1139/w01-060
https://doi.org/10.1111/j.1365-2494.2009.00706.x
https://doi.org/10.1017/S0021859600063048
https://doi.org/10.1016/j.agee.2006.03.024
https://doi.org/10.2754/avb200675010133﻿
https://doi.org/10.2754/avb200675010133﻿
http://www.lrrd.org/lrrd25/1/hqdo25016.htm


12 Shadi et al.

Translate basic science to industry innovation

Radostits, O. M., C. C. Gay, D. C. Blood, and K. W. Hinchliff. 
2007. Veterinary medicine. A text book of the diseases of 
cattle, sheep, goats and horses. 10th ed. W. B.  Saunders 
Ltd., London, UK.

Rahman, M. M., R. B. Abdullah, and W. E. Wan Khadijah. 
2013. A review of oxalate poisoning in domestic 
animals: tolerance and performance aspects. J. 
Anim. Physiol. Anim. Nutr. (Berl). 97:605–614. 
doi:10.1111/j.1439-0396.2012.01309.x

Rezaei,  J., Y.  Rouzbehan, and H.  Fazaeli. 2009. Nutritive 
value of fresh and ensiled amaranth (Amaranth hypo-
chondriacus) treated with different levels of molasses. 
Anim. Feed Sci. Technol. 151: 153–160. doi:10.1016/j.
anifeedsci.2008.12.001

Rezaei, J., Y. Rouzbehan, H. Fazaeli, and M. Zahedifar. 2014. 
Effects of substituting amaranth silage for corn silage 
on intake, growth performance, diet digestibility, micro-
bial protein, nitrogen retention and ruminal fermentation 
in fattening lambs. Anim. Feed Sci. Technol. 192:29–38. 
doi:10.1016/j.anifeedsci.2008.12.001

Rezaei, J., Y. Rouzbehan, M. Zahedifar, and H. Fazaeli. 2015. 
Effects of dietary substitution of maize silage by amar-
anth silage on feed intake, digestibility, microbial nitrogen, 
blood parameters, milk production and nitrogen reten-
tion in lactating Holstein cows. Anim. Feed Sci. Technol. 
202:32–41. doi:10.1016/j.anifeedsci.2015.01.016

Rochfort, S., A. J. Parker, and F. R. Dunshea. 2008. Plant bioac-
tives for ruminant health and productivity. Phytochemistry 
69:299–322. doi:10.1016/j.phytochem.2007.08.017

Salami, S. A., B. Valenti, M. Bella, M. N. O’Grady, G. Luciano, 
J. P. Kerry, E. Jones, A. Priolo, and C. J. Newbold. 2018. 
Characterisation of the ruminal fermentation and micro-
biome in lambs supplemented with hydrolysable and con-
densed tannins. 2018. FEMS. Microbiol. Ecol. 94. doi: 
10.1093/femsec/fiy061

Sarmadi, B., Y. Rouzbehan, and J. Rezaei. 2016. Influences of 
growth stage and nitrogen fertilizer on chemical compos-
ition, phenolics, in situ degradability and in vitro ruminal 
variables in amaranth forage. Anim. Feed Sci. Technol. 
2015:73–84. doi:10.1016/j.anifeedsci.2016.03.007

Savage, G. P., L. Vanhanen, S. M. Mason, A. B. Ross. 2000. 
Effect of cooking on the soluble and insoluble oxalic acid 

content of some New Zealand foods. J. Food Compos. 
Anal. 13:201–206. doi:10.1006/jfca.2000.0879

Seguin, P., A. F. Mustafa, D. J. Donnelly, and B. Gélinas. 2013. 
Chemical composition and ruminal nutrient degradability 
of fresh and ensiled amaranth forage. J. Sci. Food Agric. 
93:3730–3736. doi:10.1002/jsfa.6218

Sinclair,  L.  A., P.  C.  Garnsworthy, J.  R.  Newbold, and 
P.  J.  Buttery. 1993. Effect of synchronizing the rate of 
dietary energy and nitrogen release on rumen fermenta-
tion and microbial protein synthesis in the sheep. J. Agric. 
Sci. 120:251–263. doi:10.1017/S0021859600073421

Singh,  J.  P. 1988. A rapid method for determination of ni-
trate in soil and plant extracts. Plant Soil. 110:137–139. 
doi:10.1007/BF02186992

Sleugh,  B.  B., K.  J.  Moore, E.  C.  Brummer, A.  D.  Knapp, 
J. Russell, and L. Gibson. 2001. Forage value of various 
amaranth species at different harvest dates. Crop Sci. 
41:466–472. doi:10.2135/cropsci2001.412466x

Teutonico,  R.  A., and D.  Knorr. 1985. Amaranth: compos-
ition, properties, and applications of a rediscovered food 
crop. Food Technol. 39:49–60.

Tomlinson,  D.L., R.  E.  James, G.  L.  Bethard, and 
M. L. McGilliard. 1997. Influence of undegradability of 
protein in the diet on intake, daily gain, feed efficiency, 
and body composition of Holstein heifers. J. Dairy Sci. 
80:943–948.

Vagnoni, D. B., and G. A. Broderick. 1997. Effects of supple-
mentation of energy or ruminally undegraded protein 
to lactating cows fed alfalfa hay or silage. J. Dairy Sci. 
80:1703–1712.

Van Soest, P. J. 1994. Nutritional ecology of the ruminant. 2nd 
ed. Cornell Univ. Press, Ithaca, NY.

Van  Soest,  P.  J., J.  B.  Robertson, and B.  A.  Lewis. 1991. 
Methods for dietary fiber, neutral detergent fiber, and 
nonstarch polysaccharides in relation to animal nu-
trition. J. Dairy Sci. 74:3583–3597. doi:10.3168/jds.
S0022-0302(91)78551-2

ZoBell,  D.  R., E.  K.  Okine, K.  C.  Olson, R.  D.  Wiedmeier, 
L. A. Goonewardene, and C. Stonecipher. 2004. The feasi-
bility of feeding high levels of whey silage and effects on 
production in growing cattle. J. Anim. Vet. Adv. 3:804–
809. doi:javaa.2004.804.809

https://doi.org/10.1111/j.1439-0396.2012.01309.x
https://doi.org/10.1016/j.anifeedsci.2008.12.001
https://doi.org/10.1016/j.anifeedsci.2008.12.001
https://doi.org/10.1016/j.anifeedsci.2008.12.001
https://doi.org/10.1016/j.anifeedsci.2015.01.016
https://doi.org/10.1016/j.phytochem.2007.08.017
https://doi.org/10.1093/femsec/fiy061
https://doi.org/10.1016/j.anifeedsci.2016.03.007
https://doi.org/10.1006/jfca.2000.0879
https://doi.org/10.1002/jsfa.6218
https://doi.org/10.1017/S0021859600073421
https://doi.org/10.1007/BF02186992
https://doi.org/10.2135/cropsci2001.412466x
https://doi.org/10.3168/jds.S0022-0302(91)78551-2
https://doi.org/10.3168/jds.S0022-0302(91)78551-2
https://doi.org/javaa.2004.804.809

