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Sumathi Pichaikannu, Roma Rani Das and Abhishek Rathore
Utilization of Molecular Marker Based Genetic Diversity Patterns in Hybrid Parents to Develop
Better Forage Quality Multi-Cut Hybrids in Pearl Millet
Reprinted from: Agriculture 2019, 9, 97, doi:10.3390/agriculture9050097 . . . . . . . . . . . . . . . 82
Daria Baholet, Ivana Kolackova, Libor Kalhotka, Jiri Skladanka and Peter Haninec
Effect of Species, Fertilization and Harvest Date on Microbial Composition and Mycotoxin
Content in Forage
Reprinted from: Agriculture 2019, 9, 102, doi:10.3390/agriculture9050102 . . . . . . . . . . . . . . 103
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Preface to ”Quality and Production of Forage”
Forage quality is deﬁned in several ways, but is often inadequately understood. It is a simple
concept, yet encompasses much complexity. In recent years, advances in plant and animal breeding,
the introduction of new products, and the development of new management approaches have made
it possible to increase animal performance. However, for this to be realized, there must be additional
focus on forage quality. Producing suitable-quality forage requires knowing the factors affecting
forage quality, then exercising management accordingly. This book presents cross-discipline studies
covering many aspects ranging from forage production and nutrition to animal feeding with the
aim of disseminating information suitable to improve forage quality and utilization. Moreover,
the purpose of this book is also to provide information about forage quality and forage testing that
can be used to increase animal performance and producer proﬁts.

Vincenzo Tufarelli
Special Issue Editor
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Abstract: The present review discusses the existing research ﬁndings on the nutritional impact of
forages in poultry diet and the signiﬁcance of forages in sustainable poultry production systems.
The nutritional composition and antinutritional factors of the main forages and the pros and cons of
feeding forage on poultry meat and egg quality under free-range and organic production systems are
also discussed. This review highlights the importance of forages and forage meals in poultry ration,
considering that these feedstuffs may have greater value to the success of local poultry production in
many regions of the world due to their potential of production.
Keywords: forage; production system; poultry; sustainability; livestock

1. Introduction
Organic and free-range poultry have been increasingly available to the average consumer due to
increased consumers’ demand for meat and egg products [1]. In fact, with the increased intensity of
modern production agriculture, many consumers share views that organic and free-range products
are in some way better for them, or at least follow production practices that are more conducive to
a cleaner, more balanced environment [2]. Organic farming is deﬁned as the approach to agriculture
in which the aim is to create environmentally and economically sustainable agricultural production
systems [3].
In organic poultry farming, feeding covers an important role, since the dietary requirements
of poultry are very different from those of ruminant livestock [4]. Poultry are particularly sensitive
to dietary quality because they grow quickly and make relatively little use of bulky ﬁbrous feeds
such as pasture or hay [5]. In addition, poultry have speciﬁc requirements for essential amino acids,
in particular lysine and methionine. In conventional systems, feeds are supplemented with synthetic
amino acids, but these are not permitted in organic systems, so alternative sources, such as natural
essential compounds from plants and vegetables, have to be investigated [5,6]. It is often difﬁcult
and expensive to source these products, and they are major contributors to the high cost of feed.
In this regard, there is a growing interest in using novel feed resources, and the utilization of forage
for poultry diet could be a sustainable and natural alternative for organic producers, especially under
smallholder production system conditions.
Forages and forage meals could be valuable alternative sources of protein for commercial poultry
where they are easily available and not expensive [7,8]. Moreover, forage utilization as local feed
resource is important to facilitate the transition to 100% organic feed supply for organic poultry meat
and egg producers [9]. Therefore, the present review discusses the available research ﬁndings on the
nutritional impact of forages in poultry diet and the signiﬁcance of forages in sustainable poultry
production systems.
Agriculture 2018, 8, 81; doi:10.3390/agriculture8060081
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2. Forage Nutritional Composition
The demand for animal protein for human nutrition in the developing world is still rising,
especially for poultry products and the cost of feed concentrates for livestock is increasing [3].
Therefore, to meet the nutritive requirements of poultry, it is necessary to identify alternative low-cost
feed resources.
Forage based animal production plays a crucial role in the affordable supply of nutrient rich foods
for humans [10]. Grassland and forage crops are recognized for their contribution to the environment,
recreation and efﬁciency of animal production [11,12]. To maintain sustainability, it is crucial that such
farming systems remain proﬁtable and environmentally friendly while producing nutritious foods of
high economical value. Thus, it is pertinent to improve the nutritive value of grasses and other forage
plants to enhance animal production to obtain quality food, and it is also vital to develop new forages
which are efﬁciently utilized and wasted less by involving efﬁcient animals [13]. A combination of
forage legumes, fresh or conserved grasses, crop residues and other feeds could help develop an
animal production system which is economically efﬁcient, beneﬁcial and viable [9].
Livestock animals and forages are two signiﬁcant factors in many animal production systems [13].
Grasses, legumes and cereals can be tested for their roles for sustainable animal production,
and searching for new forages could help reduce the effects of animal production on climate change.
In fact, forages can be tested further for their environmental beneﬁts and contribution to the sustainable
animal production [14]. Therefore, more research on the suitability of animal species and genotypes to
utilize available and alternative feed resources more effectively may also help in developing sustainable
forage based animal production.
Forages as feed for monogastrics, including poultry, contribute to improve sustainability of animal
production within farming systems [15]: high biomass production in environments where other crops
cannot compete; no or limited competition with human food requirements; high levels of protein with
a desirable amino acids proﬁle, especially lysine, methionine and other sulfur-amino acids, which for
monogastrics adequately balances the limitations of cereal proteins (leaf and grain); and additional
beneﬁts from the integration of forages in the farming system [15]. The chemical composition and
nutritive value of many forages were widely summarized by the French Institut National de la
Recherche Agronomique (INRA) [16].
Plants produce a variety of simple to highly complex anti-nutritional substances, many of which
have been identiﬁed and characterized [17]. The most common major groups are polyphenols,
cyanogenic glycosides, alkaloids, saponins, steroids, toxic proteins and amino acids, non-protein
amino acids, phytohemagglutinins, triterpenes, and oxalic acid [18], and are either toxic or act
as antinutritive factors. Secondary compounds can exert both anti-nutritional and nutritionally
beneﬁcial effects upon forage feeding value. Secondary compounds that occur in both temperate
and tropical forages [19]. Lectins are sugar-binding glycoproteins, which are classiﬁed as toxic
(Phaseolus vulgaris and Canavalia ensiformis), growth inhibitory (Glycine max, Amaranthus cruentus,
Phaseolus lunatus, and Dolichos biﬂorus) [20], or essentially non-toxic or beneﬁcial (seeds of
Vigna subterranea, Vigna umbellata and Vigna unguiculata) [20]. Condensed tannins are complex
heat-stable phenolic compounds and common in many plants, especially shrub legumes such as
Gliricidia sepium, Acacia species, Leucaena leucocephala and Albizia falcataria. Polyphenols are a major
group often related to taste, odor, and color of animal products [21]. Saponins are found in Brachiaria
decumbens, B. brizantha [22], Amaranthus hypochondriacus, Chenopodium quinoa, Atriplex hortensis [23],
and Medicago sativa [24]. Alkaloids of legumes such as the bitter-tasting quinolizidine in lupins [25]
reduce the feed intake, may affect the liver, and paralyze respiration [26].
The presence of secondary compounds can have a profound effect on both the nutritive value
and the feeding value of both temperature and tropical forages and these effects can be beneﬁcial in
some instances as well as being detrimental in others [19,27]. To completely understand the inﬂuence
of these compounds on animals, it is essential to develop a knowledge of their chemical structure
and reactivity, particularly with proteins [27].
2
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However, forage plants can be successfully processed to enhance palatability, intake and digestibility,
and to conserve, detoxify the antinutritional factors, or concentrate nutrients [19,28]. In particular,
milling, pelleting and micronizing processes increase the digestibility in poultry of protein and starch
and apparent metabolizable energy values of forages [28,29]. In this regard, some antinutritional
factors such as tannins are mainly concentrated in the seed coat, so that hulling is a simple method
to remove them [30,31]. There have been various attempts to mix different exogenous enzymes into
feeds to reduce antinutrients [32].
3. Poultry Production Systems
Free-range and organic poultry production systems have increased in recent years worldwide,
and it is widely known that the suitability of the genetic strain to extensive environments largely
affects the animal welfare and the meat and egg characteristics [6,33]. In fact, when poultry are reared
under extensive system having access to pasture, health, welfare, meat and egg quality parameters
result enhanced [34,35].
3.1. Free-Range System
Free-range deﬁnes a production system where the chickens can access outdoor runs for most
of their lives [36]. These systems are well known and extensively used by small-scale farmers and,
normally, slow-growing broilers are used [37]. However, free-range does not mean that the production
methods follow certiﬁed organic standards as some consumers may perceive. A conventionally-raised
chicken could be labeled as free-range if it were allowed to have access to the outdoors. Free-range
production typically follows an alternative rearing practice compared to that of conventional
production [38].
The U.S. free-range system deﬁnition does not include any speciﬁcation for how long broilers
should remain outdoors and under what conditions they should be raised and fed [37,39]. In addition,
there is no speciﬁcation for appropriate genotypes and no minimum age for slaughter. To label broilers
as free-range, farmers in the U.S. must demonstrate that birds have had free access to the outdoors
for more than half of their lives. Conversely, the European legislation for free-range systems speciﬁes
maximum stocking rates for indoors and outdoors, minimum age at slaughter as well as the feed
composition for both laying hens and broilers [5].
Improving poultry welfare is one of the key reasons for the re-development of free-range poultry
production in Europe. The European legislation also differentiates free-range into three main systems:
free-range, traditional free-range and total freedom (Council Regulation EC No 1234/2007) [40].
In free-range systems, poultry houses are normally ﬁxed and an adequate number of popholes is
required based on the size of the houses and number of animals [40]. In traditional free-range, such as
the label rouge systems in France, stipulates a minimum slaughter age of 81 days and no more than
4800 broilers can be produced per ﬂock [36,40]. In Brazil, the “caipira” production system (another
example of national labeling program) speciﬁes regulations for free-range systems. The amount of
free-range space is subjective as there are no regulations requiring a standard stocking density [37].
Depending on the amount of time broilers spend outside, it could be argued that free-range are
no different than conventional if the free-range chickens never leave the housing structure [37].
In free-range poultry systems, runs are often not well managed and animals may not feel safe in it.
Outdoor runs could be made more attractive by offering different kinds of shelter [4,6]. A free-range
area contributes to the welfare of laying hens. Studies that looked at the relation between the use
of a free-range area and the degree of feather pecking damage, found that if a higher proportion of
a ﬂock uses the free range area, then signiﬁcantly less feather pecking damage is seen [41–43]. A
higher proportion of hens using the free range area can be achieved by providing shelter [41]. This can
be artiﬁcial structures or natural, for example trees or bushes. It was found a relation between tree
cover and injurious feather-pecking: less feather pecking was seen in the case of more tree cover [44].
Besides an advantage for animal welfare, a higher degree of woody cover in the free-range area seems
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to be related to less avian inﬂuenza risk for birds in the free range area [43]. The presence of trees can
help chicken feel more secure from predators and more sheltered from sun and the elements so they
can venture further away from the huts and eat more forage [45]. Another beneﬁt of tree and forage
cover is a better distribution of hens across the range area, which may reduce the risk of parasitic
contamination [46].
Finally, a better distribution of hens may prevent local accumulation of nitrogen and
phosphate [47]. It has been shown that range enrichment is not only beneﬁcial for the animal
behavior [48], but can also be economically advantageous (e.g., reduction of animal mortality
rate), resulting in a win–win situation for poultry welfare and production [6]. According to
Cobanoglu et al. [49], free-range producers commonly utilize the same fast-growing broilers as
conventional systems; however, the suitability of these birds may not be adequate since conventional
broilers do not acclimate themselves well with outdoor conditions [39].
3.2. Organic System
Organic refers to the way agricultural and livestock products are reared and processed,
which involves avoiding agrichemicals such as synthetic fertilizers and pesticides. Given the current
demand for organic foods, organic poultry production has become a growing segment of the
poultry industry. Organic poultry have access to pasture [6,39], a nutrient source that has not been
completely investigated for use in poultry. Organic poultry production focuses particularly on animal
health and wellbeing, good environmental practices, and product quality and focuses less on economic
concerns, such as reducing costs and maximizing production [37,50].
Overall, the EU regulations (No 889/2008) [51] for organic production of poultry specify that
land should be free of synthetic fertilizers, pesticides and herbicides for a speciﬁc time. The dietary
supplementation is subject to some speciﬁc requirements and synthetic ingredients and GMOs in feed
are regularly forbidden [36]. In some European countries and in the U.S., some limiting synthetic
amino acids are still permitted at low levels if organic sources are not available to farmers. However, in
the EU, the feed ingredients must be organically produced, if not the meat or eggs will not be labeled
as organic. In the U.S., organic labeling is available at three different levels based on the amount of
organic feed supplemented to broilers: “100% organic broiler”; “organic broiler”, meaning that at least
95% of the ingredients were produced organically; and “made with organic ingredients”, meaning that
birds consumed at least 70% of organic ingredients in feed [36,52]. The U.S. regulation does not specify
indoor or outdoor stocking density, but certiﬁcation agencies look for a maximum of 8 birds/m2
indoors [37].
In European countries, even though the law is the same for all members, there are speciﬁc
local regulations and labeling programs related to the organic poultry production. In particular,
the maximum ﬂocks size cannot exceed 4800 broilers and a maximum stocking rate of 10 birds/m2
is obligatory. Further, if mobile housing is used, the stocking density can be increased to 16 broilers/m2 ,
but the maximum ﬂocks size cannot be modiﬁed [36,52]. Poultry must be able to walk around
the outdoor runs at stocking rate of 4 m2 per subject. Regarding the minimum age at slaughter,
the starting point is the 81 days speciﬁed in the European regulation (No 889/2008) [51]. Under organic
production systems, antibiotics and drugs are substituted by alternative natural products [53] and
birds are raised for longer periods (>81 days) until slaughter.
4. Inﬂuence of Feeding Forage on Poultry Egg and Meat Quality
Poultry diets are commonly corn–soybean meal-based displaying a high energy concentration
and low ﬁber levels. Nevertheless, many feedstuffs having high ﬁber content have been commonly
included in poultry diet, especially in extensive poultry production systems. However, depending on
the solubility levels and concentrations, ﬁber in diets inﬂuences poultry performance [54–56].
Outdoor systems are sustainable alternatives for poultry production where laying hens are able
to ingest nutrients from pasture and forage, minimizing the intake of commercial feed. Poultry can
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eat forage, pebbles, weeds, crop seeds, earthworms and insects in the paddock [57]. It was also reported
that an outdoor system could beneﬁt the environment because of increased nutrients circulation within
the system [58].
Laying hens and broiler chickens given access to pasture may meet various nutrient needs through
foraging [7,59]. It was reported that laying hens having access to grass resulted in a 20% reduction
in feed consumption and increased egg production compared with hens raised under conventional
conditions [59,60]. Moreover, hens reared on alfalfa or clover need signiﬁcantly less feed protein
than conﬁned hens [7]. In particular, alfalfa forage can supply carotene, vitamins and other nutrients,
especially high amount of protein up to 19% as dry matter basis [61,62]. In addition, it was found that
organically reared broilers may overcome growth impairments associated with methionine deﬁciency
through foraging [63]. The primary beneﬁt of forage consumption is that plant matter is typically
high in both vitamins and minerals; moreover, forages contain components such as ﬁber, protein,
energy, and other compounds such as carotenoids and n-3 fatty acids having important metabolic
functions in all animals, including poultry [64]. Pasture intake by poultry may acts as a form of
nutritional insurance and pasturing poultry and giving them access to high-quality forages will help
in balancing out any deﬁciencies. Moreover, forages can provide supplemental minerals, and the
calcium found in plants such as alfalfa is highly bioavailable. Poultry digestive system is able to utilize
calcium from forages as efﬁciently as calcium from more common sources such as limestone or oyster
shell [61]. It was reported that broilers and laying hens fed low-protein diets increased their intake of
forages compared to ﬂocks fed a ration with adequate protein concentration [58,65]. Similarly, poultry
nutritionists have found that forages consumption is inversely tied to protein levels, since a higher
protein content in the diet can result in a lower amount of plant matter consumed on pasture [63].
Further, poultry are able to utilize most of amino acids consuming forages, resulting in a signiﬁcant
level of methionine and lysine digested (88% and 79%, respectively) [7,59]. On the other hand, forages
are low in energy, but these plants can contribute to the overall energy requirements of poultry.
In this regard, Rivera-Ferre et al. [66] reported that poultry raised on pasture obtained only 3% of their
energy requirement from forages. Although grains are noticeably the most important energy source in
poultry diet along with oils, even the low amounts of energy supplied by forages are vital when feed
prices increase [59].
Research is beginning to investigate claims of particular nutritive characteristics of eggs and meat
from pastured birds. It was assessed that the poultry products from grass-fed ﬂocks tend to have less
total cholesterol and more vitamins A and E, as well as high omega-3, and an improved omega-3 to
omega-6 ratio [67]. It was found that egg cholesterol decreased as alfalfa meal increased in a laying
hen diet [62]. Studies demonstrated that hens with access to high-quality pasture had eggs with at
least twice as much vitamins A and E and omega-3s, compared to hens having no access to different
pastures [68–71]. Furthermore, it is well established that a large range of forages, such as alfalfa,
perennial ryegrass, red clover, and grass meals, although containing signiﬁcant ﬁber levels, are valuable
sources of xanthophylls and can be successfully used in diets as natural pigmenting agents [72].
Available studies have reported increasing levels of n-3 fatty acids in meat from pasture-raised broilers
as well as higher levels of vitamin E and other nutrients [34,35,71].
The evaluation of including dehydrated leguminous-based forages in common poultry diets
under intensive production systems on growth performance and meat quality remains to be more
deeply investigated. Leguminous-based forages may be considered as a source of ﬁber and protein
for broilers, and forages are also a source of natural antioxidants [73]. Antioxidant supplementation of
feed is an efﬁcient method for increasing poultry meat oxidative stability [74]. Moreover, β-carotene,
a pro-vitamin A compound abundant in forages, is the predominant carotenoid in meat and
meat products [75]. Feeding of dehydrated leguminous-based forage vitamin E homologs and
β-carotene for broiler meat oxidative stability remains, however, to be established [73]. It has been
previously found that including dehydrated leguminous forages in broiler diet contributes to decrease
cholesterol levels of meat [76]. Conversely, it was demonstrated that the consumption of a dehydrated
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leguminous-based forage, offered free choice and ad libitum, by broilers of a fast-growing genotype
exploited under an intensive production system had no effect on broiler performance, on the proﬁles
of vitamin E homologs and on the cholesterol content of meat [73]. However, the intake of the
dehydrated forage had a major inﬂuence in the fatty acid proﬁle of broiler meat, resulting the levels
of n-3 long-chain PUFA (EPA, DPA, and DHA) in breast meat signiﬁcantly higher when animals
consumed the leguminous biomass. Further, it was reported that feeding of citrus pulp or dehydrated
pasture at 10% levels changed broiler meat fatty acid proﬁles, depressing MUFA and increasing the
predominance of n-6 and n-3 PUFA [8]; thus, these ﬁndings suggested that dehydrated pasture may be
an interesting supplement to add in broiler diet to enhance meat lipid quality.
Several antinutritional substances (such as saponins, phenolic compounds and protease inhibitors)
inﬂuencing negatively the performance of poultry fed forage-diets have been reported. For example,
based on the ﬁndings of many studies, it was found that dehydrated alfalfa may contain some
antinutritional factors (saponins and isoﬂavones) reducing the productive performance of both broilers
and laying hens [76–80]. It was also assessed that poultry are more sensitive to dietary alfalfa saponins
than other monogastric species [81]. Levels up to 20% alfalfa meal in broiler rations resulted in growth
rate depression due to the saponin content [81]. Further, tannic acid was also found to reduce the
metabolizable energy of the broilers diet, depressing the nitrogen retention by chicks [82]. Finally,
in a series of studies with geese, turkeys, quails and chickens fed with high-saponin and low-saponin
alfalfa meal, at levels ranging 1–20% of diet, it was found that the only discrimination between the two
alfalfa types was observed in geese fed 20% alfalfa [23].
5. Conclusions and Future Outlook
The improvement of poultry production systems may be essential to produce quality animal products;
thus, it is crucial that production systems are compliant to the needs of populations being associated
with animal production in both developing and developed countries. The use forage as the
advantageous alternative to the conventional feeds may be an input to increase the forages utilization
in poultry production systems. In alternative poultry production systems, both organic and free-range,
it is imperative to improve the outdoor area utilization and to optimize forage intake, which still
requires further investigation in poultry. Poultry production would beneﬁt from feeding forage
as substitute to conventional cereals and oil seeds to reduce the dependence on these feedstuffs,
especially in particular areas of the world. Moreover, there are many forage species as alternative
protein sources for livestock species, thus forages could provide the basis for most animal production
systems for the near future.
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Abstract: Smallholders of poultry production systems in developing countries are commonly found
in rural, resource-poor areas, and often face food insecurity. The main constraints for smallholders
in poultry production in rural, resource-poor areas are the shortage of available commercial dietary
protein and the high cost of commercial diets. The beneﬁcial effects of legume and forage cultivation
are economic, through providing protein for animals, and ecological, such as soil amendment,
nitrogen ﬁxation, and stripping control which participate to increase cropping efﬁciency. The potential
nutritive value of a wide range of forages and grain legumes is presented and discussed. The impacts
of dietary protein, ﬁber, and secondary metabolites in plant content, as as well as their consequences
on feed efﬁciency, animal performance, and digestion processes are enclosed in this review. Lastly,
approaches to reduce the anti-nutritional factors of the secondary metabolites of plants are explained.
Keywords: tropical forages; chicken; alternative protein; anti-nutritional factors

1. Introduction
In developing countries, there is an increasing demand for animal protein, which is principally
poultry products [1]. About 20% of the world’s population is considered smallholders with livestock,
and they have a great opportunity to improve income and raise their sustenance through the
development of the livestock chain [2]. One of the most important concerns of livestock smallholders
is to get good quality rations of energy, protein, amino acids, minerals, and vitamins to ensure suitably
high productivity of their animals. It is recognized that soybean meal is often used as material feed, as it
has high contents of amino acid proﬁles and energy in livestock and poultry rations. Global production
of soybean reached 366 million tons in 2016, and the United States has the highest rate of soybean
production (117.2), followed by Brazil (96.3) and Argentina (58.8), according to FAOSTAT [3]. After oil
is extracted from soybeans, the residuals are expressed as a soybean meal, and it is mainly used in
poultry production systems and for other livestock animals as ingredients in their diet. Globally, there
is little quantity of soybean meal for smallholders. Additionally, the high cost of feed concentration
for livestock is progressive [1]. Consequently, to meet the nourishment requirements for livestock or
poultry, alternative low-cost feed resources must be recognized [4].
Tropical and subtropical areas are characterized by raised ambient temperatures and water
deﬁciencies, in addition to tropical soils, which suffer from a lack of nitrogen. Thus, production
of protein-rich material in the diets of small animals either involves the input of nitrogen fertilizer
to gramineous crops, or the use of legumes either as the source of the supplement itself or as part
of a rotation. Here, we have focused on the use of legume crops as alternatives [5]. Based on
the large diversity of legumes in humid and sub-humid areas, about 650 genera of legumes and
Agriculture 2018, 8, 86; doi:10.3390/agriculture8060086
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18,000 certain species have been identiﬁed [6]. The International Livestock Research Institute [7],
the Centro Internacional de Agricultura Tropical [8], in addition to the Australian Tropical Crops and
Forages Collection and the collection of CENARGEN-EMBRAPA, have collected and evaluated many
of tropical forages and crops within gene banks.
This review paper aims to distinguish alternative resources of primary feed for poultry,
and identiﬁes the options for improving smallholder production of monogastric animals in the tropics
in terms of their protein needs and forage supply.
2. Nutrient Utilization Chickens
Chickens have a simple stomach which is expressed as monogastric. On the contrary, ruminants
have several parts to their stomachs, which are called complex stomachs. This function qualiﬁes these
animals to digest ﬁber. Although clear dissimilarities between digestive systems have been observed
between birds and monogastric mammals, they have commensurate general feed digestion patterns
paralleled with polygastrics. It is known that feed is digested by enzymes and acid in the stomach,
and soluble constituents are absorbed mainly via the epithelial cells in the small intestine. Indigestible
compounds, such as non-starch polysaccharides, proteins, and resistant starches subjected to Maillard
reactions, as well as some ﬁber bound proteins and tannins, reach the ceca and cecum in poultry, where,
together with endogenous secretions, they are fermented by the gut microﬂora. The end products
of the fermentation in hindgut are short-chain fatty acids (SCFA), which are an equally important
energy source for the microbiome. In chickens and ostriches, evidence has been obtained suggesting
that SCFA can provide up to 8 to 75% of their energy requirements from fermentation in the ceca [9].
A small amount of microbial amino acids, which have been synthesized by the microbiome in the gut,
can be soaked up in the intestines. Thus, stomach enzymes can digest feed protein to be absorbed
in the small intestine. An animal’s speciﬁc amino acid requirements should be available in the feed
protein as amino acids. The ideal protein requirement for an animal depends on several factors such as
type of production, stage of growth, product, season, and composition of body tissue, which need to
be taken into account in order for it to be sufﬁcient for maintenance and growth [10].
3. Production System Limitations in the Tropics
It is common for deﬁciency of essential amino acids to be present in smallholder systems
characterized monogastric production, especially diets involving cereal grain, a blend of them
(e.g., rice bran, rice, sorghum, ormaize) or cassava. Farmers often do not know or comprehend
the nutritional value of these alternative feeds, nor do they know their animals’ feed requirements.
Besides, the nutritional quality of these alternatives may be low owing to ﬁber-bound nitrogen [11],
and compounds such as tannins and trypsin inhibitors may be related to the inhibition of enzyme
function or they may bind to proteins, diminishing their digestibility. The limitation in choices of
feed in developing countries makes smallholders search for alternative speciﬁc feeds for their poultry,
particularly those that increase productivity of poultry. The enrichment of low-protein diets with
synthetic amino acids such as lysine, reduces Nexcretion and accelerates growth rates [4,12], and it is
actually signiﬁcant to compensate amino acid deﬁciency in poultry diets.
Application of this option in commercial production systems is obtainable, but it is rarely favorable
or available for most smallholders. Thus, they avoid feeding animals with high protein diets, as the
excess degrades to uric acid or urea for excretion. This phenomenon makes the animal lose a large
amount of energy, and moreover it causes harmful effects on the environment [13]. Smallholder
farms are seeking rapid growth rates for their chickens; however, with local forages this may be less
obtainable and proﬁtable.
4. Tropical Forages as a Protein Source
As a matter of choice, it is preferable to obtain feed from crop derivatives which are part
of environmentally sustainable farming systems in the region. From this point of view, biomass
12
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productivity per unit of solar energy should be optimized, inputs of agro-chemicals reduced, and soil
fertility and biodiversity sustained [4]. However, most of these requirements are scarcely met at the
same time, so it has been suggested that tropical forages as feed for monogastric animals can play a
role in improving the sustainability of animal production within farming systems through [14,15]:
(1). Increased production of biomass in environments where it is not suitable for other crops;
(2). Feed with high protein and amino acid proﬁles, particularly, sulfur amino acids, methionine,
and lysine, which for monogastrics sufﬁciently balances the constraints of cereal proteins
[leaf and grain];
(3). High levels of minerals and vitamins compared to conventional energy-based feed requirements.
5. Nutritional Value and Impact on Animal Performance
Tropical forage plants have shown to widely differ in crude protein content, and have almost
reach 36% of dry matter (DM)in some forages, which is parallel to soybean grain. The plants analyzed
for chickens are categorized by lowering the proportion of the sulphur-containing methionine and
cysteine, when comparing the amino acid proﬁles to the model protein for layers. Both threonine and
tryptophan levels in tropical forages seem to be well balanced, and the latter is within the desired
range in half of the species analyzed.
Generally, green parts of tropical plants have higher levels of tryptophan compared to the seeds.
This pattern of amino acid proﬁles does not need a huge amount of light, because poultry diets and
plant species are frequently mixtures of numerous ingredients, which when combined, should integrate
with each other to cover the nutritional requirements. Forages can have further positive effects when
included in diets of monogastrics. Evidence has been provided that hens’ fertility improved when their
diet included 14% grass meal [16]. The inclusion of lucerne and grass meal in their diet declined the
level of cholesterol in their eggs [17]. With regard to the nutritional value of feed, it has been proposed
that feed inﬂuences not only the critical nutrients they contain, but also their digestibility, and hence
their actual availability. Both dietary ﬁber and plant secondary compounds (with anti-nutritional
factors or toxic) are the major factors which can strongly affect digestibility.
6. Anti-Nutritional Factors and Chemical Constraints
It is well-documented that plants consist of a variety of simple to extremely complex mixtures,
many of which have been well-known and described. It seems that almost all of these constituents of
plants have a defense function against abiotic and biotic stresses, and more than 1200 classes assist
to protect against herbivores. The study implemented by Makkar [18] clearly showed that these
compounds were not implicated in the plant primary biochemical passageways for cell reproduction
and growth.
The most common major groups are alkaloids, polyphenols, saponins, cyanogenic glycosides,
steroids, amino acids and toxic proteins, non-protein amino acids, phyto-hemaglutinins, oxalic acid
and triterpenes [19], and were either toxic or acted as anti-nutritive factors (ANF). Anti-nutritive factors
are deﬁned as “substances generated in natural feed ingredients by the normal metabolism of (plant)
species and (interacting) by different mechanisms, e.g., inactivation of some nutrients, interference with
the digestive process or metabolic utilization of feed which exert effects contrary to optimum nutrition.
Being an ANF is not an intrinsic characteristic of a compound but depends upon the digestive process
of the ingesting animal” [20]. Consequently, plants that cause harmful effects to humans or other
mammals may often be vastly toxic for ﬁsh, birds, and insects or other small animals [21]. The efﬁcacy
of leaves, pods, edible twigs of trees and shrubs as animal feed is in narrow usage because of the
presence of ANFs. In general, ANFs are not harmful, but may cause toxicity during periods of shortage
when animals consume large quantities of ANF-rich feed.
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6.1. Polyphenolic Compounds
Polyphenols are a main group often interrelated with odor, taste, and color. Flavonoids
(i.e., monomeric elements of condensed tannins), lignane, and cumarine are the major mediators.
Condensed tannins (CT) are complex heat-stable phenolic constituents and are widespread in abundant
plants, mainly shrub legumes such as Gliricidia sepium Jacq., Leucaena leucocephala Lam., Acacia species,
and Albizia falcataria L. Proteins bind tannins side by side by H bonds and hydrophobic connections.
These phenomena may be related to reduce the availability and digestibility of protein [12] and other
nutrients such as ﬁbers and starch. Another limiting factor is their astringent taste, which in many
cases decreases palatability, thus the animal will not engorge on it.
6.2. Tannins
Tannins have molecular weight of more than 5 KD, and are water soluble. Tannins have the
ability to bind with proteins and minerals. There are two different groups of tannins: condensed
and hydrolysable tannins. Grain legumes, seeds, and forages have a wide distribution of condensed
tannins. Livestock are sensitive to this type of tannin (i.e., condensed), while goats are more able to
adapt to high amounts of tannins. Cattle and sheep are sensitive to condensed tannins, while goats
are more resistant [22]. Tannins negatively impact digestive processes, though they may bind with
endogenous enzymes such as of trypsin, amylase chemotrypsin, and lipase, and have the ability to
bind with vitamin B12 .Additionally, it has been reported that they can cause damage to intestinal cells,
and interfere with iron absorption, and tannins may possibly generate a toxic effect [23].Tannins cause
reductions in protein digestibility in humans and animals, inhibit digestive enzymes, and increase
nitrogen in the feces. The inﬂuence of tannins on animal performance have been studies [24], they are
recognized to be responsible for declines in growth rates, feed intake, and feed efﬁciency by binding
with proteins and reducing protein digestibility. If tannin levels in the diet become high, microbial
enzyme activities together with cellulose and intestinal digestion may be depressed.
6.3. Lectins
Lectins are glycoproteins commonly scattered in grain legumes and certain oil seeds (including
soybeans) which possess an afﬁnity for speciﬁc sugar molecules, and are categorized by their capability
to link with receptors of carbohydrate membranes [25]. Lectins are categorized as growth inhibitory
(Glycine max L., Phaseolus lunatus L., Amaranthus cruentus L., Dolichos biﬂorus L.), toxic (Canavalia
ensiformis L., Phaseolus vulgaris L.) [26], or fundamentally beneﬁcial or non-toxic (seeds of Vigna
umbellate Thunb., Vigna subterranean L., and Vigna unguiculate L.) [27]. The efﬁcacy of lectins either toxic
or non-toxic is dependent on the developmental stage and part of the plant. The toxic consequences of
lectins is that they usually coagulate the erythrocytes, and thus may depress the immune system [12]
or interrupt nutrient absorption in the small intestine by shedding the brush boundary membrane of
the intestinal absorptive cells [18]. Lectins have the ability to immediately connect with the epithelial
mucosa of the intestines, interrelating the enterocytes [25], and interfering with the absorption and
transportation of 0.01% free gossypol within some low gossypol cotton levels (mainly carbohydrates)
during ingestion, causing epithelial lesions within the intestine. Some types of lectins are ordinarily
reported as being unstable, because their stability differs among plants, many lectins are resistant to
hydrolases by dry thermal and require the existence of humidity for whole destruction [25].
Three physiological reactions can be observed when used by extra-sensitive individuals. Firstly,
they can cause nutrition deﬁciencies through severe intestinal damage and reduced digestion.
Secondly, they can induce IgM and IgG antibodies causing food sensitiveness and other immune
responses [10,25]. Finally, they can link to erythrocytes, concurrently with immune factors, causing
anemia and hemagglutination. Generally, lectins can modify host resistance to infection, causing
failure to thrive and can even lead to death in animals.
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6.4. Phytic Acid
Phytic acid is one of main concerns for nutrition and health management in humans [28].
At physiological pH, the phytate molecule is negatively charged, and binds to nutritionally
indispensable divalent cations, such as calcium, iron, magnesium, and zinc. These patterns of phytase
are insoluble complexes, this mean trace elements are unobtainable for absorption [29]. The levels of
phytic acid present were 0.624 to 1.0% (mean 0.862%). The suggestion has been made by Egli et al. [30]
that there are higher levels of phytate in millet and pigeon pea. On the other hand, the inconsistencies
may be expected, as according to Reddy et al. [31], phytate values differs in cereals and legumes
depending on soil type, diversity, and cultivate type.
6.5. Saponins
Saponins can originate in numerous food plants such as Amaranthus hypochondriacus L., Atriplex
hortensis L., Chenopodium quinoa Willd. [32], Brachiaria brizantha Hochst., B. decumbens Sm. [29],
and Medicago sativa L. They are recognized as heat-stable, form a soapy froth when interacting with
water, and can adjust cell wall permeability, leading to hemolysis and to photosensitization [29].
Saponins were deemed as toxic compounds, since they appeared to be exceedingly toxic to ﬁsh and
endothermic animals, and many of them inﬂuenced strong hemolytic activity. The high levels of
saponins in dietary plants may create an acidic taste and astringency. Feed intake or consumption
can be limited by the harsh taste of saponin. In the last decades, saponins were documented as
anti-nutrient ingredients, due to their reverse inﬂuences, such as for growth declines and decrease
in food consumption due to the bitterness and throat-irritating activity of saponins. Furthermore,
saponins were found to shrink the bioavailability of nutrients and inhibit digestive enzyme activities
(trypsin and chymotrypsin) [25] consequently reducing protein digestibility.
6.6. Toxic Amino Acids
Non-protein amino acids are established in many plants as unconjugated forms, mainly in
legumes, with the highest levels in the seeds. For instance, Leucaena leucocephala encloses mimosine,
which binds totopyridoxalphosphate and minerals [18], leading to declines in the activity of the
enzymes that involve them as co-factors, and eventually suppressing metabolic passageways. A study
by Sastry and Rajendra [33] showed that the teratogenicity effects of non-protein amino acids can
impede the reproductive process, leading to loss of wool and hair, and even to death.
Most legumes seeds such as the Canavalia species, Medicago sativa [34], and Vicia ervilia [35]
consist of canavanine. The inhibition effect of canavanine on the development of insects is due to
the competition for the irreplaceable amino acid arginine. Poultry are much more vulnerable to
canavanine than mammals due to the antibiosis of arginine with lysine in birds. This disruption
may be lead to autoimmune-like infections affecting the skin and kidneys. There are various plants
which have been identiﬁed for their toxic effects such as L-DOPA, which is currently in the Mucuna
species, and is cytotoxic [36] leading to haemolytic anaemia. Lathyrogenic amino acids, like BCNA
(β-cyanoalanine), DABA (α,γ-diaminobutyric acid), ODAP(β-N-oxalyl-α,β-diaminopropionic acid),
and BAPN (β-aminopropionitrile) are neurotoxic and occur in the Lathyrus species and Vicia sativa [37].
Canavanine is highly toxic and present in Canavalia ensiformis seeds, and is a potent insecticide [38].
6.7. More ANFs
Increasing attention has been paid to identifying other anti-nutritional factors and to stopping
their negative impacts on mammals, birds, and other animals. It has been found that some proteins
are heat-stable antigenics and heat-labile cyanogens proteins, amongst others. Cyanogenic glycosides,
such as hydrocyanic acid, linamarin, and lotaustralin, which are commonly present in cassava
(Manihot esculenta) and also in Phaseolus, Acacia, and Psophocarpus, decrease performance and cause
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cyanide intoxication. If, however, “the diet is adequately supplemented with proteins, particularly
with sulfur-containing amino acids, and iodine”, it is safe to feed to livestock [39].
7. Processes to Improve Nutritional Value of Forages
Forages and grain legumes which contain some ANFs in their meal and seeds, and which
decline the availability of nutrients [40], surely have adverse inﬂuences on animal performance
and human nutrition. As pointed out earlier, these ANFs are descried above such as tannins,
phenols, toxic amino acids, phytic acids, lectins, trypsin inhibitors, and cyanogenic glycosides. It was
found that those ANFs in low concentration [40,41] may reduce the nutritional quality of forages
and grain legumes, even if they are used for feeding animals. As a result, those ANFs need to
be removed or reduced, and hence the nutritional values and bioavailability of forages and grain
legumes will be improved. Numerous management procedures such as germination, fermentation,
thermal management (i.e., boiling, autoclaving, and cooking), soaking, and de-hulling procedures
have been useful to decrease or eliminate the concentration of these compounds from forages and grain
legumes [41,42]. In general, these processing techniques superﬁcially enhance not only the palatability
and ﬂavor of legumes, but also increase the bioavailability of nutrients and protein digestibility by
destroying the ANFs [43].
7.1. Heat Treatments
Heat remediation encompasses oven and sun-drying, autoclaving, roasting, and boiling, which
ordinarily decreases the content of heat-labile ANFs. It has been proposed that sun drying cassava
leaves (Manihot esculenta) reduces hydrogen cyanide from 20 mg/kg in the leaf meal, compared with
190 mg/kg in the meal of fresh leaves. Montilla et al. [44] reported that feeding laying hens with
sun-dried Gliricidia sepium resulted in better performance than those fed with the oven-dried legumes,
but the effects of type of drying are not clear on the feed quality. Thermal management signiﬁcantly
reduced the trypsin-inhibitory activity of seeds of Cajanus cajan [45,46], Glycine max [47], Psophocarpus
tetragonolobus [48], and Arachis hypogaea [49].
In this context, haemagglutinin can be altogether discarded by roasting. Both thermal
management, autoclaving or roasting seeds of Phaseolus vulgaris decreased its tannin content by 30–40%,
and this was minimized by autoclaving [50] and de-hulling by dry heat [51], which expressively
reduced the content of L-DOPA in seeds of Mucuna pruriens L. Recently, to increase nutritive values
of guava seeds, it was shown that they must be roasted at 150 ◦ C for 10 min [5]. Phytic acid and
tannin content were signiﬁcant reduced by roasting guava seeds [5], and the highest declines were
affected by roasting at 150 ◦ C for 20 min (520.1 and 61.36%, respectively). Thermal processes destroy
the naturally occurring ANFs and is implemented in order to decline anti-nutrients in plant-based
foods, thus enhancing the nutritive value of isolated protein [5,52].
7.2. Soaking
Several approaches have been implemented to reduce the phytic acid level in feed, especially
cereal which becomes poor in quality due to such anti-nutrients. One of these approaches is to soak the
grains. Vijayakumari et al. [53] revealed that treatment by soaking grains in water for 18 h decreased
the phytate level of Mucuna monosperma by up to one-third of the original content. Soaking in water at
room temperature overnight has been linked to a 36% reduction in phytic acid in kidney beans [41].
The loss in phytates during soaking of the tested samples may be due to leaching of phytate ions
into the soaking water under the inﬂuence of a concentration of a gradient (difference in chemical
potential), which governs the rate of diffusion. Soaking in a mixed-salt solution (0.75% citric acid +
0.5% Na2 CO3 + 1.5% NaHCO3 ) led to a signiﬁcant reduction in anti-nutritional factors such as tannins,
phytase, orthodihydroxy phenols, and phenols in pigeon pea hybrids [40].
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7.3. Pelleting
Nutritive value and voluntary feed intake can be determined by feeding texture. The digestibility
of protein and starch in chicks as well as apparent metabolizable energy values of Vicia faba [54] has
been increased by feed pelleting. Pelleting processes of three herbaceous legumes Lablab purpureus L.,
Calopogonium mucunoides Desv., and Mucuna pruriens [55] reduced the anti-nutritional factors and ﬁber
fraction contents.
7.4. Hulling
Hulling is a simple method for removing ANFs such as tannins, which are mostly focused in the
seed coat [56]. De-hulling declines the tannin level from 22.0 to 5.3 mg/100 g in Phaseolus vulgaris seeds.
This technique might be an opportunity for farmers, such as coffee growers, who have other uses for a
de-hulling mill. Other opportunities for small-scale milling are explained by Jonsson et al. [57].
7.5. Germination
Germination activates endogenous enzymes, which attack most anti-nutrients and enhances
the nutritional value of grains [58]. Germination triggers endogenous enzymes and improves the
nutritional value of grains through an onslaught against most of anti-nutrients [58]. Nevertheless,
germination can be difﬁcult to manage as seedlings tend to share molds and are simply spoiled.
Feeding of germinated seeds must occur immediately or they should be dried, otherwise the cost
will rise. Germination diminishes esphytic acid, trypsin inhibitors, certain lectins, and galactosidesin
Glycine max [59], and compared to raw seeds, improves the in vitro starch digestibility of Vigna radiate,
Vigna unguiculata, and Cicer arietinum, similar to the enhancements found through fermentation and
pressure cooking [60].
Soaking followed by germination, decreased the trypsin inhibitory activity of Cajanus cajan and
Phaseolus vulgaris seeds by 26–53%, condensed tannins by 14–36%, and phytic acid by 41–53%, while
the invitro protein digestibility, and thiamine and vitamin C levels were augmented signiﬁcantly,
in addition to an alteration in the mineral arrangement [61]. Germination of Lupinus albus and Lupinus
luteus for 96 and 120 h led to peak phytase activity, respectively [58].
7.6. Fermentation
Fermentation is a process, which occurs under anaerobic conditions by microbes, which have
the capacity to ferment carbohydrates into organic acids and/or alcohols. Ensiling is an appropriate
fermentation process for both whole crop forage and grains. The main product produced during
fermentation is lactic acid, and the diminishα-amylase and trypsin inhibitor activity and tannins in
Sphenostylis stenocarpa seeds were reduced by up to 100%, which is dissimilar to cooking [62]. It also
reduced alpha-galactosides and cyanogenic glycosides by 85%, compared with only 10–20%when
cooked. The increasing in vitro protein digestibility decreased minerals and affected various vitamin
proﬁles through fermentation of Phaseolus vulgaris grains and grain meal [63], reducing α-galactosides,
trypsin inhibitory activity and tannin content in seed meal. Fermenting Mucuna to tempera in
traditional Indonesian food hydrolyzes 33% of phytic acid and reduces L-DOPA by 70% [64]. Solid
state fermentation of Cicer arietinum gives higher digestibility of protein and lysine, and decreases
tannin levels up to 13% and phytic acid concentration by 10%in raw chickpea ﬂour [65].
Good fermentation management [66], which is achievable for smallholders, is required to avoid
notable losses of tryptophan and lysine [67], and can even beneﬁt from increased lysine content. Further
information on ensiling and silo types is available through the Food and Agriculture Organization
of the United Nations (FAO) [4] and Heinritz et al. [68]. All over the world, sorghum is considered
a main cereal, and is drought resistant. It has been reported that it is an essential and principle
source of protein, energy, and minerals in diets for both animals and humankind in tropical and
subtropical areas [4]. Previous studies have shown that sorghum contains anti-nutritional factors like
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tannin, phytic acid, cyanogenicglucoside, oxalate, and trypsin inhibitor [69,70]. For these reasons, it is
categorized as having low nutritional values. Fermentation of sorghum diminished oxalate, phytate,
and tannins by 49.1%, 40%, and 16.12%, respectively [70].
8. Non-Conventional Ingredients as a Protein Source
Several reports have highlighted the proximate analyses of many non-conventional protein
sources which can be used in poultry production (Table 1). Generally, average daily protein
consumption in rural, resource-poor areas is less than 9 g of animal protein (capita/day), compared to
over 60 g (person/day) as reported by FAO recommendations for daily protein consumption [71,72].
At the family level, alternative sources of protein for smallholders in rural areas must be provided,
as they areoften resource-poor areas, and it is difﬁcult to access commercial diets in these areas.
Table 1. The proximate chemical analysis (%) of some alternative protein sources for poultry feeding.
Items

Dry Matter

Crude Protein

Crude Fiber

Ether Extract

Ca

P

Reference

Moringa leaves
Moringa leaves
Leuceana leucocephala leaves
Neem (Azadirachta indica) leaves
Cassava (Manihot escsulenta) leaves
Gliricidia sepium
Pawpaw (Carica papaya) leaves
Cabbage leaves
Ipomea batata leaves meal

80
94
88
92
95.5
89.3
93.2
87.9
88.7

29.7
27.2
25.9
20.68
26.3
22.9
26.3
14
25.66

22.5
40
40
16.6
19.7
17.15
14.8
35
12.76

4.38
17.1
4.13
7.3
8.8
2.0
3.06

2.78
2.36
3.2
3.2
-

0.26
0.23
-

[73]
[74]
[75]
[76]
[76]
[77]
[78]
[79]
[80]

As cited before, in the developing and developed economies of the world, non-ruminant animal
production, especially the poultry industry, plays an essential role as a principal source of animal
protein including both meat and eggs. The feed cost in poultry production represents around 70%of the
total cost of production. Therefore, the proﬁtability of this industry depends largely on the quality and
economics of feed production [81,82]. Expansion of the industry will therefore mainly be determined
by the sufﬁcient availability and affordability of good quality feed for birds and subsequently good
poultry products, such as eggs and meats for consumers [83]. For intensive enterprise, inadequacies in
nutrient supply often leads to a drop in egg production, as well as declines in growth performance on
the part of broilers for meat production.
9. Application of Alternative Resources of Protein for Chickens
With increasing demand for animal protein and the development of poultry industries in all
regions of the world, especially regions with extreme poverty, it is necessary to save alternative protein
resources for smaller breeds of chicken. Different sources of alternative feed available for feeding
chickens will raise the standard of living for small breeders. Current animal industries faceconﬂicting
requests to produce large volumes of high-quality food at low prices. Now, nutritional elucidations
have come to be even more imperative to disband such instances, and this can be accomplished
by taking full advantage of the alternative feed resources, such as tropical plants, in poultry diets.
Furthermore, one of the ways of reducing the cost of animal production in developing countries,
and therefore making protein available to people at cheaper prices, is by using agricultural by-products
and tropical plants, which are not directly used by humans as food to feed livestock [84]. As with other
vegetables and fruits, great amounts of waste are produced through packaging, harvest, and processing.
It has been estimated that about 30–50% of total production is discarded as waste, which consists
mostly of leaves or seeds [85].
As waste production increases, there is an afﬁliated increase in the quantity of residues produced.
These wastes or residues are often leached into the environment where they cause major negative
environmental impacts (e.g., nitrate percolating into water sources). The inclusion of diets with
2.5 g/kg neem (Azadirachta indica) leaf meal (AILM) to broiler chicken diets improved blood indices
without any deleterious effects when compared to birds fed the control diet [86]. In addition,
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they suggest that the dietary supplementation of Azadirachta indica leaf meal may lead to the expansion
of low-cholesterol chicken meat. Olabode and Okelola [87] concluded that supplementing neem leaf
meal (AILM) to laying birds by up to 8% did not have any negative inﬂuences on egg quality, serum
biochemical indices, and the ﬁnal consumer product.
Compared to conventional commercial feeds, Moringa oleifera meal (MOLM) as a protein
supplement in broiler diets at the 25% inclusion level showed similar results in weight and growth
rates [88]. Pawpaw (Carica papaya) leaf meal (CPLM) was reportedly incorporated at the 2% level in
the diet of ﬁnishing broilers. A signiﬁcant improvement of 14% in growth performance was observed
compared to the birds on the control diet, and the carcasses and organoleptic indices of the birds were
equally recorded with positive corresponding economic returns as observed by the signiﬁcantly lower
feed cost/kg gain [89]. Ayssiwede et al. [90] found that the inclusion of Leucaena leucocephala leaves
meal (LLLM) in the diet at the 21% level had no signiﬁcant adverse effect on feed intake, average daily
weight gain, feed conversion ratio, and nutrients utilization (except ether extract) of adult indigenous
Senegal chickens, but signiﬁcantly (p < 0.05) improved the crude protein and metabolizable energy
utilization in birds fed at the 7% inclusion level. This improvement may be attributed to the nutritional
quality of protein of LLLM, and was probably due to their higher percentage of sulfur amino acids.
As previously noted, because of the high price of protein ingredients such as ﬁsh meal, and soybean
meal, using LLLM as an alternative protein source for feeding chickens could improve small holders
poultry nutrition and productivity [90], and allow for alow cost of production and enhancement of
their incomes.
On the other hand, at a 5% inclusion level, cassava (Manihotesculenta) leafmeal (MELM) in broiler
ﬁnisher diets was reported to confer a signiﬁcant (p < 0.05) increase in feed intake, body weight gain,
feed conversion ratio, and organ weight of birds without any deleterious effects [91] over those with
10 and 15% inclusion levels.
Kagya-Agyemang et al. [92] recommended an inclusion level of not more than 5% Gliricidia sepium
leaf meal (GSLM) in broiler diets as he recorded a better carcass dressing percentage at this level,
while a progressive decrease in carcass dressing percentage was observed at higher inclusion rates,
with a 15% inclusion level having a signiﬁcantly (p < 0.05) lower carcass dressing percentage. However,
there was a corresponding increase in the intensity of yellow pigmentation of the skin, shanks, feet,
and beaks of the birds. This impairment might be due to increasing ﬁber content and anti-nutritional
factors present in Gliricidia leaf meal (GLM). These constituent include alkaloids, tannins, and nitrates
that can decrease the palatability of diets with GSLM [92].
Cabbage leaves are categorized by high crude protein (17%) and mineral levels, especially Ca, S,
and Mn. However, some of these wastes or residuals might contain anti-nutritional factors, which may
reduce animal growth performance [93].
As mentioned above, several anti-nutritional factors have been described as treatments for the
alleviation of this situation. Mustafa and Baurhoo [79] evaluated the replacement of soybean meal with
dried cabbage leaf residue (DCR) on broiler growth performance and nutrient digestibility. The results
concluded that inclusion of dietary DCR up to 9% of the diet had no adverse inﬂuences on broiler
performance. Sugar beet (Beta vulgaris) is a rich source of protein, carbohydrates, and has high levels
of essential vitamins and micro and macro elements. Signiﬁcant increases of live weight in growing
geese was shown with 5–10% sugar beet pulp.
10. Conclusions
Smallholders in poultry production systems have some constraints in obtaining commercial feed.
However, in tropical and subtropical areas there are large numbers of diverse forage species as protein
options for their poultry, which are locally available. There is a multiplicity of options related to
agricultural suitability and nutrients, and yields contents, and nutritional obstacles may be relatively
or abundantly overcome by suitable processing techniques. At the farm level, successes of worthy
economic returns can be achieved through ecological conditions such as individual decisions, technical
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and labor requirements, and already-available feed materials. Knowledge of the characteristics of
nutrition, agronomics, and secondary metabolites compounds of forage species allows small breeders
of poultry to make better choices for feeding and raising their poultry in rural, resource-poor areas.
Creative approaches are required to appropriate forage-based feed solutions for poultry into present
smallholder systems and further systematic investigation is required to describe the actual value of
some less-widespread forage species for various animal species.
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Abstract: The present study evaluated the forage production, nitrogen ﬁxation and the qualitative
characteristics of different accessions of Trifolium mutabile, a new species of annual clover,
collected in southern Italy. Forage traits were assessed by harvesting plants at the vegetative stage
(stem elongation) and the subsequent regrowth at the ﬂowering stage (inﬂorescence emergence-main
shoot). From results, signiﬁcant differences were found among the accessions of T. mutabile in terms of
forage biomass production (from 5.1 to 8.2 t ha−1 dry matter), capacity of nitrogen ﬁxation (58.2–76.8%
Ndfa) and forage nutritional characteristics. Besides the high forage yield, the investigated accessions
showed favourable values of production and quality, representing also worthy germplasm for
selection programs as well as the application for possible plant cultivar registration. Moreover, it is
interesting to underline that T. mutabile may represent a valuable alternative to commonly cultivated
annual clover species due to its prolonged vegetative cycle. However, further investigations are
needed to assess the self-reseeding capacity of T. mutabile when utilized as pasture species.
Keywords: annual clover; N ﬁxation; biomass production; forage

1. Introduction
Annual clovers are the basis of production systems in the Mediterranean area. Historically,
the most widespread clovers are berseem (Trifolium alexandrinum L.), crimson clover
(Trifolium incarnatum L.), Persian clover (Trifolium resupinatum L.), squarrosum clover
(Trifolium squarrosum L.), arrowleaf clover (Trifolium vesiculosum L.) and subterranean clover
(Trifolium subterraneum L.) in many countries [1–3]. T. mutabile (Turkish clover) is an endemic species
of the Mediterranean area [4], which was described for Dalmatia. In the wild it is widespread in
the western Balkans (Dalmatia, Greece, Albania) and in Southern Italy, from Campania to Sicily [5],
where it is represented by T. mutabile var. gussoneanum, endemic to Southern Italy. The same species
has been previously evaluated by Hoveland and Alison [6], deﬁning it as Turkish clover having dense,
compact, leafy clover with leaves resembling arrowleaf clover, and being tolerant to grazing and
having also better natural reseeding than arrowleaf clover.
The vegetative parts of T. vesiculosum do not differ from those of T. mutabile in the case of vigorous
plants and when grown in fertile soil. The latter species, more thermophilous and xerophilous,
often appears with plants of very small size [3].
It has been well documented that the forage quality of clover is a function of the composition
of the individual plant parts: each differing in quality and quantity as plants mature [7–9].
Agriculture 2018, 8, 113; doi:10.3390/agriculture8070113
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Cutting is the main agronomic factor that affects morphology and the expression of yield potential,
and indirectly determines nutritive value. Optimizing the use of forages in livestock feeding requires
an understanding not only of its dry matter production and plant composition but also of the changes in
its nutritive value. Consequently, alternative grasslands are required and the T. mutabile, recently found
in Italy, could be an interesting option for integration into productive systems in the Mediterranean
climate zone.
Therefore, the present study described the main agronomic characteristics of different accessions
of T. mutabile collected in south of Italy and evaluated the forage production, nitrogen ﬁxation and the
qualitative characteristics in two different phenological stages.
2. Materials and Methods
2.1. Experimental Field Trial
A ﬁeld trial was carried out during the years 2015–2016 in Southern Italy at Gravina in Puglia,
Bari (40◦ 53 N; 16◦ 24 E; 415 m above sea level), on a loamy soil, characterized as sub-alkaline,
medium in total N (nitrogen) (1.22 Kjeldahl method), high in available P (phosphorus) (74 mg kg−1 ;
Olsen method), and exchangeable K (potassium) (362 mg kg−1 ; BaCl2 ; TEA method). The experimental
site was characterized by a summer-dry climate with a total annual rainfall of 560 mm distributed
from Autumn to Spring and a mean temperature of 16 ◦ C. During the experimental period
(from November 2015 to June 2016), the total rainfall was 336 mm, and temperatures did not show any
signiﬁcant variation from the average.
Seedbed preparation consisted of plowing at 40 cm during summer and dish-harrowing twice
during autumn. Before sowing a total of 100 kg/ha of P2 O5 as superphosphate was used. The previous
crop was wheat (Triticum durum). Six different accessions of T. mutabile collected in Apulia Region of
Southern Italy (Table 1) were seeded in 18 November 2015 at a seeding rate of 10 kg/ha seed and a
row spacing of 20 cm, and ryegrass (Lolium multiﬂorum cv Trinova) was used as non-ﬁxing reference
crop at seeding rate of 40 kg/ha with a 20 cm row spacing.
Table 1. Collection sites of the different T. mutabile accessions.
Accession Code

Collection Site

Coordinates

TMU01
TMU02
TMU03
TMU04
TMU05
TMU06

Restinco
San Donaci
San Pietro Vernotico
Specchia (A)
Specchia (B)
Spinazzola

40.6422 N; 17.8657 E
40.5462 N; 17.8747 E
40.5353 N; 18.0590 E
39.9709 N; 18.2815 E
39.9781 N; 18.1060 E
41.0072 N; 16.2658 E

A randomized block experimental design was used with four replicates having a plot area of
8 m2 . The macroplot sizes were 2 × 4 m, whereas microplot sizes were 1 × 1 m; each microplot was
located in the centre of individual macroplots. Both the T. mutabile and ryegrass crops were fertilized
uniformly with the solution of 10 kg N ha−1 15 N NH4 SO4 (10% 15 N atomic excess) (fertilizer dissolved
in 1 L of distilled water). The macroplots also received 10 kg N ha−1 of unlabelled NH4 NO3 .
Forage biomass yield was determined by harvesting the whole plot at two main phenological
stages including the vegetative stage and (stem elongation) and the regrowth at the ﬂowering stage
(inﬂorescence emergence-main shoot). The ﬂowering time of the six accessions was also evaluated.
2.2. Nitrogen Fixation Analysis
Plant samples were oven-dried at about 70 ◦ C for 48 h. The plant material was ground to pass
through a 0.2 mm sieve. Total N and % 15 N atomic excess (a.e) of plant samples were analyzed at
the Iso-Analytical Limited (Cheshire, UK) using elemental analysis isotope ratio mass spectrometry
(EA-IRMS). The % 15 N excess was calculated by the difference of the atomic % 15 N in the plant material
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(T. mutabile and ryegrass) and that of the natural abundance in the atmosphere (0.3663%). The N
ﬁxation in T. mutabile was calculated using the 15 N-isotope dilution method [10], using the equations
(Equation (1)) mentioned below; and the amount of N2 ﬁxed was determined from the product %
nitrogen derived from ﬁxation (Ndfa) and N yield (as sum of the two cuts) for each replication, and the
average was then calculated (Equation (2)):
% Ndfa = 100 × [(1 − % 15 N a.e (T. mutabile)/% 15 N a.e (ryegrass)]
N2 ﬁxed (kg ha

−1

) = [(% Ndfa × total N in T. mutabile (kg ha )]/100
-1

(1)
(2)

2.3. Forage Chemical Analysis
Samples of forage were ground in a hammer mill with a 1-mm screen and analyzed in triplicate
for dry matter (DM), ash, crude protein, (CP; Kjeldahl N × 6.25), crude ﬁber and crude fat (ether extract
with previous hydrolysis) according to the procedures described by the AOAC (Association of
Ofﬁcial Analytical Chemists) [11]. Neutral detergent ﬁber (NDF) and acid detergent ﬁber (ADF)
were determined according to Van Soest et al. [12], and were corrected for residual acid insoluble
ash. Acid detergent lignin (ADL) was determined by the method of Van Soest and Robertson [13].
Representative samples of oven-dried forage weighing 1 g were placed in a mufﬂe furnace at 550 ◦ C
for 4 h for total ash determination. The ash was wet with sulfuric and perchloric acids and diluted
with distilled water [11]. Hemicellulose and cellulose also were estimated as NDF: (ash free)-ADF
(ash free) and ADF (ash free)-ADL (ash free), respectively. All results were expressed on DM basis.
Digestibility of dry matter (DDM), dry matter intake (DMI), relative feed value (RFV),
total digestible nutrients (TDN), net energy-lactation (NEl), net energy-maintenance (NEm) and
net energy-gain (NEg) were calculated according to the following equations adapted from common
formulas for forages [14]:
DDM % = 88.9 − (0.779 × ADF %);
DMI % = 120/NDF;
RFV = (DDM % × DMI %)/1.29;
TDN % = 96.35 − (ADF % × 1.15) (adapted equation from Lucerne formulas);
NEl: Mcal/1b = (TDN % × 0.01114) − 0.054;
NEm: Mcal/1b = (TDN % × 0.01318) − 0.132;
NEg: Mcal/1b = (TDN % × 0.01318) − 0.459.
2.4. Statistical Analysis
Data were analyzed by analysis of variance (ANOVA) using CoStat, version 1.03,
Software (CoHort Software Incorporation, Monterey, CA, USA). The statistical analysis was applied to
data following the one-way ANOVA design. Differences between means for signiﬁcant effects were
detected using Student-Newman-Keuls (SNK) test for biomass production and nitrogen ﬁxation data.
Unless otherwise stated, signiﬁcance was declared at p < 0.05.
3. Results and Discussion
Unfortunately, previous studies evaluating the productive and nutritional characteristics including
the nitrogen ﬁxation have not yet been reported in T. mutabile forage. Thus, cross-referencing in the
discussion of the ﬁndings in this study will be based on available results from other winter clover
species under Mediterranean environmental conditions.
The six investigated accessions of T. mutabile led to a average total dry matter biomass production
of 6.6 t/ha as sum of the two cuts at vegetative and ﬂowering growth stages; the TMU06 and TMU02
accessions produced the higher biomass (~8.0 t/ha), whereas the two accessions TMU04 and TMU05
resulted in the lowest dry matter yield (5.5 and 5.1 t/ha, respectively) (Table 2). These results are
comparable to those reported by Ovalle et al. [15] in T. vesiculosum in a high rainfall areas of the
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Mediterranean climate zone of Chile and by Cazzato et al. [1] in different species of annual clovers in
Southern Italy.
Table 2. Total aerial biomass yield, 1st cut biomass (% on total yield), ﬂowering time, Ndfa % and ﬁxed
N of the different T. mutabile accessions.
Accession
Code

Total Biomass
Yield (t/ha)

Biomass Yield at 1st
Cut (% on Total Yield)

TMU01
TMU02
TMU03
TMU04
TMU05
TMU06
Mean

6.2 bc
8.0 a
6.9 ab
5.5 bc
5.1 c
8.2 a
6.6

30.3 a
23.6 b
15.0 c
23.6 b
26.1 ab
21.6 b
23.4

Flowering
Time
Early
Medium-Late
Late
Medium-Early
Early
Medium
-

Ndfa *
(%)

N2 Fixed
(kg/ha)

64.5 cd
73.4 ab
76.8 a
58.2 d
67.1 bc
72.8 ab
68.8

116.3 b
191.2 a
190.2 a
96.3 b
111.4 b
186.0 a
148.6

* Ndfa: N derived from the atmosphere; Means within a column with no common letters (a–d) differ signiﬁcantly
(p < 0.05).

Considering the percentage of biomass yield at the ﬁrst cut, it was found that the accessions
produced 23.4% on average of the total biomass. In particular, the highest values were obtained by
the early accessions (TMU01 and TMU05), conversely the lowest was detected in the late accession
TMU03. Our ﬁndings conﬁrm the data reported in the unique study conducted on T. mutabile in terms
of regrowth capacity after forage cut at vegetative stage [6].
Based on ﬂowering time, it was observed in our study a good variability for this parameter,
with an average difference of ~20 days (from 150 to 170 days from emergence) between the earliest
and latest accession (data not shown).
The Table 2 reports the values of N derived from air (Ndfa) and the N2 ﬁxed. The mean Ndfa
was 68.8%, varying from 58.2% (TMU04) to 76.8% (TMU03). Regarding the N2 ﬁxed, the T. mutabile
accessions showed an mean value of 148 kg/ha, with a signiﬁcant variability among the six accessions
(from 96 to 186 kg/ha). Our results on Ndfa and N2 ﬁxed are in agreement with those reported
by Giambalvo et al. [16] in berseem clover (T. alexandrinum). Further, under similar environmental
conditions, Cazzato et al. [1] found similar ﬁndings on Ndfa and N2 ﬁxed in many annual clovers
(T. incarnatum, T. resupinatum, T. squarrosum, T. alexandrinum and T. michelianum).
The chemical composition of the different T. mutabile accessions at vegetative and ﬂowering stages
is reported in Table 3.
As expected, the forage cuts at the vegetative stage had a higher crude protein value (25.0%)
compared to forage harvested at ﬂowering stage (18.9%). A signiﬁcant variation was observed among
accessions varying from 22.8 to 29.4% of protein (ﬁrst cut) and from 16.1 to 22.4% at second cut.
Conversely, a higher ﬁber percentage was found at the second cut compared to the forage harvested at
ﬂowering stage (26.4 vs. 21.3%). Ross et al. [17] reported in berseem clover a crude protein declined
between 31 to 18% DM according to the plant maturity.
The forage fat content did not vary signiﬁcantly considering both the accessions and the two cuts
(1.75% on dry matter). The ash content decreased on average from 12.7 (vegetative stage) to 10.3%
(ﬂowering stage), whereas the N-free extract increased harvesting the forage at ﬂowering (39.9%)
compared to vegetative (48.2%) stage.
The ﬁber fractions of the different T. mutabile accessions harvested at vegetative and ﬂowering
growth stages are reported in Table 4. Based on the ﬁndings, it was observed that all the determined
parameters increased signiﬁcantly from vegetative to ﬂowering growth stage; in particular, the mean
NDF content varied from 42.4 to 49.1%, the ADF from 23.3 to 29.7%, ADL from 6.7 to 7.1%,
cellulose from 16.8 to 22.7%. However, taking into account the single accessions, a high variation in
the ﬁber fractions evaluated was observed. The results of our accessions of T. mutabile for NDF and
ADF values are similar to the ﬁndings reported by Evans and Mills [18] in arrowleaf clover. Moreover,
considering the NDF and ADF values, as proposed by the Hay Marketing Task Force of the American
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Forage and Grassland Council [19], the accessions of T. mutabile forage resulted of good quality when
harvested at ﬂowering stage and of “premium” quality when harvested at vegetative stage.
Table 3. Chemical composition of the different T. mutabile accessions at vegetative and ﬂowering stages.
Vegetative Stage

Accession Code
Crude Protein (%)

Crude Fiber (%)

Crude Fat (%)

Ash (%)

N-Free Extract (%)

TMU01
TMU02
TMU03
TMU04
TMU05
TMU06
Mean
Signiﬁcance level

29.4 (0.3)
24.2 (0.1)
24.1 (0.1)
22.8 (0.1)
23.1 (0.2)
26.4 (0.1)
25.0
p < 0.01

16.1 (0.8)
20.9 (0.4)
22.7 (0.1)
23.1 (0.2)
22.2 (0.6)
22.4 (0.4)
21.3
p < 0.01

1.6 (0.1)
1.7 (0.1)
1.9 (0.1)
1.7 (0.1)
1.9 (0.1)
1.9 (0.1)
1.8
ns

12.5 (0.6)
12.5 (0.1)
12.5 (0.4)
12.7 (0.2)
12.4 (0.4)
13.7 (0.6)
12.7
ns

40.3 (1.0)
40.6 (0.9)
38.7 (0.7)
39.7 (0.2)
38.5 (0.6)
35.6 (1.2)
38.9
p < 0.01

TMU01
TMU02
TMU03
TMU04
TMU05
TMU06
Mean
Signiﬁcance level

22.4 (0.3)
16.5 (0.1)
17.7 (0.1)
20.8 (0.1)
19.4 (0.1)
16.1 (0.1)
18.9
p < 0.01

23.7 (0.2)
24.1 (0.4)
29.2 (0.3)
26.6 (0.4)
28.3 (0.4)
26.2 (0.2)
26.4
p < 0.01

10.4 (0.2)
9.6 (0.3)
10.3 (0.3)
11.7 (0.3)
10.8 (0.2)
9.1 (0.3)
10.3
p < 0.01

41.8 (0.2)
48.2 (0.8)
41.3 (0.7)
39.3 (0.1)
39.6 (0.7)
47.0 (0.2)
42.8
p < 0.01

Flowering Stage
1.7 (0.1)
1.6 (0.1)
1.6 (0.1)
1.8 (0.1)
1.9 (0.1)
1.7 (0.1)
1.7
ns

Values in brackets indicate the standard error; ns: not signiﬁcant.

Table 4. Fiber fractions of the different T. mutabile accessions at vegetative and ﬂowering stages.
Vegetative Stage

Accession Code
NDF (%)

ADF (%)

ADL (%)

Cellulose (%)

Hemicellulose (%)

TMU01
TMU02
TMU03
TMU04
TMU05
TMU06
Mean
Signiﬁcance level

48.27 (0.49)
42.25 (0.30)
39.68 (0.28)
41.52 (0.23)
40.88 (0.33)
41.60 (0.13)
42.42
p < 0.01

21.39 (0.52)
23.34 (0.23)
25.58 (0.11)
22.60 (0.17)
22.22 (0.25)
24.78 (0.11)
23.31
p < 0.01

7.07 (0.08)
6.80 (0.09)
6.16 (0.04)
6.58 (0.08)
7.19 (0.07)
6.14 (0.09)
6.70
p < 0.01

14.20 (0.48)
17.14 (0.28)
19.31 (0.04)
16.46 (0.20)
14.83 (0.11)
18.79 (0.05)
16.84
p < 0.01

27.17 (0.72)
18.52 (0.14)
14.35 (0.42)
18.93 (0.41)
18.78 (0.20)
16.29 (0.31)
19.00
p < 0.01

TMU01
TMU02
TMU03
TMU04
TMU05
TMU06
Mean
Signiﬁcance level

43.93 (0.28)
50.03 (0.33)
48.38 (0.26)
52.46 (0.56)
54.62 (0.42)
45.46 (0.22)
49.11
p < 0.01

24.14 (0.18)
28.50 (0.30)
31.86 (0.46)
29.11 (0.15)
34.37 (0.59)
30.04 (0.09)
29.73
p < 0.01

7.55 (0.19)
7.18 (0.06)
6.87 (0.02)
6.99 (0.02)
7.17 (0.19)
6.99 (0.07)
7.12
p < 0.01

Flowering Stage
17.49 (1.28)
21.18 (0.22)
24.98 (0.43)
22.15 (0.16)
27.23 (0.36)
23.01 (0.11)
22.71
p < 0.01

19.90 (0.21)
22.01 (0.14)
17.27 (0.04)
23.77 (0.28)
20.72 (0.64)
15.58 (0.29)
19.94
p < 0.01

NDF, neutral-detergent ﬁber; ADF, acid-detergent ﬁber; ADL, acid-detergent lignin; Values in brackets indicate the
standard error.

Signiﬁcant differences were observed among the six accessions of T. mutabile in terms of DDM,
DMI and RFV for animal feeding (Table 5). As a result of differences in ADF contents, DDM contents of
the accessions were also different in the two harvest period. Because of NDF contents of the accessions
were different, also the DMI varied signiﬁcantly. As a result of differences determined in DDM and
DMI values amongst T. mutabile accessions, the RFV values were also different amongst accessions.
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70.09 (0.14)
66.70 (0.23)
64.08 (0.35)
66.22 (0.11)
62.13 (0.46)
65.50 (0.06)
65.82
p < 0.01

TMU01
TMU02
TMU03
TMU04
TMU05
TMU06
Mean
Signiﬁcance level

DDM
72.23 (0.40)
70.72 (0.18)
68.98 (0.09)
71.30 (0.14)
71.59 (0.20)
69.60 (0.08)
70.71
p < 0.01

TMU01
TMU02
TMU03
TMU04
TMU05
TMU06
Mean
Signiﬁcance level

Accession Code
DMI

30

RFV

148.43 (1.24)
124.04 (0.38)
123.23 (0.03)
117.45 (1.03)
105.83 (1.58)
134.04 (0.78)
125.52
p < 0.01

139.23 (0.62)
155.73 (0.70)
161.71 (1.35)
159.72 (0.61)
162.91 (1.77)
155.64 (0.31)
155.82
p < 0.01

TDN

68.59 (0.21)
63.58 (0.34)
59.71 (0.52)
62.87 (0.17)
56.83 (0.67)
61.81 (0.1)
62.23
p < 0.01

Flowering Stage

71.75 (0.60)
69.51 (0.27)
66.94 (0.13)
70.36 (0.20)
70.79 (0.29)
67.86 (0.12)
69.53
p < 0.01

Values in brackets indicate the standard error.

2.73 (0.02)
2.39 (0.01)
2.48 (0.01)
2.28 (0.02)
2.19 (0.01)
2.64 (0.01)
2.46
p < 0.01

2.49 (0.03)
2.84 (0.02)
3.03 (0.02)
2.89 (0.02)
2.94 (0.02)
2.89 (0.01)
2.84
p < 0.01

Vegetative Stage

0.71 (0.01)
0.66 (0.0)
0.61 (0.0)
0.64 (0.0)
0.58 (0.01)
0.63 (0.01)
0.64
p < 0.01

0.75 (0.01)
0.72 (0.0)
0.69 (0.0)
0.73 (0.0)
0.74 (0.01)
0.70 (0.0)
0.72
p < 0.01

NEl

0.77 (0.01)
0.71 (0.01)
0.66 (0.01)
0.69 (0.01)
0.62 (0.01)
0.68 (0.01)
0.69
p < 0.01

0.82 (0.01)
0.79 (0.01)
0.75 (0.0)
0.80 (0.01)
0.80 (0.0)
0.76 (0.0)
0.78
p < 0.01

NEm

0.44 (0.01)
0.38 (0.01)
0.33 (0.01)
0.37 (0.01)
0.29 (0.01)
0.36 (0.01)
0.36
p < 0.01

0.49 (0.01)
0.46 (0.01)
0.42 (0.0)
0.47 (0.0)
0.48 (0.01)
0.44 (0.01)
0.46
p < 0.01

NEg

Table 5. Digestibility dry matter (DDM), dry matter intake (DMI) contents, relative feed value (RFV), Total digestible nutrients (TDN), net energy lactation (NEl),
net energy. Maintenance (NEm) and net energy gain (NEg) contents of the different T. mutabile accessions.
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Differences in terms of TDN, NEl, NEm and NEg contents were obtained amongst accessions.
The relative feed value (RFV) is a widely accepted forage quality index in the marketing of hays in the
United States of America [20,21]. Based on our results on RFV, the forage obtained from the T. mutabile
accessions can be classiﬁed as good-premium quality, resulting thus a valuable feeding resource for
livestock species.
4. Conclusions
From our ﬁndings, signiﬁcant differences were found among the accessions of T. mutabile in terms
of biomass production, capacity of nitrogen ﬁxation and forage quality characteristics. Besides the high
forage yield, the collected accessions showed favourable values of production and quality, representing
also valuable germplasm for further selection programs as well as the application for possible plant
cultivar registration. Moreover, it is interesting to underline that T. mutabile may represent a valuable
alternative to commonly cultivated annual clover species especially in Mediterranean areas, because of
its longer vegetative cycle. However, further investigations are needed to assess the self-reseeding
capacity of T. mutabile when utilized as pasture species.
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Abstract: Moringa oleifera L. (moringa) is known as one of the most useful multipurpose plants. It can
be effectively utilized as a natural biopesticide and inhibitor of several plant pathogens. Thus, it can
be included in integrated pest management strategies. Moringa and its products have different
uses in many agricultural systems. The use of moringa as a crop enhancer is an eco-friendly way
of improving crop yields at the lowest possible cost. This inexpensive increase in productivity can
contribute to meeting some of the food needs in some parts of the world as the global population
increases and poverty rates rise. One of the most important characteristics of moringa is that it has
high biological and nutritional values and can be used as animal feed, green fertilizer, medicine,
biopesticide and in seed production. Moringa has been characterized as a potentially useful animal
feed owing to its high content of protein, carotenoids, several minerals and vitamins (such as iron
and ascorbic acid) and certain phytochemicals (kaempferitrin, isoquercitrin, rhamnetin, kaempferol
and quercetin). This review aims to provide more knowledge about the nature, nutritional value,
phytochemicals and uses of Moringa oleifera as a promising material in the ﬁelds of soil and plant
management, water treatment, as well as animal and poultry production.
Keywords: Moringa oleifera; forage; beneﬁcial use; nutritional composition; poultry; animal; plant

1. Introduction
In recent years, different phytogenic feed additives, i.e., aromatic plants or their respective
essential oils have been investigated for poultry [1–3]. Different species have been tested at various
inclusion levels to ﬁnd a cheap, safe and natural feed additive with high economic output [4]. The use
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of phytogenic compounds in feed might improve feed quality. Firstly, they possess the ability to
retard the growth of mycotoxigenic fungi [5]. Secondly, their antibacterial and antioxidative properties
(e.g., thymol, carvacrol and rosmarinic acid) contribute to improving the overall quality of feed [6].
Antioxidant properties could be of great importance when the feed contains a high proportion of
polyunsaturated fatty acids, versus saturated fatty acids. Phytogenic extracts/essential oils possess
antimycotic properties, which could be helpful in preventing mycotoxin production in stored wheat
grains. Growth of toxigenic fungi, e.g., Aspergillus ﬂavus, Aspergillus parasiticus, Aspergillus ochraceus
and Fusarium moniliforme, could be inhibited by anise, thyme and cinnamon [7,8]. Overuse and
misuse of pesticides and fungicides to manage pests and plant pathogens have resulted in harmful
effects including death, birth defects among humans and animals and several diseases (such as cancer,
allergies, etc.) [9]. Due to the negative impacts associated with pesticide usage, much attention has been
focused on alternative ecofriendly methods of pathogen control. There is an urgent need to examine
non-synthetic chemical approaches to disease management in agricultural applications [10,11].
Moringa oleifera L. (moringa), belongs to family Moringaceae, grows in tropical and subtropical
environments. Every part of the tree has beneﬁcial properties, making it multipurpose tree where
is used as herbal medicine, spices, food, fertilizer natural coagulants, forage and nectar for bees.
Additionally, it is used as good sources of vitamins (A, B and C), nicotinic acid, riboﬂavin, pyridoxine,
folic acid, beta-carotene, ascorbic acid, alpha-tocopherol calcium and iron as well as a main source
of the essential amino acids [12]. Reports have also described the plant to be anti-inﬂammatory,
antioxidant, antimicrobial and antitumor activity. Moringa has powerful antibiotic and fungicidal
effects [13]. As well, moringa has the potential to improve nutrition and support immune functions
of poultry and animal, where responses to moringa include reduced Escherichia coli and increased
Lactobacillus counts in the intestine demonstrating an enhanced immune response [14].
Moringa oleifera has other agricultural uses beyond supplementation for animals. There are many
reports that moringa leaf extract (MLE) can play a major role in accelerating the growth of tomatoes,
peanuts, maize and wheat in the early vegetative stages. Also, Moringa oleifera (ethanol or aqueous)
extracts are regarded as biopesticidal products that are ecofriendly, have low cash input, are readily
available, have a minimal environmental impact and are helpful in plant disease management.
M. oleifera is reported to have antimicrobial properties against plant pathogens that cause serious plant
diseases, such as soil-borne disease [15]. Moringa can also be effectively used as a natural biopesticide
and, thus, it can be included in integrated pest management (IPM) strategies [16]. A signiﬁcant
improvement in pest and disease resistance has also been observed with MLE use, with overall yield
increases of 20% to 35% [17]. The use of MLE as a crop enhancer is an environmentally friendly way
of increasing crop yields at the lowest possible cost. This inexpensive increase in productivity can
contribute to meeting some of the food needs in some parts of the worldwide, associated with the
global population increase, as poverty rates rise [18]. One of the most important characteristics of
M. oleifera is that it has a high nutritional value and can be used in animal feed, green fertilization,
medicines, biopesticides and seed production [17]. This article aims to provide more knowledge about
the nature, description, nutritional values and uses of M. oleifera as a promising material in soil and
plant management, water treatment and the animal and poultry industry.
2. Description of Moringa oleifera
Moringa oleifera is commonly termed the “drumstick tree”. Other common names include
horseradish tree, ben oil tree, or benzoil tree. Some parts of moringa tree (leaves, pods, seeds,
ﬂowers, fruits and roots) are eaten as food and some are taken as a remedy. Moringa oleifera is a
fast-growing, deciduous tree. Its maximum height is 10–12 m, while its trunk can reach a diameter
of 45 cm. The ﬂowers are approximately 1.0–1.5 cm long and 2.0 cm wide. Flowering starts within
the ﬁrst six months after planting. The fruit is a droopy, three-sided brown capsule, 20–45 cm in size
and contains dark brown, spherical seeds of about 1 cm diameter. The seeds have three thin, whitish
wings, which are responsible for the smooth distribution of the seed by water and wind [19]. This tree
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also needs a yearly rainfall of between 250 mm and 3000 mm and can survive in temperatures of
25 ◦ C to 40 ◦ C, which makes it suitable for tropical climates. Moringa tree grows mainly in semi-arid
tropical and subtropical areas. More generally, moringa grows in the wild or is cultivated in Central
America and Caribbean, northern countries of South America, Africa, Southeast Asia and various
countries of Oceania. Among the twelve species in the genus Moringa, the most commonly cultivated
and widespread is Moringa oleifera [20], which is native to the sub-Himalayan tract of India and
Pakistan [21].
2.1. Nutritional Composition of the Moringa oleifera
All parts of Moringa oleifera are consumed by humans in different ways. Moringa leaves are a
source of highly digestible nutrients and can be eaten fresh, cooked or stored as dried powder and
have been advocated as suitable for nutritional and therapeutic use in many developing regions of
the world [22]. Moringa has a great possible in improving nutrition and support immune functions
of poultry and animal. Seeds are eaten green or dry [23]. Moringa seeds contain a high percentage
of sweet oil (30–40% of the seed weight) and contain around 76% polyunsaturated fatty acids which
can control cholesterol. The leaves and seeds of Moringa oleifera are a source of protein, iron, calcium,
ascorbic acid vitamin A and antioxidant compounds such as carotenoids, ﬂavonoids, vitamin E and
phenolics [24]. The presence of vitamins and minerals beneﬁt in improving the immune system and
cure a myriad of diseases [25]. Various amino acids, such as Arg, His, Lys, Trp, Phe, Thr, Leu, Met, Ile,
Val are present in Moringa oleifera leaves [25].
Moringa oleifera leaves can be used as a feed supplement, to improve feed efﬁciency and livestock
performance, or as a replacement for conventional crops to obtain more economically sustainable,
environmentally friendly and safer production [26,27]. Rubanza et al. [28] reported better feed
digestibility in animals fed moringa leaves, probably due to their nutritional proﬁle especially the
neutral detergent ﬁber (NDF), acid detergent ﬁber (ADF), crude protein (CP), gross energy (GE), ether
extract (EE) and amino acids. Some parts of the moringa tree contain toxins and other anti-nutritional
factors, which limit their utility as a source of food for humans or animals. The bark of the tree contains
alkaloids, tannins, saponins and some inhibitors [29,30]. Grubben and Denton [31] reported two
types of alkaloids in moringa root bark, i.e., moringinine and moringine. Bose [32] stated that bark
of moringa tree has toxicity proﬁles due to its content of two alkaloids and the toxic hypotensive
moringinine. The bark of the tree may cause violent uterine contractions that can be fatal [33].
Faizi et al. [34] reported that using of Niazinin A, niazimicin resulted from the ethanolic extract of
Moringa oleifera leaves produced negative inotropic and chronotropic effects in isolated guinea pig atria
and hypotensive and bradycardiac effects in anesthetized rats. Additionally, changes in clotting factor,
changes in serum composition (e.g., total protein, bilirubin, cholesterol), along with enzyme inhibition,
induction, or change in blood or tissue levels of other transferases have been noted after the mice
treatment by root bark extract Moringa oleifera Lam. are 500 mg/kg and 184 mg/kg. Even though the
toxic root bark is removed, the ﬂesh has been found to contain the alkaloid spirochin, which can cause
nerve paralysis [35]. Mazumder et al. [36] found that methanolic extract of Moringa oleifera root was
found to contain 0.2% alkaloids and high doses (>46 mg/kg body weight) of crude extract affect liver
and kidney function and hematologic parameters. Phytate content in M. olifera leaves is about 3.1%,
which might decrease availability of minerals in monogastrics [30]. A point to note is that the nutrient
composition varies depending on the climate, location and the environmental factors signiﬁcantly
inﬂuence nutrient content of the tree [25]. Finally, we can conclude that the plant can be dangerous if
consumed too frequently or in large amounts. Therefore, it has been suggested that more attention
should be paid to how the plant has been used in diets.
2.2. Phytochemicals of the Moringa oleifera
Phytochemical studies of moringa leaves have indicted unique compounds, including rhamnose
(i.e., simple sugar), isothiocyanate and glucosinolates [13,37] that are known for strong hypotensive
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(blood pressure lowering) and spasmolytic (muscle relaxant) effects [38]. Other important compounds
such as benzyl glucosinolates, 4-(4-O-acetyl-α-L-rhamnopyranosyl oxy) benzyl thiocyanate and
4-(α-L-rhamnopyranosyl oxy) benzyl isothiocyanate are also present. These compounds are known
to possess anticancer, hypotensive and antibacterial activity [13]. Some ﬂavonoid pigments, such as
kaempferitrin, isoquercitrin, rhamnetin, kaempferol and quercetin are found in moringa ﬂowers [13,37].
Cytokine-type hormones were observed in MLE in 80% ethanol [29,39]. Al-Asmari et al. [40] reported
that such ethanol extracts had cancer preventative effects, when they assayed the activity against
human promyelocytic leukemia cells (HL-60).
According to Yameogo et al. [41], Moringa oleifera is the best source of a wide spectrum of
dietary antioxidants, including ﬂavonoids such as kaempferol and quercetin. Siddhuraju and
Becker [42] reported the concentrations of natural antioxidants in Moringa oleifera from three different
agroclimatic origins: on a dry weight basis, phenolics = 74–210 μmol g−1 , ascorbate (vitamin C) =
70–100 μmol g−1 , β-carotene = 1.1–2.8 μmol g−1 and α-tocopherol = 0.7–1.1 μmol g−1 . Notably, they
had higher antioxidant contents than fruits and vegetables that are known for their high antioxidant
contents, e.g., strawberries (high in phenolics ~190 μmol gallic acid (GA) g−1 ), carrots (high in
β-carotene ~1.8 μmol g−1 ), soybean (high in α-tocopherol ~1.8 μmol g−1 ) and hot pepper (high in
ascorbate ~110 μmol g−1 ) [43]. As well, Pakade et al. [44] stated that moringa excels some vegetables in
their strength as an antioxidant, because that its content of total phenolics was almost twice that of the
vegetables (broccoli, spinach, peas and cauliﬂower) and total ﬂavonoids were three times that of the
same vegetables. Also, the reducing power of moringa was higher and free radicals remaining were
lower compared with these vegetables. Moringa leaves also contain other important ﬂavonoids such as
kaempferol and quercetin, which exhibit higher antioxidant activity than ascorbic acid [40,45]; they also
contain fairly high amounts of ascorbic acid [42]. These antioxidants provide protection to animals
against degenerative diseases and infections, which might be associated with the direct trapping of free
radicals to avoid DNA damage from excessive oxidation [46,47]. Moringa seeds contain ferulic acid,
gallic acid, epicatechin, catechin, vanillin, protocatechuic acid, caffeic acid, cinnamic acid, phytosterol,
quercetin, chlorogenic acid and quercetin rhamnoglucoside. The immature pods (fruits) and ﬂowers
of Moringa oleifera have been characterized by the content of carotenoids. Also, isothiocyanate from
moringa seeds acts as anticancer agents and mitigates oxidative stress [25,48]. Phytosterols such as
kampesterol sitosterol and stigmasterol are precursors for hormones, where induce the production
of estrogen, subsequently, stimulates the proliferation of the mammary gland ducts to create milk.
Additionally, the presence of ﬂavanoids give the anti-inﬂammatory, antioxidant and antidiabetic
properties and as anti-proliferative and anticancer agent [25].
The phytochemical compounds of moringa possess various biological actions, including
antidiabetic, hypocholesterolemic, hypertensive agent and regulate thyroid hormone, central nervous
system, digestive system, as well as nutrition and metabolism. Reports have also described the
plant to be highly potent anti-inﬂammatory agent anti-inﬂammatory, antimicrobial and antitumor
activity. Finally, we can state that moringa is rich in phytochemical compounds that confer on the plant
signiﬁcant medicinal properties that could be valuable for treating certain ailments.
3. Uses of Moringa in Soil and Plants
The moringa tree is one of the most nutrient-rich plants in the world. It has many uses for plant
and soil such as a green manure and natural growth stimulants. Exogenous application of MLE,
whether it is an aqueous or ethanol extract, improves productivity in many crops, because MLE
possesses great antioxidant activity and is rich in plant secondary metabolites such as ascorbic acid
and total phenols, making it a potential natural growth stimulant [49]. Several studies have focused on
the role of MLE in improving plant growth and increasing the production of numerous crops [49,50].
Moreover, MLE, such as other bio-stimulants, is used to enhance plant resistance to abiotic stresses [51].
Moringa is a plant that grows under drought conditions and in all soil types [52]. Using moringa
shoot as a green manure can signiﬁcantly enrich agricultural soil. In this method, the soil is ﬁrst plowed
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and moringa seed is then planted 2 cm deep at a spacing of 10 × 10 cm (a density of 1 million seeds per
hectare). The seedlings are plowed into the soil, to a depth of 15 cm and then the soil is prepared for
the desired crop [53–55]. Fresh moringa leaf aqueous extracts contain many antioxidants and is rich in
secondary metabolites and osmoprotectants [51,56]. In addition, MLE is a source of vitamins, zeatin,
indole-3-acetic acid (IAA), cytokinin, gibberellins (GAs) and several mineral elements (i.e., P, Ca, K, Mg,
Fe, Cu, Zn and Mn) [56,57]. The various ingredients contained in the MLE suggest that this aqueous
extract can be used effectively as a plant biostimulant and, thus, is considered to be one of the most
natural growth stimulants available [57]. This tree also contains numerous curative properties and
chemical materials for other uses and is sometimes called “the prodigy tree” [58]. These advantages are
linked to the geographical distribution of these trees; they are particularly valuable as they are found
in areas with high population density and high poverty rates [58]. Among several uses of moringa is
use of the leaf water extract as a hormone promoter for numerous crops [59,60]. Therefore, MLE as
growth promoter can be a natural and practical alternative supplement to synthetic sources applied to
improve productivity in crop plants. In addition, it beneﬁts the plant and the soil together for their
effective advantages resulting from its content of many bioactive components.
3.1. Effect of Moringa oleifera on Plant Growth Characteristics and Yield
Moringa leaf ethanol extract has plant-growth-promoting capabilities as it is rich in K, Ca,
carotenoids, phenols and zeatin [29]. Three sprays of MLE signiﬁcantly inﬂuenced the number
of branches/plant, plant height, number of pods/plant, number of seeds/pod and biological yield
of canola, compared to untreated control plants [59]. Many studies have demonstrated that the
addition of MLE enhanced crop yield, as determined by strong seedling growth and yield of bean
(Phaseolus vulgaris L.) [56,57]. The different concentrations of moringa extract was capable to enhance
the photosynthetic apparatus in treated plant, which leads to increase in plant productivity and fruit
dry matter [61]. Enhanced seedling growth parameters (number and area of leaves/plant, shoot length,
dry weight of plant, reducing sugars, amylase activity and plant growth) following the addition of MLE
may be due to the mobilization of germination-related metabolites/inorganic solutes (i.e., ascorbic
acid, zeatin, Ca and K) in the growing plumule [29,62,63]. Moreover, the high content of GAs, IAA
and zeatin in MLE promotes linola (Linum usitatissimum L.) plant growth and production under saline
conditions in comparison to untreated and hydropriming controls [50]. The rapid increase in growth
observed in these studies is likely due to the enriched content of crude proteins as well as auxins and
cytokinins, which are growth-promoting hormones [64]. Proteins are fundamental for the formation
of the protoplasm; however, growth hormones promote fast cell division, cell multiplicity and cell
enlargement [61]. A signiﬁcant reduction in growth (in terms of shoot and root length and plant dry
mass), after treatment with 100 mM NaCl (compared to a control, distilled water), which resulted in a
signiﬁcant loss in the yield of common bean (Phaseolus vulgaris L.) plant [51]. However, pre-soaking
the beans in MLE for 8 h signiﬁcantly increased the growth parameters. The combined treatment of
MLE + NaCl (100 mM) alleviated the adverse effects of NaCl-salinity and maintained the growth traits
and bean yield at the same levels as the control plants. Cytokinin is one of the most important growth
regulators discovered in MLE. It has an important role in increasing the chlorophyll content of plants
and improving cell division [65].
The growth parameters (i.e., number of leaves/plant, shoot length and dry weight) of common
bean plants grown under saline conditions were positively affected by the application of MLE in two
seasons. Addition of MLE, as a seed soak (SS) or foliar spray (FS), led to signiﬁcant increases in all
growth characteristics compared to control plants (Figure 1(1)) [66,67]. A plant growth spray made
from moringa leaves enhanced crop production by 20–35% [29]. In addition, numerous experiments
have shown that spraying plants with MLE accelerated plant growth [68,69]. Howladar [56] reported
that NaCl and/or CaCl2 application signiﬁcantly decreased the growth parameters and yield of bean
plants. It was found that the combined inﬂuence of these two stress factors was more harmful than
their individual affects. Compared to the control plants, the shoot length, root length, leaf area and
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plant dry weight decreased by 28.1%, 49.6%, 40.2% and 63.2% respectively. In addition, the number
of pods/pot, pod protein and pod yield/pot were reduced by 62.7%, 63.3% and 51.2% respectively.
Plant treatment with MLE, in the absence of NaCl and/or CaCl2 , stimulated bean growth and yield
and were signiﬁcantly higher than in the control group. Foliar application of MLE also enhanced
the growth of bean plants after treatment with NaCl and/or CaCl2 and the values were signiﬁcantly
higher than those of the plants grown under stress alone [56].
Moringa leaf ethanol extract is a natural plant growth enhancer, has low cost and enhances
the tolerance of plants for difﬁcult environmental conditions, such as drought. However, MLE has
also gained attention owing to its high content of proteins, antioxidants (ascorbic acid, ﬂavonoids,
phenolics and carotenoids), mineral ions (P, Ca, Fe, K, Cr, Cu, Mg, Mn and Zn), amino acids, vitamin
A, vitamin C, B-complex and plant hormones, especially cytokinins (zeatin) [70]. Drought stress has a
destructive effect on the cytokinin content of plants; therefore, the high levels of zeatin in MLE make it
particularly effective as a natural compound promoting plant tolerance under stress conditions [61].
Hanafy [71] observed that MLE is rich in nutrients, antioxidants (such as ascorbic acid, α- tocopherol,
phenols and ﬂavonoids), as well as phytohormones (such as IAA and GAs). Plant growth traits (fresh
and dry weights of shoots and roots, shoot and root length) of Glycine max plants were affected by
drought and the effect increased as the water holding capacity of the plants decreased (60% and
40%). It was reduced signiﬁcantly with increasing drought stress as compared with the control group.
Spraying plants with MLE resulted in a noticeable improvement in all growth parameters, compared
to untreated plants, indicating higher growth efﬁciency and development with MLE supplementation.
Plants treated with MLE and subjected to drought stress showed highly signiﬁcant increases in growth
traits compared with either drought-stressed plants or well-watered plants.

Figure 1. Cont.
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Figure 1. Effect of foliar spray (FS) and/or seed soaking (SS) with MLE or distilled water (DW) on (1)
green pod yield, (2) chlorophyll a, (3) chlorophyll b, (4) carotenoids, (5) soluble sugars, (6) electrolyte
leakage, (7) nitrogen content, (8) phosphorus content, (9) potassium content and (10) sodium content of
Pea (Pisum sativum L.) plants growing under salinity stress condition [66].

3.2. Effect of Moringa oleifera on Physicochemical Attributes
All physicochemical attributes (i.e., total chlorophyll, total carotenoids, relative water content
(RWC, %), electrolyte leakage (EL, %), membrane stability index (MSI, %), free proline, total soluble
sugars, ascorbic acid, N, K, P, Ca, K/Na ratios, Ca/Na ratios, K + Ca/Na ratios and antioxidant
enzymes) (Figure 1(2–10)) of pea (Pisum sativum L.) were affected by the application of MLE under
salinity stress conditions [61,66]. Higher chlorophyll content and enhanced growth traits were
positively reﬂected in the dry seed yield and green pods of bean plants grown under saline conditions.
These increases may be due to assimilation of ascorbic acid and have been linked to cytokinin levels
found in MLE [51,72]. Salt stress signiﬁcantly increased EL; however, the addition of MLE signiﬁcantly
reduced it. This decrease in EL was greater when MLE was applied as both a SS and FS [61,66].
When plants are subject to salinity stress, EL (Figure 1(6)) can cause damage to cell membranes.
Maintaining the integrity of cell membranes under saline conditions is an important goal of salinity
tolerance techniques [73]. The addition of MLE signiﬁcantly enhanced the RWC of plants, compared
to the control plants and the highest elevation in RWC was observed when MLE was applied as a
SS combined with a FS. Relative water content is a useful measure of the physiological condition of
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plants [74]. MLE is reported to enhance RWC and the tolerance of plants to salt stress, probably due to
increases in the concentrations of osmoprotectants [66,67].
The use of an MLE foliar spray on bean plants grown under saline conditions led to a signiﬁcant
increase in soluble sugar content (Figure 1(5)) [51,66]. The MLE participates in osmotic adaptation
and ability by directly, or indirectly, modifying the code of genes involved in metabolic procedures,
storage functions and defense [75]. It has been reported that the oxidative injury created during salinity
stress is due to a disparity in the production of reactive oxygen species (ROS) and antioxidant active
alterations [76]. To avoid oxidative stress injury, plants have evolved antioxidant systems, including
non-enzymatic ones, such as ascorbic acid (AsA), that act to directly lower ROS during various forms
of stress [77]. In this respect, the maximum concentrations of AsA in bean plants were found in
MLE-treated plants [78]. Since AsA can immediately remove O2 and H2 O2 through a non-enzymatic
path, the addition of foliar MLE can be used to inhibit O2 accumulation [79]. The presence of zeatins,
such as cytokinin, in MLE prevents early aging of the leaves and preserves the largest possible leaf
area, thereby increasing the rate of photosynthesis [57]. Cytokinin levels are usually reduced in the
later stages of plant growth. Therefore, the external addition of cytokinins, through the application of
MLE, can delay this process and increase the chlorophyll and soluble sugar content in salt-stressed
bean plants [57,80]. This study demonstrated that the inhibitory effects of abiotic stress on the growth
and production of plants could be mitigated by the exogenous addition of MLE.
3.3. Applications of Moringa oleifera in Water Treatment and Puriﬁcation
Softening is the abstraction of ions that cause hardness in water. Hardness is mostly caused by
Ca and Mg ions, or at times, by Fe, Mn, strontium and Al ions. Hardness can lead to excessive soap
consumption. In general, water hardness should not be above 300 mg L−1 to 500 mg L−1 ; hardness
greater than 150 mg L−1 may require softening [81]. Chemicals used for water treatment are expensive
and are not available locally in most developing countries. Thus, biological anticoagulants that can be
used in water desalination, such as Moringa oleifera seeds, need to be investigated [82]. Moringa is one
of the most important natural substances that can be used in the puriﬁcation of drinking water [22,81]
at low cost and low risk to human health and the environment [83]. Dried, ground moringa seeds
coagulate debris in water due to their active soluble protein component, which is a natural cationic
polyelectrolyte [84]. Initial water hardness of 80.3 g L−1 CaCO3 was found to have decreased between
50% and 70% after coagulation and softening with M. oleifera [85]. Water hardness reduction increased
with increasing dosage of M. oleifera in England using water samples from four sources, with different
levels of hardness [86]. Several studies have reported on the performance of M. oleifera seeds as an
alternative coagulant, or coagulant aid, for various water treatments, such as the removal of turbidity,
alkalinity, dissolved organic carbon (DOC), humic acid and hardness from raw water [87–92]. Earlier
studies also recommended the use of moringa seed extracts as a coagulant in water treatment for the
removal of various pollutants such as acid orange 7 dye and alizarin violet 3R dye [89,93]. Prasad [94]
carried out color reduction studies on distillery spent wash using moringa seeds and the optimum
color reduction was found to be between 56% and 67% using NaCl and KCl salts respectively. It has
also been used to treat palm oil mill efﬂuent waste (POME) and dairy industry waste (DIW) [89,95].
Studies conducted mainly on river water in African countries, including Nigeria, Rwanda, Malawi,
Egypt and Sudan, indicated reductions in turbidity and color of over 90% and microorganism (such as
Escherichia coli) reduction of over 95% [81,84,96]. Moringa seed aqueous extract reduced the number of
fecal coliforms, Staphylococcus aureus, in water from rivers and wells [96,97]. Moringa seed powder
had bacterial removal efﬁciency of up to 99.5% [96]. In addition, moringa seed powder can reduce
heavy metals such as manganese, iron, copper, chromium and zinc in water [98]. The results of several
studies conducted in Sudan and England that showed total hardness removal in water treated with
moringa seed powder [81]. Water pH is an important parameter that determines coagulating capacity,
because it affects the degree of ionization and solubility of adsorbate [99]. The coagulation process
using moringa seed powder worked better at pH 6.5–9, while alkaline conditions were better for
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clariﬁcation [84,96,100]. At the same time, high temperatures increased the coagulating power of
moringa seed powder and it was negatively affected by temperatures below 15 ◦ C [84]. Therefore, for
the best results using Moringa oleifera seed powder or extract for water treatment, pH, contact time
and temperature should be controlled and monitored [96,101,102]. Overall, moringa is an underused
plant that could bring a multifaceted approach to addressing water and nutrition issues in agriculture,
particularly in rural sub-Saharan African communities [96].
Moringa seeds can also be used for the puriﬁcation of water [103]. Aruna and Srilatha [104]
reported on the antibacterial effect of moringa seed powder in water puriﬁcation and clariﬁcation
of ﬁsh ponds. Egbuikwem and Sangodoyin [105] observed 90% turbidity removal by moringa seed
extract in well, stream, water samples and examined its effectiveness against Escherichia coli in stream
water. The presence of 1% ﬂocculent proteins in its oil cakes binds mineral particles and organics in
the puriﬁcation and treatment of drinking water. Moringa seeds present a potential substitute for
some conventional synthetic chemical coagulants such as alum—although it is not as effective for
turbidity removal as alum—that might increase the risk of cancer and it is considered to be a natural,
biodegradable, environmentally friendly and safer substance [104–106].
3.4. Effect of Moringa on Heavy Metal Accumulation in Water and Soil
Heavy metals are some of the most important pollutants affecting water and soil quality.
They have signiﬁcant toxic effects on humans and aquatic species, hence, their removal is essential [89].
Metal biosorption occurs through various mechanisms such as chemisorption, complexation,
ion exchange, microprecipitation and adsorption-surface complexation. Metal adsorption onto
agro-based adsorbent surfaces occurs owing to the functional groups present in the cell walls of
plants [89]. Cellulose, present in the secondary cell wall, adsorbs metals from solution and the metal
ions bind either because of two hydroxyl groups present in the cellulose/lignin unit or because of the
hydrogen bonds of the metal [89,107]. Metals that can be removed from water using moringa seeds
include arsenic, cadmium, zinc and nickel [108–110]. Moringa oleifera seeds have been shown to remove
arsenic from water [111]. Sorption studies by Idris et al. [89], showed that, in a batch experiment,
the optimum conditions achieved for the removal of arsenic (III) and arsenic (V) by M. oleifera seeds
were 60.21% and 85.06% respectively. For cadmium and nickel, 85.10% and 90% removal were achieved,
respectively. The percentage removal was 90% for copper, 80% for lead, 60% for cadmium and 50% for
zinc and chromium [89,112].
Moringa seed extract (MSE) removes heavy metal ions from the soil at pH levels of 6 to 8.
The success of MSE in removing these elements is owing to its ability to contain them on proteins,
creating complexes and limiting their availability [113].
Many studies have shown that the use of MSE has led to a decrease in heavy metal contamination
of groundwater [96,114,115]. The use of moringa seeds resulted in the elimination of some heavy
metals, such as Fe, while Cu and Cd levels were reduced by 98% and Pb was reduced by 78% [116].
The decrease in heavy metal accumulation in plants and soil can be attributed to the presence of
multiple functional groups in MSE, such as carbohydrates, lignin, fatty acids and protein units,
which contain a carboxylic group and various amino (-NH2 ) groups [117] these groups form
insoluble complexes with heavy metals, which reduces their availability in the soil to be absorbed by
plants [117–119]. MSE is also classiﬁed as one of the adsorbents of lignocellulosic, consisting mainly
of cellulose, hemicellulose and lignin groups. These groups contain many molecules that can absorb
metal ions through ion exchange and complex formation [117].
3.5. Uses of Moringa in Plant Disease Management
Moringa is a multipurpose tree and, recently, a lot of research has gone into its medicinal use
against human pathogens [38]. However, Adline and Devi [16] concluded that not as much research
has been conducted on the use of moringa as a natural bio-agent against devastating crop pathogens
with economic importance. In fact, there is an urgent need to ﬁnd alternative methods and strategies
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to help in the management of soil-borne plant diseases; such methods should be ecofriendly and
cost-effective. Moringa oleifera has been reported to have antimicrobial properties [15] and, therefore,
should be included in IPM strategies.
There is no doubt that crops in third world countries, particularly African countries, are victims
to fungal toxins (known as mycotoxins), heavy metals and chemicals from the indiscriminate use of
pesticides, which present a threat to ecosystems and future generations. These toxins not only lead to
imbalances in ecosystems but also interfere with food chains, resulting in environmental abnormalities.
It is, therefore, important to ﬁnd better alternatives for botanical fungicides, which have minimal
environmental impact and no danger to human consumption compared with synthetic pesticides [47].
Intensive and continued fungicide usage is associated with development of resistance by fungi to
systemic fungicides and the speciﬁcity of fungicide formulations, which affect only one pathway in
the biosynthesis of fungal pathogens [120], processes that reduce the efﬁcacy of fungicides. Hence,
use of biological agents, such as moringa, in the control of soil-borne fungal pathogens notorious for
causing root-rot diseases, might prove to be more effective than fungicides [121]. Not only are these
bio-agents environmentally friendly compared to chemical methods, but they have also been shown
(in several in-vitro studies) to effectively inhibit pathogen growth [122].
Plant extracts from several higher plants have been reported to display antifungal, antibacterial
and insecticidal properties under laboratory conditions [123]. This has inspired scientists to investigate
large numbers of plants for their antifungal potential against the most important seed-borne fungal
species, with the aim of developing some plant-based formulations for the management of plant
diseases and maintaining the quality of seeds for sowing and storage [124]. Most of these plant
products are reported to have insecticidal properties [125]. It has been reported that the damping-off
disease caused by Pythium debaryanum can be prevented in seedlings by digging moringa leaves into
the soil before planting [22]. Saavedra Gonzalez et al. [126] reported that plants sprayed with moringa
leaf ethanol extract were ﬁrmer and more resistant to disease and pests. Moreover, moringa has the
potential to be used as a biopesticide. Incorporating leaves into the soil can prevent seedling damping
off [22]. Furthermore, plants treated with MLE showed greater pest and disease resistance [30].
Foliar application of MLE has been shown to reduce fruit drop and increase fruit set, yield, fruit
color, weight, ﬁrmness, vitamin C, soluble solids content, anthocyanin content and antioxidant activity
in Hollywood plum [127]. Consequently, it may be concluded that the foliar application of moringa
leaf aqueous extract can be regarded as a cheap biostimulant—a source of plant growth hormones and
minerals—for improving the yield and quality of plant crops, especially given the trend toward organic
farming [127]. MLE increased seed germination by 92% compared with a control group and provided
seeds with protection from infection: MLE-treated seeds showed 9.33% seed infection, which was
signiﬁcantly different from the control group (66% seed infection) but was not signiﬁcantly different
from chemically treated seeds [124].
Interestingly, in a study of the mycelial growth inhibition of Aspergillus ﬂavus isolated from stored
maize grains, M. oleifera seed powder was the most favorable treatment, compared with Fernazzan D
(a chemical fungicidal material) [128].
Several trials have tested the efﬁcacy of MLE in combination with biocontrol agents for plant
disease control. In in-vitro experiments, potato dextrose agar (PDA) was amended with MLE and the
mycelial growth of Sclerotium rolfsii was measured. Results showed that MLE was effective against
Sclerotium mycelial growth on PDA. Higher aqueous extract concentrations resulted in a decrease in the
mycelial growth and no mycelial growth was recorded at an extract concentration [10]. These results
show that moringa treatment affected both the mycelial growth of the pathogen and its further
development, conﬁrming the antifungal properties of MLE against fungal pathogens [129]. In addition,
the combined effect of MLE and other biocontrol agents, revealing that they can be successfully used as
a seed treatment against Sclerotium rolfsii, the causal agent of damping off and stem rot in cowpea [130].
Moringa is resistant to diseases and pests itself because of its relatively fast vegetative growth,
which allows it to regenerate quickly after any disturbance from the most common pests and diseases,
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including grasshoppers, crickets, caterpillars, termites and fungal disease [126]. A phytochemical
analysis of moringa leaves and seed solvent aqueous extracts found ﬂavonoids, alkaloids, tannins,
glycosides, terpenoids and phenolic compounds, etc. [131]. Moringa oleifera leaves contain some fatty
acids, crystalline alkaloids, proteins, niazirin and glycosides, which are thought to be responsible for
their antimicrobial activities [129].
The synergistic effects of Trichoderma and moringa can protect plant growth against pathogen
infection [10]. Farmers could use this combination to decrease the yield losses caused by disease
pathogens and therefore increase their income. Microbial diseases are widespread and there is a need
to use antimicrobial agents. It has been shown that moringa is an effective antimicrobial agent [132].
MLE can act against bacteria like Bacillus subtilis, Staphylococcus aureus and Vibrio cholera as shown
by Viera et al. [133]. The antibacterial effects of the seeds were determined by screening for the
antibacterial compounds moringine, benzyl isothiocyanate and pterygospermin [134]. Furthermore,
moringa seed aqueous extracts are reported to have antimicrobial properties that can lead to the
inhibition of bacterial growth, thereby averting waterborne diseases. These properties of M. oleifera
seeds not only have a broad application in preventing diseases but can also potentially enhance the
quality of life in rural communities [134].
Moreover, moringa can be used in the management of crop disease in organic farming systems
due to the various bioactive ingredients it contains, which act in different ways against the pathogenic
infection of plants [135]. Farooq et al. [130] conducted an in-vitro study to test the effect of two
different concentrations of Moringa oleifera leaf and seed aqueous extracts in inhibiting the mycelial
growth of two soil-borne pathogens: Fusarium solani and Rhizoctonia solani. Results showed that both
moringa aqueous extracts revealed 50% growth inhibition of F. solani at the 30% concentration level.
The maximum inhibition percentages recorded against R. solani were 45% and 50% using moringa
seed aqueous extract at 25% and 30% concentrations, respectively. They concluded that moringa
seed and leaf aqueous extracts contain antifungal properties, which resulted in effective growth
inhibition of F. solani and R. solani. Moringa aqueous extract concentration inﬂuenced the antifungal
activity: the higher concentration levels displayed an increase in antifungal efﬁcacy. Moringa has
been used to control the Rhizopus pathogen, which is a major causal organism in food spoilage and
losses [136]. Many in-vitro studies have highlighted moringa’s ability to inhibit food disease pathogens,
such as Salmonella typhi, Salmonella paratyphi, Escherichia coli, Shigella dysenteriae, Citrobacter spp. and
Pseudomonas aeruginosa [137].
4. Uses of Moringa in the Animal and Poultry Industry
Almost all parts of Moringa oleifera are used as food. Leaves of M. oleifera are used as food or animal
feed during the dry season or periods of drought [138]. In Africa and Asia, moringa pods, ﬂowers, roots
and leaves are cooked and eaten as an alternative to green vegetables [13]. The high protein content,
good mineral proﬁle and presence of vitamins (especially A, B and C) in moringa leaves make them a
feed for animal and poultry. They contain 30% to 40% edible oil (ben oil) [39]. Ben oil provides good
amounts of oleic acid, sterols and tocopherols, which prevent rancidity [138] and it possesses antiviral,
antioxidant, anti-inﬂammatory, cardio-protective, anti-asthmatic and anticancer medicinal properties.
Antibiotic and antifungal effects against Fusarium solani, Bacillus subtilis, Staphylococcus aureus and
Pseudomonas aeruginosa result from pterygospermin, which is present in moringa seeds [18,139]. Anemic
patients are treated with its leaves to increase their iron levels and its roots and bark are used in
the treatment of cardiac issues [103]. According to Jabeen et al. [139] the efﬁciency of animal feed
concentrates can be improved by supplementation with M. oleifera leaves. Similarly, Sultana et al. [18]
reported that soybean meal (SBM) supplemented with moringa leaves signiﬁcantly affected growth
performance (body weight and body weight gain) in poultry. The birds also had better health status and
feed conversion ratio (FCR). According to Chollom et al. [140] MLE has an antiviral effect on Newcastle
disease virus (NDV). Despite the great advantages of Moringa oleifera when used in animals or poultry,
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excessive use in large quantities lead to negative results because it contains some anti-nutritional
properties that show their effectiveness with the addition of a larger quantity of the animal.
4.1. Inclusion of Moringa oleifera Leaf in Poultry Diets
Moringa oleifera leaves are reportedly devoid of heavy metals such as cadmium, arsenic and
mercury and contain signiﬁcant quantities of vitamins (A, B and C), therefore its integration into
poultry diets is safe and could enhance the output performance in poultry production [141]. Adequate
levels of dietary moringa leaves could have signiﬁcant effects on growth, production performance
and carcass characteristics of birds. It has been reported that better feed efﬁciency could be a result of
improved digestibility and antimicrobial properties against gut pathogens [142]. Moringa leaf meal
can be safely included in cassava-based layer diets at 10% concentration without lowering feed intake.
According to Olugbemi et al. [143], M. oleifera has a hypocholesterolemic effect and it can be added to
poultry feed to reduce egg cholesterol content. Abou-Elezz et al. [144] veriﬁed that dietary moringa
leaf meal (up to 10%) can produce a useful impact on yolk color and resulted in no signiﬁcant adverse
effects on egg laying rate. Therefore, 10% moringa leaf meal has been recommended as a sustainable
feed supplement in laying hen diets. The 5% moringa leaf meal level had a beneﬁcial impact on birds,
while dietary levels of 15% and 20% produced adverse effects [144,145]. Safa and Tazi [146] veriﬁed
that broilers fed diets containing 5% moringa leaf meal for 7 weeks had increased body weight and
higher total feed intake and improved feed conversion ratio compared to a control group. In another
experiment, dry matter intake (DMI) increased as moringa leaf meal inclusion in feed increased in
broilers because of increased bulk and metabolizable concentration [147]. Moringa leaf meal was a
good source for improving yolk pigments and had no negative effects on egg shape index and shell
thickness [148]. This could be due to the high carotene content (~15.25 to 16.30 mg 100 g−1 of moringa
leaf meal) [149]. Higher albumen and lower yolk, indices imply a relatively lower concentration
of cholesterol, which is a high-quality attribute for egg consumers [148]. The supplementation of
sunﬂower with moringa leaf meal had a signiﬁcant effect on egg weight when used at 5% concentration
in the diet [145].
Moringa oleifera has antioxidant activity due to its phytochemical content, which can inﬂuence
the stability, palatability, processing properties and shelf life of poultry products [43,150]. Flavonoids,
mainly ﬂavonols, are the most important antioxidants in moringa [39]. Their antioxidant activity was
higher than that of vitamin C and could be used to prolong the shelf life of poultry products [151].
Dietary supplementation with low levels of moringa leaf meal has no effect on nutrient digestibility
and may even improve feed efﬁciency. Supplementary moringa leaf meal of up to 10% showed no
signiﬁcant effects on body weight, feed consumption, or feed conversion ratio [150]. The positive
effects of dietary Moringa oleifera supplementation on animal performance may be attributed to contents
of moringa in calcium, magnesium, sodium, potassium, copper, iron, zinc, manganese, α-tocopherol,
β-carotene and ascorbic acid as well as PUFA and some bioactive components of moringa.
Other studies have also established that excessive amounts of M. oleifera might produce adverse
effects on egg-laying performance. Addition of 20% moringa leaf meal to layer diets, as a substitute
for sunﬂower seed meal, signiﬁcantly decreased egg production and total egg weight [145]. Similarly,
Mutayoba et al. [152] reported that supplementing diets with 20% moringa leaf meal adversely
affected egg mass production and egg laying rate, despite the dietary energy level, while the 5%
supplementation level had no adverse effects. Ebenebe et al. [153] observed that diets supplemented
with 2.5% moringa leaf meal signiﬁcantly affected internal egg quality in comparison with the control
group; adding varying grades of moringa leaf meal (0%, 5%, 10% and 15%) to layer diets linearly
decreased egg mass and egg-laying percentage, while egg weight showed a quadratic trend as the
percentage of leaf meal increased [143]. The possibility of moringa leaf meal being used as a substitute
for soybean meal in broiler feed, but reported that high levels of leaf meal led to a decrease in growth
rate [149]. According to Olugbemi et al. [143], these adverse effects of high levels of leaf meal in
poultry diets could be a result of low digestibility of the protein. This conclusion is supported by
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Kakengi et al. [145], who observed an increase in feed intake and dry matter intake in laying hens fed
diets containing 10% and 20% moringa leaf meal. This result was similar to previous reports [144]
that dry matter intake showed a quadratic trend with increasing levels moringa leaf meal (0–15%).
However, feed efﬁciency was negatively affected in the birds fed diets supplemented with higher
levels of leaf meal [145]. Moringa leaf meal could be used to replace the groundnut cake in the diets
of grower rabbits and the supplementation level can reach 60% with high feed to gain ratio and feed
cost efﬁciency [154]. Phytate content in M. olifera might decrease availability of minerals, thus various
enzymes such as phytase could be added to feed containing moringa leaves to increase phosphorus
availability [55,155].
Several investigations exhibited that poultry performance was depressed with addition of
M. oleifera, evidenced by decreased body gain and increased feed conversion ratio, which might be due
to the anti-nutritional factors, such as phytate tannins, total phenols and saponins [30]. Thus, more
work is required to examine how different levels of supplementary M. oleifera affect the poultry
performance and further limit an optimal inclusion rate in diets. In general, it means the plant can be
dangerous only if consumed too frequently or in large amounts. Supplementation with M. oleifera at
low levels improved egg quality but higher levels of inclusion resulted in lower productivity [144].
Decreased egg weight at higher concentrations of moringa leaf meal (≥10%) was due to lower protein
retention, energy availability and lower crude ﬁber (CF) digestibility [156]. These observations
suggested that M. oleifera leaves might be a suitable feed stuff for poultry; however, attention should
be paid to the dietary levels.
4.2. Anticoccidial Effect of Moringa oleifera on Poultry Parasitic Diseases
One of the most important diseases of poultry is avian coccidiosis and it is responsible for many
broiler mortalities worldwide. The use of anticoccidial drugs is the main control of this disease;
however, herbal preparations could be used as a replacement coccidiosis treatment in chickens.
Ola-Fadunsin et al. [157] examined the efﬁcacy of M. oleifera acetone extracts (1.0 to 5.0 g/kg body
weight) against avian coccidiosis and found a direct effect on broiler chickens infected naturally with
mixed Eimeria species compared with negative control (untreated group) and positive control (treated
with toltrazuril, 7 mg/kg BW). The anticoccidial activity of M. oleifera, administered either as powdered
leaves, as a prophylactic, or as ethanolic extract, could be related to the antioxidant properties of
M. oleifera (ascorbic acid, ﬂavonoids, phenolics and carotenoids) [158]. These compounds inhibit the
presence of oocysts in fecal matter, provide cellular protection against oxidative stress and decrease
the severity of E. tenella infections by changing the degree of peroxidation of the intestinal lipid [159].
Allen et al. [159] examined the antioxidant effect of M. oleifera leaf ethanol extract and fruit.
After infection with Eimeria species, the host’s cellular immune response produced free radical oxidative
species, which play a vital role in the defense mechanism against parasitic infections. [160] observed
that antioxidant activity is due to the presence of polyphenols, tannins, anthocyanin, glycosides and
thiocarbamates, which may remove free radicals, activate antioxidant enzymes and inhibit oxidases
because of cytoplasmic membrane attachment and, thus, make these elements available for the birds
to use [139].
4.3. Antiviral Activity of Moringa oleifera on Poultry Viral Disease
Newcastle disease virus is considered one of the most infectious and contagious viral diseases
of domestic poultry and wild birds. It has a high morbidity and mortality rate, which can result in
sharp economic losses to the poultry industry worldwide [161]. The main control system of NDV
is vaccination but there are some challenges with this approach, especially in rural areas with poor
farms: the cost of vaccines is high, the cold chain systems required by these vaccines may not be
available and small size and multiage birds, can affect the success of the vaccination [162]. Improving
the immunogenicity of the vaccine by applying complementary approaches, such as natural plants,
might be a good way to overcome such infectious diseases.
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A complementary method of controlling this virus is the use of medicinal plants. Plants contain
alkaloids, ﬂavonoids, saponins and tannins, which can act as antiviral agents. Several studies have
examined the moringa extract concentration required to provide the best antiviral activity. The effect
of aqueous seed aqueous extract of M. oleifera against NDV was investigated by Chollom et al. [140],
who used an in ovo assay and reported that the extract concentration was directly proportional to virus
death and inversely proportional to the production of antibodies against NDV. According to these
ﬁndings, M. oleifera seed aqueous extract has a powerful antiviral activity against NDV in ovo; it also
had a nutritional value. The extract contains considerable amounts of vitamins A, B and C, minerals
(such as calcium ions, iron, potassium) and proteins, in addition to traces of carotenoids, saponins,
phytates and phenolic constituents [42,163] which may be responsible for the immunomodulation of
the immune system. The role of M. oleifera in modulating immune responses may be linked to the
enhanced production of factors responsible for growth, such as cytokines, which activate both innate
and adaptive immunity [164].
4.4. Antibacterial Effect of Moringa oleifera on Poultry Bacterial Disease
Pathogens that cause disease and economic losses in poultry include Escherichia coli, Salmonella spp.
and mycoplasma [165]. Abiodun et al. [166] studied the antibacterial and phytochemical effects
of aqueous extracts of M. oleifera roots on Escherichia coli-infected broiler chicks and established
that moringa roots (aqueous extract) can be used as a replacement for synthetic antibiotics in
combating pertinent poultry diseases, especially those of the Escherichia coli origin. Extracts of
15 g L−1 dosage are recommended, since this level shows better serological indices than other dose
levels examined (5 or 10 g L−1 ) compared with commercial antibiotics [166]. Moringa oleifera acetone
extract was reported to have antibacterial properties and conclusion was made to investigate it as a
phytotherapeutic agent to combat infectious agents [167]. The antimicrobial action of M. oleifera seed
extracts might be due to the presence of lipophilic compounds; these compounds can attach to the
cytoplasmic membrane. The moringa seed ethanol extract may also contain antibiotic metabolites such
as carboxylic acid, 2,4-diacetylphloroglucinol, cell wall-degrading enzymes and chitinases [136,139].
From the previous research literature that was interested in the antibacterial effect of Moringa oleifera
on poultry we found it rare, so we encourage more studies at this point.
5. Conclusions
Moringa oleifera L. is known as one of the most useful multipurpose plants. Some parts of the
moringa tree (leaves, pods, seeds, ﬂowers, fruits and roots) are eaten as food and some are taken
as a remedy. Moringa is rich in phytochemical compounds that confer on the plant signiﬁcant
medicinal properties that could be valuable for treating certain ailments. The leaves and seeds of
M. oleifera are a source of protein, iron, calcium, ascorbic acid vitamin A and antioxidant compounds
such as carotenoids, ﬂavonoids, vitamin E and phenolic compounds. Thus, its leaves could be
used as a supplement to improve feed efﬁciency and livestock performance, or be used to replace
conventional crops to obtain more economically sustainable. The use of moringa as a crop enhancer is
an environmentally friendly strategy for improving crop yields at the lowest possible cost. In addition,
moringa and its derivatives have several nutritional and biological applications, including use in green
fertilization, animal and poultry feeds, medicines, biopesticides and seed production. In addition,
moringa contributes in plant disease management in being antioxidant, antifungal, antibacterial and
insecticidal. On the other hand, some parts of the moringa tree contain toxins and other anti-nutritional
factors, which limit their utility as a source of food for humans or animals. This means that the plant
can be dangerous if consumed too frequently or in large amounts. Therefore, it has been suggested
that more attention should be paid to how moringa is used in diets. We recommend the use of
moringa at low or medium concentrations in the ﬁeld of animal and poultry production because high
concentrations cause some problems because it contains some toxins and other anti-nutritional factors.
However, the beneﬁt of moringa should be used to improve plant production and soil characteristics.
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Therefore, emphasis should be placed on providing research on moringa to highlight its roles in
agricultural production (plant and animal).
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Abstract: Pre-ensiling treatments can significantly influence the composition of lucerne (Medicago
sativa L.) silages (LS). Besides dry matter (DM) content and availability of water-soluble carbohydrates
(WSC), wilting intensity may exert a strong impact on the crude protein (CP; nitrogen [N] × 6.25)
fractions. The present study aimed to evaluate the effects of DM level, wilting intensity, and sucrose
addition on N compounds and fermentation products in LS. Pure lucerne stand (cultivar Plato) was
wilted with either high or low intensity to DM contents of 250 and 350 g kg−1 , respectively, and ensiled
with or without the addition of sucrose. Non-protein-N (NPN) concentration in LS was affected by all
pre-ensiling treatments and with 699 g kg−1 CP, NPN was lowest in high-intensity wilted high-DM LS
with sucrose addition. No effects were observed on in vitro-estimated concentrations of utilizable CP at
the duodenum, a precursor to metabolizable protein. Sucrose addition and higher DM level decreased
acetic acid and ammonia-N concentration in the silages. Therefore, the present study demonstrated the
beneficial manipulation of CP fractions in LS by high-intensity wilting to higher DM contents and that
the provision of WSC may be necessary for sufficient silage fermentation and protein preservation.
Keywords: crude protein; dry matter; lucerne; alfalfa; nitrogen; silage; wilting

1. Introduction
Compared with other forage species, lucerne (Medicago sativa L.) has a high crude protein (CP;
Nitrogen [N] × 6.25) content and depending on its degradability in the rumen, a considerable part
of the ruminant’s demand for amino acids (AA) can be supplied by feeding lucerne [1]. Preserved
as lucerne silage (LS), this forage is continuously available as a component for dairy and beef cattle
diets, independently from vegetative growth periods. However, the vast majority of CP in LS is
ruminally readily-degradable non-protein-N (NPN), i.e., from 50 up to 87% of total CP [2–4], which
can be ascribed to proteolytic activities of lucerne-derived proteases before ensiling, and microbial
enzymes during the ensiling process [5]. Legumes are also characterized by low proportions of
water-soluble carbohydrates (WSC) [6], which ﬁrstly make them difﬁcult to ensile, and secondly
also result in silages with minimal concentrations of rapidly fermentable carbohydrates. Solely
feeding LS leads to an inefﬁcient microbial N ﬁxation in the rumen [4,7] and consequently high
N excretion causing increased environmental pollution. However, substantial N excretion may
still occur in mixed LS-based diets because the provision of rapidly fermentable carbohydrates by
concentrate is limited due to the risk of rumen acidosis [8]. Therefore, adequately meeting the microbial
energy demand for ﬁxing the N arising from the rapid degradation of high NPN amounts in LS is
hardly feasible. Consequently, manipulating the CP fractions in LS should be targeted, and in order
to improve this fraction, meaning by increasing true protein (TP) concentrations and decreasing
low-molecular-weight CP, high-intensity wilting, i.e., with high solar radiation, may be an effective
Agriculture 2019, 9, 11; doi:10.3390/agriculture9010011
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option that to date has not received much attention. Rapid drying should inactivate plant-derived
proteases, whose functions rely on water, and consequently stabilize TP content of lucerne plants.
Likewise, a previous study by Edmunds et al. [9] already showed that high-intensity wilting results in
higher TP percentages in grass silages. Thus, we hypothesized that high-intensity wilting alone or in
combination with further treatments may inﬂuence the CP composition in LS and decrease proteolysis
during ensiling. Because lucerne contains limited amounts of WSC [6], the effect of sucrose addition
before ensiling on the N fractions in LS was further tested, particularly as there is clear evidence for
decreased ammonia-N concentration in glucose- and fructose-added LS [10] and a more stable silage
fermentation in general [11]. Therefore, the objective of the present study was to evaluate N fractions
in LS wilted with different intensities to DM contents of 250 or 350 g kg−1 and with or without the
addition of sucrose. The hypothesis was that the highest TP preservation would occur in those LS,
which received high-intensity wilting to 350 g kg−1 and with sucrose addition.
2. Materials and Methods
2.1. Preparation of Silages
The procedure for the preparation of the LS was adopted from Edmunds et al. [9] and partly
modiﬁed as described in the following. On the 19th of July 2016, the third cut of a one hectare pure
lucerne stand (cultivar Plato) at the early bud stage of maturity was harvested using a disc mower
without a mechanical conditioner at 10 cm stubble height at the Educational and Research Centre
Frankenforst of the Faculty of Agriculture, University of Bonn (Königswinter, Germany, 7◦ 12 22 E;
50◦ 42 49 N). The harvested material was immediately collected from the ﬁeld and equally spread on
either black plastic in the sun (high-intensity wilting; HI) or on white plastic in the shade (low-intensity
wilting; LI). The lucerne layers on each plastic had a thickness of approximately 10 cm to ensure
sufﬁcient and consistent exposure of the entire plant material to the solar radiation. Immediately,
a composite sample was taken and stored at −20 ◦ C for later analysis. This composite sample consisted
of 20 single samples that were taken from different places of the lucerne layers on the white and the
black plastic, respectively. During silage preparation, the sky was clear, and the weather conditions
were sunny with a relative humidity of 59%, a maximum temperature of 32 ◦ C and 15 h of sunshine
during the day and a minimum temperature of 20 ◦ C during the night. The plant material was
wilted to DM levels (DML) of 250 and 350 g kg−1 , respectively, and ensiled either without or with
sucrose addition (SU) of 125 g kg−1 DM. The amount of added sucrose was chosen as it constitutes the
difference between the average WSC content of lucerne with 65 g kg−1 DM and perennial ryegrass
(Lolium perenne L.) with 190 g kg−1 DM [12], which is good to ensile [13]. The compaction of the lucerne
at ensiling was calculated according to the recommendations of the Federal Working Group for Forage
Preservation (Bundesarbeitskreis Futterkonservierung; [12]) in Germany with 190.4 (±2.3) kg DM m−3
for low-DM LS and 215.8 (±4.6) kg DM m−3 for high-DM LS. The lucerne was ensiled in duplicate
in 60 l plastic containers and stored for 120 days. Thus, eight different silage treatments were ﬁnally
prepared, which are referred to as: 250HISU, 250HI, 250LISU, 250LI, 350HISU, 350HI, 350LISU,
and 350LI. The required wilting durations were 2.5 h for 250HISU and 250HI, 4.0 h for 250LISU and
250LI, 7 h for 350HISU and 350HI and 22 h for 350LISU and 350LI.
2.2. Basic Analysis
After 120 days, the two plastic containers of each LS were pooled and three composite samples,
each comprising 20 single samples from different spots of the silage heap, were taken and checked for
the presence of mould or any other signs of spoilage. All composite samples were thoroughly mixed
and 800 g fresh matter of each were freeze-dried and ground successively using 3 mm and then 1 mm
sieves (SM 100, Retsch, Haan, Germany). These samples were used for the following analyses, except
fermentation pattern analysis, which was conducted with two subsamples (50 g) of each LS that were
immediately taken after silo opening and stored at −20 ◦ C.
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The proximate analyses were conducted in accordance with the Association of German
Agricultural Analytic and Research Institutes (VDLUFA; [14]). The DM content was determined
by drying the fresh silages overnight at 60 ◦ C and subsequently at 105 ◦ C for at least 3 h (method 3.1).
Using the equation from Weissbach and Kuhla [15], DM was corrected for the loss of volatile
compounds that occur during drying. Crude protein was determined by the Kjeldahl method
(method 4.1.1) using a Vapodest 50s carousel (Gerhardt, Königswinter, Germany) and multiplying N by
6.25. Proportions of neutral detergent ﬁbre assayed with a heat stable amylase and expressed exclusive
of residual ash (aNDFom), acid detergent ﬁbre expressed exclusive of residual ash (ADFom), and acid
detergent lignin (ADL) were determined in accordance with methods 6.5.1, 6.5.2, and 6.5.3, respectively.
2.3. Crude Protein Fractionation and Amino Acid Analysis
The CP fractionation was performed according to the Cornell Net Carbohydrate and Protein
System [16], following recommendations and standardizations of Licitra et al. [17]. Brieﬂy,
ﬁve fractions (all expressed as g kg−1 CP; A, B1, B2, B3, and C) were obtained; fraction A
represents NPN, fraction B1 represents rapidly ruminally degradable TP, fraction B2 represents
moderately ruminally degradable TP, fraction B3 represents slowly ruminally degradable TP
and fraction C represents indigestible TP. Fraction A is the difference between total CP and TP,
which precipitates in tungstic acid.
Fraction B1 is the difference between total TP and
borate-phosphate-buffer-insoluble TP. Fraction B2 is borate-phosphate-buffer-insoluble TP minus
neutral-detergent-insoluble TP and fraction B3 is the difference between neutral-detergent-insoluble
TP and acid detergent-insoluble TP. Fraction C is acid-detergent-insoluble TP. Subsequently, total TP
concentrations (g kg−1 CP) of samples were calculated by 1000 minus fraction A.
The contents of free AA and total AA (sum of peptide-bound and free AA), including
gamma-aminobutyric acid (GABA), were determined by ion-exchange chromatography according
to the Commission Regulation (EC) No. 152/2009 of the European Communities [18]. This method
is not valid for the determination of tryptophan and cannot differentiate between D and L forms
of AA. Brieﬂy, free AA were extracted with diluted hydrochloric acid and co-extracted nitrogenous
macromolecules were precipitated with sulfosalicylic acid and removed by ﬁltration before the free AA
determination by ninhydrin reaction with spectrophotometric detection at 570 nm. The procedure for
total AA determination depended on AA under investigation. Prior to hydrolysis, Cys and Met were
oxidized with a performic acid-phenol mixture to cysteic acid and methionine sulphone, respectively,
whereas Tyr was determined in unoxidized samples only. All remaining AA were determined in
either the oxidized or unoxidized sample. Samples were then hydrolyzed with hydrochloric acid and
determined by ninhydrin reaction using spectrophotometric detection at 570 nm or 440 nm for Pro.
2.4. Modiﬁed Hohenheim Gas Test
In order to estimate utilizable CP at the duodenum (uCP), the modified Hohenheim gas test [19,20]
was conducted as outlined in detail by Edmunds et al. [21]. Briefly, ruminal fluid was collected
before morning feeding from two rumen-fistulated sheep receiving a 1:1 grass hay-pelleted compound
maintenance ration twice daily. An amount corresponding to 200 mg DM of each sample was incubated
in duplicate in each of two runs in 30 mL of ruminal fluid-buffer solution for 8 and 48 h, as recommended
for forages [22]. At the end of these incubation periods, syringe contents were analyzed for ammonia-N
applying a Vapodest 50s carousel and uCP was calculated using the following equation:
uCP (g kg−1 DM) = ((ammonia-Nblank + Nsample − ammonia-Nsample )/sample weight
(mg DM)) × 6.25 × 1000,
where ammonia-N is in mg 30 mL−1 , blank refers to the ruminal ﬂuid-buffer solution without sample
substrate, sample refers to the ruminal ﬂuid-buffer solution with sample substrate, Nsample is N
added to the syringe through the sample substrate (mg), and sample weight is the amount of sample
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substrate (mg DM) weighed into the syringe. When using a live product such as ruminal ﬂuid, small
biological ﬂuctuations among runs are inevitable. To correct for this a protein standard provided by
the University of Hohenheim was analyzed with every run. The standard was a concentrate mixture
of (kg−1 DM) 450 g rapeseed meal, 300 g faba beans, and 250 g molasses sugar beet pulp, and had
a CP content of 254 g kg−1 DM. The correction follows the same method as for gas production [23]
whereby the mean uCP value for the standard, provided by the University of Hohenheim for 8 or 48 h,
is divided by the recorded value of the standard for that run and all other samples are multiplied by the
resulting correction factor. Whole runs were repeated if the correction factor, for either incubation time,
lay outside the range of 0.9–1.1. The hay and concentrate standards typically used for correcting gas
production were also included in the incubation, not only to correct gas production values, but to
ensure the ruminal ﬂuid solution followed typical fermentation. After the correction of obtained
uCP, values from the incubation times were plotted against a log ((ln) time) scale and the resulting
regression equation was used to calculate the effective uCP at passage rates of 0.02, 0.05, and 0.08 hr−1 ,
which are referred to as uCP2, uCP5, and uCP8, respectively. These passage rates represent the ruminal
digesta ﬂow, including the solid and liquid phase, in animals with different production levels [24].
2.5. Fermentation Pattern Analysis
Subsamples (50 g) of all silages were used for fermentation pattern analysis. Procedures, as well
as detection limits, are described in detail by Brüning et al. [25]. Brieﬂy, a cold-water extract was
prepared from all samples by blending the frozen substrate with 200 mL distilled water and 1 mL
toluene and refrigerated overnight at 4 ◦ C. Extracts were then ﬁltered using MN 615 ﬁlter paper
(Macherey-Nagel, Düren, Germany) and subsequently microﬁltered (Minisart RC, 0.45 μm pore size;
Sartorius, Göttingen, Germany). Ammonia-N concentration was analyzed colorimetrically based
on the Berthelot reaction [26]. The pH of the extracts was determined potentiometrically and lactic
acid concentration was analyzed by high-performance liquid chromatography with refractive index
detection in accordance with Weiß and Kaiser [27]. Volatile fatty acids, alcohols (methanol, ethanol,
propanol, butanol, 2,3-butanediol), ethyl lactate, ethyl acetate, propyl acetate, and acetone were
determined by gas chromatography with ﬂame ionization detection [28,29]. The concentrations of
WSC were determined using the anthrone method [30].
2.6. Statistical Analysis
Statistical analysis was performed with the GLM procedure of SAS version 9.3 (SAS Institute Inc.,
Cary, NC, USA) using the following model: Y = μ + ai + bj + ck + eejk where μ is the mean, ai is the
effect of the SU, bj is the effect of the wilting intensity (WI), ck is the effect of the DML and eijk is the
residual error. The signiﬁcance level was set at α = 0.05. In order to test for interactions, ﬁeld replicates
would have been necessary [31], which were not available in the present study. As a consequence, silos
were pooled to avoid an artiﬁcially created variation and only the main effects were tested. Particularly
due to the limited extent of the present study, we preferred to cautiously draw conditional conclusions
from a smaller data set as recommended by Lowry [32].
3. Results
3.1. General Chemical Composition
As shown in Table 1, DM content was affected by SU and was slightly higher in SU LS. Concerning
the CP content, effects of all three pre-ensiling treatments could be observed, whereby CP proportions
ranged from 188 to 219 g kg−1 DM and were higher in LS without SU, LI, and 250DML, respectively.
The SU treatment also affected the ﬁbre fractions aNDFom and ADFom, which were lower in SU LS.
No treatment factor had an effect on ADL.
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Table 1. Effect of sucrose addition (SU), wilting intensity (WI), and dry matter (DM) level (DML) on
DM content (g kg−1 ), crude protein content (g kg−1 DM), and ﬁbre fractions (g kg−1 DM) in lucerne
silages (fresh lucerne values are provided as ease for comparison).
Silage
Fresh lucerne
250HISU
250HI
250LISU
250LI
350HISU
350HI
350LISU
350LI
SEM
SU
WI
DML

DM

CP

aNDFom

ADFom

ADL

340
322
364
325
355
325
338
312
336

91
88
88
87
86
88
90
96
95

6
*
NS
NS

1
NS
NS
NS

213.1
213
431
254.8
195
458
240.5
215
463
255.0
198
422
246.8
219
429
344.5
188
416
340.0
211
446
346.8
195
390
339.0
213
421
Results of statistical analyses
18
4
9
**
**
*
NS
*
NS
**
*
NS

250HISU = 250 g kg−1 , high-intensity wilting and sucrose addition; 250HI = 250 g kg−1 , high-intensity wilting
and no sucrose addition; 250LISU = 250 g kg−1 , low-intensity wilting and sucrose addition; 250LI = 250 g kg−1 ,
low-intensity wilting and no sucrose addition; 350HISU = 350 g kg−1 , high-intensity wilting and sucrose addition;
350HI = 350 g kg-1 , high-intensity wilting and no sucrose addition; 350LISU = 350 g kg−1 , low-intensity wilting and
sucrose addition; 350LI = 350 g kg−1 , low-intensity wilting and no sucrose addition; DM = Dry matter; CP = Crude
protein; aNDFom = Neutral detergent ﬁbre after incineration and amylase treatment; ADFom = Acid detergent ﬁbre
after incineration; ADL = Acid detergent lignin; SEM = Standard error of the mean (without consideration of fresh
lucerne); NS = not signiﬁcant; * = p < 0.05; ** = p < 0.01.

3.2. Crude Protein Fractions and Amino Acids
The CP fractionation revealed various differences between the eight silage treatments (Table 2).
Non-protein N was the largest CP fraction in all LS but was more than 110 g kg CP-1 higher for 250LI
when compared to 350HISU. Likewise, NPN (fraction A) was affected by all three factors, i.e., SU, WI,
and DML, with increased proportions in 250DML silages. Both HI and SU decreased the NPN proportion
in LS. Moderately ruminally degradable TP (fraction B2) was the second largest fraction and highest in
silages with 350DML and SU. As with NPN, the largest difference for moderately ruminally degradable
TP was found between 250LI and 350HISU. Rapidly (fraction B1) and slowly ruminally degradable TP
(fraction B3), as well as indigestible TP (fraction C), were present in small proportions of total CP and slowly
ruminally degradable TP was partly not quantifiable. Thus, the effects of SU and DML on these fractions
are negligible. Total TP was calculated by subtracting NPN (fraction A) from total CP. Consequently, 250LI
had the lowest TP content and, except for 350LI, was clearly separated from 350DML silages.
Table 2. Effect of sucrose addition (SU), wilting intensity (WI), and dry matter level (DML) on crude
protein (CP) fractions (g kg−1 CP) and true protein content (g kg−1 CP) in lucerne silages (fresh lucerne
values are provided as ease for comparison).
Crude Protein Fraction †
Silage
A
B1
B2
B3
Fresh lucerne
259
289
383
27
250HISU
772
13
174
0
250HI
799
6
154
0
250LISU
782
11
16
0
250LI
812
11
139
0
350HISU
699
6
251
2
350HI
744
6
206
0
350LISU
718
3
253
2
350LI
779
7
182
0
Results of statistical analyses
SEM
14
1
27
0
SU
**
NS
**
*
WI
*
NS
NS
NS
DML
**
NS
**
*

C
42
54
53
47
58
49
49
47
46

TP
741
228
201
218
188
301
256
282
221

1
NS
NS
#

14
**
*
**

† According to the Cornell Net Carbohydrate and Protein system [16]; 250HISU = 250 g kg−1 , high-intensity wilting
and sucrose addition; 250HI = 250 g kg−1 , high-intensity wilting and no sucrose addition; 250LISU = 250 g kg−1 ,
low-intensity wilting and sucrose addition; 250LI = 250 g kg−1 , low-intensity wilting and no sucrose addition;
350HISU = 350 g kg−1 , high-intensity wilting and sucrose addition; 350HI = 350 g kg−1 , high-intensity wilting
and no sucrose addition; 350LISU = 350 g kg−1 , low-intensity wilting and sucrose addition; 350LI = 350 g kg−1 ,
low-intensity wilting and no sucrose addition; TP = True protein; SEM = Standard error of the mean (without
consideration of fresh lucerne); NS = not signiﬁcant; # = 0.05 < p < 0.1; * = p < 0.05; ** = p < 0.01.
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Both SU and DML affected several AA concentrations determined as peptide-bound and free AA,
whereas only a few were inﬂuenced by WI (Table 3). Concentrations of Thr, Arg, Ser, Asp, and Glu were
increased by SU, whereas it decreased Ile, Leu, Val, and Ala. Besides, a strong tendency (p = 0.06) for
increased Lys concentrations in SU LS were observed. The HI treatment decreased the concentrations
of Ile, and Val. The 350DML treatment increased the concentrations of Cys, Lys, Thr, Arg, His, Ser, Pro,
Asp, and Glu. In contrast, concentrations of Ile, Leu, Val, and Ala were decreased in high-DM LS.
The DML treatment affected free AA more than SU or WI (Table 4) and HI tended to decrease
Ile concentrations (p = 0.09). The SU treatment increased the concentration of free Thr and tended to
increase free Glu (p = 0.07), whereas it decreased free Ile, Leu, Val, and Ala. The 350DML LS showed
higher concentrations of free Lys, Thr, Pro, Asp, Glu as well as free His that was not detectable in
250DML LS. Free Ile, Leu, Val, and Ala were reduced in 350DML LS. Regarding the amount of total
free AA, SU decreased total free AA, whereas no influence of other pre-ensiling treatments was observed.
Moreover, 350DML and SU reduced the concentrations of free and total GABA (Tables 3 and 4).
Table 3. Effect of sucrose addition (SU), wilting intensity (WI), and dry matter (DM) level (DML)
on contents (g kg−1 DM) of total amino acids (AA; the sum of peptide-bound and free AA) and
gamma-aminobutyric acid (GABA) in lucerne silages.
AA

Ala

Arg

Asp

Cys

Glu

Gly

250HISU
250HI
250LISU
250LI
350HISU
350HI
350LISU
350LI
SEM

21.1
29.4
22.3
28.8
14.7
19.1
14.4
18.1
2.02

2.3
1.7
2.1
1.7
3.1
2.3
3.2
2.3
0.2

11.3
4.2
10.6
4.4
17.6
13
19.9
14.4
1.99

1.2
0.7
1.3
0.9
0.13
1.4
1.4
1.4
0.16

10.2
5
10.3
5.5
12.5
9.7
12.5
10.9
1.01

9.6
3.5
9.7
6
8.9
10
9.2
10.3
0.84

SU
WI
DML

**
NS
**

**
NS
**

**
NS
**

NS
NS
#

**
NS
**

His

Ile

Leu

Lys

1.9
9.5
14.8
3.2
1.3
10.3 16.5
2.5
2
9.7
15
3.1
1.6
10.6 16.3
2.6
3.3
8.9
14.4
7.6
3.6
10
16
7.2
3.5
9.1
14.5
8.6
4.4
10.3 16.3
7.8
0.4
0.21 0.31 0.95
Results of statistical analyses
NS
NS
**
**
#
NS
NS
*
NS
NS
NS
**
**
*
**

Met

Phe

Pro

Ser

Thr

Val

GABA

3.2
2.2
3.2
2.7
3
3.2
3.1
3.4
0.13

9.3
8.5
9.5
8.4
9.1
9.4
9.4
10.2
0.2

6.2
2.1
6
2.3
8.7
8.4
10.3
10.9
1.18

3.2
2.2
2.9
2.2
4.7
3
5.1
3.4
0.38

3.6
2
3
2
6.4
4
6.9
4.4
0.65

11.8
13.3
12
13.4
11
12.6
11.7
13.2
0.31

10.3
16.7
10.7
16.5
8
12.5
7.4
10.9
1.23

NS
NS
NS

NS
NS
NS

NS
NS
**

**
NS
**

**
NS
**

**
*
*

**
NS
**

250HISU = 250 g kg−1 , high-intensity wilting and sucrose addition; 250HI = 250 g kg−1 , high-intensity wilting
and no sucrose addition; 250LISU = 250 g kg−1 , low-intensity wilting and sucrose addition; 250LI = 250 g kg−1 ,
low-intensity wilting and no sucrose addition; 350HISU = 350 g kg−1 , high-intensity wilting and sucrose addition;
350HI = 350 g kg−1 , high-intensity wilting and no sucrose addition; 350LISU = 350 g kg−1 , low-intensity wilting
and sucrose addition; 350LI = 350 g kg−1 , low-intensity wilting and no sucrose addition; SEM = Standard error of
the mean; NS = not signiﬁcant; # = 0.05 < p < 0.1; * = p < 0.05; ** = p < 0.01.

Table 4. Effect of sucrose addition (SU), wilting intensity (WI), and dry matter (DM) level (DML)
on contents (g kg−1 DM) of free amino acids (AA) and gamma-aminobutyric acid (GABA) in
lucerne silages.
AA

Ala

Arg

Asp

GABA

250HISU
250HI
250LISU
250LI
350HISU
350HI
350LISU
350LI
SEM

21.9
32.5
23.5
32
13.4
19.8
12.7
18.4
2.64

0
0
0
0
0
0
0
0
0

0.6
0
0.4
0.3
5.4
6
7.4
7.5
1.21

9.7
12.5
10.1
12.4
7.6
9.3
7.1
8.2
0.72

SU
WI
DML

**
NS
**

NS
NS
NS

NS
NS
**

**
NS
**

Glu

Leu

Lys

Met

Phe

Pro

Thr

Val

3
6
0
6
10.4
0
0.8
0
8
12.8
3.1
6.2
0
6.3
10.7
12.7
0.5
3.1
0
8.3
3.9
4.7
1
4.8
8.8
3
6.6
1.7
7.1
11.4
4.1
4.6
1.5
4.9
8.7
4.3
6.5
2.2
7.3
11.5
0.57 0.71 0.32 0.47 0.55
Results of statistical analyses
#
NS
NS
**
**
NS
NS
NS
#
NS
*
NS
**
**
**

Gly

His

Ile

0
0
0
0
3.6
4.1
4.4
4.5
0.79

2.1
1.2
2.2
1.7
1.5
1.7
1.5
1.7
0.11

5.9
5.3
6.1
5.3
4.9
5.8
5.1
6.5
0.19

2.9
0
2.8
0.3
4.6
6
6.1
8.3
1.03

1.4
0.2
0.9
0.3
3.7
2.1
4
2.4
0.51

7.8
10.6
8.3
10.6
6.1
9.1
6.4
9.4
0.61

NS
NS
**

NS
NS
NS

NS
NS
NS

NS
NS
*

**
NS
**

**
NS
**

250HISU = 250 g kg−1 , high-intensity wilting and sucrose addition; 250HI = 250 g kg−1 , high-intensity wilting
and no sucrose addition; 250LISU = 250 g kg−1 , low-intensity wilting and sucrose addition; 250LI = 250 g kg−1 ,
low-intensity wilting and no sucrose addition; 350HISU = 350 g kg−1 , high-intensity wilting and sucrose addition;
350HI = 350 g kg−1 , high-intensity wilting and no sucrose addition; 350LISU = 350 g kg−1 , low-intensity wilting
and sucrose addition; 350LI = 350 g kg−1 , low-intensity wilting and no sucrose addition; SEM = Standard error of
the mean; NS = not signiﬁcant; # = 0.05 < p < 0.1; * = p < 0.05; ** = p < 0.01.

60

Agriculture 2019, 9, 11

3.3. Modiﬁed Hohenheim Gas Test
Irrespective of calculated passage rate, pre-ensiling treatments had no effect on effective uCP
values of LS (Table 5). Only uCP8 values tended to be higher for 250DML LS (p = 0.08).
Table 5. Effect of sucrose addition (SU), wilting intensity (WI), and dry matter (DM) level (DML) on
effective utilizable crude protein at the duodenum (g kg−1 DM).
Silage

uCP2

uCP5

250HISU
72
109
250HI
82
114
250LISU
74
112
250LI
76
110
350HISU
74
105
350HI
80
107
350LISU
75
108
350LI
74
103
SEM
1.2
1.3
Results of statistical analyses
SU
NS
NS
WI
NS
NS
DML
NS
NS

uCP8
127
131
131
128
121
121
124
118
1.7
NS
NS
#

250HISU = 250 g kg−1 , high-intensity wilting and sucrose addition; 250HI = 250 g kg−1 , high-intensity wilting
and no sucrose addition; 250LISU = 250 g kg−1 , low-intensity wilting and sucrose addition; 250LI = 250 g kg−1 ,
low-intensity wilting and no sucrose addition; 350HISU = 350 g kg−1 , high-intensity wilting and sucrose addition;
350HI = 350 g, high-intensity wilting and no sucrose addition; 350LISU = 350 g kg−1 , low-intensity wilting and
sucrose addition; 350LI = 350 g kg−1 , low-intensity wilting and no sucrose addition; uCP2 = effective utilizable crude
protein at the duodenum to passage rate of 0.02 hr−1 ; uCP5 = effective utilizable crude protein at the duodenum to
passage rate of 0.05 hr−1 ; uCP8 = effective utilizable crude protein at the duodenum to passage rate of 0.08 hr−1 ;
SEM = Standard error of the mean; NS = not signiﬁcant; # = 0.05 < p < 0.1.

3.4. Fermentation Pattern
Acetone, 2,3-butandiol, i-valeric acid, n-valeric acid and propyl acetate were not detected in any
sample during fermentation pattern analysis. The SU treatment decreased silage pH and ammonia-N
concentration, but increased lactic acid concentration as well as ethyl acetate and ethyl lactate (Table 6).
Besides, LS without SU tended to have higher concentrations of acetic acid (p = 0.09), WSC (P = 0.09),
and ethanol (p = 0.06). In contrast, WI had no effect on response variables. The 350DML reduced acetic
acid as well as methanol concentration and tended to decrease ammonia-N (p = 0.06) and propanol
(p = 0.09) in LS compared to 250 DML (Table 6).
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0.24
**
NS
NS

SEM
SU
WI
DML

5.94
*
NS
NS

50.6
5.4
52.4
15.3
39.7
21.6
36.2
38.4

Lactic Acid

2.22
#
NS
**

38.2
42.8
38.2
48.4
31.1
34.0
31.2
31.4

Acetic Acid

0.2
NS
NS
NS

0.8
2.1
1.5
2.0
1.0
0.3
0.8
1.3

Propionic Acid

2.7
NS
NS
NS

0.7
21.9
1.5
7.2
0.6
0.5
0.3
0.3

Butyric Acid

Ethyl Acetate

0.02
**
NS
NS

0.1
0.0
0.1
0.0
0.1
0.0
0.1
0.0

Ethyl Lactate

0.0
0.2
0.8
0.1
0.0
0.2
0.8
0.1
0.0
0.2
0.0
0.1
0.0
0.2
0.0
0.1
Results of statistical analyses
0.13
0.02
NS
**
NS
NS
NS
NS

Caproic Acid

0.20
NS
NS
*

2.1
2.5
2.6
3.0
1.7
2.2
1.2
1.8

Methanol

0.49
#
NS
NS

7.9
6.2
8.7
5.4
6.5
6.3
5.8
4.3

Ethanol

0.02
NS
NS
NS

0.1
0.1
0.1
0.1
0.0
0.1
0.0
0.1

Butanol

0.26
NS
NS
#

1.9
0.3
1.7
0.3
0.2
0.2
0.1
0.2

Propanol

5.12
#
NS
NS

10.1
2.3
10.6
3.1
17.6
5.0
46.0
4.8

WSC

15.9
**
NS
#

175
276
157
221
145
217
149
191

Ammonia-N

WSC = Water-soluble carbohydrates; 250HISU = 250 g kg−1 , high-intensity wilting and sucrose addition; 250HI = 250 g kg−1 , high-intensity wilting and no sucrose addition; 250LISU =
250 g kg−1 , low-intensity wilting and sucrose addition; 250LI = 250 g kg−1 , low-intensity wilting and no sucrose addition; 350HISU = 350 g kg−1 , high-intensity wilting and sucrose
addition; 350HI = 350 g kg−1 , high-intensity wilting and no sucrose addition; 350LISU = 350 g kg−1 , low-intensity wilting and sucrose addition; 350LI = 350 g kg−1 , low-intensity wilting
and no sucrose addition; SEM = Standard error of the mean; NS = not signiﬁcant; # = 0.05 < p < 0.1; * = p < 0.05; ** = p < 0.01.

pH

4.58
6.12
4.61
5.85
4.77
5.81
4.65
5.73

Silage

250HISU
250HI
250LISU
250LI
350HISU
350HI
350LISU
350LI

Table 6. Effect of sucrose addition (SU), wilting intensity (WI), and DM level (DML) on lactic acid, volatile fatty acids, ester compounds, alcohols, water-soluble
carbohydrates (g kg−1 DM), and ammonia-nitrogen (N; g kg−1 N) in lucerne silages.
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4. Discussion
4.1. General Chemical Composition
Crude protein contents were lower in SU LS, which likely reﬂects a dilution caused by the SU.
The same may apply to aNDFom and ADFom concentrations. Besides a dilution effect, a stronger
acidic hydrolysis of hemicelluloses by acids [33] originating from microbial sucrose metabolism may
have occurred during ensiling, consequently causing the lower aNDFom concentrations in SU LS.
Nonetheless, proportions of aNDFom and ADFom were in a similar range of other LS [34,35]. Likewise,
proportions of ﬁbre fractions in fresh lucerne material were similar to previous ﬁndings [3,34,35].
The DML also affected CP content of LS, which was higher in 250 DML LS. This slight difference
could have been caused by mechanical losses during harvest and consequently a lower leaf proportion
in the ensiled plant material. Therefore, LS with higher DM contents seem to be favorable with regards
to CP composition, but should not exceed a certain level to preserve the leaf fraction that dries faster
than the stem part and thus is more prone to ﬁeld losses [36]. The WI treatment also effected CP
content, but the effect seems negligible as mean CP difference between LS with HI and LI was only
4 g kg−1 DM.
4.2. Crude Protein Fractions
Crude protein fractions in fresh lucerne material were in a typical range for this forage legume,
although the present proportion of NPN compounds of 259 g kg−1 CP was substantially higher than
literature data, i.e., 150 g kg−1 CP [3], 170-183 g kg−1 CP [37] and 180–190 g kg−1 CP [35]. It may
be noted that the highest discrepancy in NPN proportion, found between the results of the present
study and of Guo et al. [3], might partly also derive from different methodologies. In the present study,
tungstic acid was used to precipitate TP, which cuts off peptides of an approximate chain length of
more than three AA [17]. Guo et al. [3], however, used trichloroacetic acid to precipitate TP, which cuts
off at about 10 AA [17].
The pattern of CP fractions in LS with NPN being the largest, and moderate ruminally degradable
TP being the second largest proportion of total CP corresponded to the literature [3,35]. It is notable that
NPN contents of present LS were similar to those from Broderick [2] and Seale et al. [10], but higher
than values reported by others, for instance, 684 g kg CP−1 [3] or 599 g kg CP−1 [38] in untreated LS.
However, these NPN values were determined after only 35 or 30 days of ensiling, respectively, probably
underestimating NPN in LS as intrinsic protease and carboxypeptidase were recently shown to remain
largely active for more than 30 days after ensiling [38]. Therefore, NPN values of the present LS,
which were stored for 120 days, might provide a more realistic insight and should be considered
when comparing different results or designing experiments for silage additive evaluation in LS. In this
context, it may be noted that the Federal Working Group for Forage Preservation (Bundesarbeitskreis
Futterkonservierung; [12]) recommends at least 90 days of ensiling for any silage-related experiment,
e.g., when evaluating the effect of silage additives. Besides, the inﬂuence of the cut number should
also be taken into account as NPN was 10% higher in third-cut LS when compared to NPN proportion
of ﬁrst-cut LS from the same sward [35]. Likewise, present LS was produced from a third cut, which
thus may have been a contributing factor and should be investigated in future studies.
The SU reduced NPN along with increasing moderately ruminally degradable TP, which was
likely caused by faster and stronger acidiﬁcation, consequently suppressing proteolytic microorganisms
in the silos [11]. These observations were in accordance with Seale et al. [10] who analyzed the effect of
glucose and fructose addition with or without microbial inoculants on LS. However, in Italian ryegrass
(Lolium multiﬂorum LAM.), Heron et al. [39] found that plant-derived proteases remained active over a
wide pH range, which is also true for lucerne with major endopeptidases having optimum activities
at pH 4 [40]. Thus, despite SU treatment and probably rapid acidiﬁcation, the relevant plant-derived
proteolytic activity may have taken place, particularly in 250DML LS.
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An effect of WI was found for NPN concentration, which was higher in LI LS. Likewise,
high-intensity wilted grass silages had approximately 100 g kg−1 CP lower NPN proportions compared
to low intensively wilted grass silages [9] and, together with the present observations, demonstrate the
TP stabilizing effect of HI treatments. The rapid inhibition of plant-derived proteases, which depend
on sufﬁcient water availability [5], may be causative. In this context, Owens et al. [41] produced LS
with a DM of 350 g kg−1 and observed reduced NPN amounts of approximately 50 g kg−1 total N
in those LS that needed shorter wilting periods to reach the desired DM, which thus can be ascribed
to a higher WI. Likewise, when wilting times were different due to varying levels of shade during
wilting, they also observed an increase of NPN with shade, thus substantiating the TP stabilizing effect
of an HI treatment. However, it must be considered that although there is evidence for a reduction
of plant-derived protease activity by HI treatment, it is very arguable whether plant enzymes were
completely deactivated as the moisture loss was only until a DM content of maximal 350 g kg−1 . Thus,
plant-derived proteases may still have contributed to overall proteolytic processes resulting in the still
substantial conversion of TP to NPN in high-intensity wilted LS.
The DML treatment also effected NPN proportion, which was lower in 350DML LS.
This conﬁrmed previous ﬁndings [9,42] and may be explained by a lower water activity in the silos,
consequently reducing microbial metabolism [34]. However, this mechanism should be even more
pronounced at DM contents above 500 g kg−1 [9]. The effect of DML on slowly ruminally degradable
TP may be of marginal importance as this fraction could not be determined in six of eight LS. The higher
contents of moderately ruminally degradable TP in 350DML LS, however, may be beneﬁcial regarding
the quality of CP that is provided to the animal, meaning a decelerated ruminal CP degradation
and therefore potentially improved N utilization by rumen microorganisms. As obtained for the
TP proportion of 350HISU, the combination of HI, elevated DML and SU should have limited both
plant-derived and microbial CP degradation and thus most effectively stabilized the TP content in the
present study.
4.3. Amino Acids
A variety of factors inﬂuence the AA composition in silages, including wilting rate, acidiﬁcation,
and the microbial activity in the silo, but also plant-associated factors like tannin concentration or
activity of plant proteases [5]. To the authors’ knowledge, information about the effects of WI, DML,
or SU on AA composition of LS is rare [3,43]. However, as the vast majority of AA is degraded in
the rumen, knowledge on AA proﬁles seems to be more important for feedstuffs with high ruminally
undegradable CP [9], which does not apply to the present LS. Though, it is worthy of remark that
pre-ensiling treatments clearly effected the AA composition of LS. For instance, the higher proportions
of free His, Asp, Lys, Thr, Glu, and Pro in 350DML LS should be the result of reduced microbial
activity [5]. Likewise, a similar pattern was observed for total AA. The reducing effect of SU on total
free AA content supported the TP preserving effect that was also observed for the distribution of CP
fractions and should be caused by rapid acidiﬁcation [5].
Biogenic amines are predominantly formed during proteolysis in silages [44] and Ohshima
and McDonald [45] described the decarboxylation of Glu to GABA during lucerne ensiling, which
is reﬂected by the lower Glu concentrations in the present LS without SU. As summarized by
Scherer et al. [44], biogenic amines are associated with lower feed intake and potential impairments to
animal health. Thereby, GABA is an important biogenic amine and known to act as a neurotransmitter.
It is also involved in the sensation of pain and anxiety as well as neurological diseases [46]. Although
there is no clear trend for the effect of GABA on feed intake [44], a negative correlation between feed
intake and total amine concentration has been observed [47] and the reduced GABA concentration
in LS with 350DML or SU may, therefore, be interpreted as beneﬁcial; particularly also because of
potential health risks when biogenic amines would be absorbed by host animals, who, however,
are more susceptible under acidotic conditions [48].
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4.4. Modiﬁed Hohenheim Gas Test
None of the pre-ensiling treatments had an effect on effective uCP values at any calculated passage
rate. As Edmunds et al. [9] observed higher uCP values for fast wilted grass silages, the absence of any
effect was not expected. Although artiﬁcially dried lucerne (90 ◦ C for 3 min) showed reduced effective
N degradability and degradation rates in the rumen [49], the WI achieved in the present study may not
have been high enough to cause a similar impact. Moreover, the generally limited availability of WSC
in all present LS may have prevented an effect on uCP as CP was degraded to ammonia-N, but not
reused for microbial protein synthesis in the syringes.
Edmunds et al. [9] found that varying CP contents in grass silages from the same sward
can confound the detection of possible effects on uCP as uCP values are calculated from the
difference between N content in the syringe, which is determined by the CP content of the sample,
and ammonia-N in the syringe. Therefore, these authors recalculated the effective uCP values with an
average CP concentration. Thus, as the CP concentrations for the present LS also showed a variance,
the effective uCP values were recalculated using the average CP content of LS with and without
sucrose, respectively. Thereby, no effects of pre-ensiling treatments on uCP were obtained (data not
shown). Moreover, a greater standard deviation might further impair the determination of clear effects.
However, the inclusion of additional runs did not reduce standard deviation in the present study and
thus were not included in the calculation of effective uCP.
4.5. Fermentation Pattern
The pH values were lower for SU LS, which was reﬂected by higher lactic acid concentration in
these silages. Without the SU treatment, the high buffering capacity of lucerne [7] may have hindered
rapid and strong acidiﬁcation and consequently resulted in higher pH. In this context, the higher
ammonia-N contents should also be considered, which can limit the pH drop in silages, as well [50].
Besides, low lactic acid concentration may be caused by metabolic activities of lactate-utilizing
lactobacilli [51]. Owens et al. [7] stated a pH below 5.0 as a threshold to maintain forage quality
and limit protein degradation in the silo, which thus was only met by SU LS. Likewise, the pH of
these silages was within the common range for legume silages at this DM content [50]. Water-soluble
carbohydrates [52] as well as total non-structural carbohydrates [7] decrease during wilting of lucerne
due to plant enzyme activity and respiration, which are both reduced by moisture loss [53]. Therefore,
there should have been less WSC degradation in the plant material undergoing HI treatment and
consequently, a stronger pH drop along with increased lactic acid concentrations in HI LS was initially
expected. However, the lack of a wilting effect may be explained by the overall very low WSC
concentration of lucerne [6], which further was cut in the morning when WSC concentrations are again
lower compared to the afternoon [7].
An impact of DM content on silage pH was often described in the literature [34,50]. Thereby,
silages with DM contents below 300 g kg−1 are extremely susceptible to clostridial fermentation [50],
which results in elevated pH values as well as high butyric acid concentrations. In the present study,
however, DM content had neither an effect on silage pH nor on butyric acid concentration. Possibly
the SU treatment superimposed a potential effect of DML, which is indicated by closer examination
of butyric acid concentrations, which were numerically but not statistically signiﬁcantly higher in
250DML LS. Moreover, the inﬂuence of DM content on clostridial fermentation and thus silage pH is
more pronounced at DM contents of 400 g kg−1 or more [11], which is conﬁrmed by the ﬁndings of
Santos and Kung [34].
The lower ammonia-N concentration in SU LS further strengthens the assumption that addition
of rapidly fermentable carbohydrates better inhibited degradation of nitrogenous compounds in these
LS compared to LS without SU, and similar trends have been observed previously [10]. Regarding the
impact of DML, ammonia-N concentration is generally higher in wet silages, which corresponds to
present ﬁndings and is often ascribed to clostridial fermentation [50]. Likewise, reduced ammonia-N
contents in LS with high DM contents were also observed by Santos and Kung [34]. Thus, a greater
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WI seemed to preserve CP from degradation in the silo. However, according to Wyss et al. [35],
ammonia-N proportions lower than 100 g kg−1 N is preferable for LS. This threshold was not met
in the present study, even for 35HISU. In comparison to fresh-cut lucerne [35], plant material of
the present study already showed a higher NPN proportion before ensiling, and may explain the
high ammonia-N concentration in LS, irrespectively of applied pre-ensiling treatment. However,
the increase of NPN from fresh-cut material to silage material were on the same level in the study by
Wyss et al. [35] and the present study. Regarding the high ammonia-N concentration in the present LS,
the variation of CP composition between different lucerne cultivars [54] should be considered, as well.
Moreover, it can be speculated whether chopping of plant material subsequently supporting silo
compression would have increased TP proportions as it was described earlier [50,55]. However, as LS
was prepared according to recommended guidelines [12], the latter point may be of minor importance.
Besides, higher ammonia-N concentration is assumed to be associated with undesirable metabolites
like biogenic amines [50], which is in line with the present observations for higher GABA concentration
in 250DML LS.
High concentration of acetic acid is associated with high DM and energy losses [50] as well
as considerably reduced ad libitum feed intakes [56]. Compared to the literature [34,35], the acetic
acid contents of LS in the present study can be classiﬁed as slightly high for 250DML LS and thus
would negatively impact their nutritive value. Increased activity of Enterobacteriaceae [57], as well as
increased deamination [5], could be causative for acetic acid formation, which is further favoured by
high moisture contents [50] and in accordance with the higher acetic acid concentration in 250DML LS.
However, the presence of acetic acid is not a disadvantage per se. The average 32 g kg−1 DM acetic
acid in the 350DML LS, however, might be regarded beneﬁcial as such concentrations have a positive
effect on aerobic stability of silages [58].
A butyric acid concentration higher than 5 g kg−1 DM indicate elevated clostridial activity and
due to high losses of energy, this means diminished energy supply to the animal and, consequently,
performance may suffer [50]. This threshold was not exceeded for 350DML LS and only applies to
250HI and 250LI. Likewise, these two treatments also had the highest ammonia-N concentration,
which further points to clostridial fermentation [50]. Together with the observation that 250HI and
250LI did also not meet the pH threshold for maintaining forage quality in the silo [7], these two LS
should, therefore, be classiﬁed as poor-quality silages and potentially spoiled material.
Concerning ethanol, SU tended to increase this alcohol in the silages. Though, ethanol
concentration was low for all LS and thus does not indicate elevated yeast metabolism [50,59]. Minor
amounts of ethanol can also originate from heterofermentative lactic acid fermentation [60], which can
never be fully prevented during ensiling. Weiß and Kalzendorf [52] observed higher concentrations of
ethanol and ester compounds in LS with low DM contents and further postulated a positive correlation
between ethanol and ester concentration in silages, which is both conﬁrmed by the present ﬁndings for
ethanol and ethyl lactate as well as ethyl acetate. The effect of esters in silages is not fully clear [47,61],
but negative correlations to short-term DM intake were observed earlier [61]. Thus, despite lower
NPN proportions in SU LS, the effect of SU on ester occurrence could be regarded as critical.
4.6. General Considerations
Up to now, WI has not received much attention in silage preparation and studies investigating the
effect of different WI on silage characteristics are rare. It has been reported that wilting per se effects CP
composition, for instance by reducing ammonia-N contents in LS [54]. Thus, applying HI treatments
may even be more effective for stabilizing TP content in LS, which is underlined by the present ﬁndings
that conﬁrm our hypothesis of a TP preserving effect by the HI treatment. A variety of silage additives
exists that limit proteolysis in LS [38]. However, they cause costs for acquisition, and in case of
organic acids, also for maintenance of corroded machinery and concrete [62]. In contrast, HI treatment
does not require additional application systems or further technical equipment and in this regard
is an easy to apply tool for improving the quality of on-farm produced protein, and consequently
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might help to reduce costs for ruminant diets and increase sustainability. Additionally, feed intake
of wilted grass silage was increased when compared to non-wilted [63]. In case this also applies
to LS, a superior energy and nutrient provision to the animal may be achieved by intensively wilting
lucerne to higher DML; provided that mechanical losses during harvest do not exceed the beneﬁts
of HI. Regarding the practicality of HI treatment, if possible high solar radiation along with high wind
speed should be present during lucerne harvesting. However, this cannot always be guaranteed, which
restricts the practicability of HI treatments. To support the effect of rapid dehydration, maceration can
be an effective addition to further increase the wilting rate [64] or to compensate weather conditions
that may not be as ideal for HI as described in the present study. However, the risk of mechanical
losses and thereby associated nutrient changes can be higher when using maceration [64], which needs
to be taken into account. Besides, artiﬁcial drying treatments are surely a more weather independent
option to obtain similar TP preservation [65] as here found for HI in the sun. However, increased
production costs due to high energy demands may outweigh the beneﬁcial effects [36] of artiﬁcial
drying on CP composition.
Concerning the effects of SU on fermentation and CP quality, provision of rapidly fermentable
carbohydrates is recommended. Particularly because an inoculation with lactic acid producing bacteria
alone may not improve the situation as long as there is not enough easily accessible substrate for
lactic acid fermentation [10]. Thus, relating to large scale on-farm conditions, mixing lucerne crop
with molasses, crushed cereals, or high WSC forage species before ensiling may constitute a method
for equivalently substituting SU treatment in LS. A delayed cutting of lucerne in order to increase
non-structural carbohydrates, particularly starch, may not be appropriate as Owens et al. [7] did not
ﬁnd a protein preserving effect in LS differing in WSC content due to different cutting times during
the harvest. However, present results revealed concerns about promoted ester and ethanol formation
in SU LS that should be kept in mind and require further investigation.
Finally, the pre-ensiling treatment combination of all three factors, i.e., HI treatment to high
DML with SU, has the strongest potential to reduce the extent of CP degradation during ensiling,
thus improving the protein value and potentially increasing ruminal N retention, particularly when
combined with an appropriate carbohydrate source.
5. Conclusions
The effect of WI in silage preparation has not received much attention thus far. However, the
present ﬁndings underline the importance of HI to limit CP degradation in LS. Therefore, if possible,
at harvest, HI should be considered during silage production with lucerne. Regarding the observed
effects of SU, providing an additional carbohydrate source to lucerne crop before ensiling is effective
to minimize TP degradation and improves silage fermentation quality. However, caution should
be paid to volatile organic compounds when operating with SU. Combining an HI treatment to
DML of 350 g kg−1 with the provision of rapidly fermentable carbohydrates will maintain higher TP
proportions along with improving fermentation quality in LS. Otherwise, there is a high chance for
poor quality LS that in consequence cannot be fed without the risk of impairing animal performance
and health. In order to underpin the present ﬁndings and to expand the sparse knowledge on WI,
it is necessary to investigate such pre-ensiling treatments over several growth cycles and to further
examine if the beneﬁcial effects observed at silage stage can be transferred to rumen fermentation
and animals
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Abstract: Timely sowing is critical for maximizing yield for both grain and biomass in maize.
The effects of early (mid-March), normal (mid-April), and late (mid-May) sowing date (SD) were
studied over a three-year period in irrigated maize under Mediterranean conditions. Early SD
increased the number of days from sowing to plant emergence. Late SD reduced the number of days
to plant maturity, and had higher forage yields, higher grain humidity, and taller plants. The average
grain and forage yields achieved were 13.2 and 21.3 Mg ha−1 ; 14.0 and 25.1 Mg ha−1 ; and 12.8 and
27.6 Mg ha−1 , for crops with early, normal, and late SD, respectively. The data support the general
perception of farmers that April sowings are the most appropriate in the area where the experiments
were carried out. Early SD resulted in lower population densities, while later SD did not yield
(grain) as high. However, late SD produced taller plants that contributed to achieve higher forage
yields. Late SD could be interesting for double annual forage cropping systems. Sowing at the most
appropriate time, when the soil is warm, ensures a good level of maize grain production. Future
research could focus in the effect of SD for total annual yields in double-annual cropping systems.
Keywords: corn; forage yield; grain yield; plant height; planting; population density; sowing date

Highlights: Sowing date affects the average maize grain and forage yields. Germination and
population density was reduced in mid-March sowing date. Traditional sowing date (mid-April)
achieved highest grain yields. Mid-May sowing date was the most appropriate for forage production.
1. Introduction
Timely sowing is critical for maximizing yield for both grain and biomass in maize [1,2] and
therefore, growers are concerned about the yield response of maize to sowing date (SD) [3–5]. However,
optimum maize SD may vary from area to area due to differences in climate and the length of the
growing season where the crop is produced [6].
It is known that maize needs warm soil to germinate and grow [5,7]. However, the practice of
sowing as soon as possible to take advantage of the solar radiation [8] is nowadays more adopted by
farmers. Early planting could contribute to the proﬁtability of maize by increasing yields (crop has
more time to photosynthesize) and, in some areas, by avoiding artiﬁcial grain drying at the end of the
cycle [9–11].
Breeding programs have facilitated germination of maize at colder temperatures [12,13]. Bruns
and Abbas [6] reported technological improvements in maize hybrids such as better early season
vigor and tolerance to germination in cool wet soils, better seed treatments to guard against damping
off diseases and seedling insect pests, or the advent of herbicides. These factors have contributed to
planting maize earlier than it was 30 years ago [5].
In general, early sowing is preferable, but temperatures must be high enough to ensure quick
germination and emergence. Also, SD must be late enough to avoid late spring frosts. As a rule, maize
should not be sown until the soil temperature approaches 10 ◦ C. Under cold soil conditions (below
Agriculture 2019, 9, 67; doi:10.3390/agriculture9030067
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10 ◦ C), seeds will readily absorb water but will not initiate root or shoot growth, which leads to seed
rot and poor emergence [5,14].
Increases in temperature during the vegetative period of maize crops hastens the growth rate
more than the development rate, resulting in taller plants with a larger biomass [15]. Thus, under ﬁeld
conditions, rising temperature reduces the duration of crop growth, and consequently SD reduces the
time during which incident radiation can be intercepted and transformed into dry matter (DM) [16].
The highest yields generally occur where the growing season is longest and soil moisture is not a
limiting factor [17]. Yield reductions due to early or late planting have been well documented in the
literature [4,5,9,11,16,18]. Early planting results in reduced cumulative intercepted photosynthetically
active radiation (IPAR) because of delayed leaf area development. High temperatures under late
planting scenarios also reduce cumulative IPAR by reducing the calendar time for crop development,
and thereby, decreasing yields [19].
Optimum SD vary from one environment to another [8]. In the Ebro valley, the month of April
is the most recommended sowing period for maize, particularly, the ﬁrst half of the month [20–22].
Even so, there can be year-to-year variations associated with temperatures and rainfall during spring.
In Mediterranean areas, maize is often grown under irrigation. Thus, crop growth depends on water
availability during the growing season, and in some areas on irrigation turns. Many farmers currently
practice double-annual cropping of maize after winter forage in order to increase the economic
viability of their farms [23]. Therefore, in Mediterranean environments, a large variability exists in
maize planting date, and there is a need to quantify the effect of the SD on maize yield.
The objective of this research was to evaluate the effects of the date of sowing (early,
normal, and late) on maize yields (grain and forage) and crop growing period, in irrigated
Mediterranean environments.
2. Materials and Methods
A three-year experiment (2003–2005) was conducted at the IRTA experimental station at Gimenells,
Catalonia, Spain (41◦ 65 N, 0◦ 39 E), under sprinkler irrigated conditions. The study area is
characterized by a semi-arid climate with low annual precipitation (345 mm) and a high annual
average temperature (14.6 ◦ C) (Table 1).
Table 1. Mean monthly (Tm ) air temperatures and total monthly rainfall at Gimenells, during the
experiment (from 2003 to 2005). Long-term (30 year) mean annual temperature and rainfall values at
Gimenells are 14.6 ◦ C and 345 mm, respectively.
2003

Month

February
March
April
May
June
July
August
September
October

2004

2005

Tm

Rainfall

Tm

Rainfall

Tm

Rainfall

(◦ C)

(mm)

(◦ C)

(mm)

(◦ C)

(mm)

5.7
10.9
13.4
17.6
24.9
25.1
25.9
19.3
13.9

70.6
30.5
25.9
62.5
15.1
2.0
38.0
101.5
71.2

4.7
8.3
11.6
15.8
22.6
23.1
23.7
20.6
16.1

50.6
37.4
61.1
40.8
7.6
49.8
6.0
18.5
31.0

4.1
9.3
13.7
18.4
23.2
24.5
22.4
19.3
15.8

8.6
9.2
7.2
53.1
13.1
18.5
20.9
28.6
82.0

The soil was a Petrocalcic Calcixerept [24], which is representative of many areas of the Ebro
valley (Table 2). Two maize cultivars with different growth cycles were sown: Cecilia (600 FAO) and
Eleonora (700 FAO). The cultivars provided good representations of the 600 to 700 FAO cycles, which
are the ones most commonly used in the area [20].
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Table 2. Soil properties at the beginning of the experiment (2003).
Horizon
Soil Properties
Sand, %
Silt, %
Clay, %
pH
Organic matter, g kg−1
EC1:5 , dS m−1
N (N-NO3 − ), mg kg−1
P (Olsen), mg kg−1
K (NH4 Ac), mg kg−1

Ap
0–25 cm

Bwk1
25–70 cm

Bwk2
70–120 cm

38.5
40.3
21.2
8.1
22.0
0.20
33
38
241

38.4
41.9
19.7
8.2
14.0
0.34
20
94

44.6
38.4
17.0
8.3
6.2
0.59
10
59

The statistical design of the maize experiments was a split plot, with four replications, where
SD were used as the main plot, and cultivars as the subplots [25]. For each year, the different plots
(harvest date) and subplots (cultivars) were randomly distributed.
Maize was sown at three different dates, which were as close as possible to 15 March, 15 April,
and 15 May. The exact dates are presented in Table 3.
Table 3. Dates of sowing and harvesting for maize. The sowing rate was 85,000 plants ha−1 with a
distance of 71 cm between rows. The plot size of each experimental plot was of 15 × 11 m.
Year

Sowing Date

Harvest Date

1

2

3

Biomass

Grain

2003

27 March

14 April

14 May

16–29 September

1 October

2004

15 March

14 April

17 May

8–22 September

5 October

2005

14 March

14 April

19 May

12 September

10 October

Conventional tillage was carried out before sowing. This included disc ploughing and cultivation
to a depth of 30 cm to incorporate previous stover and to prepare the soil for the sowing. The maize
was fertilized with 50 kg N ha−1 , 150 kg ha−1 of P2 O5 and 200 kg ha−1 K2 O before sowing, and then
two equal side dressings of 100 kg N ha−1 were applied at V4–V5 and at V6–V7 maize growing stages.
Nitrogen was applied as ammonium nitrate (34.5% N), and maize was irrigated after the application to
avoid N losses. In each growing season, around 650 mm of irrigation water were applied to the maize
crop. Irrigation water was of good quality and did not contain any signiﬁcant amounts of nitrates.
A pre-emergence herbicide (1 L ha−1 96% metolachlor and 3 L ha−1 47.5% atrazine) was applied
to control weeds. When necessary hand wedding or post-emegence herbicide were applied to control
Abutilon theophrasti (Banvel (20% ﬂuoxypyr) at a rate of 1 L ha−1 ), and to control Sorghum halepense
(Elite (nicosulfuron 4%) at a rate of 1.5 kg ha−1 ).
The height of 10 plants of the central rows was measured about one week after silking in each
plot from the base of the crop to the last leaf. At same time, the leaf are index (LAI) was measured by
taking all the leaves of ﬁve consecutive plants from one central row and measuring them with the LAI
meter (Li-Cor, Lincoln, NE, USA). Intercepted solar radiation was measured by taking eight readings
per plot from the central rows, at noon, using a Ceptometer (Delta-T devices, Burnell, UK). The plant
density was estimated before forage harvest, counting the total plants of the two central rows in 5 m
strips (1.42 m by 5 m).
The forage and grain harvest took place during September or October, after the plants had reached
physiological maturity (Table 3). Grain yield was measured by harvesting two central rows (1.42 m by
15 m) from each plot using an experimental plot combine. Grain moisture was determined from a 300-g
grain sample taken from each plot, using a GAC II (Dickey-John, Auburn, IL, USA), and the grain
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yield was adjusted to 14% moisture. The aboveground biomass yield was determined at physiological
maturity by harvesting plants from one central row (0.71 m by 5 m) at ground level. Subsamples were
chopped and dried in a stove at 65 ◦ C for at least 48 h to determine the DM weight.
A mixed-effects analysis of variance (ANOVA) was carried out to assess the responses to SD, with
years evaluated as repeated measurements.
3. Results and Discussion
3.1. Duration of the Growing Cycle
The duration of the growing cycle (number of days from sowing to physiological maturity)
decreased with each delay in sowing, falling from an average of 162 days with the earliest
sowings (mid-March), to 143 and 125 days with the sowings on mid-April and on mid-May
(Table 4), respectively.
The average number of days from sowing to plant emergence in the mid-March SD was 22,
and was reduced to 12 and 9 days for the mid-April and mid-May SD, respectively. However,
the greatest effect of delaying sowing was observed in the number of days from sowing to silking,
which fell signiﬁcantly, from 104 days in the mid-March SD, to 81 days (22% reduction) and to 69 days
(33% reduction) for the mid-April and mid-May SD (Table 4). This is in agreement with Mederski and
Jones [26], who reported a decrease in the number of days from sowing to silking as soil temperature
increases. Moreover, the number of days from emergence to silking was considerably reduced in our
study. It ranged from 82 to 60 days from the ﬁrst to the last SD. There was a cultivar effect in the length
of the growing cycle and the time to silking (Table 4). However, the time from sowing to emergence
was similar in both cultivars. Eleonora (700 FAO) required 87 and 147 days from sowing to silk and
to physiological maturity, respectively. Cecilia (600 FAO) required on average 4 and 6 days less than
Eleonora, which represent about a 4% of the total time to arrive to each growing stage. These ﬁndings
could be expected due to the different growing cycle of the cultivars.
Soils and air temperature were the main reason for these differences in growth duration. Warmer
temperatures accelerate the rate of crop development, resulting in shorter vegetative and reproductive
phases [26,27]. Although these differed from year to year because of annual variations in temperature
(Table 1), growth duration clearly decreased when sowing was delayed. The average temperature in
March only reached 10.9 ◦ C in the ﬁrst year of the experiment, whereas in the last two years it barely
reached 9 ◦ C. In the second year the average temperature in March was 8.3 ◦ C, which is considered
low for maize sowings and which occasioned a large period from sowing to emergence (28 days).
Average April temperatures were not very high either. They were above 10 ◦ C, but never exceeded
13.7 ◦ C. During June, July and August, the average monthly temperatures ranged from 22.4 ◦ C to
25.9 ◦ C (Table 1).
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76

**
**
*
ns
*
ns
ns

**
*

ns
ns
ns
ns

12.8
11.5
15.4
11.5

14.0
13.3
15.7
12.9

*

27.6
27.6
30.7
24.5

Mid-May
2003
2004
2005

Year (Y)
Error
Sowing Date (SD)
SD*Y
Error
Cultivar (C)
C*SD
Y*C
Y*C*SD

25.1
25.4
27.8
22.0

Mid-April
2003
2004
2005

13.2
12.5
14.2
13.0

ns
ns
ns
ns

**
*

*

0.45
0.42
0.50
0.47

0.55
0.52
0.56
0.59

0.60
0.57
0.63
0.66

Harvest
Index

**
**
ns
ns

**
**

**

24.9
27.5
25.0
22.4

16.8
17.8
17.7
15.0

15.7
16.5
16.9
13.9

(%)

Grain
Humidity

ns
ns
ns
ns

**

ANOVA
**

9
9
10
8

12
10
14
12

22
20
28
18

(days)

Emergence

**
*
ns
**

**
**

**

69
68
72
66

81
78
84
82

104
93
111
108

(days)

Silk

**
*
**
**

**
**

**

125
126
129
121

143
140
152
137

162
144
178
164

(days)

Black
Layer

*
ns
ns
ns

*
**

**

2.53
2.61
2.59
2.38

2.33
2.34
2.41
2.25

2.21
2.25
2.15
2.24

(m)

Plant
Height

* Signiﬁcant at p-value < 0.05; ** Signiﬁcant at p-value < 0.01; ns = not signiﬁcant.

(Mg ha−1 )

(Mg ha−1 )

21.3
22.0
22.4
19.6

Grain Yield
(14% hum.)

Forage Yield

Mid-March
2003
2004
2005

Sowing Date (SD)

ns
ns
ns
ns

**
*

**

75,069
68,750
74,166
71,042

78,333
70,000
80,833
75,833

70,764
73,541
80,000
78,333

(plants ha−1 )

Plant Density

**
ns
*
ns

**
ns

**

4.88
5.50
4.88
4.26

4.02
4.20
4.12
3.74

3.57
4.30
3.02
3.39

(m2 m−2 )

LAI

**
ns
*
ns

**
*

**

91.9
96.7
94.9
84.0

88.7
87.9
95.1
83.2

84.9
82.8
89.1
82.7

(%)

Intercepted Solar
Radiation

Table 4. Sowing date (SD) (mid-March, mid-April, and mid-May) effect on average forage maize dry matter (DM) yield at maturity, grain yield and humidity, the
dates of emergence, silk and black layer appearance, and the days happened between sowing and silk and black layer appearance, plant height, leaf area index (LAI)
and intercepted solar radiation (measured one week after silking). Average 2003–2005.
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3.2. Plant Height, LAI, Intercepted Solar Radiation, and Plant Density
As previously described by other authors [1,5,28], plant height increases with delayed sowing.
In the present experiment, maize plants height increased signiﬁcantly (13%) from an average of 2.21 m
for the mid-March SD to 2.53 m for plants sown on May (Table 4). Warm weather during early
vegetative growth can stimulate plants to develop larger vegetative structures [16]. Despite cultivars
showed differences in plant height, in the three-year average plant height was 2.40 m for Eleonora and
2.32 m for Cecilia. Those differences in plant height were smaller than the observed between the SD.
There were signiﬁcant differences in the LAI. The taller plants of Eleonora contributed to obtain higher
LAI and intercepted solar radiation than Cecilia. The LAI and the intercepted solar radiation were
respectively 0.4 m2 m−2 and 3% higher for Eleonora. Late SD averaged LAI values of 4.88 m2 m−2 ,
whereas the SD of mid-March and mid-April averaged respectively 3.57 and 4.02 m2 m−2 . Thus,
the tallest plants were also the ones that obtained the highest LAI values. Consequently, the amount of
intercepted solar radiation was also higher for the late SD (Table 4). The LAI indexes obtained in our
trials were lower than those reported by Tsimba et al. [4] in New Zealand. However, the grain yields
achieved were similar.
The amount of intercepted solar radiation differed depending on the growth periods associated
with the different sowings. Probably, this fact could help to explain the differences in yield and DM
content in the three SD (Table 4). As reported by Cirilo and Andrade [16], late sowings resulted in
high crop growth rates during the vegetative period because of high radiation use efﬁciency (RUE)
and high percent radiation interception. However, these treatments resulted in low crop growth rates
during grain ﬁlling because of low RUE and low incident radiation.
March temperatures in the second and third growing seasons were below 10 ◦ C (Table 1), which
affected the germination of the maize in the early SD. In the second growing season, there were 28 days
between sowing and emergence for the mid-March SD. This was a long period and some of the plants
did not emerge at all. Only 70,000 of the 85,000 plants ha−1 initially sown emerged (with plant losses
of about 17%). Therefore, poor maize germination is one of the possible consequences of early sowing
in some years. Moreover, the slow growth of maize made it less competitive with weeds and more
weed control was necessary. Other researchers [14] have also reported these kinds of results. Earlier
sowing may not be the most interesting option, whereas sowing at the appropriate time when the soil
is warm, tends to ensure a good plant stand. Both, year and SD were signiﬁcant for the total plant
density. Temperature plays an important role for the successful development of seed to plants, but
others factors such as soil preparation or precipitation can inﬂuence the germination. The lowest plant
density was determined for 2005, which had the driest early season for the studied ﬁelds. The ﬁnal
three-year average densities for the three SD were around 71,000 plants ha−1 , 78,000 plants ha−1 and
75,000 plants ha−1 , for the early, middle, and late SD, respectively.
The differences in LAI observed seem to conﬁrm the need to increase the sowing density at early
SD in order to achieve sufﬁcient photosynthetically active radiation interception [4]. As previously
mentioned, the number of days from sowing to silking decreases with increases in soil and air
temperature. Indeed, temperature has a major inﬂuence on the rate of maize development [4,7,16,29].
According to Duncan [7], the rate of maize development, from sowing to anthesis, is a function of
temperature more than of photosynthesis.
Photoperiod can also inﬂuence maize development and grain maturation [30,31]. However,
the differences in photoperiod associated with the sowing periods considered in this study were not
sufﬁciently large at the critical photoperiod-sensitive interval (at tassel initiation or at between stages
V5 and V7) to have had an impact on plant development [30]. Past studies indicate that differences
in photoperiod from 3 h to 5 h are needed during the photoperiod-sensitive interval to generate
differences in the phenological response of the Corn Belt germplasm [31].
On the ﬁrst year of the experiment, there were storms and strong winds few days before harvesting,
and as a result, many plants were lodged. Around the 21–23% of the plants from the mid-March, and
mid-April sowings were lodged, whereas the 74% of the plants from the last sowing (mid-May) were
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affected. The difference among SD could probably be affected by the height of the plants. The more
optimal growing conditions (mainly temperature) for the last SD contributed to increase the height of
the plant and made them more vulnerable to lodging when storms occur at the end of the crop cycle.
In the other years, lodging was inconsequential.
3.3. Grain and Biomass Yields
The optimum SD for grain and biomass were similar in all of the studied years despite of some
year-to-year variation (data not shown). Maize sown in mid-April achieved the highest average grain
yields (14.0 Mg ha−1 ), followed by mid-March sowings (13.2 Mg ha−1 ) and the lowest grain yields
were achieved with mid-May sowings (12.8 Mg ha−1 ). Every year, mid-April SD yielded higher than
the mid-March and mid-May alternatives, except for the last year where the mid-March SD achieved
similar yields. That yield variability among SD (Table 4) was expected because of the different weather
conditions of the experiment each year (year and SD*year were signiﬁcant). Mid-April is the most
common SD in the studied area, possibly because of the cooler temperatures during mid-March SD
and the shorter growing season associated with mid-May SD. The average grain yield obtained in the
study is similar to the averages reported by Cela et al. [32] (13.6 ± 0.4 Mg ha−1 ) in the same area.
Grain humidity at harvest time increased with delays in sowing, varying from 24.9% at the last
SD (mid-May) to 16.8% and 15.7% to the mid-April and mid-March SD, respectively. Cultivar also
had an effect in grain humidity. The longer growing cycle of Eleonora (700 FAO) was translated into
higher grain humidity at harvest (20.8%) compared with Cecilia (17.5%). This may prove important
in a few years, because the drying of the grain increases the production costs and consequently the
maize proﬁtability.
Forage yield increased when delaying the SD, similarly to the results reported by Bunting [1],
Dillon and Gwin [28], and Fairey [33]. Indeed, Mederski and Jones [26] reported that increasing soil
temperature accelerates the rate of development of maize and produce signiﬁcant increases in DM
production. Although, in some conditions there were reported no differences when delaying the
SD [34].
The highest biomass yields (27.6 Mg ha−1 ) were associated with the latest sowings (May): in which
the plants grew taller, although with less grain proportion than the earlier SD. The harvest index
decreased from 0.6, in early sowings, to 0.54 in mid-period sowings and to 0.44 for late sowings
(Table 4). This fact may be interesting for forage production farmers who use double cropping systems.
They can grow a forage crop during winter and thereafter plant maize in summer, which have higher
forage yield potential than growing a monocropped maize [23]. However, a quality analysis of the
forages may be required as Deinum and Struik [35] and Bunting [1] suggested that delaying sowing
may reduce forage digestibility because of the lower grain proportion.
Cirilo and Andrade [16] reported that crop DM partitioning was strongly affected by SD. Early
sowing favored reproductive growth, whereas late sowing favored vegetative growth. Delays in the
SD hastened plant development between seedling emergence and silking, reducing crop exposure to
cumulative incident radiation during the vegetative period. Dobben [15] indicated that increases in
temperature during the maize vegetative period hastened growth rate more than development rate,
resulting in taller plants with larger biomasses.
Sowing date has a signiﬁcant effect on maize grain yield when all other factors are equal. Research
across the USA has shown that there is an ‘ideal’ sowing window, with a decline in grain yield
with each additional day after it, as less light and fewer growing degree days are available to the
plant [5,6,11]. However, this ‘ideal’ sowing window is not constant over the years and may vary
according to the weather, as it happened in one out of three years of the study (third year), in which
although without signiﬁcant differences, the ﬁrst SD obtained slightly higher grain yields (Table 4).
The inﬂuence of SD and plant density on maize grain yield may be related to IPAR and LAI.
In Argentina, delayed SD have been shown to increase IPAR levels at the silking stage by increasing
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leaf area development as a result of higher temperatures during vegetative growth [16]. Even so, yields
were still lower with delayed SD due to reduced levels of cumulative IPAR.
4. Conclusions
The duration of the growing cycle (number of days from sowing to physiological maturity) was
reduced by each delay in sowing. Early sowings increased the period from sowing to plant emergence,
which reduced the germination and the population density of the crop. Alternatively, late sowings
reduced the number of days to physiological maturity producing higher humidity content in grain at
harvest and taller plants.
Sowing dates of middle April seem to be the most interesting for achieving the maximum grain
yields under irrigated Mediterranean conditions. To anticipate the SD may not always be interesting;
it will depend on soil temperature of the year to ensure germination. However, if the interest is on the
forage yields (albeit with a lower proportion of grain yield), sowing can be delayed in order to beneﬁt
from the higher growth of the maize at higher temperatures, as well as to open the window to grow a
winter crop.
Author Contributions: Á.M. contributed in the analysis of the data and in the writing of the bulk of the paper.
A.B. and F.S. acquired ﬁeld data. J.L. conceived and designed the experiment, and contributed in the analysis of
the data and in the writing of the bulk of the paper.
Funding: This work was supported by the DARP (Department of Agriculture, Livestock, Fishing and Food) of
the Generalitat de Catalunya.
Acknowledgments: The authors would like to thank the students and technicians, Josep Pons, Pau Marcé, Albert
Casals, Silvia Martí form UdL and Josep Anton Betbesé and Jose Luis Millera of the IRTA for their help with the
sowing and harvesting of the crops.
Conﬂicts of Interest: The authors declare no conﬂict of interest. The funding sponsors had no role in the design of
the study; in the collection, analyses, or interpretation of data; in the writing of the manuscript, or in the decision
to publish the results.

Abbreviations
ADF
CP
DM
LAI
NDF
SD

acid detergent ﬁber
crude protein
dry matter
leaf area index
neutral detergent ﬁber
sowing date

References
1.
2.
3.
4.
5.
6.
7.
8.

Bunting, E.S. The inﬂuence of date of sowing on development and yield of maize in England. J. Agric. Sci.
1968, 71, 117–125. [CrossRef]
Van Roekel, R.J.; Coulter, J.A. Agronomic responses of corn hybrids to row width and plant density. Agron. J.
2012, 104, 612–620. [CrossRef]
Olson, R.A.; Sander, D.H. Corn production. In Corn and Corn Improvement; American Society of Agronomy:
Madison, WI, USA, 1988.
Tsimba, R.; Edmeades, G.O.; Millner, J.P.; Kemp, P.D. The effect of planting date on maize grain yields and
yield components. Field Crop. Res. 2013, 150, 135–144. [CrossRef]
Abendroth, L.J.; Woli, K.P.; Myers, A.J.W.; Elmore, R.W. Yield-based corn planting date recommendation
windows for Iowa. Crop. Forage Turfgrass Manag. 2017, 3, 1–7. [CrossRef]
Bruns, H.A.; Abbas, H.K. Planting date effects on Bt and non-Bt corn in the mid-south USA. Agron. J. 2006,
98, 100–106. [CrossRef]
Duncan, W.G. Maize. In Crop Physiology; Evans, L.T., Ed.; Cambridge University Press: Cambridge, UK, 1975.
Andrade, F.H.; Cirilo, A.G.; Uhart, S.A.; Otegui, M.E. Ecoﬁsiología del Cultivo de Maíz (No. 633.15 584.92041);
Dekalb Press: Balcarce, Argentina, 1996.

79

Agriculture 2019, 9, 67

9.
10.
11.

12.
13.
14.

15.
16.
17.
18.
19.
20.

21.

22.

23.

24.
25.
26.
27.

28.
29.
30.
31.

Johnson, R.R.; Mulvaney, D.L. Development of a model for use in maize replant decisions 1. Agron. J. 1980,
72, 459–464. [CrossRef]
Nafziger, E. Corn. Illinois Agron. Handbook; University of Illinois Extension: Urbana, IL, USA, 2009; Chapter
2; pp. 13–26.
Lauer, J.G.; Carter, P.R.; Wood, T.M.; Diezel, G.; Wiersma, D.W.; Rand, R.E.; Mlynarek, M.J. Corn hybrid
response to planting date in the northern corn belt contribution. Univ. of Wisconsin dep. of agronomy.
Agron. J. 1999, 91, 834–839. [CrossRef]
Pešev, N.V. Genetic factors affecting maize tolerance to low temperatures at emergence and germination.
Theor. Appl. Genet. 1970, 40, 351–356. [CrossRef]
Sanghera, G.S.; Wani, S.H.; Hussain, W.; Singh, N.B. Engineering cold stress tolerance in crop plants.
Curr. Genom. 2011, 12, 30–43. [CrossRef]
Hall, R.G.; Reitsma, K.D.; Clay, D.E. Best management practices for corn production in South Dakota: Corn
planting guide. In Grow Corn: Best Management Practices; South Dakota State University: Brookings, SD, USA,
2016; Chapter 3; pp. 13–16.
Van Dobben, W.H. Inﬂuence of temperature and light conditions on dry-matter distribution, development
rate and yield in arable crops. Neth. J. Agric. Sci. 1962, 10, 377–389.
Cirilo, A.G.; Andrade, F. Sowing Date and Maize Productivity: I. Crop growth and dry matter partitioning.
Crop Sci. 1994, 34, 1039–1043. [CrossRef]
Kucharik, C.J. A multidecadal trend of earlier corn planting in the central USA. Agron. J. 2006, 98, 1544–1550.
[CrossRef]
Nafziger, E.D. Corn planting date and plant population. J. Prod. Agric. 1994, 7, 59–62. [CrossRef]
Otegui, E.; Nicolini, G.; Ruiz, R.A.; Dodds, P.A. Sowing date effects on grain yield components for different
maize genotypes. Agron. J. 1995, 87, 29–33. [CrossRef]
Sisquella, M.; Lloveras, J.; Álvaro, J.; Santiveri, P.; Cantero, C. Técnicas de Cultivo para la Producción de Maíz,
Trigo y Alfalfa en Regadíos del Valle del Ebro; Fundació Catalana de Cooperació: Barcelona, Spain, 2004; ISBN
846887860X.
Martínez, E.; Maresma, A.; Biau, A.; Cela, S.; Berenguer, P.; Santiveri, F.; Michelena, A.; Lloveras, J. Long-term
effects of mineral nitrogen fertilizer on irrigated maize and soil properties. Agron. J. 2017, 109, 1880–1890.
[CrossRef]
Martínez, E.; Maresma, A.; Biau, A.; Berenguer, P.; Cela, S.; Santiveri, F.; Michelena, A.; Lloveras, J. Long-term
effects of pig slurry combined with mineral nitrogen on maize in a Mediterranean irrigated environment.
Field Crop. Res. 2017, 214, 341–349. [CrossRef]
Maresma, Á.; Martínez-Casasnovas, J.A.; Santiveri, F.; Lloveras, J. Nitrogen management in double-annual
cropping system (barley-maize) under irrigated Mediterranean environments. Eur. J. Agron. 2019, 103,
98–107. [CrossRef]
Soil Survey Staff Keys to Soil Taxonomy; USDA-Natural Resources Conservation Service: Washington, DC,
USA, 2014; Volume 12, ISBN 0926487221.
Steel, R.G.D.; Torrie, J.H. Principles and Procedures of Statistics: A Biometrical Approach; McGraw-Hill: New York,
NY, USA, 1980.
Mederski, H.J.; Jones, J.B. Effect of soil temperature on corn plant development and yield: I. Studies with a
corn hybrid. Soil Sci. Soc. Am. J. 1963, 27, 186–189. [CrossRef]
Lizaso, J.I.; Ruiz-Ramos, M.; Rodríguez, L.; Gabaldon-Leal, C.; Oliveira, J.A.; Lorite, I.J.; Sánchez, D.;
García, E.; Rodríguez, A. Impact of high temperatures in maize: Phenology and yield components. Field
Crop. Res. 2018, 216, 129–140. [CrossRef]
Dillon, M.A.; Gwin, R.E., Jr. How Planting Date and Full-Season or Early Hybrids Affect Corn Yields; Bulletin 600;
Agricultural Experiment Station, Kansas State University: Manhattan, KS, USA, 1976.
Carr, M.K.V. The inﬂuence of temperature on the development and yield of maize in Britain. Ann. Appl. Biol.
1977, 87, 261–266. [CrossRef]
Kiniry, J.R.; Ritchie, J.T.; Musser, R.L.; Flint, E.P.; Iwig, W.C. The photoperiod sensitive interval in maize1.
Agron. J. 1983, 75, 687. [CrossRef]
Tollenaar, M.; Hunter, R.B. A Photoperiod and temperature sensitive period for leaf number of maize.
Crop Sci. 1983, 23, 457–460. [CrossRef]

80

Agriculture 2019, 9, 67

32.
33.
34.

35.

Cela, S.; Berenguer, P.; Ballesta, A.; Santiveri, F.; Lloveras, J. Prediction of relative corn yield with soil-nitrate
tests under irrigated mediterranean conditions. Agron. J. 2013, 105, 1101–1106. [CrossRef]
Fairey, N.A. Yield, quality and development of forage maize as inﬂuenced by dates of planting and harvesting.
Can. J. Plant Sci. 1983, 63, 157–168. [CrossRef]
Opsi, F.; Fortina, R.; Borreani, G.; Tabacco, E.; López, S. Inﬂuence of cultivar, sowing date and maturity at
harvest on yield, digestibility, rumen fermentation kinetics and estimated feeding value of maize silage.
J. Agric. Sci. 2013, 151, 740–753. [CrossRef]
Deinum, B.; Struik, P.C.; Dolstra, O.; Miedema, P. Breeding of Silage Maize; Proceedings of the 13th Congress of
Maize and Sorghum Section of Eucarpia; Pudoc: Wageningen, The Netherlands, 1986; ISBN 9022008959.
© 2019 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC BY) license (http://creativecommons.org/licenses/by/4.0/).

81

agriculture
Article

Utilization of Molecular Marker Based Genetic
Diversity Patterns in Hybrid Parents to Develop Better
Forage Quality Multi-Cut Hybrids in Pearl Millet
Govintharaj Ponnaiah 1,2, *, Shashi Kumar Gupta 2 , Michael Blümmel 3 , Maheswaran Marappa 1 ,
Sumathi Pichaikannu 1 , Roma Rani Das 2 and Abhishek Rathore 2
1
2
3

*

Tamil Nadu Agricultural University, Coimbatore 641 003, Tamil Nadu, India; mahes@tnau.ac.in (M.M.);
sumivetri@yahoo.com (S.P.)
International Crops Research Institute for the Semi-Arid Tropics (ICRISAT), Patancheru 502 324, Hyderabad,
Telangana, India; s.gupta@cgiar.org (S.K.G.); r.das@cgiar.org (R.R.D.); a.rathore@cgiar.org (A.R.)
International Livestock Research Institute (ILRI), Patancheru 502 324, Hyderabad, Telangana, India;
m.blummel@cgiar.org
Correspondence: p.govintharaj@cgiar.org; Tel.: +91-9502586220

Received: 10 April 2019; Accepted: 24 April 2019; Published: 3 May 2019

Abstract: Genetic diversity of 130 forage-type hybrid parents of pearl millet was investigated based
on multiple season data of morphological traits and two type of markers: SSRs (Simple sequence
repeats) and GBS identiﬁed SNPs (Genotyping by sequencing-Single nucleotide polymorphism).
Most of the seed and pollinator parents clustered into two clear-cut separate groups based on marker
based genetic distance. Signiﬁcant variations were found for forage related morphological traits at
diﬀerent cutting intervals (ﬁrst and second cut) in hybrid parents. Across two cuts, crude protein (CP)
varied from 11% to 15%, while in vitro organic matter digestibility (IVOMD) varied from 51% to 56%.
Eighty hybrids evaluated in multi-location trial along with their parents for forage traits showed that
signiﬁcant heterosis can be realized for forage traits. A low but positive signiﬁcant correlation found
between SSR based genetic distance (GD between parents of hybrid) and heterosis for most of the
forage traits indicated that SSR-based GD can be used for predicting heterosis for GFY, DFY and CP
in pearl millet. An attempt was made to associate marker-based clusters with forage quality traits, to
enable breeders select parents for crossing purposes in forage breeding programs.
Keywords: genetic diversity; markers; forage yield; crude protein; in vitro organic matter digestibility

1. Introduction
Pearl millet (Pennisetum glaucum (L.) R. Br.) is an important staple crop in the arid and semi-arid
tropical regions of Asia and Africa. This crop, being a C4 species, is highly photosynthetically eﬃcient,
has a short duration coupled with signiﬁcant levels of pest and disease resistance, and is tolerant to
abiotic stresses (drought, heat & salinity). As such, it can be designated as a “perfect resilient crop for
the future”. This crop is mainly cultivated for grain and fodder purpose in semi-arid regions of Asia
and Africa, for which dual purpose cultivars are popular on farms. Apart from dual-purpose cultivars,
pearl millet cultivars are also bred exclusively for forage purpose and cultivated across the globe. For
instance, pearl millet forage hybrids are grown in southern USA [1,2] and in the summer season in
Australia and South America [3]. Recently, it has occupied large areas under summer cultivation in
north-western India and is proving to be signiﬁcant source of fodder for livestock [4,5]. Also, Brazil
which introduced this crop as cover crop in soybean cropping system, now cultivates 5 m ha of pearl
millet for feed and forage purposes [6,7].
Non-availability of feed and fodder in suﬃcient amounts has been one of the major limiting
components to achieving the desired level of livestock production in most of the countries in the
Agriculture 2019, 9, 97; doi:10.3390/agriculture9050097
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semi-arid tropics. For instance, India faces a net deﬁcit of 35.6% green fodder, 10.95% of dry crop
residues and 44% of concentrate feeds, and it would require 1012 million tons of green fodder and 631
million tons of dry fodder by 2050. At the current level of growth in forage production, there will be a
18.4% deﬁcit in green fodder and 13.2% deﬁcit in dry fodder by 2050 in India [8]. To overcome this
projected deﬁcit, green forage supply should grow in India an the annual rate of 1.69%. Breeding for
forage traits has not been prioritized in most of the pearl millet programs across the globe, leading to a
reduced diversity for forage cultivars, with only a handful of cultivars being available for cultivation.
The pearl millet forage hybrids released to date have been bred generally for single cut forage purposes,
but farmers are now demanding multi-cut (2–3 cuts) forage cultivars with better forage quality to
meet round the year feed requirements of livestock [9]. Forage trials of pearl millet conducted
multi-locationally during summer season in India, reported 10% to 16% higher dry stover yields than
sorghum and 21% to 30% higher stover yields than maize; 45% to 64% and 30% to 58% higher stover
protein was reported than sorghum and maize, respectively [10]. Signiﬁcant variability has been
observed in previous studies for forage quality traits in pearl millet breeding materials [11]. Also, based
on evaluation of pearl millet accessions for biomass traits, high variability was reported for forage
traits like green forage yield (GFY), dry forage yield (DFY), stover nitrogen content, metabolizable
energy (ME) and in vitro organic matter digestibility (IVOMD) [12].
To date, almost all the investigations on characterization of pearl millet (hybrid parents or other
breeding materials) are either based on morphological traits or on molecular markers, and have
primarily targeted grain yield and component traits [13–20]. A positive association has been reported
between molecular marker-based GD and hybrid performance in pearl millet [20], while few studies
have indicated a negative relationship [17,21]. Similarly, some studies found a positive relationship
between molecular marker based genetic diversity and heterosis in other crops, like in maize [22,23], in
rice [24,25] and in sunﬂower [26], while others reported no relationship between GD and heterosis
in maize [27,28], in rice [29,30] and in sunﬂower [31]. Hence, the present study was designed to
investigate genetic diversity in forage type hybrid parents based on both morphological traits and also
using two diﬀerent molecular marker systems (SSRs and GBS-identiﬁed SNPs markers), to reveal the
relationship between marker based genetic diversity and heterosis for forage traits.
2. Materials and Methods
2.1. Plant Materials
A set of 130 hybrid parents derived from high biomass nursery (F6 and above) at ICRISAT
(International Crops Research Institute for the Semi-Arid Tropics)-Patancheru, Hyderabad, Telangana,
India, was investigated in this study. This included 18 seed parents and 112 pollinator parents, and all
of them were derived from crosses involving diverse parents following pedigree breeding (Table S1).
The seed parents were coded from FB01 (Forage B line) to FB18, while pollinator parents were coded
from FP01 (Forage pollinator) to FP112. Tift 23D2 B1 , a maintainer of A1 CMS (cytoplasmic male
sterility) bred at Tifton, Georgia [32,33] was used as a reference genotype.
2.2. DNA Isolation
Around thirty ﬁve seeds of each entry were grown in small plastic (4 inch) pots along with Tift
23D2 B1 in a dark house for eight days. Approximately 100 mg of bulk leaf tissue was collected from 20
to 25 seedlings per accessions and stored immediately in a 96-well plate. DNA was isolated using
NucleoSpin® 96 Plant II kit (Macherey-Nagel, Düren, Germany). Two elutions of DNA for SNP and
SSR genotyping were generated. Normalization of genomic DNA to 10 ng/μL was done on 0.8%
agarose gel using lamda DNA (MBI Fermentas, Hanover, MD, USA). Electrophoresis was performed
in Tris acetate-EDTA buﬀer in a buﬀer tank at 90 volts for 1 h and gels were visualized by UV light
using image analyzer after being stained with ethidium bromide.
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2.3. Genotyping of Hybrid Parents
2.3.1. Simple Sequence Repeats
A total of 52 SSR markers (Table S2) were reported to be highly polymorphic, of which 47 were
mapped earlier across 7 pearl millet linkage groups [34–38] and were used to genotype the set of forage
type hybrid parents involved in this study.
2.3.2. Polymerase Chain Reaction
PCRs were performed using 10 μL volumes of reaction mixture, containing 2 μL of 10 ng DNA
template, 0.5 μL of 1 mM dNTPs, and 0.06 μL of 0.2U Taq DNA polymerase, 1 μL of 10× Kappa Taq
Polymerase buﬀer with MgCl2 , and 1 μL of primer containing 2 pmol/μL of forward and 4 pmol/μL of
reverse primer, 0.2 μL of dye either Fam, Vic, Ned and Pet. PCR ampliﬁcation was carried out using
step-down program in a thermal cycler (GeneAmp, PCR System 9700; Applied Biosystems, Foster City,
CA, USA) using 384-well PCR plates. The ampliﬁcation conditions of initial denaturation at 94 ◦ C for
5 min, 10 cycles at 94 ◦ C for 25 s, 64 ◦ C (−1 ◦ C/cycles) for 20 s, and 72 ◦ C for 30 s, followed by 37 cycles
at 56 ◦ C for 20 s, and 72 ◦ C for 30 s, with a ﬁnal extension at 72 ◦ C for 20 min. After ampliﬁcation,
PCR products were multiplexed with 1 μL of each of dye-labeled products (Fam, Vic, Ned and Pet),
7 μL of Hi-Di™ Formamide (Applied Biosystems, Foster City, California, CA, USA), 0.1 μL of the
LIZ-labeled (500[–250]) internal size standard, and 3.9 μL of distilled water. The DNA fragments
were size separated on an ABI 3700 automatic DNA sequencer (Perkin-Elmer/Applied Biosystems,
Foster City, CA, USA) using Gene Mapper® 4.0 software and GeneScan 3.1 (Applied Biosystems,
Foster City, CA, USA) was used for allele calling. AlleloBin 2.0 [39] was used to measure the accurate
allele size.
2.3.3. Genotyping by Sequencing (GBS) and SNP Calling
Hybrid parents were also genotyped using the GBS method as described by Elshire et al. [40]. The
genomic libraries were constructed using an ApeKI endonuclease restriction enzyme. PCR ampliﬁcation
of pooled amplicons was carried out before sequencing on a Illumina Hiseq2500 platform (Illumina
Inc., San Diego, CA, USA).
Raw sequencing reads and barcode information were processed with the non-reference based
UNEAK (Universal Network Enabled Analysis Kit) pipeline [41] implemented in TASSEL V.4
software [42] to identify SNPs. Barcodes containing reads are retained and used for SNP calling.
These reads are trimmed to 64 bp from barcode side, aligned against each other and used for SNP
identiﬁcation. Total of 19,652 SNPs were identiﬁed across all hybrid parents in pearl millet. Identiﬁed
SNPs were assigned to each hybrid parents based on the barcode sequence information. Further, the
SNP data were ﬁltered with minor allele frequency (MAF) cutoﬀ of 0.10 (10%) and SNP with ≥25%
missing data. After ﬁltering for missing data and minor allele frequency, we obtained 7870 SNPs to
conduct diversity analysis on our set of hybrid parents.
2.4. Phenotyping of Hybrid Parents
A set of 116 hybrid parents was evaluated for forage yield and quality traits in partially balanced
alpha lattice design with two replications, at ICRISAT, Patancheru (18◦ N, 78◦ E, 545 m above sea level)
during the summer season of 2015–2016. The plots consisted of 4 rows of 4 m in length spaced at 60 cm.
During the time of ﬁeld preparation, nitrogen and phosphorous were applied as a basal dose in
the form of 100 kg ha−1 of Diammonium phosphate (18% N and 46% P). Plots were fertilized equally
with dosage rate of 100 kg ha−1 of urea (46% N) as top dressing, two times before ﬁrst harvest. Trial
was irrigated at 12 to 15 days interval to avoid any moisture stress, and crop was protected from
weeds, pests, animals and diseases. Green forage of each entry in the trial was ﬁrst harvested at
50 days (around boot stage of plant development) after planting by cutting at the second node from
the bottom of the plant. Fresh weight of the green forage was recorded (kg) for plot and converted into
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t ha−1 . A sub-sample (10–15 plants) of about 1 kg was collected per entry from the freshly harvested
green forage and recorded for green forage weight, oven-dried for 8 h daily for three to four days at
60 ◦ C in Campbell dryer (Campbell Industries, Inc., 3201 Dean Avenue, Des Moines, IA, USA), and
weighed again (dry forage weight in kg). The dry matter concentration was determined by the ratio
between the dry forage weight and green forage weight. DFY (t ha−1 ) on a plot basis for each entry was
calculated by multiplying the green forage weight and dry matter concentration. Dried sub-samples
were chopped into 10 to 15 mm pieces using a chaﬀ cutter (Model # 230, Jyoti Ltd., Vadodara,
India) and ground using a Thomas Wiley mill (Model # 4, Philadephia, PA, USA) to pass through a
1-mm screen for chemical analysis. Ground stover samples (Approximately, 40 g of sample/entry)
were analyzed by Near-Infrared Reﬂectance Spectroscopy (NIRS) for stover nitrogen concentration
(N × 6.25 equals to CP content) and IVOMD [43,44]. A second cut of forage was taken after thirty days
of the ﬁrst cut; GFY, DFY and stover quality traits were again recorded as described in the ﬁrst cut.
2.5. Hybrid Development and Phenotypic Evaluation
Ten seed and eight pollinator parents from the set of 130 hybrid parental lines were selected
based on diverse pedigrees (Table S1). This set of 18 hybrid parents eﬀectively represented the genetic
diversity of all the 130 lines, as GD of selected lines varied from 0.42 to 0.79 with a mean of 0.64, while
GD of all the lines varied from 0.38 to 0.95 with a mean of 0.74. For SNPs, GD varied from 0.22 to 0.58
with a mean of 0.46 for selected hybrid parents, while GD of whole set of hybrid parents varied from
0.18 to 0.64 with a mean of 0.47. Eighty hybrids were generated by crossing them in a line × tester
(10 × 8 = 80) fashion. These 80 hybrids and their parents were evaluated during summer season of 2015
at two locations [ICRISAT, Patancheru; and TNAU (Tamil Nadu Agricultural University), Coimbatore
(11◦ N, 77◦ E, and 411.98 m above sea level, respectively)] for forage related morphological and quality
traits. At ICRISAT, Patancheru, all entries were planted on alﬁsol in an alpha lattice design with three
replications. Each entry was planted in 4 rows of 4 m length with rows spaced 60 cm apart and plants
spaced at 10–12 cm from each other. At TNAU, Coimbatore, entries were planted in black soils with
two replications. Each entry was planted in 3 rows, each of 2 m in length with rows spaced 45 cm
apart. At both the locations, cultural practices were followed as described earlier under the head
“phenotyping of hybrid parents”; and GFY, DFY, CP and IVOMD were again recorded as mentioned
under the same heading.
2.6. Data Analysis
One hundred and thirty high biomass forage type hybrid parents (18 seed and 112 pollinator
parents), including all the 116 which were phenotyped, were analyzed for SSRs. In the case of
GBS-identiﬁed SNPs, eight parents were dropped due to missing information, so 122 (18 seed and
104 pollinator parents) hybrid parents were analyzed using 7870 (GBS-identiﬁed SNPs) markers. The
allelic base pairs of all the markers were used to estimate the summary statistics, which include PIC,
allelic richness as determined by total number of detected alleles and allele per locus, gene diversity
and heterozygosity. Gene diversity, which is often referred to as expected heterozygosity, is deﬁned
as the probability that two randomly chosen alleles from the population are diﬀerent. An unbiased



1+ f
estimator of gene diversity at the lth is D̂l = 1 − ku=1 p2lu /(1 − n ), where plu is the frequency of
the uth allele at the lth locus, n is the sample size, and f is the inbreeding depression, respectively.
Occurrence of common, unique, rare and most frequent alleles were estimated using PowerMarker
V3.25 software [45]. Common alleles, unique alleles and rare alleles were calculated as described by
Li et al. [46] and Upadhaya et al. [47].
The genetic dissimilarities for each pair of forage type hybrid parents using simple matching
coeﬃcient matrix (SSRs) and Roger’s distance matrix (GBS-identiﬁed SNPs) were calculated with
the Power Marker V3.25 software. The simple match distance takes into account both the shared 0 s
(absence of a band) and shared 1 s (presence of a band) as factors that contribute to similarity between

m
two individuals. Simple matching distance was calculated as dij = 1 − L1 Ll=1 πl , where dij is the
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dissimilarity between units i and j, L is the number of loci, π is ploidy and ml is the number of matching


2

1 a j
alleles for locus l, respectively. Rogers’s distance was calculated as DR = m1 m
j
2 i pij − qij pij
and qi j are the frequencies of ith allele at the jth locus in populations X and Y respectively, while a j is
the number of alleles at the jth locus, and m is the number of loci examined. Hybrid parents (seed
and pollinator) were grouped by cluster analysis using the neighbor-joining method in Power Marker
V3.25 software. The pairwise Fst method was used to infer the clusters in a neighbor-joining tree.
Analysis of molecular variance (AMOVA) was performed to detect mutational diﬀerences between
the loci in diverse group of populations by partitioning the variation within and between the hybrid
parents [48]. AMOVA analysis provided the Wright’s F statistic or Fst (Fixation index) based on genetic
distance of the subgroups in both the marker systems. Association between hybrid parents were
estimated with PCoA (Principal coordinate analysis) analysis using DARwin V6 software [49]. Mantel
test was performed to investigate correlation between genetic distances estimated through SSRs and
GBS-identiﬁed SNPs [50] based on 10,000 iterations using R software [51]. BLUP (Best Linear Unbiased
Prediction) means were estimated for each of the 116 hybrid parents on the four traits evaluated and
used for genetic relatedness based on forage traits using SAS v 9.4 [52].
Combined analysis of variance (ANOVA) for a hybrid estimation trial was estimated using
SAS PROC MIXED [52]. The estimate of mid-parent and better parent heterosis for each trait was
calculated from mean of two environments with the following formulae: Mid-parent heterosis
(MPH, %) = (F1 − MP)/MP × 100; Better parent heterosis (BPH, %) = (F1 − BP)/BP × 100, where F1
(First ﬁlial hybrid) is the hybrid mean, MP (Mid-parent) is the mean of both the parents, and BP (Better
parent) is the superior parent over the other parent. The Pearson correlation coeﬃcients (r) between
GD and heterosis (MPH and BPH) were estimated using across environment trait means.
3. Results
3.1. Genetic Diversity Indicators Based on SSRs and GBS-Identiﬁed SNPs
Fifty two SSR markers detected a total of 551 alleles in 130 hybrid parents, with an average of
10.60 alleles per locus. The number of alleles per locus ranged from 2 (Xpsmp2273) to 31 (Xpsmp2070),
with three to ten alleles at 29 SSR loci (Table S3). Markers Xpsmp2068 (26), Xpsmp2081.1 (30) and
Xpsmp2070 (31) had more than 20 alleles per locus. Furthermore, the average number of alleles per
locus was higher for pollinator parents (9.81) than for seed parents (4.63) (Table 1). The polymorphism
information content (PIC) values varied from 0.06 (Xpsmp2267) to 0.94 (Xpsmp2070) with a mean of 0.65.
Pollinator parents had higher PIC values (0.63) than seed parents (0.52). The gene diversity varied
from 0.06 (Xpsmp2267) to 0.94 (Xpsmp2070) with an average of 0.68. Moreover, pollinator parents
showed higher gene diversity (0.66) than seed parents (0.55). The level of heterozygosity ranged from
0.0 to 0.12, with an average of 0.02. Of the 551 alleles, 129 were rare alleles (23.41%) ranging from
1 to 13, 341 were common alleles (61.89%) ranging from 1 to 23, and 81 were most frequent alleles
(14.70%) ranging from 1 to 3. Genotype-speciﬁc (unique) alleles were detected in 3 seed parents and
14 pollinator parents (Table S4).
The average gene diversity was 0.48, which varied from 0.02 to 0.50 for GBS-identiﬁed SNP
markers. The range of heterozygosity was 0.0 to 0.97, with an average of 0.15, while PIC varied from
0.02 to 0.38, with an average of 0.37 (Table 1).
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Table 1. Average of allelic richness, major allele frequency, gene diversity, heterozygosity and
polymorphism information content (PIC) of the 52 SSRs and 7870 GBS-identiﬁed SNPs in hybrid parents
of forage pearl millet.
Groups

Allelic Richness †

Gene Diversity †

Heterozygosity †

PIC †

0.02 (0.00–0.14)
0.03 (0.00–0.17)
0.02 (0.00–0.12)
0.00 (0.01–0.01)

0.52 (0.00–0.89)
0.63 (0.05–0.93)
0.65 (0.06–0.94)
0.03 (0.03–0.03)

0.13 (0.00–1.00)
0.15 (0.00–0.96)
0.15 (0.00–0.97)
0.00 (0.00–0.00)

0.29 (0.00–0.38)
0.37 0.00–0.38)
0.37 (0.02–0.38)
0.00 (0.00–0.00)

SSRs
Seed parents
Pollinator parents
Seed and Pollinator parents
Standard error

4.63 (1.00–13.00)
9.81 (2.00–29.00)
10.6 (2.00–31.00)
0.90 (0.35–0.92)

Seed parents
Pollinator parents
Seed and Pollinator parents
Standard error

1.95 (1.00–2.00)
2.00 (1.00–2.00)
2.00 (2.00–2.00)
0.00 (0.00–0.00)

0.55 (0.00–0.90)
0.66 (0.05–0.90)
0.68 (0.06–0.94)
0.03 (0.03–0.03)

GBS-Identiﬁed SNPs
0.37 (0.00–0.50)
0.48 (0.00–0.50)
0.48 (0.02–0.50)
0.00 (0.00–0.00)

†

Allelic richness, Genetic diversity, Heterozygosity and PIC value ranges for the seed and pollinator parents are
given in the parentheses, respectively.

3.2. Clustering Pattern and Genetic Relatedness between Hybrid Parents Based on Markers
The neighbor-joining tree constructed based on simple matching (SSR based) distance matrix
grouped all of the seed and pollinator parents into 2 clear-cut separate groups (statistical signiﬁcance
values provided in Table S5) (Figure 1a), each having majority of seed and pollinator hybrid parents.
These broad groups were found to be partitioned further into three and four statistically distinct
clusters of seed and pollinator parents, respectively (Tables S6 and S7). Twenty three pollinator parents
were found grouped in clusters dominated by seed parents, of which only 7 were found clustered with
seed parents, while 16 pollinators were grouped separately. Eight B-lines were found in B-I (44%), 6 in
B-II (33%) and 4 in B-III (22%) (Figure 1b and Table S1). Cluster B-II had 67% (4 out of 6) of the lines
derived directly or indirectly from ICMB 89111 (ICRISAT millet B-line) in their parentage. B-III cluster
had 50% (2 out of 4) of the lines sharing 81B in parentage.
Pollinator parents found grouped into four clusters (Figure 1c and Table S1), of these 45 lines in
R-I (40%), 24 in R-II (21%), 30 in R-III (27%) and 13 (12%) in R-IV. Twenty six out of 45 and 16 out of
24 pollinator parents in cluster I and II respectively, had ICMS 7704 (ICRISAT millet synthetic variety)
in their parentage. ICMS 7704 is an open-pollinated variety developed from six inbred lines derived
from Indian × African crosses selected at Tandojam in Pakistan. Seventeen out of 30 lines in R-III
cluster had progenies derived from Medium composite 94 (MC 94) in their parentage; MC 94 is a
medium maturity (75–85 days) composite developed at ICRISAT. R-IV cluster had 42% (5 out of 12) of
the progenies sharing a common parent ICMS 8506.
Seed and pollinator parents followed almost the same clustering pattern based on both
GBS-identiﬁed SNPs and SSRs (Figure 2a and Table S1) (Statistical signiﬁcance values depicting
distinctness of clusters provided in Tables S8–S10). Based on SNP based clustering, thirty-three
pollinators were found grouped in clusters dominated by seed parents, but 30 of them were found to
be grouped separately. SNP based clustering followed the same trend of pedigree linkages as found in
case of SSRs; 33% (2 out of 6) and 67% (2 out of 3) of the lines in B-II and B-III respectively, had the
ICMB 89111 parent (Figure 2b), while cluster R-I and R-II had 80% and 48% of the lines with ICMS
7704 respectively, and R-III had 57% (17 out of 30) of the lines with MC 94 in the parentage (Figure 2c).
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Figure 1. Neighbor joining tree based on 52 SSRs: (a) 130 seed and pollinator parents; (b) 18 seed
parents; and (c) 112 pollinator parents.

AMOVA based on SSRs showed 83.62% of the variance within seed and pollinator parents and
16.38% between seed and pollinator parents (p < 0.0001). The Fst between seed and pollinator parents
for individual markers varied from −0.0126 to 0.5381 and was signiﬁcant for 41 of the 52 SSRs (Table S11).
Some of the markers such as Xpsmp2201 (0.2567), Xipes0105 (0.2574), Xipes0004 (0.3227), Xipes0186
(0.3351), Xpsmp2214 (0.3445), Xicmp3048 (0.4848), Xpsmp2222 (0.5294) and Xpsmp2246 (0.5381) had the
highest Fst values. Following the same trend, SNPs revealed 90.11% of the variance within seed and
pollinator parents and 9.89% variance was observed between seed and pollinator parents (Table S12).
PCoA based on SSR markers revealed ﬁrst and second principal coordinates to account for 14.57%
and 6.21% of the molecular variance, respectively (Table S13 and Figure S1a), while it was 33.63% and
7.74% based on the GBS-identiﬁed SNPs (Figure S1b). The Mantel test found signiﬁcant association
(r = 0.35, p < 0.01) between genetic distances (Simple matching distance for SSRs vs. Roger’s distance
for SNPs) estimated for hybrid parents.
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Figure 2. Neighbor joining tree based on 7870 GBS-identiﬁed SNPs: (a) 122 seed and pollinator parents;
(b) 18 seed parents; and (c) 104 pollinator parents.

3.3. Variability for Forage Traits in Hybrid Parents
A wide range was observed in hybrid parents for GFY, DFY, CP and IVOMD at diﬀerent cutting
intervals (Table 2). GFY of hybrid parents at ﬁrst cut ranged from 15 to 29 t ha−1 with an average of
22 t ha−1 , seed parents ranged from 16 to 23 t ha−1 with an average of 20 t ha−1 and pollinator parents
ranged from 15 to 29 t ha−1 with an average of 22 t ha−1 . In addition, DFY varied from 3 to 6 t ha−1
with an average of 4 t ha−1 for hybrid parents, from 4 to 5 t ha−1 with an average of 4 t ha−1 for seed
parents and from 3 to 6 t ha−1 with an average of 4 t ha−1 for pollinator parents. At the second cut,
GFY of hybrid parents ranged from 12 to 42 t ha−1 with an average of 27 t ha−1 , seed parents ranged
from 12 to 26 t ha−1 with an average of 20 t ha−1 and pollinator parents ranged from 16 to 42 t ha−1
with an average of 28 t ha−1 . Further, DFY varied from 5 to 9 t ha−1 with an average of 6 t ha−1 for both
seed and pollinator parents, from 5 to 9 t ha−1 with an average of 6 t ha−1 for seed parents and from 5
to 8 t ha−1 with an average of 6 t ha−1 for pollinator parents. CP for hybrid parents, seed and pollinator
parents ranged from 11% to 15%, 12% to 15% and 11% to 14% at the ﬁrst cut, whereas it was 11% to
13%, 11% to 12% and 11% to 13% for second cut. IVOMD for hybrid parents ranged from 54% to 56%
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at the ﬁrst cut, while it ranged from 51% to 55% at the second cut. Seed parents varied from 54% to
55% at ﬁrst cut and 51 to 54% at second cut, and pollinator parents varied from 54% to 56% and 51% to
55% at the ﬁrst and second cuts, respectively.
Table 2. Mean and range of forage traits of 116 hybrid parents from 2 years mean data (summer 2015
and 2016).
Traits
Green fodder yield (t ha−1 )
Dry fodder yield (t ha−1 )
Crude protein (%)
In vitro organic matter
digestibility (%)

First Cut

Lines
Seed parents
Pollinator parents
Seed parents
Pollinator parents
Seed parents
Pollinator parents
Seed parents
Pollinator parents

Second Cut

Mean

Range

Mean

Range

20.32
22.21
4.25
4.42
12.92
12.55
54.66
54.81

16.30–22.89
15.18–29.16
3.63–5.19
3.34–5.91
11.94–14.61
11.49–13.52
53.93–55.40
53.78–55.63

19.79
28.03
6.21
6.31
11.86
11.71
52.67
52.58

12.35–26.21
15.61–42.42
5.23–8.99
5.06–8.09
11.40–12.44
11.04–12.51
51.16–54.26
51.01–55.04

3.4. Trait Association with SSRs Based Clusters
Forage quantity and quality traits associated with SSRs based clusters revealed that B-III cluster
had the highest mean values for GFY and DFY at the ﬁrst cut and the highest GFY at the second cut,
while DFY at second cut was found highest in cluster B-I (Table 3). Meanwhile for pollinator parent
clusters, R-I had highest mean for GFY at ﬁrst cut and for GFY and DFY at second cut. Cluster B-II had
highest CP and IVOMD in ﬁrst cut; while B-III had highest CP in second cut. Cluster R-II and R-III had
the highest CP in the ﬁrst and second cut, respectively. For seed parental clusters, B-I had the highest
IVOMD in the second cut. Cluster R-II and R-III had the highest IVOMD in the ﬁrst cut and R-IV in the
second cut.
3.5. ANOVA for Heterosis Estimation Trial
ANOVA for forage yield and quality (Table 4) traits showed large and highly signiﬁcant variance
due to locations, indicating that the materials were evaluated under diverse environments. Large
and highly signiﬁcant variance observed in either of the parents (seed or pollinator parent) and
in hybrids for almost all the traits indicated wide genetic diﬀerences among parental lines as well
as among hybrids. High signiﬁcant mean squares due to “hybrids vs. parents” (except IVOMD
in second cut) indicated signiﬁcant heterosis in hybrids for most of the forage traits. Forage yield
performance of both parental lines and hybrids (except for DFY in ﬁrst cut) was signiﬁcantly modiﬁed
by environments. The signiﬁcant and relatively large percentage of the total variation attributable to
the G × E (Genotype × Environment) suggested that hybrids responded diﬀerentially to environments
for forage traits.
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4.29 (3.41, 4.80)
4.42 (3.69, 5.91)

22.81 (18.44, 27.40)

21.22 (15.18, 25.49)

22.24 (17.48, 29.16)

21.97 (19.89, 24.07)

R-I

R-II

R-III

R-IV

4.53 (3.34, 5.51)

4.46 (3.64, 5.61)

4.54 (3.87, 5.19)

21.63 (20.60, 22.33)

4.10 (3.70, 4.54)

19.67 (16.30, 22.89)

CP (%) †

12.52 (11.55, 13.12)

12.64 (11.77, 13.42)

12.75 (12.23, 13.52)

12.40 (11.49, 13.18)

13.02 (12.57, 13.49)

13.07 (12.22, 14.61)

12.75 (11.94, 13.47)

First Cut

4.21 (3.63, 4.46)

DFY (t ha−1 ) †

B-II

20.14 (17.13, 22.39)

GFY (t ha−1 ) †

B-III

B-I

Cluster
No.

54.68 (54.21, 55.15)

54.85 (54.03, 55.63)

54.85 (54.23, 55.47)

54.79 (53.78, 55.56)

54.43 (53.93, 55.06)

54.79 (54.47, 55.03)

54.69 (54.04, 55.40)

IVOMD (%) †

23.29 (18.83, 28.89)

27.99 (19.56, 42.42)

26.36 (16.35, 34.75)

29.73 (15.61, 37.30)

20.84 (17.30, 23.81)

20.53 (14.57, 26.21)

18.72 (12.35, 22.02)

GFY (t ha−1 ) †

6.06 (5.17, 7.21)

6.28 (5.31, 8.09)

6.21 (5.06, 6.94)

6.44 (5.47, 7.69)

6.09 (6.02, 6.25)

6.16 (5.98, 6.43)

6.31 (5.23, 8.99)

CP (%) †

11.72 (11.35, 12.38)

11.78 (11.13, 12.51)

11.69 (11.21, 12.04)

11.67 (11.04, 12.36)

12.01 (11.81, 12.13)

11.82 (11.40, 12.44)

11.82 (11.56, 12.13)

Second Cut
DFY (t ha−1 ) †

IVOMD (%) †

52.91 (51.85, 54.27)

52.77 (51.60, 55.04)

52.60 (51.33, 53.69)

52.41 (51.01, 53.83)

52.18 (51.16, 53.30)

52.68 (52.01, 53.70)

52.90 (51.80, 54.26)

Average values; minimum and maximum values in parenthesis, respectively, of the trait within the cluster, Values are in bold indicates higher mean value for the trait, GFY-Green
forage yield, DFY-Dry forage yield, CP-Crude protein, IVOMD-In vitro organic matter digestibility.

†

Pollinator
parents

Seed
parents

Lines

Table 3. Mean values for forage traits in diﬀerent SSR-based clusters on the basis of 2 year data (Summer season at ICRISAT, 2015 and 2016).
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93

94

†

1
3
97
17
9
7
1
79
9
7
63
1
97
17
9
7
1
79
9
7
63
1

FC

DF
}

1
3
58
13
8
4
1
44
8
4
32
1
58
13
8
4
1
44
8
4
32
1

SC

SC
309.26 ***
2.63
11.08 ***
5.98 ***
2.86
9.15 ***
21.50 ***
8.08 ***
2.16 *
21.82 ***
7.04 ***
190.82 ***
6.12 ***
4.08 ***
3.54 ***
6.03 ***
1
5.71 ***
1.41
10.24 ***
5.82 ***
45.02 ***

GFY

5.71 *
4.43 *
6.18 ***
3.37 ***
1.12
21.19 ***
264.05 ***
11.13 ***
6.96
0.97
3.49 ***
1.46 *
2.76 ***
0.87
0.94
0.55
2.37
1.22
1.01
0.91
1.29
28.05 ***

FC

DFY

277.36 ***
6.85 ***
2.58 ***
0.11
0.31
1.22
141.81 ***
1.42
0.96
1.05
0.23
1.83 ***
1.09
0.21
0.08
0.4
0.03
1.03
0.74
0.31
1.14
79.69 ***

FC
97.57 ***
1.27
3.44 ***
1.65
0.68
3.02 *
4.37 *
2.57 ***
1.65
11.53 ***
1.64 *
61.11 ***
1.84 ***
0.96
0.92
1.28
0.01
2.01 ***
0.96
7.35 ***
1.53 *
6.21 **

SC
116.88 ***
3.47 *
4.73 ***
6.98 ***
8.08 ***
4.42 ***
12.99 ***
2.65 ***
3.63 ***
6.92 ***
2.15 ***
108.76 ***
2.48 ***
2.47 ***
3.29 ***
1.67
1.07
2.32 ***
2.53 **
2.89 **
2.27 ***
12.76 ***

FC

CP

25.07 ***
5.57 **
2.56 ***
3.00 ***
3.18 ***
2.35
3.35
1.65 *
1.48
6.04 ***
1.04
29.97 ***
1.68 *
1.29
0.89
1.65
3.51
1.02
0.96
3.80 **
0.64
34.65 ***

SC

SC
987.69 ***
6.00 **
3.59 ***
6.17 ***
3.71 ***
5.15 ***
33.7 ***
2.88 ***
4.84 ***
4.94 ***
2.17 ***
1.77
2.95 ***
4.02 ***
4.59 ***
0.82
13.35 ***
2.42 ***
2.39 *
0.75
2.59 ***
16.97 ***

IVOMD

562.89 ***
0.29
1.55 *
1.64
2.21 *
1.12
0.22
1.44 *
3.13 ***
2.06 *
1.24
7.70 **
1.76 ***
0.75
0.41
1.17
0.94
1.33
2.58 **
0.81
1.19
50.91 ***

FC

DF-Degree of freedom; † First cut; } Second cut, GFY-Green forage yield (t ha−1 ), DFY-Dry forage yield (t ha−1 ), CP-Crude protein (%), IVOMD-In vitro organic matter digestibility (%). *,
**, *** Signiﬁcant at 0.05, 0.01 and 0.001 level, respectively.

Locations
Replication (Locations)
Treatments
Parents
(i) Females
(ii) Males
(iii) Females vs. Males
Hybrids
(i) Lines
(ii) Testers
(iii) Lines × Testers
Hyb vs. Par
Location × Treatments
Location × Parents
(i) Location × Females
(ii) Location × Males
(iii) Location × (Lines vs. Testers)
Location × Hybrids
(i) Location × Lines
(ii) Location × Testers
(iii) Location × (Lines × Testers)
Location × (Hybrids vs. Parents

Source of Variation

Table 4. Analysis of variance for combining ability for forage related morphological and biochemical traits at ﬁrst and second cut, evaluated in hybrids and parental
trial at two locations in summer season of 2015.
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3.6. Magnitude of Heterosis and Its Association with GD
The extent of MPH and BPH for forage quantity and quality traits over two cuts are presented in
Table 5. The MPH for DFY ranged from 33% to 407%, with an average of 189%, while BPH ranged from
−13% to 344%, with an average of 154% at the ﬁrst cut. Similarly, MPH for IVOMD ranged from −7%
to 7%, with an average of 2%, while BPH ranged from −8% to 7% at ﬁrst cut. The correlation between
SSR based GD and heterosis (MPH and BPH) for forage related morphological and quality traits are
given in Table 6. Low positive correlation was observed between GD and MPH (r = 0.34, p < 0.05), and
with BPH (r = 0.41, p < 0.05) for GFY at the second cut; GD and BPH (r = 0.33, p < 0.05) for DFY at the
second cut and; GD and MPH (r = 0.26, p < 0.05) for CP at the ﬁrst cut. No signiﬁcant correlation was
found between GD and heterosis (both MPH and BPH) for IVOMD for both the cuts. Similarly, for
SNPs, signiﬁcant positive relationships were found between GD and MPH (r = 0.32, p < 0.01) and with
BPH (r = 0.28, p < 0.05) for DFY at the ﬁrst cut.
Table 5. Summary of MPH and BPH for forage linked traits.
Traits

GFY
DFY
CP
IVOMD

Mid-Parent Heterosis (%)

Better-Parent Heterosis (%)

Cutting
Intervals

Minimum

Maximum

Average

Minimum

Maximum

Average

First cut
Second cut
First cut
Second cut
First cut
Second cut
First cut
Second cut

20.6
−22.2
33.1
−15.5
−23.6
−24.1
−6.8
−7.5

115.7
378.1
406.5
290.0
9.8
7.2
7.1
5.9

58.2
103.8
189.1
93.2
−9.5
−7.8
1.8
0.0

−8.2
−37.0
−13.1
−29.7
−27.8
−30.7
−8.2
−10.8

74.4
301.9
344.3
248.2
8.8
4.5
6.7
3.4

32.6
51.5
154.2
50.7
−14.4
−12.8
0.1
−2.9

GFY-Green forage yield (t ha−1 ), DFY-Dry forage yield (t ha−1 ), CP-Crude protein (%), IVOMD-In vitro organic
matter digestibility (%).

Table 6. Correlation between genetic distance (GD) between parents measured using SSRs and SNPs
and heterosis (Mid-parent heterosis (MPH) and Better-parent heterosis (BPH)) for forage yield and
quality traits in pearl millet.
Correlation Coeﬃcient
between GD and MPH

Correlation Coeﬃcient
between GD and BPH

Traits

Cutting
Intervals

SSRs

SNPs

SSRs

SNPs

Green forage yield (GFY, t ha−1 )

First cut
Second cut

0.11
0.34 *

−0.02
0.15

0.12
0.41 *

−0.15
0.13

Dry forage yield (DFY, t ha−1 )

First cut
Second cut

−0.10
0.25

0.32 **
0.19

−0.14
0.33 *

0.28 *
0.19

Crude protein (CP, %)

First cut
Second cut

0.26 *
−0.05

0.04
−0.22

0.20
−0.02

−0.12
−0.19

In vitro organic matter
digestibility (IVOMD, %)

First cut
Second cut

0.11
−0.18

0.00
0.06

0.18
−0.17

−0.01
0.11

*, ** Signiﬁcant at 0.05 and 0.01 level, respectively.

4. Discussion
The average number of alleles per locus (10.60) detected in this study was higher than earlier
reports in pearl millet, 6.26 alleles per locus in 72 inbred lines [53] and 2.76 alleles per locus in 42 inbred
lines [54]. These diﬀerences might be due to the lesser number of parental lines and limited number of
SSRs (25 to 34) in those earlier conducted studies on grain type hybrid parents, whereas the current
study had a higher number of diverse forage type hybrid parents (130) and also had a higher number
of microsatellite markers (52 SSRs). However, it was still lower in comparison to other studies, like of
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Stich et al. [13] (16.4 alleles per locus in 145 inbred lines derived from landraces and open-pollinated
varieties of West and Central Africa) and Gupta et al. [15] (12.68 alleles per locus in 379 inbred lines),
which might be due to the involvement of a comparatively lesser number of hybrid parents (130) in
this study. The present study detected a higher average number of alleles per locus, PIC and gene
diversity in pollinator parents than seed parents, indicating that pollinator parents were genetically
more diverse than seed parents. This might be due to the broader genetic base of germplasm used in
the development of pollinator parents and also due to diﬀerences in the sample size (112 pollinator
parents vs. 18 seed parents). These ﬁndings are in consonance with earlier investigations in pearl
millet [14,15], which reported high diversity in pollinator parents than in seed parents.
Majority of seed and pollinator parents delineated into two separate groups based on SSRs.
Similar kinds of clear cut separate seed and pollinator grouping patterns were reported earlier in pearl
millet [14,15] and in rice [55]. Distributions of hybrid parents under study into diﬀerent marker-based
groups indicated presence of signiﬁcant genetic diversity in the breeding materials. Also, most of
parents found in the common cluster had the involvement of some common parent in the pedigree.
Such genetic relatedness between hybrid parents as found in SSR based clusters was also reported
earlier by Nepolean et al. [14] and Gupta et al. [15] in pearl millet hybrid parents bred for grain-type
traits. The clustering pattern of hybrid parents and trend of involvement of common parents in
parentage of lines in diﬀerent clusters were almost similar for both type of marker systems, which
might be due to signiﬁcant positive correlation (r = 0.35, p < 0.01) found between parental genetic
distance assessed using SSRs and GBS-identiﬁed SNPs markers. However, seed parental cluster B-III
had 81B and ICMB 89111 in their parentage for SSRs and GBS-identiﬁed SNPs, respectively. Pollinator
parents were grouped into four (SSRs) and ﬁve (SNPs) clusters, respectively. Pollinator parental group
R-IV (SSR) had the lines sharing ICMS 8506 in parentage while SNP based R-IV had HHVBC tall in
their parentage. Hence, our study suggested that any of the two marker systems, SSRs or SNPs, can be
eﬀectively used for diversity investigations for forage type pearl millet breeding materials in future.
High correlation between genetic distances estimated by SSRs and SNPs was also reported earlier in
sunﬂower [56], while no such correlation was found in maize [57,58].
The study revealed signiﬁcant genetic variability for forage quantity and quality traits in hybrid
parents under investigation. Several other studies have also reported a wide range of green forage
yield in pearl millet [12,59–62]. Earlier, Rai et al. [63] also reported dry forage yield in hybrid parents
in a range of 3 to 4 t ha−1 at the ﬁrst cut. Stover CP varied from 11% to 15% and 11% to 13% at the
ﬁrst and second cut, respectively, which was more than the minimum (about 7%) required by rumen
microbes [64]. The observed genotypic variations in crude protein in high biomass hybrid parents in
this study can also help to enhance the capacity of feed intake, as suggested earlier by Van Soest [64].
The mean values observed for forage quality traits (CP and IVOMD) at the ﬁrst and second
cuts were higher than observed in previous studies in pearl millet [11,12,44,63,65,66] and also in
several other crops, like in maize [67,68] and in sorghum [69]. Variability in IVOMD assumes high
signiﬁcance as a one-percent unit increase in digestibility in stover sorghum and pearl millet could
result in increases in milk, meat and draught power outputs in a range from 6% to 8% [70]. Market
studies on sorghum fodder also indicated that the pricing of fodder is aﬀected by its quality traits,
especially for IVOMD [71]. In hybrid parents involved in this study, stover IVOMD varied from 54% to
56% units at ﬁrst cut, and from 51% to 55% in second cut. Such a wide range of IVOMD in forage type
hybrid parental lines can be utilized in the breeding program for the development of quality cultivars
with high digestibility.
Mean values of forage traits in SSR based clusters revealed signiﬁcant variation across clusters.
The study identiﬁed trait-speciﬁc clusters; such associations between marker-based clusters and forage
traits might be due to a close association of markers under investigation with the speciﬁc forage trait.
This study has not done association mapping between markers and forage traits, so the associations
observed in this study might be the result of stratiﬁcation rather than true association, but diverse
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hybrid parents from these trait-speciﬁc clusters can still provide inputs to breeders for utilization in
forage trait-speciﬁc targeted breeding program.
Hybrids showed an average heterosis of 154% and 51% over better parent for DFY in the ﬁrst and
second cut, respectively, indicating that higher heterosis can be realized for forage traits in pearl millet.
These results pointed that high yielding multi-cut forage type hybrids with better forage quality can be
developed in pearl millet for enhancing livestock productivity [63,65]. However, a high G×E for forage
traits in hybrids indicated that there is a need to breed agro-ecological speciﬁc forage type hybrids to
have stable forage yields. Signiﬁcant but low positive correlation was found between GD and heterosis
for most of the forage quality traits in either ﬁrst or second cut, suggesting that SSR-based GD can be
used for predicting heterosis for GFY, DFY and CP in pearl millet. Again, SNPs based GD also found
a signiﬁcant association with heterosis for DFY. In contrast to our results, Gupta et al. [17] found no
signiﬁcant positive correlation with BPH for DFY in either of morphological or molecular distance in
pearl millet. Low correlation between GD and heterosis might be due to a lack of linkage between
genes for traits under investigation, unequal genome coverage, and random marker distribution in the
genome [72,73].
5. Conclusions
In conclusion, this molecular marker based genetic diversity study indicated that available
forage-type pearl millet hybrid parents exist as two separate gene pools, one each for seed and
pollinator parents. Signiﬁcant genetic diversity exists among parents for forage quantity and quality
traits. The study also attempted to ﬁnd associations between marker-based clustering patterns and
forage quantity and quality traits, to enable breeders to generate crosses among diverse forage type
hybrid parents belonging to distinct clusters and develop hybrids and parental lines with higher
potential. High heterosis observed for forage quality traits indicated possibilities to develop exclusive
forage type hybrids with more and better forage quality. Low positive but signiﬁcant correlation
between markers based genetic distance and heterosis for most of the forage traits indicated that forage
traits can be predicted to some extent in pearl millet.
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SSR
GBS
SNP
GFY
CP
IVOMD
NIRS
GD
DFY
ME
ICRISAT
FB
FP
CMS
PCR
UNEAK
MAF
TNAU
AMOVA
Fst
PCoA
BLUP
ANOVA
MPH
BPH
MP
BP
F1
PIC
ICMB
ICMS
MC
G×E

Simple sequence repeats
Genotyping by sequencing
Single nucleotide polymorphism
Green forage yield
Crude protein
In vitro organic matter digestibility
Near infra-red reﬂectance spectroscopy
Genetic distance
Dry forage yield
Metabolizable energy
International Crops Research Institute for the Semi-Arid Tropics
Forage B line
Forage pollinator
Cytoplasmic male sterility
Polymerase chain reaction
Universal Network Enabled Analysis Kit
Minor allele frequency
Tamil Nadu Agricultural University
Analysis of molecular variance
Fixation index
Principal coordinate analysis
Best Linear Unbiased Prediction
Analysis of variance
Mid-parent heterosis
Better parent heterosis
Mid parent
Better parent
First ﬁlial hybrid
Polymorphism information content
ICRISAT millet B-line
ICRISAT millet synthetic composite variety
Medium composite
Genotype × Environment
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Abstract: The aim of the project was to evaluate the potential of microbial threat to feed safety in
the year 2018. Analyses of the epiphytic community of several forage species (clovers, cocksfoot,
fescue, festulolium, perennial ryegrass, timothy and trefoil) in variants of fertilized and non-fertilized
vegetation were performed. The hypothesis is based on the fact that microorganisms are normally
present on plant material during its growth all the way from the seed to the senescence; they are
inﬂuenced by a plant’s ﬁtness, and they aﬀect its harvest and utilization. Microﬂora was analyzed
by cultivation on speciﬁc substrates, total microbial count and ﬁve speciﬁc microbial groups were
observed and quantiﬁed. Forage species did not aﬀect plant microﬂora. The highest risk factor of
microbial contamination of feed was proved to be harvest date. Mycotoxin contamination of fresh
feed was determined (deoxynivalenol and zearalenone) using ELISA. Zearalenone (ZEA) levels were
negatively correlated to fertilization intensity, although these results were not statistically signiﬁcant.
Deoxynivalenol (DON) levels were the lowest in a moderate fertilization regime. Signiﬁcant diﬀerences
in mycotoxin content were found among botanical species.
Keywords: grass; clover; epiphytic microﬂora; fungi; deoxynivalenol; zearalenone

1. Introduction
Electricity consumption is increasing rapidly in the Czech Republic and decarbonization of
its production is under way. One of the more sustainable production methods includes biogas
stations [1]. With more than 50% of land being agricultural, possible energy sources for biogas stations
are abundant [2]. This, however, presents a challenge of utilization of the biogas secondary product
referred to as digestate. Digestate has the potential of becoming a new sustainable form of semi-liquid
fertilizer [1].
The surface above ground biomass, such as leaves, stems or reproduction organs, is called
phyllosphere [3]. It is colonized by a wide array of microorganisms; approximately 37 bacterial
and 12 fungal genera is present on the wheat’s leaves [4]. Microbial composition of the surface is affected
by weather conditions and geographical location [5].
Microbial contamination of animal feed is closely related to research of nutritional pathology
and shows its consequent eﬀects on animal susceptibility to disease and use of antibiotics in livestock
breeding [6]. Economic loss due to fungal pathogens is an important factor in feed production,
with the main genera causing decreased yield and quality are Fusarium, Aspergillus and Penicillium [7].
Silage is a fermented feed highly used in temperate areas since the 1960s and bacterial species play

Agriculture 2019, 9, 102; doi:10.3390/agriculture9050102

103

www.mdpi.com/journal/agriculture

Agriculture 2019, 9, 102

a fundamental role in its production [8]. Besides lactic acid bacteria, used as a starter additive for
silaging, there are species responsible for spoilage and potential health-deteriorative properties [9].
Many species of ﬁlamentous fungi produce secondary metabolites harmful to vertebrates.
Also belonging to this category, are mycotoxins, frequently occurring in cereals and other feedstuﬀs [10].
Mycotoxins are produced by molds under speciﬁc conditions and their production is promoted
in high humidity, poor agricultural practices (e.g., inadequate fertilization, disuse of crop rotation,
contaminated seeds) or damaged and contaminated crops. Although the presence of molds on grains
does not necessarily mean there are mycotoxins present, the potential for mycotoxin production does
exist. Furthermore, the long-term absence of molds on stored food and feed does not guarantee that
the grain is free of mycotoxins [11]. The issue of mycotoxin risk is, therefore, tricky and requires
the attention of both agrotechnology speciﬁcally and the scientiﬁc community generally.
For food and feed safety, the most notable mycotoxins are aﬂatoxins, ochratoxin A, fumonisins,
deoxynivalenol, patulin, and zearalenone [12]. However, there are more than 500 mycotoxins known
nowadays [13]. Frequently, more than one mycotoxin contaminates feed [14]. Production depends on
various factors, including temperature, water activity and genotype of the mycotoxigenic species [15,16].
In silaging, there is clear evidence of fungal and consecutive mycotoxin production inhibition by lactic
acid bacteria in the fermentation process [17,18].
There is not suﬃcient amount of information dedicated to above-ground biomass of grass
and clover species, so it is essential to broaden the knowledge on eﬀects of environmental conditions,
microbial composition and plant cultivars of the Czech Republic.
2. Materials and Methods
2.1. Experimental Plot Maintenance
This study was conducted on seven forage species and their cultivars: ×Festulolium ‘Felina’,
Dactylis glomerata L. ‘Vega’, Festuca arundinacea Schreb. ‘Prosteva’‚ Lolium perenne L. ‘Promed’ and ‘Proly’,
Phleum pratense L. ‘Sobol’, Trifolium pratense L. ‘Spurt’ and ‘Blizard’, Trifolium repens L. ‘Klondike’.
Plots were located in Research Station Vatin, Czech Republic (49◦ 52 N, 15◦ 96 E) situated 560 m
above sea level, with annual precipitation of 617 mm and mean annual temperature of 6.9 ◦ C. Soil type
of the chosen experimental location was Cambisol as a sandy-loam soil on the diluvium of biotic
orthognesis. Analyses were conducted in Brno, Czech Republic (49◦ 21 N, 16◦ 61 E). A randomized
plot design was used and three repetitions of each variant was sown in small plots (1.25 × 8 m).
Spring fertilization of the experimental ﬁeld was done by digestate. Input material for digestate
provided by biogas station Pikarec was maize silage (13,210 tons were processed in biogas station per
year 2018), cow manure (3000 t/year), cereal silage (2000 t/year), grass silage (1000 t/year) and fresh
grass forage (500 t/year). Details on chemical composition of the digestate are described in Table 1;
pH value was 7.77.
Table 1. Chemical composition of digestate (measured in 100 g of digestate).
Nutrient

Content (%)

Dry matter
Total nitrogen
Phosphorus
Potassium
Calcium
Magnesium

5.70
0.49
0.06
0.42
0.13
0.05

The digestate was applied in October 2017 and after each harvest. Mixed samples were created by
blending of samples gathered from fertilization variants A, B and C for purposes of creating reference
sample. Fertilization regime on the said three variants of plots were as described below.
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•
•

•

Variant A: non-fertilized control
Variant B (150 kg N/ha/year): Total amount of nitrogen was applied in three doses, therefore
each application dose contained 1/3 of annual dose = 9.43 kg digestate per 10m2 (equal to 50 kg
N/ha/application)
Variant C (300 kg N/ha/year): Total amount of nitrogen was applied in three doses, therefore each
application dose contained 1/3 of annual dose = 18.87 kg digestate per 10m2 (equal to 100 kg
N/ha/application)

Fresh biomass was collected in two harvests: 17 May 2018 and 14 July 2018, subsequently chopped
into 3 cm pieces, chilled and immediately transported to specialized laboratory in Brno.
2.2. Microbial Analyses
Sample (10 g) of the original fresh biomass or silage was shaken on a PSU-10i orbital shaker
(Biosan, Riga, Latvia) for 10 min with 90 mL of sterile saline. A series of ten-fold dilutions were then
prepared from the solution. These groups of microorganisms were determined in the samples after
cultivation as follows:
•
•
•
•
•

Total microbial count (TMC) on Plate Count Agar (Biokar Diagnostics, Pantin, France) at 30 ◦ C
for 72 h.
Lactic acid bacteria (LAB) on De Man, Rogosa and Sharpe Agar (Biokar Diagnostics, Pantin, France)
at 30 ◦ C for 72 h.
Enterococcus sp. on COMPASS Enterococcus agar (Biokar Diagnostics, Pantin, France) at 44 ◦ C
for 24 h.
Enterobacteriaceae on Violet Red Bile Glucose Agar (Biokar Diagnostics, Pantin, France) at 37◦ C
for 24 h.
Micromycetes (yeasts and molds) on Chloramphenicol Glucose Agar (Biokar Diagnostics,
Pantin, France) at 25 ◦ C for 120 h.

After the cultivation time, CFUs were counted on ColonyStar colony counter (Funke Gerber,
Berlin, Germany) equipped with pressure-sensitive automatic counter and illuminated counting plate.
The result was expressed as a number of colony-forming units per gram of sample.
2.3. Mycotoxin Analyses
Samples from species ×Festulolium ‘Felina’, Festuca arundinacea L. ‘Prosteva’ Lolium perenne L.
‘Promed’ and Phleum pratense L. ‘Sobol’ were prepared by drying fresh biomass at 60 ◦ C. Dried samples
were milled to 1 mm particles (Pulverisette laboratory cutting mill; Fritsch, Weimar, Germany)
and supernatant was created for further testing by ELISA method. For DON 2 g of milled homogenate
were weighted and 20 mL of distillated water was added. In ZEA analysis 2 g of milled sample
homogenate were weighted and 8 mL of 90% methyl alcohol was added.
An ELISA method was applied for estimation of the mycotoxin contents. The ELISA assay test
was a competitive direct enzyme-linked immunosorbent assay used for the quantitative analysis of
mycotoxins. The test kits (MyBioSource, San Diego, CA, USA) were provided in a microwell format.
The test was read in a microwell reader. The optical densities of the control formed the standard curve,
and the sample optical densities were plotted against the curve to calculate the exact concentration of
toxins [19]. Wavelenght in Synergy HTX Multi-Mode Microplate Reader (BioTek, Winooski, VT, USA)
was adjusted to 450 nm and mycotoxin content was determined.
2.4. Statistical Analyses
Data were evaluated using StatSoft Statistica 12.0 (TIBCO Software Inc., Palo Alto, CA, USA).
Data was tested for normality of distribution by Shapiro–Wilk test. Kruskal–Wallis ANOVA analysis
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was conducted with microbial data, single-factor ANOVA and Scheﬀé test were used in mycotoxin
data. Signiﬁcant diﬀerences were accepted if p < 0.05.
3. Results
3.1. Date of Sampling
The date of sampling does not aﬀect the TMC, but it inﬂuences the composition of the microbiome of
the plant. No statistical diﬀerences were found between the May and July collection dates. TMC samples
showed a trend of decreasing microbial counts later in the season. Similarly, there was an increase
in micromycetes and also yeasts in later sampling dates. Mean values and statistical diﬀerences are
summarized in Table 2.
Table 2. Date of sampling eﬀects on microbial counts in plant samples.
Date of Sampling

Microbial Group (CFU/g)

Mean Value

SE

p

H

17.5.2018

Total microbial count
Lactic acid bacteria
Enterococcus sp.
Enterobacteriaceae
Total micromycetes
Yeasts
Filamentous fungi

4.39 × 105
3.83 × 105
5.96 × 105
4.44 × 105
6.14 × 105
6.00 × 105
1.27 × 104

1.95 × 108
1.50 × 105
2.22 × 105
1.65 × 105
3.01 × 105
3.00 × 105
3.29 × 103

0.2372 a
0.7874 a
0.5331 a
0.0727 a
0.0712 a
0.7557 a
0.0001b

1.3974
0.0727
0.3884
0.7874
3.2562
0.0967
18.7958

14.7.2018

Total microbial count
Lactic acid bacteria
Enterococcus sp.
Enterobacteriaceae
Total micromycetes
Yeasts
Filamentous fungi

2.27 × 108
3.20 × 103
8.86 × 102
1.53 × 104
1.60 × 106
1.33 × 106
2.61 × 105

1.26 × 108
8.81 × 102
5.28 × 102
5.66 × 103
9.00 × 105
9.14 × 105
7.79 × 104

0.2372 a
0.7874 a
0.5331 a
0.0727 a
0.0712 a
0.7557 a
0.0001b

1.3974
0.0727
0.3884
0.7874
3.2562
0.0967
18.7958

SE shows values of standard error of the mean. H shows results of Kruskal–Wallis test. Mean values are statistically
signiﬁcant in p < 0.05. These values are marked with a diﬀerent letter in the upper index.

Statistically signiﬁcant diﬀerences between May and July sample collection dates were found only
in ﬁlamentous fungi. In May, we measured an amount that was signiﬁcantly lower (1.27 × 104 CFU/g)
compared to July. Moreover, in the second cut grassland, fungal counts increased by more than 100%
(2.61 × 105 CFU/g).
3.2. Botanical Species
Statistically significant effects of botanical species on microbial communities of epiphytic plant sections
were not observed in our experiment. Highly variable data were gathered in the context of plant species.
When assessed from a practical standpoint, it is important to note that higher filamentous fungi count
and a, thereby, likely higher in mycotoxin contamination risk was observed in Lolium perenne L. ‘Proly’.
3.3. Fertilization
The trend of highest microbial counts in fertilization extremes (either unfertilized control or
highly fertilized variant C) was observed also in other microbial groups (Table 3). There were high
deviations from mean values measured, however, data indicate the optimal fertilization regime is
variant B despite the inﬂuence of other factors. Especially, amounts of enterococci were minimal in
moderate fertilization regime, mean Enterococcus sp. was 81 CFU/g. The contrary was visible in case of
ﬁlamentous fungi, highest values were obtained from a moderately fertilized plot (2.88 × 105 CFU/g).
Signiﬁcant diﬀerences were only found among fertilization variants and mixed sample, however mixed
sample results were only included as a benchmark for values.
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Table 3. Fertilization eﬀects on microbial counts in plant samples.
Fertilization Regime

Microbial Group (CFU/g)

Mean Value

SE

p

H

Variant A
(0 kg N/ha)

Total microbial count
Lactic acid bacteria
Enterococcus sp.
Enterobacteriaceae
Total micromycetes
Yeasts
Filamentous fungi

3.50 × 108
5.20 × 105
6.86 × 105
5.05 × 105
2.24 × 106
2.18 × 106
6.27 × 104

2.41 × 108
2.65 × 105
3.60 × 105
2.71 × 105
1.60 × 106
1.59 × 106
1.62 × 104

0.0001 a
0.0040 a
0.0413 a
0.0116 a
0.0005 a
0.0035 a
0.0025 a

20.4679
13.3123
8.2419
11.0197
17.5514
13.5785
14.3612

Variant B
(150 kg N/ha)

Total microbial count
Lactic acid bacteria
Enterococcus sp.
Enterobacteriaceae
Total micromycetes
Yeasts
Filamentous fungi

9.53 × 107
2.62 × 103
81.4
9.72 × 103
3.54 × 105
3.64 × 104
2.88 × 105

3.60 × 107
9.51 × 102
30.5
3.62 × 103
1.62 × 105
2.62 × 104
1.51 × 105

0.0001 a
0.0040 a
0.0413 a
0.0116 a
0.0005 a
0.0035 a
0.0025 a

20.4679
13.3123
8.2419
11.0197
17.5514
13.5785
14.3612

Variant C
(300 kg N/ha)

Total microbial count
Lactic acid bacteria
Enterococcus sp.
Enterobacteriaceae
Total micromycetes
Yeasts
Filamentous fungi

8.34 × 108
1.99 × 105
4.32 × 105
3.47 × 105
1.65 × 106
1.39 × 106
2.60 × 105

3.04 × 108
9.66 × 104
2.37 × 105
1.69 × 105
6.82 × 105
7.33 × 105
1.22 × 105

0.0001 a
0.0040 a
0.0413 a
0.0116 a
0.0005 a
0.0035 a
0.0025 a

20.4679
13.3123
8.2419
11.0197
17.5514
13.5785
14.3612

SE shows values of standard error of the mean. H shows results of Kruskal–Wallis test. Mean values are statistically
signiﬁcant in p < 0.05. These values are marked with a diﬀerent letter in the upper index.

3.4. Mycotoxin Contamination of Fresh Feed
Species and fertilization were tested for aﬀecting the mycotoxin occurrence in plant samples.
Zearalenone levels in fresh biomass were generally lower than DON. Practical signiﬁcance of fertilization
related to mycotoxin production was found, although statistically there were no diﬀerences proven
(Table 4). Both mycotoxins occurred in all fertilization regimes. DON concentrations were lowest in
moderately fertilized variant B (5.03 ng/mL). Highest DON contamination was observed the highly
fertilized variant C (5.32 ng/mL). ZEA concentration slightly increased with decreased use of digestate,
with lowest value of 1.18 ng/mL and highest of 1.39 ng/mL (Table 4).
Table 4. Fertilization eﬀects on mycotoxin concentration in plant samples.
Fertilization Regime

Mycotoxin Concentration (ng/mL)

Mean Value

SE

p

Variant A
(0 kg N/ha)

Deoxynivalenol
Zearalenon

5.0979
1.3984

1.29
0.23

0.4437 a
0.5574 a

Variant B
(150 kg N/ha)

Deoxynivalenol
Zearalenon

5.0317
1.1825

1.86
0.11

0.4437 a
0.5574 a

Variant C
(300 kg N/ha)

Deoxynivalenol
Zearalenon

5.3212
1.1820

1.79
0.10

0.4437 a
0.5574 a

SE shows values of standard error of the mean. Mean values are statistically signiﬁcant in p < 0.05. These values are
marked with a diﬀerent letter in the upper index.

There were notable diﬀerences in mycotoxin contamination among botanical species (Table 5).
Highest levels of DON were found in Festuca arundinacea (7.93 ng/mL) and Phleum pratense
(7.63 ng/mL). Less susceptible to mycotoxin contamination were proved to be Festulolium (1.05 ng/mL)
and Lolium perenne (2.43 ng/mL). Signiﬁcant diﬀerences were found between these two groups, however,
there were no statistical diﬀerences between ×Festulolium and Lolium or Phleum and Festuca.
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Table 5. Botanical species eﬀects on mycotoxin concentration in plant samples.
Species

Mycotoxin Concentration (ng/mL)

Mean Value

SE

p

×Festulolium ‘Felina’

Deoxynivalenol
Zearalenon

1.0520
0.9665

0.52
0.03

0.0008 a
0.4437 b

Festuca arundinacea L. ‘Prosteva’

Deoxynivalenol
Zearalenon

7.9331
1.2893

0.91
0.11

0.0008 a
0.4437 b

Lolium perenne L. ‘Promed’

Deoxynivalenol
Zearalenon

2.4330
1.3480

1.43
0.37

0.0008 a
0.4437 b

Phleum pratense L. ‘Sobol’

Deoxynivalenol
Zearalenon

7.6381
1.3209

0.81
0.06

0.0008 a
0.4437 b

SE shows values of standard error of the mean. Mean values are statistically signiﬁcant in p < 0.05. These values are
marked with a diﬀerent letter in the upper index.

4. Discussion
Presence of microbial families and species is geographically speciﬁc, which leads us to believe
that the same is true for mycotoxins [20]. Study of epiphytic microbial colonies and elements aﬀecting
their occurrence is multi-faceted, with high variability due to many apparent factors, such as climatic
conditions (e.g., temperature, water activity), microbial tolerance to pH and phytochemicals or
mycotoxigenic species genotype [15,16,21,22].
Not many authors have studied epiphytic plant microbiomes, and focus of microbial observations
in relation to grassland management techniques is mainly on soil microbiota [23]. Moreover, there are
not enough complex studies (including both bacterial and fungal species) done in grassland ecosystems
and forage species. Microbial observations are mainly focused on pathogenic Fusarium sp. [24].
However, some authors have done experiments on bacterial communities on maize or rice [25,26].
From results gathered in this experimental study, it is possible to conclude that botanical species do
not aﬀect microbial composition of a plant’s phyllosphere. Species variants with the same climatic
and soil factors were observed to have similar CFU counts, which is probably true for the unmonitored
weed species as well. However, this conclusion is only applicable in terms of the experimental location
of this study and similar weather conditions.
In case of diﬀerences between harvest dates, statistical signiﬁcance between May and July harvests
was observed in fungal counts. Lower amounts were found in May, although they were abundant
in July samples. It may have been caused by the average monthly air temperature of 18.3 ◦ C in
the research location, which has a positive eﬀect on fungal growth and reproduction [27]. This may
have also been caused by high pathogenic pressure of the year 2018.
Karlsson et al. [28] had previously recorded a positive correlation between production
intensiﬁcation (increased nitrogen concentrations by fertilization) and higher microbial counts.
We found no signiﬁcant diﬀerence between microbial counts in any of the fertilization regimes.
In late autumn, usually, the vegetation of pasture plants gradually decreases and weather conditions
stimulate the development of microscopic fungi which, in consequence, may lead to the formation of
mycotoxins [29–31]. Besides population density, the formation of mycotoxins additionally depends
on several biotic and abiotic factors [32,33]. These metabolites can cause economic losses in animal
production and decrease meat quality [34].
DON has an important physicochemical ability of withstanding high temperatures, which increases
the risk of its occurrence in food [35]. In another research, it was analyzed that in animals that
were exposed to the (DON) a subsequent transfer of this toxin to animal products was found.
However, the rate of transmission was low. Overall, the study showed that short-term and sub-chronic
exposure to DON decreased body weight, weight gain, and feed consumption in rats and mice.
Haematological eﬀects were also observed [36].
Zearalenone is one of mycotoxins produced by the Fusarium genus. It can be detected in the forage
of grass stands. It exhibits high oestrogenic activity. Apart from the direct impact on ruminants,
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the contaminated forage aﬀects rumen microorganisms, too [37]. Forage with a zearalenone content
higher than 0.5 mg/kg is not advised for feeding [38].
Many strategies can be employed in the process of decreasing the mycotoxin contamination of
animal feed, the most eﬀective is prevention of contamination on the ﬁeld. One of these strategies may
be ensuring optimal nutrient content in soil. There was a visible decreasing trend of ZEA contamination
with an increase of digestate amount. From this negative correlation, we can conclude that higher levels
of fertilization can help in prevention from fungal degradation of feed in case of ZEA. This, however is
not the most eﬃcient way to combat DON accrual in feed. Therefore, the moderate intensity of
fertilization is an optimal solution.
The contents of DON and ZEA depended on the course of weather, too. Sutton et al. [39]
stated, that rainfall increases the occurrence of zearalenone in corn during summer, although diﬀerent
temperatures did not have an eﬀect on its production. During the growing season, forage grasses
may become contaminated with mycotoxins. This phenomenon mainly occurred in May and in July,
which means a high risk of mycotoxin input to the food chain.
When cattle are grazing in winter, a higher occurrence of mycotoxins in the feed may be expected.
Related damage to animal metabolism may aﬀect the number of diseased animals and/or diagnostics
of animal diseases. Consequently, mycotoxins impact not only performance and health of animals,
but also overall economy of production [40]. However, some authors estimate that breeding of
new species and improvement of currently used forage lines appears to be the most perspective
approach [41,42]. From results of our study, we can conclude that in climatic and soil conditions of
Vatin (Czech Republic) ×Festulolium hybrids appear to be promising due to their lower mycotoxin
contamination. Post-harvest technologies have been studied heavily in recent years, including use of
essential oils, LAB additives or acidic electrolyzed water [43–45].
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Abstract: Ruminant production systems frequently rely on grassland utilization and conservation of
herbage as hay or silage. Conservation aﬀects the crude protein (CP) composition and protein value,
which is particularly recognized during ensiling. The aim of the current study was to describe the
eﬀect of the conservation method on forage protein value and N utilization in dairy cows. Herbage
from the same sward was cut and conserved as silage (SI), barn-dried hay (BH), or ﬁeld-dried
hay (FH). Laboratory evaluation indicated diﬀerences in CP fractions and ruminal degradability
of CP. Conserved forages were fed to six lactating Holstein cows in a replicated 3 × 3 Latin square
design, and N balance was assessed. Partitioning of N into milk, feces, and urine was aﬀected only
moderately. Lower concentrations of serum, milk, and also urinary urea indicated lower N turnover
for FH compared to SI and BH, likely due to lower N intake for FH. However, the use eﬃciency of
feed N for milk N did not diﬀer between the types of forage. Further, high CP concentrations and
the unbalanced concentrations of CP and energy in the forages led to excess excretion of N in all
treatments and presumably superimposed eﬀects of the conservation method on N utilization.
Keywords: digestibility; energy balance; forage; hay; nitrogen balance; silage

1. Introduction
Worldwide, agriculture substantially relies on grassland utilization. Feeding high amounts of
forage to ruminants is beneﬁcial with regard to maintaining rumen function and reduced competition
with resources for human nutrition [1]. Moreover, utilization of forage produced on farm can be
advantageous over imported concentrate in terms of both cost and nutrient cycles.
In many countries, conservation of herbage plays a key role, either to supply forage for winter
feeding or as year-round feed in stall-feeding systems. Ensiling is often favored to conserve herbage in
humid and temperate regions due to a reduced period between cutting and harvesting [2]. However,
traditional conservation as hay has gained renewed interest in grassland-dominated regions specialized
in the production of dairy products with diﬀerent quality labels, such as protected-designation-of-origin
(PDO) hard cheese types (e.g., Gruyère cheese [3]). These labels often oﬀer higher milk payment but
prohibit the feeding of silage, e.g., because of concerns regarding lowered cheese processing quality
caused by clostridia contamination [4]. Haymaking in the ﬁeld requires constant weather conditions
for several days, which causes some uncertainty for the production of high-quality forage. A way
to reduce the time in the ﬁeld is conservation as barn-dried hay where the fresh herbage is put on a
ventilation just after wilting in the ﬁeld for some days [5].
Agriculture 2019, 9, 118; doi:10.3390/agriculture9060118

112

www.mdpi.com/journal/agriculture

Agriculture 2019, 9, 118

However, conservation of forages—and particularly, ensiling—can have signiﬁcant eﬀects on
crude protein (CP) composition of the forage and N utilization by the animal [6,7]. This is mainly due
to the fact that much of the original true protein (TP) is degraded to non-protein N (NPN) during
ensiling. Crude protein degradation in dried forages is generally less pronounced than in silages [8].
True protein concentration as an indicator of protein degradation during conservation is routinely
included in silage quality evaluation by many laboratories. However, a more detailed fractionation of
feed CP according to the Cornell Net Carbohydrate and Protein System (CNCPS [9,10]) could provide
a better understanding of the eﬀect of the conservation method on herbage quality. The distribution of
CP fractions per se can reveal potential conservation-induced changes in herbage CP. The underlying
concept of diﬀerent ruminal solubilities further allows the CP fractions to be used in regression
equations to estimate ruminally undegraded feed CP (RUP) values for a variety of feedstuﬀs, including
forages [8,11].
There is a long history of research on forage conservation including N utilization in silage
feeding [12]. However, there is a lack of targeted research on the conservation of herbage from
temperate regions focusing on the relationship between conservation method and N balance in animals,
as well as detailed descriptions of CP composition and protein value of the feed.
Therefore, the aim of this study was to determine the eﬀect of three diﬀerent conservation methods
(i.e., ensiling, barn-drying, ﬁeld-drying) of herbage on N balance and utilization in lactating dairy
cows. We hypothesized that N utilization would be improved by feeding hay compared to silage due
to its lower concentration of NPN. The diﬀerently conserved herbages were further characterized
regarding CP composition and protein value, including CP fractionation and estimation of ruminal CP
degradation and intestinal protein digestibility.
2. Materials and Methods
2.1. Preparation of Conserved Herbage
Herbage was cultivated at the experimental site Agroscope, Posieux, Switzerland (latitude: 46◦ 46
N, longitude: 07◦ 06 E; altitude: 650 m; 2016 average temperature: 9.2 ◦ C; 2016 average precipitation:
1225 mm) in a sward mainly composed of Lolium perenne L., Trifolium repens L., and Trifolium pretense L.
A 34 d regrowth was harvested as the fourth cut on 30 August 2016. One-third of the herbage was baled
(0.8 × 0.7 × 1.3 m) without additives at a dry matter (DM) concentration of 56% after 24 h of wilting
(silage, SI). A further third of the herbage, after 26 h on the ﬁeld and at an average DM concentration of
68%, was put on ventilation (Hetroc dehumidiﬁers, Jona-Kempraten, Switzerland). In short, herbage
was introduced into a hay box (basal area 6.2 × 9.9 m; volume 305 m3 ) with a wooden grate. Ambient
air was moderately heated (typically 5 to 8 ◦ C above ambient temperature) with a heat pump and
conducted through the material from below. The herbage was ventilated until a DM concentration of
88% was reached (barn-dried hay, BH). After 72 h of drying on the ﬁeld, the rest was harvested at 86%
DM and put on ventilation for one day (ﬁeld-dried hay, FH). After drying, FH and BH were baled
into square bales (0.8 × 0.7 × 2.2 m). During the harvesting period (30 August to 2 September 2016),
the average values 2 m above ground for temperature, wind velocity, and sunshine duration were
19.9 ◦ C, 1.5 m/s, and 535 min/d, respectively.
2.2. N Balance Trial
2.2.1. Trial Design and Animal Housing
Six multiparous Holstein cows were randomly assigned to three treatments (SI, BH, FH) in a
replicated 3 × 3 Latin square arrangement. At the beginning of the trial, the cows were 270 ± 7 d in
milk, had a body weight of 698 ± 65 kg and a milk yield of 23.5 ± 3.9 kg/d. Three consecutive 21 d
experimental periods were conducted, each consisting of a 14 d adaptation and a 7 d data collection
period. Cows were kept in a tie-stall barn with rubber mat ﬂooring for the adaptation periods and
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transferred to metabolic cages during the data collection periods. Metabolic cages were equipped with
rubber mat ﬂooring and slatted ﬂoor in the anterior and posterior part of the cage, respectively.
SI, BH, or FH were fed to two cows each ad libitum during the adaptation periods. Feed residues
were recorded daily, and feed intake was calculated. During the data collection periods, 0.95 of ad
libitum feed intake was oﬀered as a constant amount. Two cows receiving the same feed within one
experimental period were randomly assigned, i.e., pairs were not kept together for the following
experimental period. The cows received 300 g/d of a mineral mix containing 253, 92, 248, 147 g of ash, CP,
neutral detergent ﬁber (NDF), and acid detergent ﬁber (ADF) per kg of DM, respectively, in two meals
per day during the complete trial. The cows were milked twice a day at 7:00 and 16:00. All procedures
were conducted in accordance with the Swiss guidelines for animal welfare and were approved (No.
2016_25_FR) by the Animal Care Committee of the Canton Fribourg, Fribourg, Switzerland.
2.2.2. Data Recording and Sample Collection
Body weight was determined during the adaptation periods after each milking when the cows
left the milking parlor using a walk-through weight recording system with locking gates (Ga5010,
Insentec B.V., PV Marknesse, The Netherlands). During the collection periods, each type of herbage
was sampled daily to form two pooled samples per period for laboratory analyses (for SI, three pooled
samples were formed in period 2 due to varying DM concentration). The samples were stored in
plastic bags at −20 ◦ C for SI and at room temperature for BH and FH. Feed residues were recorded
daily. Milk yield was recorded at each milking, and milk samples were taken from each cow and
handled for later analysis of gross constituents, urea, and N concentrations as described by Grosse
Brinkhaus et al. [13]. Total feces were collected in a tub beneath the metabolic cage, and total urine was
collected via urinals attached around the vulva via Velcro straps glued to the shaved skin. One part of
the urine was acidiﬁed directly with 2.5 M sulfuric acid for later analysis of urinary N. Each morning,
the total weights of feces and urine were measured. Feces were homogenized, and an aliquot of
approximately 100 g was collected daily. For urine, 0.2% of the total daily amount was collected daily
from the acidiﬁed collection vessels. In addition, aliquots of non-acidiﬁed urine were collected. Daily
samples of both feces and urine were separately pooled per cow over each collection period and stored
at −20 ◦ C until further analysis. On d 1 and 7 of each collection period, at 7:00 before feeding, ruminal
ﬂuid was sampled via a stomach tube. At the same time points, blood was sampled from the jugular
vein. Samples were prepared for later analysis of volatile fatty acids (VFA) and ammonia in ruminal
ﬂuid and urea in blood, as described by Grosse Brinkhaus et al. [13].
2.3. Laboratory Analyses
2.3.1. Silage Fermentation Quality Analysis
Silage pH was determined by inserting an electrode (No. 6.0202.110, Metrohm Schweiz AG,
Zoﬁngen, Switzerland) connected to an ion meter (pH/ionmeter 692, Metrohm Schweiz AG, Zoﬁngen,
Switzerland) into the ﬁltered ﬂuid extracted from 40 g samples shaken for 30 min with 400 mL of
deionized water. The ammonia concentration of each extract was determined with an ammonia
electrode (No. 6.0506.010, Metrohm Schweiz AG, Zoﬁngen, Switzerland). Solutions of ~10 g silage,
90 mL deionized water, 2.5 mL Carrez I (18 g K4 Fe(CN)6 × 3H2 O in 500 mL deionized water),
2.5 mL Carrez II (36 g ZnSO4 × 7H2 O in 500 mL deionized water), and 5 mL internal standard
solution were shaken (250 rpm) and extracted for 3 h. The concentrations of lactic, acetic, and butyric
acid of the extracts were analyzed by high-performance liquid chromatography (HPLC; Summit,
Thermo Fisher Scientiﬁc, Reinach, Switzerland) equipped with a nucleogel ION 300 OA 300 × 7.8 mm
column (Macherey-Nagel, Düren, Germany) and a Shodex RI-101 refractive index detector (Shodex,
Munich, Germany).
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2.3.2. General Analyses
For chemical analysis, silage and feces samples were lyophilized (Christ, Osterode, Germany);
all other feed samples were dried at 60 ◦ C for 24 h. All samples were ground to pass a 1 mm screen
(Brabender mill, Brabender, Duisburg, Germany). The DM and ash concentrations of feeds and
feces were determined gravimetrically by oven-drying at 105 ◦ C for 3 h and ashing at 550 ◦ C until
constant weight was attained (prepAsh, Precisa Instruments AG, Dietikon, Switzerland). Crude lipids
concentrations were determined as petrol ether extract after an acidic hydrolysis in boiling HCl for
1 h (Method 5.1.1, VDLUFA [14]). NDF (Method 6.5.1 [14]; assayed with heat-stable amylase and
without sodium sulﬁte, expressed without residual ash), ADF (Method 6.5.2 [14]; expressed without
residual ash), and acid detergent lignin (Method 6.5.3 [14]) were analyzed using a Fibretherm analyzer
(Gerhardt, Königswinter, Germany). The total N concentrations of feeds, feces, urine (acidiﬁed),
and milk were analyzed using the Kjeldahl method (ISO 5983-1:2005) and—for the feed—multiplied
by 6.25 to calculate the CP concentration. Water-soluble carbohydrates were determined as described
by Hall et al. [15]. Milk samples were analyzed for fat, protein, and lactose concentrations using
Fourier-transform infrared spectrometry (Milkoscan FT 6000, Foss, Hillerød, Denmark). Milk urea
concentration was determined using the UreaFil test kit (MEA 549 EC Milk Urease, Eurochem, Moscow,
Russia). Urinary (non-acidiﬁed) and serum urea concentrations were determined by enzymatic
treatment with urease (EC 3.5.1.5) and glutamate dehydrogenase (EC 1.4.1.2) using a commercial test
kit (No 147116, Greiner-Diagnostic, Langenthal, Switzerland). The ruminal VFA proﬁle was analyzed
by HPLC as described in Section 2.3.1. Ruminal ammonia was determined colorimetrically with a
commercial test kit (Urea liquicolor, Human, Wiesbaden, Germany).
2.3.3. Ruminal Microbiota Quantitative PCR Analysis
DNA extraction was performed using QIAamp Fast DNA Stool Mini Kit (Qiagen, Hombrechtikon,
Switzerland) following the manufacturer’s instructions with slight modiﬁcations. Brieﬂy, 2 mL of
ruminal ﬂuid were centrifuged at 6500× g for 30 min at 4 ◦ C. The pellet was then resuspended in 2 mL
of Inhibitex (provided with the mentioned kit) and heated at 90 ◦ C for 5 min. The tubes were allowed to
return to room temperature before 15 s vortexing and further centrifuged at 16,000× g for 1 min at room
temperature. Afterwards, 200 μL of the supernatant were used for DNA extraction following the kit’s
procedure. DNA quantity was determined by spectrophotometry using a NanoDrop 1000 (Witec AG,
Luzern, Switzerland). The quality of the extracted DNA was assessed by capillary electrophoresis using
a Fragment Analyzer (Agilent technologies, Basel, Switzerland). The primers used in this study were
previously described [13,16,17]. The primers were purchased in desalted quality (Microsynth, Balgach,
Switzerland). Four micrograms of genomic DNA were used for ampliﬁcation in the same conditions
as previously described [13]. A reference sample was generated using a mixture of DNA derived from
ﬁve diﬀerent random ruminal ﬂuids. The percentage of each considered strain in relation to total
bacterial 16S ribosomal DNA (determined by ampliﬁcation using GenBac primers) was calculated for
the reference sample using the described formula [13]. For all the other samples, an induction fold
was calculated relative to the abundance in the reference sample using a ΔΔCt method with eﬃciency
correction [18] and the EcoStudy software (Labgene, Châtel-Saint-Denis, Switzerland). The induction
fold was then multiplied by the percentage calculated for the reference sample.
2.3.4. Feed Crude Protein Fractionation
Crude protein was categorized into ﬁve subfractions (i.e., A, B1, B2, B3, and C) based on the
CNCPS [9]. For this purpose, TP, buﬀer-insoluble CP, neutral detergent-insoluble CP, and acid
detergent-insoluble CP were speciﬁed according to standardizations of Licitra et al. [10] using Kjeldahl
digestion to determine N (Method 4.1.1; VDLUFA [14]). All analyses were carried out in triplicate.
In short, fraction A, which was NPN multiplied by 6.25, was calculated as CP minus TP precipitated with
tungstic acid. Fraction B1 was TP soluble in borate-phosphate buﬀer. Fraction B2 was buﬀer-insoluble
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CP minus neutral detergent-insoluble CP. Fraction B3 was neutral detergent-insoluble CP minus acid
detergent-insoluble CP. Fraction C corresponded to acid detergent-insoluble CP.
2.3.5. Enzymatic In Vitro Estimation of RUP and RUP Intestinal Digestibility
Streptomyces griseus protease was used to simulate ruminal protein degradation and estimate
RUP [19,20] following the forage-speciﬁc description of Edmunds et al. [8]. The samples were incubated
for 1 h at 39 ◦ C in borate-phosphate buﬀer before adding the protease solution (0.58 U/mL; Type XIV,
≥3.5 units/mg solid, P5147, Sigma-Aldrich, St. Louis, MO, USA) in an amount corresponding to 24
U/g TP determined using trichloroacetic acid as a precipitating agent [10]. After 24 h of incubation,
the contents were ﬁltered through a FibreBag (30 μm pore size, Gerhardt, Königswinter, Germany). In
contrast to the procedure of Edmunds et al. [8], no vacuum was used for ﬁltration, and rinsing of the
FibreBags was replaced by washing in a beaker with fresh deionized water for 10 times [21]. FibreBags
were freeze-dried, and the residues analyzed for N concentration using the Dumas combustion
method (Method 4.1.2; VDLUFA [14]; rapid N cube, Elementar Analysensysteme, Hanau, Germany).
Each sample was incubated in duplicate in two diﬀerent runs, and RUPENZ (g/kg CP) was calculated
as the amount of CP in the residue divided by incubated amount of CP, multiplied by 1000.
The residues from protease incubation were further used to estimate intestinal digestibility of RUP
(IPD) [21,22]. The procedure was modiﬁed to account for the higher volume of residues from forage
compared to concentrate by reducing the sample weight used for incubation and proportionately
adjusting the enzyme dosage. In short, the residues were weighed into 50 mL centrifugation tubes in an
amount including 7.5 mg N. After addition of 10 mL of a 0.1 N HCl solution (pH 1.9) containing 0.5 g/L
of pepsin (P7012, Sigma-Aldrich, St. Louis, MO, USA), the tubes were incubated for 1 h in a shaking
water bath at 38 ◦ C. Subsequently, the solution was neutralized with 0.5 mL of 1 N NaOH, and 13.5 mL
of phosphate buﬀer (pH 7.8; containing 1.5 g/L of pancreatin, P7545, Sigma-Aldrich, St. Louis, MO,
USA) was added to each tube. After incubation for 24 h and vortexing every 8 h, 3 mL of trichloroacetic
acid (1000 g/L) was pipetted into each tube to stop or minimize the enzymatic action and precipitate
the undigested protein. The tubes were put on ice, and the contents were ﬁltrated through ﬁlter paper
(MN 640w, Macherey-Nagel, Düren, Germany). The residue on the ﬁlter paper was analyzed for
insoluble N using the Kjeldahl procedure (Method 4.1.1, VDLUFA [14]). Pepsin–pancreatin incubation
was carried out in triplicate. For calculation of IPD, N soluble in trichloroacetic acid was divided by N
incubated in pepsin–pancreatin.
2.3.6. In Vitro Estimation of Utilizable Crude Protein at the Duodenum
A modiﬁed Hohenheim gas test was carried out to estimate utilizable CP at the duodenum
(uCP). Based on the instructions of Menke and Steingass [23], modiﬁcations outlined by Steingaß and
Südekum [24] and described in detail by Edmunds et al. [25] were applied. In short, 200–250 mg of
feed was incubated in glass syringes with a ruminal ﬂuid–buﬀer solution for 8 and 48 h. Ruminal ﬂuid
was obtained from two cannulated Holstein steers prior to morning feeding. The steers received a diet
of grass hay (107 g CP and 5.40 MJ net energy for lactation (NEL) per kg DM) and concentrate feed
(216 g CP and 7.6 MJ NEL per kg DM) in a ratio of 60:40 corresponding to their maintenance energy
requirements. Each sample was incubated in duplicate for each time point within one run. Three runs
were carried out, using ruminal ﬂuid from diﬀerent days. Additionally, two blanks containing only
ruminal ﬂuid–buﬀer solution were incubated for each time point within each run. After incubation,
syringes where put on ice in order to stop the fermentation, and the quantity (mg) of ammonia-N
was measured in the samples (ammonia-Nsample ) and blanks (ammonia-Nblank ) using automated
distillation (Vapodest 50 s carousel, Gerhardt, Königswinter, Germany). For both 8 and 48 h, uCP (g/kg
DM) was calculated as follows:
uCP = ((Nsample − (ammonia-Nsample − ammonia-Nblank ))/weightsample ) × 6.25 × 1000,
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where Nsample is total N added by sample (mg), weightsample is the amount of sample incubated
expressed as mg DM, and other variables are as described above. Linear regression of uCP values
at 8 and 48 h to the natural logarithm (ln) of time allowed for the calculation of eﬀective uCP for an
assumed ruminal passage rate (Kp ) of 0.05/h through calculating the function value of ln (20).
2.4. Calculations and Statistical Analysis
The concentrations of NEL and absorbable protein in the small intestine (APD) in the conserved
herbages were estimated according to Swiss nutrient recommendations for ruminants (Agroscope [26]).
First, organic matter (OM) digestibility (%) was calculated on the basis of regression equations for
balanced mixed swards including mainly ryegrass [26]:
OM digestibility of silage = 16.9 + 0.0864 CP + 0.3815 ADF − 0.000125 CP2 − 0.000755 ADF2 ,

(2)

OM digestibility of hay = 27.3 + 0.0924 CP + 0.2846 ADF − 0.000162 CP2 − 0.000581 ADF2 ,

(3)

where CP and ADF are in g/kg of OM. In the results section, the calculated OM digestibility was
expressed as a coeﬃcient.
To further estimate NEL concentrations (MJ/kg DM), metabolizable energy (ME)—estimated
from the calculated OM digestibility—and gross energy (GE)—estimated from OM and CP
concentrations—were used [26]:
NEL = (0.463 + 0.24 ME/GE) × ME × 0.9752,

(4)

The APD (g/kg DM), when ruminally fermentable energy (APDE) or N (APDN) limits microbial
protein synthesis in the rumen, was calculated as follows [26]:
APDE = 0.093 × FOM + CP × (1.11 × (1 − deCP/100)) × dAAF/100,

(5)

APDN = CP × (deCP/100 − 0.10) × 0.64 + CP × (1.11 × (1 − deCP/100)) × dAAF/100,

(6)

where CP is given in g/kg DM, FOM is fermentable OM (g/kg DM), deCP is degradability of CP (%),
and dAAF is digestibility of amino acids (AA) in the feed (%). The values of FOM, deCP, and dAAF
were calculated according to Agroscope [26].
Assuming a Kp of 0.05/h, RUP was estimated from chemical CP fractionation (RUPCHE ; g/kg CP)
on the basis of the equation of Kirchhof [11]:
RUPCHE = 321.9023 + (0.1676 × PADF) + (−0.0022 × (CP × (A + B1))) + (0.0001 × (CP × C2 )),

(7)

where PADF (g/kg DM) refers to ADF estimated from the residue after boiling in acid detergent solution
according to Licitra et al. [10], CP is in g/kg DM, and CP fractions are in g/kg CP.
The potential prececal CP digestibility (fraction of CP) was calculated from CP concentration (g/kg
DM), RUPENZ (g/kg CP), and IPD (fraction of RUP) estimated in vitro as follows:
Potential prececal CP digestibility = (CP × (1000 − RUPENZ )/1000 + (CP × RUPENZ /1000 × IPD))/CP,

(8)

The apparent total tract digestibility of OM was calculated from the daily amounts of OM in feed
and feces and then used to calculate the intake of digestible OM. Nitrogen balance was calculated as
N intake minus N excretion via milk, urine, and feces and expressed as g/d. Balances of uCP and
APDE were calculated as dry matter intake (DMI) × feed concentration of uCP or APDE, respectively,
minus the requirements estimated from the German feed evaluation system (GfE [27]) and from
Agroscope [26] for uCP and APDE, respectively. Energy-corrected milk yield (ECM) was calculated on
a 4.0% fat, 3.2% protein, and 4.8% lactose basis [26].
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Statistical analysis was done using the SAS 9.4 software (SAS Institute Inc., Cary, NC, USA). Data
on feed intake and digestibility, N intake and excretion, milk yield and composition, ruminal VFA
and ammonia concentrations, serum urea concentrations and ruminal microbiota were analyzed with
PROC MIXED of SAS with conservation method and experimental period as ﬁxed eﬀects and cow as
random eﬀect. The results are expressed as least-squares means, and the diﬀerences were tested with
Tukey’s test. Signiﬁcance was deﬁned at p < 0.05, and tendencies were declared for p = 0.05 to p < 0.10.
3. Results
3.1. Characteristics of Conserved Herbage
Silage displayed a pH of 5.5, and the concentrations of lactic, acetic, and butyric acid were 27,
5 and 1 g/kg DM, respectively. The results on the chemical composition of the forages are given in
Table 1. The chemical composition was similar between types of forage, with NDF revealing the
highest variation. The concentrations of CP and NEL (Table 1) as well as the calculated OM digestibility
(Table 1) were slightly higher in SI compared to both types of hay. Silage also displayed the highest
APDN but the lowest APDE concentrations (Table 1). The concentrations of APDN were higher than
those of APDE for all types of forage (Table 1).
Table 1. Dry matter (DM) concentration and chemical composition as well as calculated values [26] of
organic matter digestibility, concentrations of net energy for lactation, and absorbable protein at the
duodenum of silage (SI; n = 7), barn-dried hay (BH; n = 6), and ﬁeld-dried hay (FH; n = 6). Values are
reported as means ± standard deviation of pooled samples of the same type of forage.

DM (g/kg)
Ash (g/kg DM)
Crude protein (g/kg DM)
Crude lipids (g/kg DM)
Neutral detergent ﬁber 1,2 (g/kg DM)
Acid detergent ﬁber 2 (g/kg DM)
Acid detergent lignin (g/kg DM)
Water-soluble carbohydrates (g/kg DM)
Organic matter digestibility
Net energy for lactation (MJ/kg DM)
APDE (g/kg DM)
APDN (g/kg DM)

SI

BH

FH

554 ± 82.8
119 ± 7.7
207 ± 6.6
45.7 ± 5.40
406 ± 13.4
260 ± 11.6
21.8 ± 2.86
67.5 ± 19.68
0.743 ± 0.0084
5.96 ± 0.098
89.2 ± 4.39
130 ± 3.9

877 ± 9.6
114 ± 2.0
187 ± 3.8
42.5 ± 3.08
438 ± 6.4
268 ± 6.4
21.5 ± 2.43
80.5 ± 3.94
0.703 ± 0.0028
5.53 ± 0.052
97.0 ± 0.93
120 ± 2.3

868 ± 10.2
109 ± 2.0
176 ± 3.4
35.0 ± 2.10
482 ± 22.0
283 ± 4.1
22.8 ± 3.06
72.1 ± 2.14
0.687 ± 0.0067
5.38 ± 0.075
94.2 ± 1.03
112 ± 2.1

APDE/APDN, absorbable protein at the duodenum when ruminally fermentable energy (APDE) or N (APDN) limits
microbial protein synthesis in the rumen. 1 Assayed with heat-stable amylase. 2 Expressed without residual ash.

Crude protein fractions B1 and C were similar for all types of forages, whereas the other fractions
showed some variation (Table 2). Speciﬁcally, CP fraction A was almost 200 g/kg CP higher in SI
compared to BH and FH. Crude protein fraction B3 was lowest in SI, highest in FH, and intermediate in
BH. The estimated concentrations of uCP were on average 157 g/kg DM (Table 2). The estimation from
both CP fractions and the enzymatic in vitro method resulted in a similar pattern of RUP values, with
the lowest values for SI, the highest values for FH, and BH being intermediate (Table 2). The estimated
IPD was below 0.50 for SI, BH, and FH (Table 2).
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Table 2. Crude protein (CP) fractions and chemically and in vitro estimated characteristics of the
protein value of SI (n = 7), BH (n = 6), and FH (n = 6). Values are reported as means ± standard
deviation of pooled samples of the same type of forage.
SI

BH

FH

448 ± 53.4
32.1 ± 14.10
333 ± 35.2
124 ± 33.3
63.4 ± 6.82

260 ± 28.7
54.8 ± 32.86
421 ± 16.2
200 ± 19.6
64.3 ± 12.80

256 ± 13.2
29.4 ± 14.23
370 ± 16.0
278 ± 13.5
66.7 ± 10.31

144 ± 15.7
238 ± 37.9
316 ± 32.8
0.47 ± 0.062
0.83 ± 0.018

160 ± 13.0
322 ± 32.6
363 ± 27.7
0.49 ± 0.077
0.81 ± 0.018

169 ± 17.2
344 ± 24.5
393 ± 27.7
0.43 ± 0.091
0.78 ± 0.031

Crude protein fractions (g/kg CP)
A
B1
B2
B3
C
Protein value characteristics
uCP (g/kg DM)
RUPCHE (g/kg CP)
RUPENZ (g/kg CP)
IPD
Potential prececal digestibility of CP 1

A, B1, B2, B3, C, CP fractions estimated according to Licitra et al. [10]; uCP, utilizable CP at the duodenum estimated
from in vitro incubation [25]; RUP, ruminally undegraded feed CP estimated from chemical CP fractionation
(RUPCHE ; [11]) or in vitro protease incubation (RUPENZ ; [8]); IPD, intestinal digestibility of RUP estimated from
pepsin–pancreatin incubation [22]. 1 Calculated from CP concentration, RUPENZ , and IPD.

3.2. Feed Intake and Digestibility
Dry matter intake during the collection periods tended to be lower (p = 0.05) for SI compared to
BH, while the intake of FH did not diﬀer from the other treatments (Table 3). The apparent total tract
digestibility of OM was lower for FH compared to SI (p = 0.01; Table 3). The apparent digestibility
of NDF was not aﬀected by the conservation method, but the apparent digestibility of ADF was or
tended to be higher for SI compared to FH (p = 0.02) and BH (p = 0.09). The intake of digestible OM
tended to be higher for BH compared to SI (p = 0.08) and FH (p = 0.09).
Table 3. DM intake, apparent total tract digestibility of organic matter (OM), neutral detergent ﬁber
(NDF), acid detergent ﬁber (ADF), and intake of apparently digestible OM in cows fed SI, BH, or FH.

Feed intake 1,2 (kg DM/d)
Apparent OM digestibility 2
Apparent NDF digestibility 2
Apparent ADF digestibility 2
Intake of digestible OM (kg/d) 2,3

SI

BH

FH

SEM

p-Value

17.3
0.743 a
0.750
0.771 a
11.3

19.2
0.730 ab
0.740
0.748 ab
12.4

17.9
0.712 b
0.737
0.738 b
11.3

0.71
0.0067
0.0078
0.0091
0.45

0.05
0.01
0.26
0.02
0.06

Values with diﬀerent superscripts within a row diﬀer (p < 0.05). SEM, Standard error of the mean. 1 Feed intake
during the collection periods, i.e., feed oﬀering was adjusted to 0.95 of ad libitum feed intake during the adaptation
periods. 2 Calculations of feed intake and digestibility include the contribution from mineral feed. 3 Calculated
from feed intake, proportion of OM in DM, and apparent OM digestibility.

3.3. N Intake, Digestibility, and Excretion in Milk, Urine, and Feces
Urine volume was not statistically diﬀerent between treatments and was, on average, 46.3 L/d
(Table 4). Table 4 shows the results for N intake, digestibility, and excretion. The daily N intake of cows
fed SI was not diﬀerent compared to the intake of cows fed BH or FH, but cows fed BH had higher
(p = 0.02) N intake than cows fed FH. Feeding FH compared to SI (p = 0.001) or BH (p = 0.01) resulted
in lower apparent total tract digestibility of N. The excretion of N in milk tended to be higher for cows
fed BH compared to those fed FH (p = 0.08) and SI (p = 0.07). Fecal N excretion was 177 g/d on average
and similar for all forage types. Urinary N excretion (g/d) tended to be higher (p = 0.06) when cows
were fed SI compared to FH but was not diﬀerent for BH compared to the other conservation methods.
Urinary N excretion expressed as proportion of N intake did not diﬀer between treatments. The N
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balance was negative (−27.2 g/d, on average) for all cows and not aﬀected by the conservation method.
Fecal N expressed as a proportion of N intake was higher for cows fed FH compared to cows fed SI
(p = 0.001) and BH (p = 0.01). The proportion of milk N of total N intake (N use eﬃciency, NUE) did
not diﬀer between treatments and was, on average, 21%. The urine of cows fed SI (p = 0.01) and BH
(p = 0.04) had higher concentrations of urea compared to the urine of cows fed FH. Also, the amount
(g/d) of urinary N excretion in the form of urea (UUN) was higher for cows fed SI (p = 0.01) and tended
to be higher (p = 0.05) for cows fed BH compared to FH. The daily excretion of urinary non-urea N
(UNUN) was not aﬀected by the conservation method and, on average, comprised 0.19 of total urinary
N excretion.
Table 4. N intake and apparent total tract digestibility and excretion of N in milk, urine, and feces, as
well as urine volume for cows fed SI, BH, or FH.
SEM

p-Value

509
0.647 b
43.3

21.9
0.0082
1.97

0.03
0.001
0.21

123
295
183
600
−19.4

113
251
180
543
−34.8

6.0
15.9
8.6
19.8
19.4

0.05
0.06
0.34
0.13
0.85

29.9 a
55.0
20.2

31.5 a
51.8
21.2

35.3 b
49.2
22.2

0.83
3.73
0.87

0.001
0.55
0.11

188 a
253 a
0.823
54.3
0.177

181 a
241 ab
0.821
53.7
0.180

163 b
198 b
0.791
53.1
0.209

6.4
11.7
0.021
7.36
0.0206

0.01
0.01
0.51
0.99
0.51

SI
N intake (g/d)
Apparent N digestibility 1
Urine (L/d)

BH

ab

560
0.701 a
48.1

a

581
0.685 a
47.5

112
307
168
587
−27.4

FH
b

N excretion (g/d)
Milk N
Urinary N
Fecal N
Total N
N balance
N excretion (% of N intake) 2
Fecal N
Urinary N
Milk N
Fractionation of urinary N
Urinary urea (mmol/L)
Urinary urea N (g/d)
Urinary urea N/Urinary N
Urinary non-urea N (g/d)
Urinary non-ureaN/Urinary N

Values with diﬀerent superscripts within a row diﬀer (p < 0.05). SEM, Standard error of the mean. 1 Calculation of
digestibility includes the contribution from mineral feed. 2 Negative N balance results in total excretion amounting
to >100%.

3.4. Milk Yield and Composition
The results for milk yield and composition are shown in Table 5. The type of forage had no
signiﬁcant eﬀect on milk fat and protein percentages. There was a tendency for milk yield (p = 0.09)
and ECM (p = 0.09) to be higher for BH compared to FH. Milk protein yield tended to be higher when
the cows were fed BH compared to SI (p = 0.07) and FH (p = 0.08). Milk urea concentration was higher
for cows fed SI (p < 0.001) or BH (p = 0.003) compared to cows fed FH.
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Table 5. Milk yield and composition for cows fed SI, BH, or FH.

Milk yield (kg/d)
ECM (kg/d)

SI

BH

FH

SEM

p-Value

19.3
22.1

20.6
23.5

19.0
21.8

1.38
1.80

0.09
0.09

4.98
3.73
4.70
370a

4.88
3.83
4.71
351 a

4.93
3.82
4.68
306 b

0.147
0.099
0.073
14.9

0.35
0.18
0.74
<0.001

0.968
0.717
0.911

1.012
0.785
0.977

0.947
0.720
0.899

0.0911
0.0380
0.0786

0.11
0.05
0.12

Milk components (%)
Fat
Protein
Lactose
Milk urea (mg/kg)
Milk component yield
(kg/d)
Fat
Protein
Lactose

Values with diﬀerent superscripts within a row diﬀer (p < 0.05). ECM, energy-corrected milk yield [26]. SEM,
Standard error of the mean.

3.5. Ruminal Fluid Ammonia and Volatile Fatty Acids and Serum Urea
Ammonia concentration was higher (p = 0.04) in the ruminal ﬂuid of cows fed BH compared
to cows fed FH, whereas it was not diﬀerent for SI compared to BH and FH (Table 6). The total
concentration of VFA in the ruminal ﬂuid as well as the proportions of individual VFA did not diﬀer
between treatments (Table 6). Serum urea concentration was higher (p = 0.001) in cows fed BH and SI
compared to those fed FH (Table 6).
Table 6. Concentrations of ruminal ammonia and volatile fatty acids (VFA) as well as serum urea in
cows fed SI, BH, or FH.

Ruminal ammonia (mmol/L)
Total VFA (mmol/L)

SI

BH

FH

SEM

p-Value

7.38 ab
82.5

8.15 a
87.0

6.98 b
86.1

0.423
4.82

0.04
0.67

70.8
14.7
10.7
1.26
1.10
1.35
4.82
7.23 a

70.4
14.8
10.8
1.30
1.11
1.53
4.77
7.22 a

71.1
14.9
10.4
1.19
1.04
1.36
4.76
6.45 b

0.23
0.16
0.18
0.052
0.034
0.066
0.056
0.202

0.19
0.66
0.19
0.33
0.25
0.14
0.77
<0.001

VFA molar proportion (%)
Acetate
Propionate
n-Butyrate
Isobutyrate
n-Valerate
Isovalerate
Acetate:propionate ratio
Serum urea (mmol/L)

Values with diﬀerent superscripts within a row diﬀer (p < 0.05). SEM, Standard error of the mean.

3.6. Ruminal Microbiota Quantiﬁcation
Feeding diﬀerently conserved herbages did not aﬀect the relative abundances of Lactobacillus
spp. and Fibrobacter succinogenes but inﬂuenced those of the other examined bacterial species (Table 7).
When cows were fed SI compared to FH, Prevotella spp. displayed higher (p = 0.02) relative abundances,
while the levels of Butyrivibrio ﬁbrisolvens were lower (p = 0.01). B. ﬁbrisolvens relative abundance also
tended (p = 0.07) to be lower in the ruminal ﬂuid of cows fed BH compared to FH. The abundances
of the Ruminococcus species albus (p = 0.03) and ﬂavefaciens (p = 0.04) were lower when feeding BH
compared to FH. For R. albus, a lower relative abundance was also observed in the ruminal ﬂuid of
cows fed BH compared to SI (p = 0.01).
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Table 7. Relative abundance (% of total 16S DNA) of ruminal bacteria species in the ruminal ﬂuid of
cows fed SI, BH, or FH.

Lactobacillus spp.
Prevotella spp.
Butyrivibrio ﬁbrisolvens
Fibrobacter succinogenes
Ruminococcus albus
Ruminococcus ﬂavefaciens

SI

BH

FH

SEM

p-Value

0.115
48.5 a
0.0333 a
6.00
5.81 a
13.9 ab

0.102
45.4 ab
0.0378 ab
5.98
4.02 b
12.4 a

0.115
41.3 b
0.0476 b
6.67
5.46 a
16.6 b

0.0048
1.54
0.00281
0.470
0.551
1.29

0.12
0.03
0.01
0.51
0.01
0.0478

Values with diﬀerent superscripts within a row diﬀer (p < 0.05). SEM, Standard error of the mean.

4. Discussion
The feed characteristics of the diﬀerently conserved herbages reﬂected typical eﬀects of the
conservation method, such as lower and higher concentrations of DM and CP fraction A, respectively,
in silages compared to hay. A trend towards lower CP and higher ﬁber concentrations from SI over BH
to FH could be related to longer wilting time, increased mechanical processing, and an associated loss
of leaf material. Generally, the production of barn-dried hay can result in considerably lower DM losses
from cutting to feeding compared to ﬁeld-dried hay and, in some cases, also to silage [28]. The duration
until inhibition of respiration either by anaerobic conditions in silage or by low moisture in hay has a
large impact on forage quality [28,29]. Consequently, NEL concentrations were the highest for SI and
the lowest for FH, which underwent the longest time until stable DM conditions were reached.
The silage had a relatively high DM concentration and, therefore, the fermentation process was
limited, as reﬂected in the low concentration of lactic acid. However, silage fermentation quality was
“very good” when assessed with the scheme of the German Agricultural Society (DLG [30]) based on
the concentrations of acetic acid and butyric acid and the pH value. Fermentation quality is linked to
DM concentration in grass silages, which is why higher DM concentrations can increase feed intake [31].
A considerably higher feed intake for hay compared to silage has been reported [32,33]. However,
the eﬀect is dependent on a variety of characteristics often related to silage quality [34], not clearly
demonstrated by literature data [2] and, in the current study, was visible only for BH but not for FH.
The intake by sheep was higher for barn-dried hay compared to ﬁeld-dried hay, possibly due to higher
OM digestibility [35]. In the current study, apparent total tract OM digestibility was not signiﬁcantly
diﬀerent between FH and BH, but it was higher for SI compared to FH. This could be related to lower
concentration (NDF) and higher digestibility (ADF) of ﬁber in SI. Higher CP (or N) digestibility and,
speciﬁcally, degradation in the rumen [36] may also have contributed to higher OM digestibility in
SI, but quantitative aspects of ruminal OM or CP degradation were not investigated here. However,
ruminal VFA concentrations were analyzed. Friggens et al. [37] discussed considerable diﬀerences in
the molar proportions of VFA in the ruminal ﬂuid when feeding silage versus hay. In other studies,
moderate eﬀects on single VFA were observed [38,39]. In contrast, neither total concentrations nor
molar proportions of VFA were aﬀected by the conservation method in the current study. The lack
of eﬀect may be due to the silage being relatively dry and restrictedly fermented and thus yielding
lower propionate proportions of VFA compared to extensively fermented silages [39]. The proportions
of acetate and propionate were higher and lower, respectively, than reported by other authors when
comparing hay and silage feeding [38,39], presumably due to an at least moderate supplementation of
concentrate in the latter studies.
In addition to VFA, the relative abundances of ruminal bacteria were evaluated via quantitative
PCR. Prevotella spp. represented the majority of bacteria, consistent with earlier observations [40].
The higher abundance in the ruminal ﬂuid from cows fed SI compared to FH could be related to
better accessibility of feed protein, as Prevotella are known for proteolytic and peptidolytic activity [41].
B. ﬁbrisolvens also displays proteolytic activity [41] and was elevated through feeding FH compared to
SI, but its overall relative abundances were low. Carbohydrate-degrading bacteria F. succinognenes,
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R. albus, and R. ﬂavefaciens showed together a high relative abundance, presumably reﬂecting the
forage-only diet. The conservation method aﬀected R. albus and R. ﬂavefaciens relative abundances,
but the eﬀect was not consistent.
The focus of our study was on N balance and utilization. Dry matter intake of feed from all
conservation methods was high, given the cows were in late lactation. Combined with the high
dietary CP concentrations, this led to high intake of N. Further, intake of uCP calculated from the
concentration of uCP estimated in vitro and feed intake exceeded uCP requirements [27] (Figure 1).
Similarly, APD intake was in excess with respect to the requirements [26], except for two cows in two
periods (Figure 1).
1600
1400

uCP balance

1200
1000
800
600

Silage

400

Barn-dried hay

200

Field-dried hay

0
-100

0

100

200

300

400
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Figure 1. Balances (estimated intake minus requirements; g/d) of utilizable crude protein at the
duodenum (uCP) [27] and absorbable protein at the duodenum (APD; calculated from APD when
ruminally fermentable energy limits microbial protein synthesis in the rumen, i.e., APDE [26]). Each
data point represents one cow in one experimental period.

As a consequence of excess dietary N intake, urinary N excretion amounted to around 0.5 of N
intake. Urine as the main route of surplus N excretion has been observed for various diet compositions
(e.g., [42–44]). Regulatory N excretion via urine is in the form of urea [45], which could also be observed
in the current experiment, where feeding FH resulted in both the lowest N intake and the lowest
UUN excretion. In contrast, UNUN excretion was similar for all treatments and as such not aﬀected
by diﬀerent N intakes. The observed UNUN excretion was also very close to the value of 51.9 g/d
estimated by Spek et al. [46]. Moreover, UNUN was around 3 g/kg DMI and thus consistent with the
values reported in a literature review by Pfeﬀer et al. [45], who concluded that UNUN excretion mostly
is <4 g/kg DMI.
Similar to UNUN, fecal N excretion did not diﬀer between treatments and was approximately
10 g/kg DMI. This value is in line with collated literature data and can be viewed as obligatory and not
related to the regulation of N in the body pool [45]. However, fecal N excretion expressed as proportion
of N intake decreases with higher N intake [47]. Thus, a higher percentage of fecal N excretion related
to N intake for FH was most likely an artifact of slight diﬀerences in feed intake and CP concentration
of the herbages, resulting in lower daily N intake for FH. In contrast to fecal N excretion, the proportion
of UNUN in urinary N was not signiﬁcantly aﬀected by the treatment, which is not consistent with the
concept of UNUN seen as obligatory excretion. The fact that less N had to be disposed of when FH
was fed was visible not only in UUN excretion but also in lower urea concentrations in serum and milk
of cows fed FH.
Even though diﬀerences in N intake certainly explain a signiﬁcant share of the observed eﬀects
on urea concentrations, feed protein characteristics may also play a role. Field-dried hay displayed
the lowest apparent total tract digestibility of N. This is in line with the lower potential of prececal
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CP digestibility indicated by the enzymatic in vitro method. Moreover, RUP values estimated from
CP fractionation and in vitro incubation in S. griseus protease solution indicated lower ruminal CP
degradability for FH, which was also reﬂected in lower ruminal ammonia concentration for FH
compared to BH. However, SI displayed higher concentrations of CP, which in addition contained a
higher proportion of NPN. This should theoretically have led to higher ruminal ammonia concentrations
for SI compared to FH, which was not the case. A possible explanation could be the fact that the
ruminal ﬂuid was collected before the morning feeding. At this time point, ammonia rapidly released
from dietary NPN can already be absorbed. Moreover, signiﬁcant amounts of soluble N fractions from
silage, including non-ammonia NPN, may escape from the rumen [48]. In contrast, protein degradation
in BH and FH will have proceeded more steadily.
Crude protein fractionation revealed the highest proportion of fraction B3 in FH. In a study by
Edmunds et al. [8], 60% of the variation in RUP in silages and dried forages could be assigned to
diﬀerences in CP fraction B3. In sheep, Verbič et al. [36] found a lower ruminal CP degradability of
hay compared to diﬀerently prepared silages from the same parent material. However, it cannot be
determined if the observed results indicating lower N turnover and clearance for FH were due to lower
N intake, lower ruminal CP degradability, or a combined eﬀect. While the eﬀect of increased dietary
RUP concentration is debated, reducing N supply is a commonly recommended measure to reduce N
excretion and increase NUE [47], also in grass-based diets [49,50].
Feeding SI and BH resulted in similar N intake. The observed pattern of CP fractions and in vitro
and chemical RUP estimation indicated that BH delivered higher amounts of RUP to the animals,
which could have led to the observed tendencies for higher milk N excretion and milk protein yield in
cows fed BH compared to SI. However, there was also a tendency towards a higher intake of feed and
particularly digestible OM for BH compared to SI. On the other hand, neither partitioning of N excretion
nor urea concentrations in milk and serum diﬀered between feeding BH and SI, contradictory to our
hypothesis that N utilization would be improved by feeding hay compared to silage. True protein in SI
still contributed >500 g/kg CP. Much lower TP concentrations can be reached as a result of protein
breakdown even in well-fermented silages [51]. The silage produced in this experiment was relatively
dry due to constant dry weather conditions during the wilting period on the ﬁeld. Possibly, stronger
eﬀects of ensiling compared to drying of herbage could have been expected if silage with lower DM
concentrations had been produced. In particular, concentrations of TP, RUP, and uCP may be lower in
silages with lower DM concentrations [52]. Furthermore, DM concentrations in grass-clover silages are
positively correlated to the duodenal ﬂow of microbial CP [53]. However, even if RUP supply was
actually diﬀerent between SI and BH, excess supply of feed CP by both treatments may have prevented
possible positive eﬀects of an increased dietary RUP concentration on NUE [54].
The enzymatic estimation revealed similar but low IPD values for herbage from all three
conservation methods. This indicates that a large proportion of RUP consisted of ﬁber-bound N and,
hence, was not accessible for enzymatic digestion in the small intestine. However, IPD was lower than
the values for grass products reported in the literature [55,56], but it has to be noted that methods
diﬀered. Edmunds et al. [57] demonstrated that the AA pattern of forage protein is altered during
ruminal incubation but does not widely diﬀer between RUP from diﬀerently conserved forages. For the
current study, this would imply that only total supply and not quality in terms of intestinal digestibility
and AA pattern of RUP diﬀered between forages.
Overall, NUE was low, as N excreted in milk was only 20–22% of N intake. These values
correspond well to the eﬃciency of N utilization observed for the lower quartile in collated data of
Calsamiglia et al. [58]. Interestingly, the CP concentration in forage that Calsamiglia et al. [58] estimated
for this quartile was almost equal to the CP concentration of the conserved forages in the current
experiment. For diets mainly based on grass silage, NUE estimated from collated feeding trial data
was 27.7% [59]. However, the reported minimum and maximum NUE values were as low as 16.0 and
as high as 40.2%, respectively [59]. Reports of NUE in dairy cows receiving only conserved forage
are scarce. Shingﬁeld et al. [39] observed slightly higher NUE for hay compared to diﬀerently treated
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silages prepared from the same mixed swards (timothy and meadow fescue). However, concentrate
supplementation was part of the experiment, and the level of NUE was around 30%. A similar mean
value was demonstrated for cows fed grass-clover silage supplemented with concentrate [60]. Low
NUE of around 20–25% were also reported for cows grazing ryegrass pasture with only moderate
concentrate supplementation [61].
The utilization of N seems particularly low, given the fact that adequate or surplus supply of APD
and uCP was accompanied by a negative N balance. Moreover, N intake of cows largely exceeded the
requirements to maintain a stable N balance calculated by Pfeﬀer et al. [45]. A negative N balance
indicates a mobilization of body protein. This can occur during non-suﬃcient dietary supply of N,
when AA from the skeletal muscle protein are used for milk protein synthesis [62]. However, in the
current experiment, a shortage of dietary N supply was precisely not likely, and thus AA from degraded
body protein would not have been essential for milk protein synthesis. Instead, it is more likely that
AA from skeletal muscle protein were used for energy supply [62], and the amino group of AA was
disposed of as urea and excreted via urine. In fact, except for one cow, all cows lost body weight over
the course of the complete trial (body weight change from −49.9 to +1.9 kg, average −23.6 kg). Milk
yields were moderate, but high milk protein and fat concentrations elevated ECM. The requirements
of NEL [27] were not met by the actual intake for ﬁve of the six cows, and the mean estimated NEL
balance was −9.2 MJ/d. Hence, the assumptions of Pfeﬀer et al. [45] regarding N supply to maintain a
stable N balance were not met in this study. Negative energy balance is of major signiﬁcance during
early lactation, when substantial amounts of body protein can be mobilized along with body fat despite
suﬃcient dietary CP supply [63]. However, the proportion of mobilized body protein in total mobilized
tissue decreases fast after parturition, and protein balance can become positive after four weeks of
lactation [64]. In contrast, the cows in the current experiment were in late lactation, where energy
supply under most feeding regimes is not limited.
Balancing dietary energy and protein supply to maximize N utilization is primarily discussed
concerning ruminal metabolism [65]. Energy supply matching N supply may lead to the eﬃcient use
of N for microbial growth and help in capturing rapidly released ammonia, e.g., in silages. However,
the current results should also be seen in the light of adequate postabsorptive energy supply, which may
improve AA uptake in the mammary gland independently from protein supply [66]. In this regard,
Tamminga [67] discussed postabsorptive N losses due to an imbalance between energy and AA
availability at the tissue level. This also has a practical implication for herbage-dominated feeding
systems without supplementary concentrate. These systems can result in a “high metabolic load in
high-yielding dairy cows during early lactation” [68]. Although the cows in the current study were not
in early lactation, and milk yields were moderate, the loss of body weight and a negative NEL balance
point to the fact that high metabolic loads may have occurred nonetheless.
When feeding only forage, balancing the supply of energy and CP is a challenge. Harvest and
conservation of herbage are weather-dependent and thus oﬀer limited opportunities to modify both
energy and CP concentrations to the desired level. From a study with grass silages, Dewhurst et al. [69]
clearly concluded that in order to maximize the utilization of grass silage N, crops with higher energy
and lower CP concentrations are needed. The results from the current experiments underline this
conclusion and further indicate that it can be extended to herbage conserved as hay. Similar suggestions
have been made with regard to pasture systems, where high N concentrations in ryegrass and clover
result in high N losses [49]. Energy may become ﬁrst limiting, and N be used less eﬃciently when
cows are fed pasture without supplementation [70].
5. Conclusions
Although the cows in this study were in late lactation, feeding only forage derived from herbage
resulted in negative N and energy balances regardless of the method of conservation. Contradictory
to our hypothesis, the utilization of feed N for milk N was not diﬀerent between cows fed SI, BH,
and FH. From chemical and in vitro estimations, it could be concluded that the conservation method
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had considerable eﬀects on CP composition and protein value of the forages. These diﬀerences were
not or only moderately reﬂected in the animals’ responses, which can be explained by the fact that
N supply exceeded the requirements for all three treatments. Lower urea concentrations in serum,
milk, and urine when FH was fed were likely due to the lower N intake observed for FH. The eﬀects
of the diﬀerent conservation methods will be presumably more pronounced when (i) silage exhibits
lower DM concentration, (ii) the supply of total CP, APD, and uCP is not in excess, and (iii) the energy
supply is not limited. This has implications for future research on comparing forage conservation
methods, e.g., silage DM concentration and energy supply have to be considered in new study designs.
In addition, these aspects should be addressed in practical feeding situations where dairy cows are fed
solely on herbage.
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Abstract: Feeding operations are substantial on livestock farms, besides being potentially expensive.
Feeding efﬁciency has been considered a major inﬂuence on proﬁts in the livestock industry. Indeed,
feed costs are shown to be the largest single item of production cost in Korea. To promote production
and use of domestic forage, the Korean government has enforced the forage base expansion program
that strengthens the competitiveness of the livestock industry by reducing the production cost.
The forage base expansion program includes three main policies: subsidized forage production,
support for processing and distribution, and expanding land for forage production. This paper
investigates the inﬂuence of the government’s policies often conjectured to have pronounced effects
on forage production. To evaluate the forage policies, this paper uses a path-analysis approach linking
government spending on forage base expansion programs and feed costs. Results indicate that the
Korean government’s spending on supporting domestic forage production results in a decrease in
the ratio of forage expenses to total feed cost.
Keywords: feed costs; forage production; path analysis; policy

1. Introduction
Many countries are highly dependent on feed imports and, in general, feed is the largest part of
production costs. For example, Korea imports 75% of its compound feed and 96.4% of its feed crops,
which has become a matter of concern among Korean livestock industry participants and the Korean
government [1]. Feed is the most signiﬁcant cost in livestock production, often representing more than
half of the production costs. Indeed, the portion of feed cost for Hanwoo (Korean beef cattle) and dairy
cattle are 38% and 58% of the total cost to produce beef, respectively [2]. Thus, the price of international
crops and the surge in feed prices related to oil prices directly affect domestic livestock farms.
The livestock industry contributes more than 40% of the total value of agricultural output in
Korea. From the beginning of 1990 to 2016, consumption of meat in Korea increased by 1.7 million
tons. During the same period, per-capita meat consumption increased from 19.9 kg to 49.5 kg [3].
Rising domestic consumption has been an important factor in stimulating import demand, resulting
in the self-sufﬁciency of meat production decreasing from 90.0% to 68.0%. Furthermore, the beef
self-sufﬁciency rate is much lower than total meat, and it recorded 41% in 2016.
There has been a trend towards fewer livestock farms with large numbers of animals to achieve
economies of scale. For instance, the average number of Hanwoo and dairy cattle per farm in 2017 was
31.6, which is about 10 times that of 1990. As of 2017, Korea had a total of 3.0 million beef cattle and
409,000 dairy cows.
Making a small change in the quantity of the type of feed has a greater impact on proﬁtability than
any other cost due to its large impact on production costs. To operate stable animal husbandry and
production management, producing high-quality forage can reduce feed costs and create an import
substitution effect. As a result, the Korean Ministry of Agriculture, Food and Rural Affairs (MAFRA)
has implemented the forage base expansion program in 1998 to expand the production base for
domestic forage and to utilize resources.
Agriculture 2018, 8, 72; doi:10.3390/agriculture8060072
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The forage base expansion program includes three main policies: subsidized forage production,
support for processing and distribution of forage, and expanding land for forage production. Firstly,
the vast majority of spending on the program, 65 percent, is allocated to forage production subsidies
such as the silage production, forage seed, and equipment and machine. For instance, the Korean
government supports the cost of silage production by 60,000 KRW/ton (US$50.72/ton based on the
exchange rate of 1182.91 KRW/US$ on January 2017). Secondly, the regional hub and distribution center
or total mixed ration (TMR) suppliers are supported to allow efﬁcient supply of raw materials. In 2017,
the Korean government spent a total of 45 billion KRW on supporting the processing and distribution
facilities for forage production. Thirdly, the government creates and expands the specialized zone
for forage production by subsidizing raw materials such as silage, seed, equipment, machinery
and compost.
Although there have been many arguments on the merits of supporting domestic forage
production, relatively little empirical work has investigated the effects of this program. In general,
policies and regulations can affect domestic forage production directly or indirectly. Since one of the
primary issues associated with forage policy is identifying how this public program affects the livestock
industry in Korea, it is important to determine how the forage production expansion policy affects
domestic forage production and how this domestically produced forage impacts feed costs. Thus,
the purpose of this article is to examine the effects of the aforementioned policy to support domestic
forage production. This study uses a path-analysis model linking government spending on the forage
base expansion program to feed costs, and disaggregates the effects to different stages. The results of
this study might provide insight into the process of forage policy inﬂuencing feed costs in Korea and
initial information to support better understanding for adaptive strategies by other countries.
2. Materials and Methods
2.1. Path Analysis
To accomplish the research objectives, the hypothesized relationship between government
spending on expanding domestic forage production and feed costs was examined using a path-analysis
approach. Path analysis refers to a variety of statistical techniques that aim to represent the directed
dependencies among a set of observable variables and to test the causal interactions among variables [4].
The advantage of a path analysis over regression is that it concurrently performs multiple regression
analyses while it produces an overall assessment of the ﬁt of the model, usually based on a χ2
statistic [5]. This type of so-called sequential multiple regression model is widely used in policy
analysis [6,7] and has been discussed in detail by authors such as Dye and Pollack [8], Edwards and
Lambert [9], and Pedhazur [10].
This study builds on the simple path model, focuses on forage-related policy, and links
government spending with feed costs. More speciﬁcally, the share of forage feed cost in total feed costs
is a dependent variable and the exogenous independent variable is expenditure on forage production.
The assumption is that there are only three endogenous independent variables, the domestic forage
production, forage imports, and head of beef cattle. The primary focus is on how the policy related to
the use of government spending might affect the livestock industry associated with feed costs, rather
than on methodological or theoretical issues. Thus, for this study, the path model was estimated using
three main sets of maximum likelihood estimation equations in the CALIS SAS procedure, as shown
in Figure 1. The CALIS procedure uses a variety of modeling languages to ﬁt structural equation
models. The ﬁrst set explored the relationship between government spending (Budget) in year t as
an independent variable, and domestic forage production (Domestic) in year t and forage imports
(Imports) in year t as dependent variables, and these are given by the Equation (1).
Domestict = α0 Budgett + e1t , and Importt = α1 Budgett + e2t ,
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where et are the error terms. The second set, in which the head of beef cattle (Cattle) in year t was
the dependent variable, included forage imports and domestic forage production as independent
variables, and is expressed as the Equation (2).
Cattlet = β 0 Domestict + β 1 Importt + e3t

(2)

In the last step, the head of beef cattle is the basic factor inﬂuencing the share of forage feed costs
in the total feed costs (Share_Fcost). Besides, the path model deﬁned the share of forage feed cost as the
dependent variable, and public spending as well as the domestic forage production, forage imports,
and the head of beef cattle as independent variables. The path model for the share of forage feed costs
is shown as the Equation (3).
Share_Fcostt = γ0 Budgett + γ1 Domestict + γ2 Importt + γ3 Cattlet + e4t

(3)

Figure 1. Path-analysis diagram for how feed cost is affected by government spending on domestic
forage production in Korea, from 1998 to 2016. All the lines in the diagram represent a speciﬁc linear
model. Solid lines indicate good evidence for an effect (95% or higher signiﬁcance), and dotted lines
indicate no clear relationship.

2.2. Data
Table 1 shows the descriptions of all variables and the descriptive statistics for path analysis.
Data on the budget for expanding forage production by the government are inferred from the MAFRA
spending on the forage base expansion program over the years 1998 to 2016. Over time, total
government costs have trended upward and recorded an annual growth rate of 9.9% during this
period. Total government costs of the forage base expansion program in 2016 were 118,997 million
KRW. Driven in part by the increase in government spending on the forage base expansion program,
domestic forage production increased annually, by 1.5%, from 1998 to 2016. While domestic forage
production increased, this change remained below the eighteen-year historical average increase of
13.4% in forage imports. The annual growth rates of head of beef cattle, feed costs and forage feed
costs were 1.2%, 6.6% and 7.3% respectively.
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Table 1. Descriptive statistics for forage and beef cattle industry in Korea: 1998–2016.
Variable

Descriptions

Mean

Standard
Deviation

Min.

Max.

Annual
Growth Rate

Budget

Annual government
spending on the forage
base expansion program in
1 million KRW

68,348.1

50,444.8

15,600

157,707

9.9%

Domestic

Domestic forage
production in 1000 tons

3859.4

590.9

2793

4672

1.5%

Import

Forage import in 1000 tons

795.1

259.4

172

1120

13.4%

Cattle

Number of beef cattle
heads in 1000s

2262.8

578.0

1406

3059

1.2%

Cost

Annual feed cost per head
in KRW

1,832,697.8

862,191.6

803,038

2,982,290

6.6%

Fcost

Annual cost for forage per
head in KRW

282,637.0

123,665.4

114,257

452,739

7.3%

Source, Ministry of Agriculture, Food and Rural Affairs (2017), Statistics Korea (2017).

3. Results
The results from the estimated path model are reported in Table 2 (and also Figure 1). These
coefﬁcient values can also be observed in Figure 1. Estimates associated with variables can be
interpreted as the relative strength and a sign of the causal effect to outcome variables. With only
one exception, all parameter estimates were statistically signiﬁcant and carried the expected signs.
In addition, the goodness-of-ﬁt index of 0.91 indicates a reasonably good ﬁt of the path model,
and a chi-squared value of 4.8313 with two degrees of freedom yields a p-value of greater than 0.05.
Thus, the path model is not rejected.
The government spending (α0 = 0.903) had a positive direct effect on expanding domestic forage
production. The results also present that domestic forage production (β 0 = 0.997) had a positive effect
on the number of beef cattle herds. The explanatory variables accounted for 85% of the variance in
explaining health behaviors. In addition, in the ﬁnal model, government spending (γ0 = −1.128) and
domestic forage production (γ1 = −0.225) had a negative effect, while beef cattle herds (γ3 = 0.291)
and forage imports (γ4 = 0.930) had a positive effect on the share of the forage cost to the total feed
cost. The model variables accounted for 65% of the variance of the share of forage cost in the total
feed cost.
Table 2. Path model estimates.
Outcome

R2

Variable

Coefﬁcients

Standard Error

p-Value

Share_Fcost

0.65

Cattle

0.85

Domestic
Import

0.82
0.47

Budget
Cattle
Domestic
Import
Domestic
Import
Budget
Budget

−1.128
0.291
−0.225
0.930
0.997
−0.135
0.903
0.682

0.027
0.038
0.022
0.017
0.064
0.117
0.019
0.092

<0.001
<0.001
<0.001
<0.001
<0.001
0.248
<0.001
<0.001

Government expenditure toward expanding forage production had a signiﬁcant impact on
domestic forage production, which in turn decreased the share of forage cost in the total feed cost.
The Pearson correlation (0.76) shows that the domestic forage production correlates to forage imports
positively. It is worth emphasizing the difference in the estimated effects of domestic forage production
and imports to the forage total feed–cost ratio of beef cattle, which presumably reﬂects underlying
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differences in the feed costs implied by the two different forage feeds. It also implies that the two
forage feeds are substitutes.
The direct and indirect effects of government intervention are summarized in Table 3. The results
indicated that government expenditure had the largest direct effect on the share of forage cost in total
feed costs. Apart from the direct effect on the forage feed costs ratio, government expenditure had
a positive indirect effect on the share of forage feed costs through their impacts on forage imports and
the number of beef cattle. Domestic forage production was found to lower the share of forage cost in
total feed costs.
Table 3. Estimated direct and indirect effects of government spending and domestic forage production
on cost share of forage in the path analysis model.
Factors of the Share of Forage Cost

Direct Effect

Indirect Effect

Total Effect

Budget

−1.128 **
(0.082)
−0.225 **
(0.022)

0.667 **
(0.204)
0.291 **
(0.052)

−0.462 **
(0.123)
0.065 *
(0.036)

Domestic

Signiﬁcance level: ** p-value < 0.05. * p-value < 0.10; numbers in parentheses ( ) are standard error.

4. Discussion
Livestock production costs are gaining attention in the public and private sectors in Korea.
In Korean livestock farming, the self-sufﬁcient feed ratio has declined each year and the high level of
feed imports has increased production costs. There are several reasons for the decreased or stagnant
self-sufﬁciency ratio in Korea. Because the primary arable land use is for crop, mainly rice, production,
there is high competition with crops and livestock. This must necessarily lead to replacement of one
by the other, or specialization. Furthermore, livestock farmers in Korea tend to consider the quality
of imported forage better than locally produced forage. Environmental factors such as temperatures,
precipitation or location are the fundamental factors inﬂuencing the forage quality. However, four
seasons in Korea do not always allow forage to achieve the equal levels of quality. Another reason
might be related to the increase in the scale of livestock and rice production. Where the average farm
size has increased, mechanized and specialized farming systems have become dominant, and these
depend on concentrated and imported forage feed for livestock farming.
As a result, several production cost-reduction initiatives have emerged in recent years and the
Korean MAFRA has already been moving toward implementing some of these policies, particularly
policy solutions toward reducing feed costs. For example, the forage base expansion program that
encourages domestic forage production of import-substituting forage has been implemented since
1998. Spending on supporting domestic forage production varies from year to year, but it has hovered
around 120 billion KRW (US$ 100 million) in recent years (note that average exchange rate for Korean
won (KRW) to USD in 2016 was 1 USD = 1160.50 KRW (Bank of Korea)). Despite the fact that, on
average, public spending for domestic forage production has been increasing, the impact of this
government intervention remains unclear. While the primary aim of the forage production policy is to
boost domestic products, it also induces reducing feed cost.
Applying the path-analysis model, the effects of government spending on the domestic forage
base expansion program and the share of forage feed costs were examined. The public spending
on domestic forage production is directly (positively) related to the expansion of domestic forage
production, which is consistent with ﬁndings from a previous study [11], and in turn, aims to decrease
the share of forage feed costs. Ahn and Han [11] indicated that Korea’s forage self-sufﬁciency rate
would remain about 56 percent with no government support. Despite this effect, there is not enough
of a substitution effect between imported and domestically produced forage. As total spending for the
forage expansion program by the government has trended upward over time, domestically produced
forage product has increased but has averaged only 1.5 percent per year for the past eighteen years.
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However, on average, the annual growth rate of imports has been as high as 13.4%, 11.9 percentage
points higher than the 1.5% annual domestic production growth rate over the corresponding period.
Thus, since 2010, Korea’s forage self-sufﬁciency has remained fairly stable each year at approximately
80 percent.
According to a MAFRA report [12], on average, prices of domestic forage were about 14.3%
lower on a dry-matter basis than the price of import forage, which is mainly caused by shipping and
handling costs. In addition, rice has been the most valuable crop and constitutes a major source of farm
income in Korea. However, with the change of Korean diet and eating habits, per-capita annual rice
consumption showed a continuously decreasing trend. To address this issue, the Korean government
began a program which aims to change cropping systems for paddy ﬁelds with food or forage crops
alternative to rice.
Korean livestock farmers will be more unprosperous when Korea further opens its agricultural
markets to competitors all over the world by having freer trade. Ensuring a ﬂow of efﬁciency-enhancing
animal husbandry is a mechanism to improve farmer and livestock industry wellbeing. Economic and
environmental goals are important, and many can be reached through government policies that are
encouraging farms to convert from food to feed, providing subsidies for both the growing forage as
well as to their purchases by beef and dairy cattle industries and in more local ways.
Conﬂicts of Interest: The author declares no conﬂict of interest.
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