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The effects of length of
storage on the nutritive
value and aerobic
stability of silages
Limin Kung, Jr. ¹

Introduction

T

he primary goal of ensiling forages is to conserve the maximum amount of original dry matter, nutrients and energy in
the crop for feeding at a later time. There are four general phases
of silage fermentation: 1) the initial aerobic phase, 2) the active
fermentation phase, 3) the stable phase and 4) the feedout phase
(Barnett, 1954). In brief, the production of organic acids and
the attainment of a low pH under anaerobic conditions result in
the end product inhibition of plant and microbial processes to
attain the “stable phase”. In the past, the general consensus has
been that most silages reach this phase in about 3 to 6 weeks.
However, there is compelling evidence that shows changes in
the chemical and microbial composition of silages well beyond
this time. This paper will briefly discuss some of those changes.

1. Dairy Nutrition and Silage Fermentation Laboratory Department of Animal and Food Sciences
University of Delaware
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General changes in silage fermentation with time
Typically, silages with high moisture content ferment more
rapidly then those with low moisture because in the later, the
availability of metabolic water for microbial growth decreases as
moisture declines (Whiter and Kung, 2001). Thus, silages with
high moisture content typically reach the stable phase more
quickly than those with low moisture. Ambient temperatures at
harvest and during storage can also affect the rate of silage fermentation. Extremely cold temperatures at harvest may cause a
slow and prolonged fermentation period. In fact, Periera et al.
(2009) reported that alfalfa forage could be frozen for several
months, and when thawed it ensiled normally. During the classical stable phase, many microbes found in silage are in a dormant state but still culturable. In particular, lactic acid bacteria
have been detected in relatively high numbers (> 5-6 log cfu/g
of wet silage) in silages stored for up to a year. Schmidt et al.
(2009) reported that lactic acid bacteria in untreated alfalfa silage peaked between days 5 and 45 (> 9 log cfu/g) of ensiling and
was still greater than 6-log cfu/g after 180 d of ensiling. Yeasts
can withstand very low pH in silages and Kleinschmit and Kung
(2006) were able to enumerate them from corn silage after a year
of storage. In samples of corn silage that had been stored under
anaerobic conditions for 5 years we could culture yeasts in 1 of
9 and lactic acid bacteria in 2 of 9 corn silage samples (unpublished data, University of Delaware). Spores of clostridia and
bacilli can also persist for prolonged periods in silages.
Changes in fermentation end products even after several
months of ensiling suggest that some microbial activity persists
even when the pH is low. For example, some strains of Lactobacillus plantarum have the capability of converting lactic to acetic
acid in the absence of fermentable sugars via a pyruvate-formate
lyase system (Lindgren et al., 1990). The result of this is a silage
8
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with a slightly higher pH, lower lactic acid concentration and
higher acetic acid concentration at a later date when compared
to an analysis of the same silage from an earlier date. Lactobacillus buchneri also appears to be fairly active for long period of
time in corn silage and probably also contributes to this finding.
Under anaerobic conditions and low pH, this organism is able
to convert lactic acid to acetic acid, ethanol and 1,2 propanediol (Oude-Elferink et al., 2001). Kleinschmit and Kung (2006)
reported on changes in the fermentation end products of corn
silage ensiled in mini silos for up to 361 d. In that study, silage
was untreated or treated with a combination of L. buchneri and
Pediococcus pentosaceus. Across both treatments the concentrations of lactic acid decreased by about 15% between day 14 and
a year of ensiling. Both treatments showed more than an 80%
increase in acetic acid over the same period of time. However,
the major increase in acetic acid in untreated silage occurred
between 282 and 361 days whereas this increase was observed
as early as day 56 for silage treated with L. buchneri. Evidence
supporting that the change in concentration in acetic acid for
both silages was most likely due to L. buchneri (either natural or added populations) was the fact that 1,2 propanediol was
only detected in untreated silage at day 361 whereas substantial
amounts of this compound were detected in treated silages as
early as 42 d of ensiling. Using a quantitative-polymerase chain
reaction method, Schmidt et al. (2009) showed large increases in the numbers of L. buchneri in treated alfalfa silage with
smaller increases (from the natural epiphytic population) in untreated forage. The population of L. buchneri in treated silage
was greater than 7 log cfu/g of wet silage after 180 d of ensiling
documenting that this organism is relatively acid tolerant and
can survive for long periods of time in fermented silage.

9
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Changes in nitrogenous compounds
It is well documented that ensiling results in substantial conversion of true protein to non-protein nitrogen because of proteolysis. Proteases from plant sources are quickly inactivated with
a drop in pH, thus their contribution to nitrogenous changes
during prolonged storage is questionable. However, microbial proteases appear to be relatively active throughout a prolonged period of fermentation. Filya (2003) reported increasing
amounts of NH3-N in corn and sorghum silages through 90 d
of ensiling. Kleinschmit and Kung (2006) and Der Bedrosian et
al. (2012) reported a steady increase in NH3-N in corn silages
through a year of ensiling without reaching a plateau. In some
of her silages, soluble protein (as a % of CP) also continued to
increase with time in storage. Newbold et al. (2006) ensiled 15
corn silages and reported increasing amounts of degradable
CP with time through 10 months of sampling. Changes in the
amino acid content of silages with prolonged storage have not
been quantified to our knowledge but increases in NH3-N suggest that there is a significant amount of deamination occurring
in silages during prolonged storage. Recently, Hoffman et al.
(2011) specifically reported a degradation in zein proteins cross
linking starch granules in high moisture corn during storage.

Changes in carbohydrate fractions of silages
Ensiling causes changes in the carbohydrate fraction of ensiled crops. For example, lactic acid bacteria use water-soluble
carbohydrates to produce organic acids. Changes in the fractions of structural carbohydrates can also be observed. Morrison (1979) showed that the core lignin concentration of forage
did not change but cellulose decreased up to 5% during ensiling
10
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after 150 d of storage. He also reported substantial decreases in
hemicellulose, up to 10-20%, which may have been due to the
acidic conditions and microbial activity in the silage. Yahaya et
al. (2001) also reported a considerable loss of the hemicellulose
and pectin fractions in alfalfa and orchard grass silage between
fresh forage and material ensiled. That study reported that hemicellulose digestion decreased with time of ensiling for both forages whereas digestion of cellulose actually increased with time
of storage for alfalfa. One limitation of that study was that sampling only occurred up to 56 d in the silo. We are aware of only
a few studies where the effects of prolonged ensiling (>150 d) on
the digestibility of fiber in silages have been reported. Hallada
et al. (2008) reported a steady increase in in situ NDF-D of corn
silages of about 1.2% units per month between samples from
day 1 through 330 d of ensiling without appearing to reach a
plateau. In contrast, we (Der Bedrosian et al., 2012) found that
time of ensiling did not affect the in vitro NDF-D of two corn
silage hybrids between 45 and 315 d of ensiling. Snyder (2011)
conducted a similar study and confirmed our findings. Similarly, Cone et al. (2008) also reported that length of storage (up
to 180 d) did not affect the digestibility of cell walls as evaluated
by in vitro gas production. Recently, we found no changes in the
NDF digestibility of alfalfa through a year of storage (Kung et al.,
2011, unpublished data). The reasons for the discrepancies between the study of Hallada et al. (2008) and others is unknown
but may be related to the methods used for assessing fiber digestion, the silage hybrids used and other silo management factors.
Several studies have reported that ruminal DM digestion
from high moisture corn and starch digestion from corn silages
is relatively low at initial harvest, but increases with time of ensiling because of natural proteolytic mechanisms that occur in
the silo. For example, Benton et al. (2005) ensiled HMC for up
to 298 d at various moistures and sampled the material every
11
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month. In all cases, in situ digestion of DM increased as days
of storage increased. Of particular note was the fact that the increase in digestion was greater for HMC with 30% (less mature)
than 24% (more mature) moisture content. In corn silage, Newbold et al. (2006) reported increases in in sacco starch digestion with increasing time of storage. Recently, our group (Der
Bedrosian et al., 2012) reported increased in vitro digestion (7
h incubation) of starch in normal and BMR corn silage hybrids
through 270 d of storage (Figure 1).

Figure 1. Example of increasing 7 h in vitro ruminal starch digestion of
corn silage with time of storage.

Philippeau and Michalet-Doreau (1998) hypothesized that
degradation of the protein-starch matrix during ensiling was
responsible for increases in ruminal starch digestion with ensiling. Solubilization of prolamins by acids and alcohols was hypothesized at one time to be the driving factor of this result,
but recent evidence suggests that proteolytic activity on zein
proteins better explains this phenomena (Hoffman et al., 2011).
The protein-starch matrix in starches is somewhat analogous to
the lignin-fiber matrix in forages, thus degradation of prolamins
12
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in the matrix improves the availability of starch. In a summary
of several studies conducted in 2012, we showed the positive relationship between soluble protein (an indication of proteolysis)
and in vitro starch digestion (Figure 2).
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Figure 2. Correlation between 7 h in vitro ruminal starch digestion and
soluble protein in corn silages.

Changes in lipid composition
The ensiling process also affects the lipid composition of forages to different extents. For example, ensiling increased the
total concentration of total fatty acids in some silages (ryegrass,
Alves et al., 2011 and Elgersma et al., 2003) but decreased it in
other silages (alfalfa, Ding et al., 2013). Alves et al. (2011) reported that the total fatty acid content did not change due to
ensiling for corn silage but this does not agree with the findings
of Der Bedrosian et al. (2011) who reported an increase in fatty
13
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acids with time of ensiling. They also reported an increase in
the polyunsaturated fraction agreeing with Ogawa et al. (2005)
that biohydrogenation can take place during ensiling. Increases
in total fatty acid concentrations may be a result of microbial
synthesis and/or probably more likely due to a loss of total DM.
Recently Ding et al. (2013) reported that plant enzymes probably play a significant role in lipolysis of alfalfa during ensiling.

Changes in aerobic stability
The aerobic stability of freshly chopped forage crops is very
low because aerobic metabolism by microorganisms leads to
extensive oxidation of nutrients. Ensiling lowers the pH and
produces antifungal compounds that suppress undesirable microbes from spoiling silage. In particular, silages treated with L.
buchneri become more resistant to aerobic challenges especially
after 40 to 60 d of ensiling because the production of acetic acid
from lactic acid by this organism occurs around this time. Interestingly, few studies have actually measured aerobic stability
of forages ensiled for prolonged periods of time. Kleinschmit
and Kung (2006) reported a decline in number of yeasts and
improvement in aerobic stability of corn silage over a year. In
another study, we did not measure aerobic stability but could
not detect viable yeasts in corn silages stored in mini silos stored
for 5 years (unpublished data).

Practical implications
Traditionally, recommendations have suggested that silages
be allowed to ferment for about 3 weeks before feeding (Jones
14
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et al., 2004). However, Ward and de Ondarza (2008) suggested
that based on changes in silage fermentation samples submitted
to Cumberland Valley Analytical, corn silage requires at least
four months for a full fermentation. Based on a study conducted by her group, Hallada (2008) suggested that corn silage ensile for 3 to 6 months in order for starch digestibility to reach a
higher level than at harvest.
However, most dairy farms do not have the extra forage inventory and/or storage space to do this. The added cost of carry over has also not been thoroughly evaluated. Furthermore,
when modeling forage changes in the silo, Buckmaster et al.
(1989) reported that emptying a silo in 120 d vs. 360 d reduced
DM loss by 6%. They concluded that increasing time in the silo
results in greater DM loss because of infiltration of air in to the
mass. Thus, this factor should be considered when making a
decision about storing silage for longer periods of time.
For those producers that can store silage for longer periods
of time before feeding, extra precautions must be taken in silos
where plastic is used to maintain anaerobic conditions (bunks,
pile, and bags). Chances of damage to the plastic increase with
time of exposure to UV radiation, animals and general degradation of the plastic. Because silo plastic is permeable to oxygen,
prolonged storage ultimately increases the exposure of surface
silage to more air. Prolonged storage also means that silages will
be fed in warmer weather and be prone to more aerobic deterioration. The need for excellent silo management in terms of
correct moisture, chop length, density and sealing will be critical to maintaining silage quality. Use of plastic with low oxygen
permeability and the use of additives to improve aerobic stability (e.g. Lactobacillus buchneri) should be considered.
Changes in starch digestion with prolonged storage may explain two phenomena that are commonly observed with lactating cows. First, it is common to hear reports of cows dropping
15
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in milk production when switched from “last season’s” corn silage to freshly ensiled corn. Some of this “slump” may be attributable to the consumption of large quantities of unfermented
sugars, but it may also be due to the fact that freshly ensiled corn
silage is much lower in starch digestion than silage fermented
for a longer period of time. Second, it is also common to receive
reports of cows with laminitis and low fat tests in the spring.
This may be a result of the increased availability of starch in corn
silage and HMC. Thus, although prolonged storage of silage improves the digestibility of starch, many may find it difficult to
adjust diets to compensate for these highly digestible feeds. If
this is the case, one suggestion might be to process corn silage
less aggressively and grind HMC more coarsely for those feeds
that will be stored for longer than 8-9 months.
Because HMC and corn silage stored the longest will most
likely be highly digestible, crops harvested at a mature stage of
development might be best fed later in the year because proteases would have more time to improve their value. In contrast,
producers may consider feeding the most immature corn and
corn silage early in the season as these feeds would have higher
digestibility than more mature forages at initial harvest.
Experimentally, Young et al. (2012) were the first to show
that adding exogenous proteases to whole plant corn at ensiling,
increased ruminal starch digestion after only a short period of
ensiling and suggested that using proteases could be a means of
achieving high starch digestion in the rumen without prolonged
periods of ensiling.

Conclusions
To date, there is mounting evidence that prolonged storage
time of corn silage and high moisture corn improves starch di16
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gestion and increases protein solubility. These factors should be
taken into consideration when balancing diets for dairy cows.
In addition, more research is warranted in this area because
some management factors may affect the degree of changes one
might obtain with prolonged storage. For example, the effects
of prolonged storage on poorly processed corn may have less
of an effect because there would be less surface area in contact
with microbial proteases. Packing density may have an effect on
effects of storage time because of pressure and distribution of
fluids throughout the mass.
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Feeding silage and
haylage to horses
Cecilia E. Müller¹

Introduction

H

orses have developed during millions of years to survive on
steppe grass through microbial fermentation in the hindgut
(Janis, 1976). As with other herbivore species, the digestive system of horses works best with the feed it is adapted to (Hummel
et al., 2006), and therefore horses should be fed rations which
are composed of as much forage as possible. No horse should be
fed less roughage dry matter (DM) than an amount corresponding to 1 % of their body weight daily (NRC, 2007), irrespective
of the type of roughage used, to avoid digestive upsets (Clarke
et al., 1990; Archer and Proudman, 2006) and development of
stereotypies (McGreevy et al., 1995; Goodwin et al., 2002).

1. Department of Animal Nutrition and Management, Swedish University of Agricultural Sciences,
Kungsängen Research Centre, SE-75323 Uppsala, Cecilia.Muller@slu.se
Keywords: forage, ensiling, equine, digestibility, hygienic quality, intake
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Traditionally, hay of different plant species (predominantly
grasses) and pasture has been the most frequently used forages
for horses, but during the last 10-15 years, silage and haylage
have partially or totally replaced hay in Scandinavian equine
diets (Holmquist and Müller, 2002). Difficulties involved in
producing and storing hay of acceptable hygienic quality (e.g.
mould growth occurring during storage) are probably major
causes for this shift. Hay with a high mould load is a known
risk factor for development of chronic respiratory problems in
horses (Robinson et al., 1996; Vandenput et al. 1997). The idea
of feeding ensiled forages to horses is however not new - already
in 1897, Nourse concluded that maize silage was a suitable feed
for horses and mules if the animals were given time to adapt to
the feed, and in 1913, Rommel provided feeding recommendations for silage to horses and mules.
The amount of scientific knowledge on the use of different
forages for horses have been scarce for a long time period, but
during recent years, research and scientific publication within
the area has increased. The main objective of this paper is to
review recent knowledge within the area of feeding silage and
haylage to horses, and to identify some of the current knowledge
gaps that may be important for future research.

Characteristics of silage and haylage
Irrespective of the plant material, DM content determines
the extent of fermentation in silage and haylage, and thus also
the content of fermentation products. Silage is defined as “the
material produced by controlled fermentation of a crop of high
moisture content” (McDonald et al., 1991), and is thus characterized by DM contents up to ca 400 g DM/kg resulting in production of lactic acid (and other fermentation products) and a
pH-value around 4 (McDonald et al., 1991). Haylage is defined
22

Feeding silage and haylage to horses

|

as forage containing 400-600 g DM/kg, stored anaerobically
(Gordon et al., 1961; Finner, 1966). Haylage contain lower concentrations of fermentation products (volatile fatty acids (VFA),
lactic acid, ammonia-N, ethanol and 2,3-butanediol) and thus
also have higher pH-value compared to silage (Gordon et al.,
1961; Greenhill, 1964; Finner, 1966; Jackson and Forbes, 1970;
Nicholson et al., 1991; Pahlow and Weissbach, 1996; Dawson
et al., 1999; Driehuis and van Wikselaar, 2000; Han et al., 2006;
Müller and Udén, 2007; Müller et al., 2008). A sufficiently high
water content and water activity (aw) is required for lactic acid
bacteria (LAB) to be able to ferment glucose/fructose to lactate
via Embden-Meyerhof-Parnas glycolytic pathway (Gibbs et al.,
1950). Fermentation therefore become restricted as DM content
increase and aw decreases, and haylage is primarily preserved
through a combination of drying and airtight storage, and not
by ensiling. It is therefore of crucial importance that an anaerobic seal is used and kept intact during the entire storage period,
to avoid impaired hygienic quality and heating of the haylage.

Equine digestion and digestibility of silage and
haylage
The most important factor influencing equine digestibility of
forage is plant maturity at harvest (Bergero et al., 2002; McDonald et al., 2002; Edouard et al., 2008; Ragnarsson and Lindberg,
2008; Ragnarsson and Lindberg, 2010; Müller, 2012; Särkijärvi
et al., 2012). Although different forage preservation methods results in differences in biochemical and microbial composition
of hay, haylage and silage, digestion of these does not seem to
differ to any large extent when the plant material used is of the
same origin (Müller et al., 2008; Miyaji et al., 2008; Muhonen et
al., 2009a,b; Bergero and Peiretti, 2011). Feeding the same grass
crop conserved as silage, haylage and hay to horses fed for main23
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tenance resulted in similar biochemical and microbial composition in right ventral colon (RVC) content and faeces (Müller et
al., 2008; Muhonen et al., 2009b), with the exception of counts
of Streptococci which were higher in both RVC and faeces when
hay was fed (log 5.9 and 6.9 CFU/g) compared to haylage (log 5.3
and 5.9 CFU/g) and silage (log 6.3 and 5.6 CFU/g) diets (Müller
et al., 2008). Fermentation kinetics in RVC was followed for all
diets by measuring VFA composition, pH and lactic acid concentration at different timepoints (0, 2, 4, 8, 12 h) after feeding,
and was found to be similar for silage, haylage and hay (Figure
1a and b) in the same study (Müller et al., 2008).
a)

b)

Figure 1. a) Content of total organic acids and b) pH-value in right ventral
colon of horses fed silage, haylage and hay produced from the same original
grass crop. Horses were sampled 0, 2, 4, 8 and 12 h after their morning meal
(Müller et al., 2008).

Abrupt feed changes from hay to silage and from hay to haylage (using the same forages as in the study by Müller et al., 2008)
did not result in any major changes in biochemistry or microbiology in the RVC during the first 28 hours after feed change
(Muhonen et al., 2009b). Miyaji et al. (2008) studied fibre digestibility and fermentation variables in different segments of the
equine hindgut when horses were fed hay or silage produced
from the same timothy sward. No differences were found in total
24
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VFA concentration in any segment of the hindgut, and apparent
digestibility of DM, organic matter and fibre (NDF, ADF, cellulose, hemicelluloses) was similar among hay and silage diets in
all segments (Miyaji et al., 2008). Furthermore, a German study
comprising 34 equine establishments compared the use of grass
hay and grass silage to horses in order to evaluate the impact
of forage type on equine digestion. Median value for faecal pH
was 6.78 (min 5.30, max 7.99) in horses being fed grass silage,
and 6.64 (min 5.30, max 7.95) in horses fed grass hay (Müller,
2002). The author also found average apparent organic matter
digestibility coefficients to be similar; 0.66 (sd 0.041) for silage
and 0.67 (sd 0.051) for hay rations (Müller, 2002). Bergero and
Peiretti (2011) found similar results; ponies fed haylage and hay
produced from the same permanent meadow had similar voluntary intakes of both forage types, and no difference in apparent digestibility coefficients was found between haylage (0.54, sd
0.02) and hay (0.58, sd 0.04).
However, contrasting results regarding the influence of forage
conservation methods on digestibility have also been reported.
Austbø (1990) fed bunker silage, round bale haylage and hay (all
harvested from the same meadow) to horses and compared apparent digestibility of the forages and water intake. The apparent
digestibility of organic matter was higher when horses were fed
bunker silage (0.68, P<0.03) compared to round bale haylage and
hay (0.65 vs. 0.64, NS). Total water intake (from feed and drinking water) was highest when horses were fed bunker silage (23.3
l/day), intermediate for round bale haylage (21.7 l/day) and lowest when horses were fed hay (19.4 l/day), but water intake from
drinking water was lowest for silage and highest for hay (Austbø,
1990). The reason for the higher apparent digestibility of bunker
silage and higher total water intake was not discussed. Muhonen
et al. (2009a) compared digestibilities of hay and silage produced
from the same crop when fed to exercised Standardbred horses.
Silage had a slightly higher apparent DM digestibility than hay
25
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one to two days after an abrupt feed change between the forages, and this difference persisted for ADF digestibility at day
18-20 after the diet change. The total water intake was higher
on the silage diet, but total water output did not differ between
diets meaning that evaporation losses were higher on the silage
diet, probably due to a larger heat increment of feeding (Blaxter,
1989). The reason for the higher digestibility of silage compared
to haylage and hay reported by Austbø (1990) and Muhonen et
al. (2009a) may have an easy explanation; loss of highly digestible leaves in the field due to mechanical handling of dry crops
during haylage and hay production may decrease overall digestibility of the forage (McGechan, 1988).
Digestibility of whole-crop silage of oats has also been studied
in horses (Särkijärvi and Saastamoinen, 2001). In comparison
with grass silage, oat silage had higher apparent digestibilities of
crude protein and crude fat, lower digestibility of nitrogen-free
extract and similar digestibilities of crude fibre and NDF (Särkijärvi and Saastamoinen, 2001).

Factors influencing equine intake and preference
of silage and haylage
Factors influencing equine intake and preference of forages
are important from a range of perspectives. Even if the forage
has a perfect nutritive value and hygienic quality, it is of no value
if the horse refuses to eat it. Also, as many horses may consume
more forage than needed to meet their energy requirements, it
is of interest to know which factors that control or influence forage intake. Long eating time is important for equine welfare and
contributes in avoiding development of stereotypies (e.g. McGreevy et al., 1995; Redbo et al., 1998), but if horses with low
nutrient requirements are allowed to consume forage ad libitum,
overconsumption of energy and nutrients follows, leading to a
26
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large risk of the horse developing obesity and metabolic disorders (e.g. Asplin et al., 2007; Pratt-Phillips et al., 2010).
One factor that may influence eating time is plant maturity
at harvest. Plants harvested in late plant maturity does not only
have lower digestibility (Darlington and Hershberger, 1968;
Woodward et al., 2011; Müller, 2012; Särkijärvi et al., 2012), but
consists largely of fibrous tissue, and may take longer time to
chew and ingest. This was confirmed in a study where haylage
harvested in June, July and August, all from the primary growth
of the same sward, was fed to horses and different intake variables measured (Müller, 2011). It was found that horses ingested
June haylage faster (P<0.001) than July and August haylages,
and that the number of chews before swallowing was higher for
August than for June haylage (P<0.001) (Figure 2). Content of
NDF and ADF differed among the forages and was 522 and 300
g/kg DM in June haylage, 610 and 385 g/kg DM in July haylage
and 637 and 422 g/kg DM in August haylage, respectively. In order to fulfil the nutrient requirements of the horses using a close
to forage-only diet, August haylage was fed in larger amounts
(1.8 kg DM/100 kg BW) compared to June haylage (1.4 kg DM/
kg BW), which further resulted in prolonged total eating time
per 24 hours, especially for haylage harvested in August (Müller,
2011).
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Figure 2. Eating time (min/kg DM) and number of chews before swallowing
in horses fed haylage harvested from the primary growth of the same grass
sward in June, July and August (Müller, 2011).

Many opinions about horse preferences for different forages
exist, but the scientific knowledge in the area is scarce. Studies
have mainly dealt with voluntary intake of forage in combination with digestibility studies (Austbø, 1990; Istasse et al., 1996;
Bergero et al., 2002; Bergero and Peiretti, 2011), effects of forage
availability on behaviour (Goodwin et al., 2002; Benhajali et al.,
2009) or effect of plant species on voluntary intake (Darlington and Hershberger, 1968; LaCasha et al., 1999; Särkijärvi et
al., 2012). Few studies have dealt with preference per se. Results
from a Swedish study, where silage, haylage with “lower” and
“higher” DM content (Figure 3) and hay was produced from
the same harvest and offered simultaneously to horses for two
hours daily (repeated for 21 days), showed silage to be the preferred forage of the forages offered (Müller and Udén, 2007).
Consumption rate was highest (0.90 kg DM/day, s.d. 0.14) and
eating time longest (28.4 min/day, s.d. 5.16) for silage, while hay
had the lowest rate of consumption (0.23 kg DM/day, s.d. 0.14)
and shortest eating time (6.8 min/day, s.d. 4.08). Haylages were
intermediate between silage and hay in both rate of consump28
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tion and eating time. Silage was the first choice 72 of 84 times
and was never left in favour of another forage after smelling or
tasting it (Figure 3). The reason for this preference is not fully
understood, but the resemblance between silage and fresh grass
in physical structure and water content may play a role, as preference, eating time and rate of consumption inversely followed
DM content of the forages. All of the forages in the preference
study by Müller and Udén (2007) were successfully conserved,
but when silage is not dominated by lactic acid fermentation
and contain other fermentation products, horses may refuse
to eat the forage. Austbø (1990) reported that horses rejected
clamp silage when it had a noticeable smell of butyric acid, but
not when the same silage was free of from this odour.

Figure 3. Horse preference for forage harvested as hay containing 884 g
DM/kg (HAY), haylage containing 577g DM/kg (HLH), haylage containing
684 g DM/kg (HLL) and silage containing 309 g DM/kg (SIL), all from the
same sward and cut, and harvested in bales. Completely comsumed = number of times the forage was completely consumed; smell/taste = number of
times the horses would smell or taste a forage but leave it in favour for another forage within 5 minutes; and first choice = number of times the forage
was the first foragethat horses ate from for at least 5 consecutive minutes
(Müller and Udén, 2007).
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Hygienic quality of silage and haylage and horse
health
There have been, and still are, many prejudices on the use
of silage as a feed for horses from a health perspective. In 1913,
Rommel commented upon the subject: “In many cases horses
have been killed by eating moldy silage, and the careless person
who fed it at once blamed the silage itself, rather than his own
carelessness and the mould which really was the cause of the
trouble”. Regardless of the type of forage fed, the hygienic quality should always be the highest priority for all animals. Toxins
of microbial origin as well as mould and bacterial spores may be
found in badly preserved forages, irrespective of the conservation method used. Irish studies have reported large differences
in the extent of mould growth in bale silage among farms, and
that these differences were correlated to different management
practices of the bales at farm-level (McEniry et al., 2007; O’Brien
et al., 2008). Hence, it is important to follow good management
practices during the production, storage and feeding of wrapped
forages as well as for hay.
Mould problems
Mould spores are detrimental to horses and humans as they
may cause respiratory diseases such as Recurrent Airway Obstruction (RAO) (Robinson et al., 1996). This condition was described and recognized as a man-made disease already by Aristotle (384 to 322 BC). Studies have reported that feeding silage
instead of hay may improve the condition of horses already affected by RAO, and that affected horses kept free of symptoms
on a silage diet showed clinical symptoms of RAO when the silage was replaced with hay (Vandenput et al., 1998; Franchini et
al., 2000). Also, studies where the amount of respirable particles
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in forages have been measured showed lower values in silage
and haylage compared to hay (McGorum et al., 1998), even
when the hay was judged to be of “good hygienic quality and low
in dust” by subjective analysis (Raymond et al., 1997; Vandenput
et al., 1997;). Using silage and haylage as forages for horses can
therefore be preventive in avoiding development of respiratory
diseases.
However, in order for silage and haylage to contain low numbers of mould spores, it is important that they are produced and
stored properly. If the stretch film layers surrounding the bale
fail to keep an airtight seal around the forage, fungal growth
will take place. As plant maturity and DM content increases, the
risk of punctures in the stretch film also increase (O’Brien et
al., 2008), and it is not uncommon that forage producers specialized in haylage production for horses in Sweden apply more
than twelve layers of stretch film for this reason (unpublished
data, Schenck et al., 2013).
Mould species belonging to the genera Aspergillus spp. and
Penicillium spp. may be present in wrapped forages used for
horses (Schenck et al., 2010; Müller et al., 2011), and as species
within these genera are both spore-forming and have the capability to produce mycotoxins, care should be taken to prevent
their growth. The predominant fungal species found in bale silage in an Irish study was Penicillium roqueforti (O’Brien et al.,
2008), while Aspergillus fumigatus was most frequently isolated
from Norwegian bales (Skaar 1996). Buckley et al. (2007) estimated 0.37 of Irish haylage fed to horses to contain pathogenic
fungi belonging to Aspergillus spp. Studies on the presence and
abundance of mycotoxins in wrapped forages are scarce, but
O’Brien et al. (2006) found that based on the mycological flora
in the forage, a cocktail of different mycotoxins may be present. Different mycotoxins have been reported to cause mycotoxicosis and immunological reactions (Scudamore and Livesey,
1998), skin problems and gastrointestinal disorders (Smith and
31
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Girish, 2008) as well as reproductive failure (Minervini et al.,
2010) in horses. More information is needed on the frequency
of occurrence of fungal species and possible mycotoxins in haylage, as well as which production factors and management practices that are related to presence of moulds and/or mycotoxins
in wrapped forages. At present, a screening study of the presence of moulds and mycotoxins in wrapped forages for horses
in Sweden is on-going (Schenck et al., 2010).
Bacterial problems
Hygienic problems in wrapped forages may also be of bacterial origin. Bacterial problems is mainly an issue in forages
of lower DM content (i.e. silages), as water content and water
activity in haylages are often too low for bacterial growth (Adams and Moss, 1995). Harmful bacteria belonging to the genera
Clostridia spp. (Roberts, 1988) and enterobacteria (van Duijkeren et al., 2000) may be present in forage due to contamination with soil, manure, cadavers or decaying plant material, and
can cause gastrointestinal disorders and/or toxicosis in horses
as well as in other animals (Wilkinson, 1999). These bacterial
genera are primarily found in poorly fermented silage, which is
characterized by high concentrations of butyric acid and/or ammonia, and a pH-value between 5 and 7 or higher (McDonald et
al., 1991). Other bacterial species or groups such as Listeria spp.,
Acetobacter, spp., Bacilli spp., Propionic acid bacteria etc may
also be present in wrapped forages but little is known of their
relevance to horse health.
The C. tyrobutyricum group, which mainly ferments lactic
acid to butyric acid even when the pH-value is low, is the most
studied clostridia in silage due to its economic impact in the
dairy industry, causing late blowing of hard cheese. This species
has also been found to be the most common clostridial species
present in Swedish big bale silage (Jonsson, 1991). Clostridial
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growth in silage depends on aw and DM content (Hengeveld,
1983), the amount of WSC in relation to DM level, buffering
capacity of the crop, degree of laceration, NO3-concentration
of the crop, epiphytic microflora, ensiling technology and use
of additives (Wieringa, 1958; Leibensperger and Pitt, 1987;
Spoelstra, 1990; Pauly, 1999), but clostridial spores are seldom
found in haylage (Müller et al., 2008; Müller, 2009b; Müller et
al., 2011). Silage and haylage in bales are however heterogenous
materials, meaning that clostridial growth may be present in micro-niches of ca 10 µm distance (Spoelstra, 1990; Pahlow et al.,
2003). Patches of clostridial growth with high levels of spores,
butyric acid and ammonia have been found in bales where the
general DM content would indicate restricted possibilities for
clostridial growth (Pauly, 1999).
The major concern of the presence of clostridia in silage for
horses is the species C. botulinum. This species can under certain conditions produce the lethal neurotoxin botulin (Roberts,
1988; Hatheway, 1989), and very small amounts of the toxin
causes equine death (Gill, 1982). However, C. botulinum is rarely found in silage (Notermans et al., 1979), and Notermans et al.
(1979) showed that toxin production by C. botulinum in grass
took place only at aw ≥0.94 at pH 6.5 and 5.8. At pH 5.3, toxin
production (with grass as a substrate) was demonstrated only at
aw ≥0.985. This means that botulin production in well-preserved
silage or haylage is highly unlikely, as pH is too low in silage and
aw is too low in haylage. Case reports of feed-related botulism in
horses often fail to show the presence of botulinum neurotoxin
in affected animals or in suspected feed, due to difficulties with
sampling and analytical methods (a mouse inoculation test is
the gold standard for detection of botulin, Szabo et al., 1994;
Johnson et al., 2010). Also, the clinical signs usually appear
three to seven days after ingestion of the toxin, at which time
there may be no detectable toxin in the serum or gut content of
the horse (Blood et al., 1979), and most often no suspected feed
33

|

PROCEEDINGS OF THE III INTERNATIONAL SYMPOSIUM ON FORAGE QUALITY AND CONSERVATION

left to sample. A number of published case reports have therefore based the diagnosis of botulism on clinical symptoms. A
clear connection between feeding silage and incidents of botulism does not seem to be present in the literature. Rather, inclusion of cadavers or a generally poor feed hygiene in feedstuffs
of different types seems to be causative, along with grazing in
geographic areas where spores of C. botulinum are abundant
(Szabo et al., 1994; Johnson et al., 2010). In cases of botulism
where silage has been fed, the forage was reported as being badly
fermented with a high pH (Haagsma et al., 1990), with inclusion of cadavers (Gudmundsson, 1997) and with a high pH and
a strong smell of ammonia (Ricketts et al., 1984). In cases were
silage was not fed, inclusion of cadavers in oat chaff (Kelly et
al., 1984) or alfalfa hay cubes (Kinde et al., 1991), grass clippings subjected to heating (Switzer et al., 1984), feed-through
dirt from a rack where only green oat hay had been fed (Heath
et al., 1990), mouldy lucerne-hay (Wichtel and Whitlock, 1991),
feed and water contaminated with carcasses via birds as vectors
(Schoenbaum et al., 2000), round bale hay stored outdoors resulting in rotten and mouldy material in the bale centre (Hunter
et al., 2002) and mouldy hay owing to moist storage conditions
or fed outdoors during unusually warm winters (Johnson et al.,
2010), were all reported as sources of the neurotoxin.
The genera Enterobacteriacae is large and comprise several
species, both harmless and potentially harmful. Enterobacteria found in silages are Gram-negative bacteria which are facultatively anaerobic and have catalase activity as well as NO3reducing ability (Spoelstra, 1987; Heron et al., 1993). Enterobacteria can ferment glucose to acetic and formic acid, ethanol
and butanediol, and can also produce ammonia in anaerobic
environments, depending on the species (Pahlow et al., 2003).
Although the species of enterobacteria most frequently found
in silages are considered to be non-pathogenic, they contain endotoxins in the outer cell membrane, which may be potentially
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associated with digestive disorders in horses (van Duijkeren et
al. 2000). In ensiling experiments where E. coli have been added
and survival during ensiling was followed, the fate of the added
E.coli-organisms has been death as long as the silages have been
well-fermented (Byrne et al., 2002). This is also in accordance
with the results reported by Heron et al. (1993) and Östling and
Lindgren (1995), where enterobacteria were no longer present
after nine days of ensiling as pH decreased. However, as pH does
not drop in haylage to the same extent as in silage, questions
remain whether enterobacteria survive in drier plant material,
and more knowledge within the area is clearly needed.
Other horse health issues (un)related to feeding silage and
haylage?
During the last ca 10 years, a condition known as “Scandinavian knuckling horse syndrome” or peripheral polyneuropathy
have been recognized in horses in Norway, Sweden and Finland
(Hanche-Olsen et al., 2008; Hahn et al., 2008). The disease involves weakness in the hindlimb digital extensors and polyneuropathy involving sciatic nerves, and may have a lethal outcome.
The cause of the disease is still unidentified, but mycotoxins and/
or moulds in feed are suspected. One report (Hanche-Olsen et
al., 2008) stated that feeding wrapped forages may be a risk factor, although cases were included in this report where only hay
had been fed. Also, Hahn et al. (2008) reported the condition in
horses that were fed freshly cut ryegrass. Further investigations
are currently on-going in Sweden (Gröndahl, personal communication, 2013).
A recent report on the presence of peripheral dental caries in
Swedish horses mentioned the increased use of silage in equine
feeding as a cause for the disease (Gere and Dixon, 2010). However, the study comprised horses with no known feeding history, and several assumptions were made including the statement
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that silage fed to horses contains high amounts of acids, both
added and naturally produced, as well as have low pH (Gere
and Dixon, 2010). This could be questioned, as most horses are
fed haylage which have pH-values similar to hay and a very low
(if any) content of acid fermentation products (Gordon et al.,
1961; Greenhill, 1964; Finner, 1966; Jackson and Forbes, 1970;
Nicholson et al., 1991; Field and Wilman, 1996; Pahlow and
Weissbach, 1996; Dawson et al., 1999; Driehuis and van Wikselaar, 2000; Han et al., 2006; Müller and Udén, 2007; Müller et
al., 2008). Data from a small experiment investigating the effect
of forage type on pH-value in the oral cavity of horses reported
no differences in oral pH that were attributed to the type of forage fed (Ellevik, 2006). The forages used in the experiment were
frozen fresh grass, silage, haylage and hay produced from the
same grass crop, and these were offered one at a time to horses
in a cross-over experiment, resulting in an oral pH of 8.7-8.8
irrespective of forage type (Ellevik, 2006).

Conclusions
Irrespective of the type of forage used for equine feeding, it
is important that harvest, preservation and storage is performed
correctly in order to achieve and sustain a high hygienic quality
of the forage. Different preservation methods results in different biochemical and microbial composition of the forage, but
this do not seem to influence equine digestion or ingestion to
any large extent, as long as the preservation process has been
successful. Further research is needed on haylage (and silage)
microbiology in relation to horse health issues.
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Potential probiotic
effects of lactic acid
bacteria on ruminant
performance
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Abstract

S

elected strains of lactic acid bacteria (LAB), applied as directfed microbials or by inoculated silages exert probiotic-like effects on ruminants. Research efforts in recent years were aimed
at elucidating the mechanism by which LAB enhance animal
performance. Results revealed that LAB survived in rumen fluid
in vitro for at least 72-96 h and resulted in a slight increase in
pH; most LAB silage inoculants and some inoculated silages had
antibacterial activity; some inoculated silages have resulted re-
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duced gas production and increased microbial biomass yield in
in vitro fermentations compared with untreated silages, which is
consistent with improved milk yields observed in animal feeding trials. The effects of silage treatment with LAB on DM and
NDF digestibility have not been consistent. These results are not
sufficient to explain the probiotic mechanism of LAB silage
inoculants in ruminants and more research is needed in order
to find it out. Novel molecular techniques might be useful for
such studies.

Introduction - probiotics for humans, a historical
perspective
The concept of probiotics goes back more than a century
when Metchnikoff proposed to replace undesirable gut microorganisms in humans by oral administration of beneficial
lactic acid bacteria (LAB). This is because it was observed that
LAB inhibited proteolytic bacteria in fermented milk products
(Metchnikoff, 1907). Also, long life expectancy was associated
with frequent consumption of fermented milk products, as observed in some traditional communities. More recently, a probiotic was defined as “a live microbial feed supplement which
beneficially affects the host animal by improving its intestinal
microbial balance” (Fuller, 1989).
During the course of the 20th century many selective media
were developed, as well as the Hungate technique for enumeration of anaerobic microorganisms. These tools enabled scientists
to identify and enumerate many gut species. The later introduction of molecular techniques such as 16S rDNA sequencing and
PCR-based methods using species-specific primers has enables
a better recognition of the variety of microorganisms, including many species that are non-cultivable. In addition, sampling
feces has been found to not fully reflect the real in vivo inter48
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actions in the gut, for example, because of close association of
some bacteria with the mucosal surface (Baugher and Klaenhammer, 2011).
Bifidobacteria comprise a small portion of the fecal microflora; however, interest in this group arose because they are more
numerous in breast-fed infants’ feces than in that of adults, and
are associated with healthy gut function. Lactobacilli comprise
even a smaller population in the human gut and their probiotic
role is not fully understood. Studies have indicated that the gut
microflora is homeostatic, however, administration of probiotic
bacteria could make transient changes. Dietary patterns may
influence the gut environment and the microbial populations,
and chronic intestinal disorders such as the inflammatory bowel
diseases (IBD) may provide information on the change in gut
microflora.
Requirements for potential probiotics for humans include
survival through the gastro-intestinal tract and the ability to
withstand gastric acid, bile salts and pancreatic enzymes. Indeed, some viable probiotic bacteria could be found in feces
several days after oral administration, e.g., Lactobacillus casei
subsp. rhamnosus GG (LGG) and L. acidophilus (Tannock et al.
2000).
Associated with probiotic bacteria are prebiotics, which comprise indigestible oligosaccharides such as poly-fructose that are
able to reach the lower part of the large intestine (the colon)
where they promote the activity of bifidobacteria and lactobacilli. Experimental observations indicated that various prebiotics resulted in decreased gas production and/or enhanced propionate and butyrate production in the colon (Tannock, 2003).
Recent advances in gene sequencing technology and various
omics techniques have provided greater insight into the specific mechanisms underlying probiotics. The human microflora
comprises 100x109 microbes which is 10 times the number of
human body cells, and may contain many more unique genes
49
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than the human genome. The bacterial community of human
feces comprises over 1,000 species, about 150 per individual.
Their genome should contain genes that encode for carbon and
nitrogen utilization and genes that enable them to adhere to gut
epithelial components (e.g., collagen, fibrinogen). In many fecal samples Streptococcus thermophilus and Fecalibacterium leptum were found at high frequency. The former is used in yogurt
manufacture and possesses anti- Listeria activity. The latter belongs to the Clostridium leptum group and is detected mainly in
feces of people who do not suffer from IBD. This species might
be important for maintenance of the gut homeostasis (Baugher
and Klaenhammer, 2011).
The mode of action of human probiotics is not as yet proven;
however, there are various hypotheses which were summarized
by Rastall and Gibson (2003):
1. Competitive exclusion: probiotic bacteria adhere
to human intestinal epithelia and so compete
with potential pathogens for receptor sites in the
intestine. Supporting evidence for this hypothesis includes the facts that LGG was isolated from
colonic biopsies. It was shown that L. acidophilus
inhibited the adhesion of various enteropathogenic bacteria such as Escherichia coli and Salmonella.
2. Modulation and enhancement of the immune
system against pathogens, which includes both
cell- mediated and humoral immune response.
Some LAB are known to induce such effects.
3. Lactic acid bacteria produce antimicrobial substances, bacteriocins. The most known is nisin
produced by Lactococcus lactis.
4. Simply by fermentation of carbohydrates LAB
50
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produce short chain fatty acids that decrease pH
levels in the gut, which inhibit undesirable microorganisms such as E. coli. Probiotic bacteria
might also compete effectively with pathogens
for nutrients in the gut.
5. Shifting the metabolism of intestinal bacteria
from proteolytic to saccharolytic, thus preventing the production of harmful (carcinogenic)
metabolites such as azo- and nitro- compounds
while increasing production of butyrate which
is believed to be beneficial for gut health. Another study (Fukuda et al. 2011) showed that acetate
produced by a Bifidobacterium inhibited the
passage of the Shiga toxin produced by pathogenic E. coli O157:H7 form the gut to the blood
system in mice.
The functional claims associated with probiotics in humans
include:
1. Alleviate or prevent inflammatory
diseases such as colitis.

bowel

2. Reduce the incidence of colon cancer.
3. Reduce the levels of LDL (“the bad cholesterol”)
in the blood.
Can we extrapolate the knowledge of probiotics in humans to
potential probiotic effects on ruminants? We will try to answer
this question.
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Direct-fed microbials to cattle
Probiotics for ruminants began with direct-fed microbials
(DFM). As the term implies, such products are mixed into the
ration at feeding, and most contain selected strains of the yeast
Saccharomyces cerevisiae. This kind of feed supplement is usually available as ADY, namely, active dry yeasts. Many studies have
shown beneficial effects of ADY on ruminants performance, including improved feed intake, live-weight gain and milk yields
(Wallace and Newbold, 1993, Kung et al., 1997, ChaucheyrasDurand et al., 2008). Kung et al. (1997) showed that yeasts included in direct-fed microbials survived in rumen fluid for 48 h;
little is known about their fate in the lower gut of animals. It has
also been observed that ADY reduce nitrogen secretion in the
urine and feces, and reduce methane production. The probiotic
effect of ADY is strain specific. As with human probiotics, there
are various assumptions regarding the ways by which ADY exert beneficial effects on the host animal:
1. Addition of ADY to young ruminants (calves
or lambs) aids in establishment of the microbial
populations in the rumen, and so enhances animal performance.
2. ADY stabilize rumen pH, thus preventing acidosis even when a high-concentrate diet is fed. The
hypothesis of this assumption is that ADY outnumber and compete with S. bovis in the rumen
for sugars and starch.
3. Active dry yeasts stimulate cellulolytic rumen
bacteria such as Fibrobacter succinogenes, by
supplying vitamins and growth factors.
4. Such microbials also scavenge oxygen and so
52
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help maintain desirable anaerobic conditions in
the rumen.
5. Some strains of S. cerevisiae might inhibit potential pathogens in the rumen by competitive
exclusion, cell binding or degradation of toxins
produced by pathogens.
Active dry yeasts are not the only class of DFM. Some studies
have shown beneficial effects on ruminant performance when
Enterococcus faecium and Lactobacillus plantarum were applied
alone or in combination with yeasts (Wallace and Newbold,
1993; Nocek and Kautz, 2002, 2006; Bauchemin et al. 2003).
These studies indicated that DFM improved dry matter (DM)
intake, feed digestion and higher milk yields. However, when
L. plantarum MTD1 (Ecosyl, UK) was applying to silage just
before feeding it did not have any major effect on beef performance (Keady and Steen, 1996).

The effect of lactic acid bacteria used as
silage inoculants on animal performance
Silage, which is forage preserved through lactic acid fermentation, is a major component in the rations of dairy cattle in the
U.S., Israel, Europe and elsewhere. Inoculants comprising mainly selected strains of LAB are used as silage additives to enhance
the ensiling fermentation. The recommended application rates
of these products are usually 105 to 106 viable cells/g, which are
often sufficient for the inoculant LAB to overtake the epiphytic
LAB and become the predominant population in a silage (Kung
et al. 2003).
Improvements in animal performance are in many cases
the principal economic justification for inoculant use. Reviews
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from the 1990’s indicated that in 25-50% of the trials reported
by then, there had been an inoculant effect on performance that
had been substantial: average increases in intake, liveweight
gain, milk production and feed efficiency were 4-11, 7-11, 3-5
and 9%, respectively (Muck, 1993, Kung and Muck, 1997). Inoculants have not consistently improved animal performance,
but that in part might be related to inoculation rate. Satter et al.
(1987) found in their experiments with alfalfa silages that an inoculation factor >10 (i.e., tenfold increase in LAB over the natural population) was necessary for increased milk production,
five times higher than that needed to consistently affect silage
fermentation.
The cause of improved animal performance is unclear. Some
of the increase in milk yield may be attributed to higher lactic
acid, lower acetic acid and reduced ammonia-N in inoculated
silage. An analysis of 47 experiments indicated increased milk
production associated which each of these changes, but typical differences in silage fermentation characteristics between
untreated and inoculated silage would explain approximately
0.30 kg/day increase in milk production (Huhtanen et al. 2003).
These shifts in fermentation products and small improvements
in DM recovery would enhance animal performance but not to
the degree observed (>1kg/day). Reviews by Muck (1993) and
Kung and Muck (1997) on studies with feeding LAB- inoculated
silages revealed a high degree of correlation between effects on
DM digestibility and animal performance in the 31 trials where
both were measured. They also noted that fiber digestibility was
improved in 30% of the trials. This is certainly unexpected in
that the LAB used in inoculants are not known to degrade fiber
or have any direct activity on polysaccharides.
A considerable number of cattle feeding experiments using low DM grass silage inoculated with L. plantarum MTD1
were performed in Northern Ireland (Keady and Steen 1994a,b,
1995). In six out of ten studies reporting on MTD1, there was
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an improvement in both silage fermentation and animal performance. However, in two studies there was an improvement
in animal performance with no apparent effect on fermentation
(one of which reported good quality in both control and treated
silages and one with clostridial fermentation in both silages),
whereas there was only one study with an improvement in fermentation but no effect on animal performance. In these studies, improvements in animal performance were poorly related to
improvements in digestibility, in contrast to what was observed
in a review summarizing effects of various inoculants (Muck,
1993). These results suggest that one effect of MTD1 on animal performance may be a probiotic effect, the mechanism of
which is as yet unclear. This suggestion is bolstered by a study
(Rooke and Kafilzadeh, 1994) where MTD1 was compared with
two other LAB strains. All three strains improved fermentation
similarly, but only MTD1 resulted in a significant increase in
DM intake in wethers, which indicates that this phenomenon
might be strain-specific.
Results of a meta-analysis performed by Huhtanen et al.
(2003) suggested that although the effect of silage fermentation
characteristics on milk fat content and yields were statistically
highly significant, there were studies in which there was no effect on silage fermentation parameters, but increases in milk
fat were observed, and therefore, such results could not be explained only by silage fermentation characteristics.
Keady and Steen (1994a,b, 1995) measured silage DM intake,
live weight gain and degradability coefficients and analyzed the
rumen liquor of calves fed MTD1-inoculated grass silage. They
attributed improved animal performance to increases in DM
retention and hence increases in metabolizable energy intake.
Inoculation increased nitrogen degradability, and the authors
suggest that this might be related to liberation of slowly degradable nitrogen associated with modified cell-wall structure. The
inoculant treatment increased the total ruminal volatile fatty
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acid (VFA) concentration and tended to decrease butyrate and
increase propionate concentration. Similar trends in low DM
grass silage were also observed by Sharp et al. (1994) who used
a different inoculant containing strains of L. plantarum and Enterococcus faecalis applied at 105 cfu/g. Studies with other LAB
inoculants have produced mixed results (e.g., Mayne, 1993;
Smith et al. 1993). Keady and Steen (1996) thought that perhaps the positive effects of MTD1 on animal performance were
due to the microorganism itself. However, when the inoculant
was applied to untreated silage just prior to feeding, it had no
effects on performance suggesting that the participation of the
inoculant in the silage fermentation was crucial for expression
of probiotic-like effects.
The effects of LAB inoculants on animal performance in silages other than grass are variable. Stokes (1992) found reduced
DM intake of inoculated silages, which he related to their poor
aerobic stability. Kung et al. (1993), who used two different
inoculants in corn silage, observed tendencies for higher fatcorrected milk yields and higher DM intake only with MTD1,
which agrees with the results obtained with low DM grass silages. Salawu et al. (2001) found that application of L. plantarum to
pea-wheat silages increased the rate of nitrogen and NDF degradation in the rumen. Muck et al. (2011) obtained higher milk
yields, higher milk lactose and reduced milk urea nitrogen in
response to feeding alfalfa silage inoculated with L. plantarum
MTD1 as compared with untreated silage. They attributed the
enhanced milk parameters to increased microbial biomass yield
(MBY) in the rumen fermentation, as observed in in vitro studies by Contreras-Govea et al. (2011).
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Attempts to understand how LAB silage inoculants
improve ruminant performance.
As for human probiotics, the prerequisite for probiotics for
ruminants is that they are able to survive the rumen environment. Weinberg et al. (2003, 2004a) added 10 commercial LAB
silage inoculants to strained and clarified rumen fluid (RF) in
vitro. The LAB survived in the RF for at least 72-96 hours; addition of the inoculants to RF resulted in a slight but consistent
increase in pH values (Figures 1-4). If increases in pH were observed in vivo, it could explain improved DM and neutral detergent fiber (NDF) digestibility because cell wall digestion in
the rumen is adversely affected by low pH (Russell et al. 2009).
Weinberg et al. (2004b) showed that when control and inoculated wet wheat and corn silage samples were added to strained
and heat-sterilized RF, LAB passed from the silages into the rumen fluid; the addition of silage samples resulted in substantial
concentrations of lactic acid in the sterilized RF.
Once it was proven that LAB could survive in RF, research
efforts were directed to finding possible mechanisms by which
LAB silage inoculants enhanced animal performance. Possible
hypothesizes include: 1. Inhibiting detrimental microorganisms
in the silage or rumen, 2. Enhancing rumen microorganisms,
increasing microbial biomass yield (MBY) which results in improved feed efficiency and decreased ruminal gas production, 3.
Secretion of valuable precursors in the rumen, and 4. Affecting
VFA composition in the rumen.
Gollop et al. (2005) showed that antibacterial activity was detected in nine out of ten LAB silage inoculants; extracts from
un-inoculated wheat and corn silages did not posses any antibacterial activity whereas whole crop wheat and corn silages
inoculated with some of the LAB inoculants resulted in large inhibition zones against Micrococcus luteus and Pseudomonas aeruginosa. It would have been interesting to test these inoculants
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against a more relevant species such as Listeria monocytogenens.
Weinberg et al. (2007) studied the effect of LAB silage inoculants on in vitro DM and NDF digestibility of wheat and corn silages. Addition of LAB was both by direct application of the inoculants to RF (mimicking direct-fed microbials) and by inoculation
of crops at ensiling. The in vitro digestibilities of the dried silages
were performed with 3 levels of added soluble starch (which represented concentrate feed): no starch, 2:1 and 1:2 silage : starch.
The results indicated that some inoculants added directly to RF
or applied at ensiling increased silage DM and NDF digestibility after 24 h of incubation, but not after 48 h. The effective LAB
seemed to minimize the inhibitory effect of starch on NDF digestibility. In these experiments digestibility results were adjusted
to standard reference samples of known digestibility. In another
study performed in 2007 at the University of Delaware, the apparent and true DM and NDF digestibility of 20 different laboratory corn silages were tested. Treatments included un-inoculated
control silages and silages inoculated with either L. buchneri alone
or L. buchneri and Pediococcus pentosaceus. The effect of these inoculants on any of these parameters was minor and inconsistent
(Kung and Weinberg, unpublished data). Filya et al. (2007) who
tested the effect of 14 silage LAB inoculants also did not observe
inoculant effects on in vitro true DM digestibility of alfalfa silages,
although most inoculants affected silage fermentation.
Blümmel et al. (1997) proposed a relationship between
VFA, MBY and gas production (GP) in the in vitro fermentation, which is expressed in the following equations:
o Substrate incubated – substrate truly degraded = VFA +
MBY + GP
o Substrate incubated – substrate apparently degraded =
VFA + GP
o Substrate truly degraded – substrate apparently
degraded = MBY
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Gas production, particularly methane production, during the
in vitro fermentation represents energy lost during the feed degradation process in the rumen at the expense of MBY and VFA.
In a series of experiments conducted at the U.S. Dairy Forage
Research Center, Madison, WI, the effect of LAB inoculants on
ruminal fermentation products, MBY and GP was studied. In
these experiments in vitro analyses of wet-ground silage samples
were used in order to better imitate what the cows are actually
fed. Muck et al. (2007) tested the effect of first- and second-cut
alfalfa silages treated with 14 LAB inoculants on GP. With firstcut alfalfa silages, 9 out of 14 LAB inoculated silages at 9 h of incubation and 4 inoculants at 96 h reduced GP compared with the
un-inoculated control (Table 1). In the second-cut, 10 inoculant
treatments at both 9 and 96 h had reduced GP compared with
the control. Most of the GP occurred in the first 9 h of incubation. These results are in agreement with Cao et al. (2010) who
ensiled total mixed rations based on whole crop rice, with and
without a strain of L. plantarum. Reduced methane production
was obtained with the inoculated silages as compared with the
control silages during in vitro fermentation. Contreras-Govea et
al. (2011) focused on the effect of 4 inoculants on alfalfa, corn and
bmr corn silages and included the estimation of MBY. Among the
crops, alfalfa and corn silages had higher MBY than did bmr corn
silage. Among the inoculants, 3 out of the 4 inoculated silages
had higher MBY than the un-inoculated control. There were no
significant inoculant effects on ruminal VFA composition or GP.
The authors concluded that some silage inoculants are capable
of altering rumen fermentation even if their effects on silage fermentation are minor. Contreras-Govea et al. (2013) attributed increased ruminal MBY with alfalfa and corn silages treated with
L. plantarum MTD1 to better true protein preservation during
silage fermentation. Muck et al. (2013) hypothesized that the factor in inoculated silages that enhances MBY should be extractable from the silage. To test this hypothesis, alfalfa and two corn
silages were prepared in mini-silos; treatments included control and application of L. plantarum MTD1. Water and ethanol
(4:1v/v ethanol:water) extracts were prepared from these silages.
The extracts were subjected to in vitro ruminal fermentation. An
additional treatment included direct application of the inoculant
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to the buffered RF. The water extracts from the inoculated alfalfa
silages resulted in decreased MBY compared with the water-extract from the respective control silages, while there was a trend
in the opposite direction for the ethanol extracts from the alfalfa
silages. The MBY was not affected by inoculant treatment with
both water and ethanol extracts from the two corn silages. Gas
production was higher with the extracts from inoculated silages,
which was the opposite of what was expected. Direct addition of
the inoculants reduced both MBY and GP across silage types. The
authors concluded that the factor in the In vitro fermentation of
inoculated silages causing increased MBY was in neither water
nor ethanol extracts.

Table 1. The effect of some lactic acid bacteria silage inoculants applied to
first-cut alfalfa silages on in vitro rumen fermentation (adapted from Muck
et al. 2007).

Volatile fatty acids (VFA) are in mM, gas production (GP) is in mL/100 g DM.
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Concluding remarks and further research needs
The efforts made so far in order to elucidate the mechanism
by which LAB silage inoculants improve animal performance
have provided hints as to what may be happening but unfortunately, no definite conclusions. Research has revealed that
many LAB inoculants produce and inoculated silages may contain antibacterial substances (Gollop et al. 2005). However, it is
not clear against what species these substances may be active in
silage or the rumen. The effects of silage treatment with LAB
on DM and NDF digestibility have not been consistent. More
research is needed in order to study the effect of LAB inoculants on rumen digestion in the presence of various concentrate
feeds, including energy and nitrogen sources. Some inoculated
silages have produced reduced GP and increased MBY in in
vitro fermentations compared with untreated silages, which is
consistent with improved milk yields observed in animal feeding trials. However, these results do not explain the mechanism
by which LAB silage inoculants affect the rumen environment
in order to solve the probiotic enigma.
The rumen environment is unique, and rumen microorganisms are very sensitive to pH, redox potential and temperature.
Therefore, it is understandable why many rumen microorganisms are non-cultivable. Advances in molecular biology that can
detect non-cultivable species offer hope of providing an insight
into the apparent probiotic effect of LAB silage inoculants. Mohammed et al. (2012) studied the effect of feeding alfalfa silages
treated with L. plantarum MTD1, compared with control silages. They fed rations comprising about 50% of these silages to 8
rumen fistulated Holstein cows, with a 4 time cross-over design.
While there were no diet effects on DM intake or milk yield,
two of the cows were milk fat depressed. Microbial DNA was
extracted from the solid and liquid phases of the rumen digesta
and subjected to bacterial community composition analysis by
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a novel molecular technique referred to as ARISA (automated
ribosomal integrated spacer analysis). The analysis of similarity data showed differences between the control and inoculated
silage diets. The relative population size of L. plantarum determined by real-time PCR of 16S rRNA gene copies was greater
in the rumen fluid from the cows on the inoculated silage diet
than on the control alfalfa silage diet, which agreed with the respective LAB counts in the rumen fluid (log10 CFU/ml = 4.5 and
3.9, respectively). The two milk fat depressed cows had different
ARISA profiles than the other cows.
More such research is needed in order to get a better insight
of the effect of LAB silage inoculants on the rumen environment. This would enable a more efficient search for new LAB
silage inoculants that would maximize animal performance and
enable even more efficient dairy farms than today.
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Figure 1. Changes in pH in strained rumen fluid during incubation with
inoculants (exp. 1). LPC: Lactobacillus plantarum (Biomx5™, Chr. Hansen,
USA); LBP: Lactobacillus buchneri (11A44™, Pioneer Hi-Bred, USA); glu:
0.5% added glucose. Adapted from Weinberg et al. (2003).
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Figure 2. Changes in pH in strained rumen fluid during incubation with
inoculants (exp. 2). LPE: Lactobacillus plantarum MTD1 (Ecosyl, UK); EFQ:
Enterococcus faecium Q (Agri-King, USA); glu: 0.5% added glucose. Adapted from Weinberg et al. (2003).
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Figure 3. LAB counts (log10CFU ml-1) in strained rumen fluid during incubation with inoculants (Exp.1). LPC: Lactobacillus plantarum (Biomx5™,
Chr. Hansen, USA); LBP: Lactobacillus buchneri (11A44™, Pioneer Hi-Bred,
USA); glu: 0.5% added glucose. Adapted from Weinberg et al. (2003).
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Figure 4. LAB counts (log10CFU ml-1) in strained rumen fluid during incubation with inoculants (Exp.2). LPE: Lactobacillus plantarum MTD1 (Ecosyl,
UK); EFQ: Enterococcus faecium Q (Agri-King, USA); glu: 0.5% added glucose. Adapted from Weinberg et al. (2003).
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Challenges in the
utilization of high
moisture co-products in
diets for ruminants
JHONES O. Sarturi¹

Introduction

T

he search for a more sustainable activity is the goal as far
as any successful economic, environmental and health management plan. The combination between alternative sources of
ingredients and the cattle industry is a good example towards
this scenario. A survey from Texas Tech University showed that
around 83% of feedlot operations surveyed in USA use grain coproducts (5 to 50% inclusion, DM basis) in finishing diets (Vasconcelos & Galyean, 2007). Replacement of traditional feedstuffs by co-products becomes crucial, and therefore, challenges
in this exchange as well. The concentration of feedlot operations
around companies which proportionate potential feed sources
for ruminants is already reality. Thus, the use of wet co-products

1. Department of Animal & Food Sciences, Texas Tech University. Lubbock, Texas – 79409 / Phone:
+1 806 472 2805 x.250 - j.sarturi@ttu.edu

69

|

PROCEEDINGS OF THE III INTERNATIONAL SYMPOSIUM ON FORAGE QUALITY AND CONSERVATION

is overcoming, although not eliminating, several earlier challenges such as cost with transportation.
Cost based on feedstuff DM basis as well as delivered to site
become elementary points when dealing with wet co-products.
However, consistency on DM values among loads within the
same company may not be a big concern, the situation can aggravates if comparison is made among different companies.
Even though the same wet co-product name has been used, it
does not necessary means that co-products have the same DM
content.
If DM content of wet co-products can be variable within and
among sources, so does nutrient profile. Nutrients such as fatty
acids and nitrogen are big players in this area because of their
values as sources of energy and protein in the diets, respectively.
Under this concern, the calculation of the cost based on energy
content of wet co-products has been shown the need for adjustments, if wet is compared to the dry version of the same coproduct, regardless fat content.
Another important nutrient to be considered is sulfur (S).
Increased S content in co-products is real in some situations.
It is known that S excess in ruminant diets can induce Polioencephalomalacia-PEM (acute intoxication), and decrease intake
and gain (sub-acute intoxication). However, total S in the diet
by itself, regardless ruminal availability of this nutrient, appears
not to be the best approach to avoid related health issues neither
drop on animal growth performance.
Balancing diets with co-products in general will require
more attention of nutritionists, due to inconsistencies between
the composition of the original product and the co-product.
Challenges on chemical analysis methods can be also a concern. Diets using wet co-products also require extra attention
on other elements, such as physical properties of the diet. Physical aspects of the mixture will be closely related to the operation
mixing capacity, and potentially with animal intake behavior.
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Balancing diets for ruminants using wet co-products will require special attention on the topics described above. However,
formulation scenarios where nutrients are overfeed, such as N,
will not be uncommon. In this case, principals of ruminal N recycling should be applied, aiming to match N balance for the
animal and not only N requirement for specific gastrointestinal
tract compartments.
Challenges of using wet co-products for ruminant diets are
not restricted to balancing issues. Inventory management and
storage are also concerns discussed. In addition, shrink losses
and potential strategies to combine wet co-products to low quality roughage sources also need to be addressed.

Variation in composition
Nutritional composition consistency within products is what
nutritionists would like to expect from all type of feedstuffs.
However, variation among locations for similar products is
common. The challenge becomes greater within plants that are
able to provide multiple co-products. The corn milling industry
is a good example. Two primarily types of corn milling process
currently exist, resulting in a variety of feed co-products: wet
milling process (sweetener plant), which primarily results in
the co-product wet corn gluten feed (WCGF); and dry milling
process (ethanol plant), which primarily results in the co-product wet distillers grains with solubles (WDGS) (Erickson et al.,
2010). The dry version of these co-products can be also found.
Table 1 shows the chemical composition of these distinct wet
co-products.
Analysis on WDGS chemical composition (DM, CP, fat, P
and S) within and across ethanol plants has shown some concerns related to consistency of some, but not all, nutritional
components for this wet co-product. Recently, samples collect71
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ed for 5 consecutive days, across 4 months and within six dry
milling plants showed a relative small CV (3%) for DM content
within plant and around 4% across plants (Buchner et al., 2008).
Coefficient of variation for DM content of 7% across ethanol
plants were reported by Holt and Pritchard (2004), which shows
a signal of consistency improvement in the ethanol process
across years. However, it is still recommended more attention
in the DM control when wet co-products are acquired from
multiple sources. Accuracy in the lab technique to evaluate DM
content also contributes with part of this variation. Buchner et
al. (2008) reported that 105°C for 3 h or longer resulted in a
lower DM content (around 2 percentage units) compared to that
determined by toluene distillation or oven drying at 60°C for 48
h, which were not different between each other. This effect was
observed for wet co-products types (WDGS, condensed corn
distillers solubles-CCDS) and suggests that volatile compounds
are lost in addition to water (Buchner et al., 2008). Thiex and
Van Erem (1999) also reported that drying samples in ovens at
greater temperatures, 135°C compared with 104°C, underestimated DM content for haylage and corn silage samples.
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A small CV (less than 4%) for CP (31% DM basis) and P
(0.84% DM basis) on WDGS samples collected within days,
across days, within same plants, and across plants was reported
by Buckner et al. (2008) and Kaiser (2005). Variation in CP and
P is likely of less nutritional concern for finishing diets containing corn and WDGS. However, if WDGS is used as energy
source (30 to 40% inclusion, DM basis) it will not be uncommon
to see dietary CP levels reaching 15 to 18% on beef cattle finishing diets. It is suggested that the proper ratio DIP:UIP should
be lanced to maximize performance of finishing cattle (NRC,
1996). However, ruminal microbes can rely on N recycling when
the protein supplement is largely resistant to ruminal degradation (Brake et al., 2010). Co-products such as WDGS contain
large portions of UIP (65% of CP) compared to other feedstuffs,
which usually allows negative DIP balance in corn-based finishing diets. However, urea supplementation in diets as strategy
to meet the DIP deficiency when DGS was used did not show
benefits. No improvement on growth performance data, neither
differences in allantoin to creatinine ratio (indicative of microbial CP production) when heifers were fed poor quality roughage sources with dry DGS supplementation enough to meet 0,
33, 67, 100 and 133% of DIP requirement (Stalker et al., 2004).
Additionally, steers fed corn-based finishing diets (15% CP)
containing 25% WDGS (DM basis) and meeting approximately
72% of DIP requirement, did not respond positively on overall
growth performance data, when supplemented with 0.5 or 1.0%
urea (Vasconcelos, 2009). These results indicate that additional
DIP is not necessary when DGS is fed as an energy source in forage-based and finishing diets. In the cases mentioned above, the
excess in MP provided by DGS was able to provide N enough
for recycling pathways. As a general rule, the difference between
MP supply and requirement, if positive, times 0.64 (80% digestible x 80% true protein – NRC, 1996) will represent the potential
amount of MP that can be recycled back to the rumen as N. The
73
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result from this calculation should be equal or greater than the
DIP deficiency.
Variation in fat and S content for corn dry milling co-products has been shown apprehensions. Spiehs et al. (2002) reported fat ranges for DDGS within ethanol plants of 10.2 to 11.7%.
Holt and Pritchard (2004) also showed differences among ethanol plants, ranging from 10.4 to 14.2%, which was similar to
Buckner et al. (2008). The greater energy value of fat compared
to other nutrients (Zinn, 1989) calls our attention for this parameter. Additionally, free unsaturated fatty acids that enter
the rumen are subject to biohydrogenation, with duodenal flow
of fatty acids being comprised mainly of saturated fat (Russell,
2002). Data reported by Vander Pol et al. (2009) indicate that
fatty acids in WDGS are not hydrogenated to same extent in
the rumen, as fatty acids in supplemental corn oil. Additionally, it appears that unsaturated fatty acids have greater intestinal
digestibility than saturated fatty acids, due to formation of micelles with a greater surface area, allowing more efficient utilization (Zinn et al., 2000). It is plausible that fat within WDGS may
be partially protected from complete biohydrogenation, allowing an increased flow of unsaturated fatty acids to the duodenum, which can then be utilized by the animal more efficiently
(Vander Pol et al., 2009).
The content of S in dry milling co-products appears to be
the most variable nutrient. Holt and Pritchard (2004) reported
values ranging from 0.35 to 0.69% (DM basis) for DDGS, and
0.25 to 1.15% for CCDS, but the variability was not quantified.
Spiehs et al. (2002) reported a range for S means with 12 ethanol
plants of 0.33 to 0.74% (DM basis) and CV ranging from 6.4 to
40.8%. Whereas, Buckner et al. (2008) reported lower overall
CV (7%), but greater average S content for all WDGS samples
of 0.77% (DM basis). These data suggest S values should be routinely monitored because increases in S of WDGS can lead to
nutritional challenges for cattle (NRC, 1996), especially when
74
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feeding more than 30% of diet DM, as will be discussed later.
The variation in composition and consequent feeding value
within each co-product is mostly due to final steps in the industrial process for both WCGF and WDGS. It mainly happens when different amounts of the liquid portions are added
back to the co-products (corn steep for WCGF; and CCDS for
WDGS). The liquid fraction of the wet milling process is rich in
CP (35%) and energy (136% the feeding value of corn). Therefore, plants that apply more corn steep liquor to WCGF will produce a co-product that is higher in CP and energy (Scott et al,
1997). Similar happens to CCDS added to WDGS. The CCDS is
a good source of CP (25%), high in fat (20%), P (1.57%) and S
(0.92%), and low in NDF (2.3%), and it represents around 20%
(DM basis) of WDGS (Corrigan et al., 2009). Thus, it is evident
what would be the consequences of an increase or drop of these
components in the final composition of the wet co-products described above.
The tendency is going towards to companies that are investing in co-products nutrient quality control programs. Purchase
of co-products from single source can help to minimize variation in composition. The option for providing opportunity of
continuous supply contracts can also help in the inventory management and planning. Technical support and investment in research conducted at universities and research centers are also
strong indicatives of the commitment of these companies with
producers and agribusiness in general. These companies usually
create brand names to differentiate their products from others
with not similar consistency and custom services. Therefore, it
sounds evident that a premium will be included on the cost of
such products, although usually worth when cost of nutrients
are compared to traditional sources of energy and/ protein.
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Interactions with roughage sources
Roughages have been used to control acidosis in feedlot diets. However, co-products may help to manage acidosis when
corn is replaced in the diet, due to the decrease in fast fermentable carbohydrates, such as starch. The inclusion of WCGF in
ﬁnishing diets has been reported to decrease incidence and severity of acidosis, likely because of the addition of highly digestible ﬁber to high-starch diets (Krehbiel et al., 1995).
Feeding wet co-products from corn milling process allows
to lower quality roughages to be used because protein is not
needed due to the higher CP content of co-products compared
to corn. Additionally, mixing characteristics of the diet are improved due to the high moisture of wet co-products decreasing
diet sorting by animals.
The combinations of WCGF and alfalfa hay were studied by
Parsons et al. (2007), Farran et al., (2004), and Sindt et al., (2001).
In situations where WCGF was fed between 25 and 40% (DM
basis) and roughage source was eliminated in the diet, DMI and
ADG decreased. Thus, roughage sources may not be eliminated
when co-products are fed to cattle in finishing diets.
Improved feed efficiency was observed when WDGS (15 or
30% - DM basis) was fed to finishing steers in steam-flacked
corn-based diets containing 7.5% alfalfa hay compared to 10
and 12.5% alfalfa hay (May et al., 2011). When WDGS (15 or
30% - DM basis) was fed in combination with different roughage sources (alfalfa hay, bermudagrass hay and sorghum silage)
in steam-flacked corn-based diets, steers fed 15% WDGS and
5% bermudagrass hay showed as the best combination (Quim
et al., 2011). When other roughage sources (corn stalks, corn
silage and alfalfa hay) were combined with 30% WDGS (DM
basis) in dry-rolled corn-based diets (Benton et al., 2007), steers
fed conventional roughage levels (6, 12 and 8%, respectively)
had increased DMI, ADG and profit compared to low rough76
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age levels (3, 6 and 4%, respectively). The experiments reported
above replaced roughage sources based on equal NDF basis of
roughages. However, combinations between co-product level
and type, and source of roughage, as well as it potential to induce chewing activity in cattle may also play a role, which become a challenge for unknown co-products.
It is know that erratic intake and therefore high variability
of substrates to ruminal fermentation is related to ruminal acidosis (Fulton, et al., 1979). Therefore, effects on intake behavior when co-products are used in combination with roughage
sources and/or in replacement of high starch sources in finishing diets may help to understand part of the benefits that wet coproducts provide to ruminants. When included in steam-flaked
corn-based diets, WCGF decreased feeding intensity during the
ﬁrst hour after feeding, offering another possible explanation for
the decreased incidence of sub-acute acidosis noted in previous
research with WCGF (Parson et al., 2007). When WCGF was
compared to WDGS to adapt cattle to finishing diets in a metabolism study, greater meal size during the finisher diet (containing 17.5% of both co-products) was observed for steers fed
WCGF (quality Sweet Bran) adaptation strategy (Sarturi et al.,
2011), which is suggestive of healthier ruminal environment.
More detailed information on intake behavior may help us to
better understand the limitations and opportunities of using coproducts in replacement of roughage sources in ruminant diets.
For instance, when Sarturi et al. (2008) partially replaced dry
citrus pulp by another co-product (low pectin wet citrus pulpLPWCP, quality Braspolpa –CP-Kelco) in finishing diets, NDF
content in the diet increased (36 vs. 45%, respectively). But no
difference on DMI, nor rumination time and chewing activity
was observed. However, 30% less time spent ruminating and
20% less time spent chewing per unit of NDF consumed was
observed for steers fed LPWCP diet, which can be a strong indicator of the lower physical effectiveness of the fiber present in
77
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LPWCP compared to dry citrus pulp. Greater fiber digestibility
of LPWCP diets compared to dried citrus pulp (Rodrigues et al.,
2011) helps to explain the lower rumination and chewing activity per unit of fiber, which also help to confer the great source
of energy of LPWCP (quality Braspolpa) in beef cattle (Sarturi,
2008) and lambs (Rodrigues et al., 2011) finishing diets.
It is clear the preference by feedlot managers in minimize
bulky ingredients during feeding period. Cost attributed to
gridding and equipment maintenance, overall losses, and the
low energy content of poor quality roughages are some of the
reasons for this inclination. Approximately 50% of roughages
needed by feedlots are used during the adaption phase of transitioning ruminants from forage-based diets to high concentrate diets. Sources of roughage have been historically used to
adapt cattle to high grain diets. Method usually adopted consist
by decreasing hay from 35 to 40% in the diet to approximately
7%, and fed through 21 to 28 days, while increasing corn (Vasconcelos & Galyean, 2007), aiming to control ruminal acidosis (Brown et al., 2006). As co-products usually have little to no
starch, there is a possibility to use these in adaptation strategies
and aid in acidosis control while removing most of the roughages in this transition period (Erickson et al., 2010). In addition, co-products can avoid bulky ingredients, and because low
energy content of poor quality roughage sources translates to a
high cost per energy unit, profit during this initial period might
still be an extra advantage.
Alternative adaptation strategies using co-products usually
keep roughage levels constant, as the same as it will be fed in the
finisher diet. Thus, high inclusion of co-products is performed
during initial steps, which decreases as corn increase towards the
finishing diet. Traditional hay step-up strategies have been compared to strategies using WCGF (quality Sweet Bran) to adapt
cattle to dry-rolled/high-moisture corn-based diets (Huls et al.,
2009a,b). Despite small details, overall strategies were based on
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feeding high inclusions of WCGF (80 to 87% DM basis) in the
first adaptation step, and decreasing to 35% in the finisher diet.
Finisher diets contained 15% corn silage (which was considered
as only 50% roughage). The overall 4.5% greater ADG and feed
efficiency for steers adapted with WCGF (quality Sweet Bran)
strategy shows the potential of this co-product to adapt cattle to
finishing diets containing WCGF.
The versatility of WCGF (quality Sweet Bran) adaptation
strategy has been also recently reported by McDonald and Luebbe (2012) in a study where crossbred steers were adapted to
a steam-flaked corn-based finisher diet containing 20% WCGF
(DM basis). A WCGF adaptation strategy compared to control
alfalfa hay and three other strategies based on cottonseed hulls
were evaluated. In this study, only 3 adaptation steps (21 d total) instead of the 4 steps (28 d total) were used. Steers adapted
with WCGF strategy had 4.5% greater ADG during the finishing phase compared to a traditional southern plains alfalfa hay
adaptation strategy. Steers fed a moderate cottonseed hulls adaptation strategy had similar results compared to WCGF strategy, although not different from control. Currently, the use of
WCGF (quality Sweet Bran) as an alternative to alfalfa hay to
adapt cattle to finishing diets is well documented and often used
to adapt cattle to finishing diets.
Rolfe et al. (2010) and Sarturi et al. (2011) reported a potential for WDGS to adapt cattle when it was compared to a traditional hay adaptation strategy and WCGF strategy, respectively.
In both evaluations (metabolism studies) intake was not different when steers were fed a common finisher diet (dry-rolled
corn-based), suggesting that animals were safely adapted to the
finisher diets. However, strategies using WDGS lonely to adapt
cattle to finisher diets have not been evaluated at feedlot level
yet, thus caution should be adopted when use WDGS to this
purpose. However, a blend (67:33) of MDGS (modified WDGS
– it is dryer compared to WDGS – aver. 60% DM) and WCGF
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co-products to adapt cattle to dry-rolled corn-based finishing diets was evaluated by Dib et al (2011/2012). Results suggest that decreasing inclusion of a combination of MDGS and
WCGF adapted cattle to a high-concentrate diet similar to using
forage in a traditional adaptation method.
The use of pressed wet beet pulp (25% DM) has been also
reported as a valuable strategy to adapt cattle to finishing diets. Schneider et al. (2012) showed 4.5% improved overall ADG
when steers were fed step-up diets containing high (26% in step
1) or low (18% in step 1) pressed wet beet pulp during adaption
period compared to a traditional alfalfa hay adaptation strategy. It is interesting to highlight that all diets contained 20% of
WDGS (DM basis) from the beginning of adaptation until the
end of finishing period (dry-rolled corn-based diets). In addition, alfalfa hay was not completely eliminated from initial steps
of beet pulp strategies, where step 1 of the adaption treatments
still contained 26 and 34% for high and low beef pulp strategies,
respectively.
Most of adaptation strategies reported had a fixed level of
some co-product inclusion throughout all steps, for both control and treatment diets. This can be a safety approach when
unknown co-product characteristic is tested. When unbalanced
co-products nutritional profiles is present, complementary effects in feeding combination of co-products might be expected
because of differences in fat, effective fiber and protein components of each source (Erickson et al., 2010). In addition, when
high co-product inclusions are economically attractive, combinations of co-product sources become a safer alternative to avoid
unbalanced nutrient profiles. Moreover, feeding combination of
co-products can also serve as a management tool. One of the
major challenges facing some ethanol plants is inconsistency of
co-product supply. Erickson et al. (2010) reported that cattle do
not respond well if either WDGS or WCGF as a sole co-product
in finishing diets are removed suddenly; Thus, a combination of
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co-products in the diet to ensure that at least one co-product is
consistently fed in the ration would minimize this impact.
Combinations between WCGF and WDGS were studied by
Loza et al. (2010). When alfalfa hay inclusion was kept constant
(7%), feeding steers with co-product blends (50:50) at 30% inclusion provided 8% greater ADG and 4% greater feed efficiency
compared to a control diet (no co-product), although no associative effect was observed in feeding the co-product combination or separately. In a second evaluation, the 50:50 blends were
fed at 0, 25, 50 and 75% inclusion. Alfalfa hay was fed at 7.5% for
all levels. In addition, 5, 2.5 and 0% alfalfa hay treatments were
fed to steers receiving 25, 50, 75% blends, respectively. No difference in cattle growth performance was observed for roughage
levels, indicating that co-product blends were able to prevent
sub-acute acidosis. However, 12 steers from 75% blend inclusion with 0% alfalfa hay treatment were diagnosed with PEM
symptoms; therefore data from these animals were not included.
Animals fed 25 and 50% blends showed on average 15% greater
ADG and 4% greater feed efficiency compared to control and
75% blends.

Sulfur from co-products in ruminant diets
The addition of S in ruminant diets is recommended for adequate ruminal function and S-containing compounds supplied
to the animal. The S requirement for ruminants is unclear, but
is suggested to be 0.15% dietary S (NRC, 1996) or between 0.18
and 0.24% (NRC, 2005), regardless of S source. A survey among
twenty-nine consulting feedlot nutritionists in USA presented
by Vasconcelos and Galyean (2007), showed 0.22% S as an average (0.20% S = mode) concentration recommended for beef
cattle finishing diets, while 0.15% was recommended as minimum S concentration.
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A common practice of using sulfuric acid as an industry flush
agent as well as for control of pH in fermentation chambers has
a direct impact on diet formulation for ruminants containing
such co-products. Sometimes, maximum co-product inclusion
level will be limited by S inclusion in the diet. In situations where
corn co-products from corn dry-milling plants are also part of
the dietary ingredients, such as distillers grains with solubles
(DGS), S levels are usually in excess, due to the high S content
in these ingredients (Buckner et al., 2008). A similar excess situation happens with co-products from corn wet milling plants,
such as WCGF, although less intense when compared to DGS.
Excess of S has become a challenge recently because of the
popularity of using distillers grains and due to increased inclusions in cattle diets (Erickson et al., 2010). The main concern is
that dietary S thresholds are not well established due to limited
data available evaluating increasing levels of S from corn coproducts. Additionally, S content in DGS is not constant. Buckner et al. (2008) reported that S content variation in DGS was
more consistent within samples from the same ethanol plant,
although variation in S levels was maximized among different
companies (0.71 to 0.90%). Another concern is that energy content of DGS depends if it is fed wet or dry (Klopfenstein et al.,
2008). This difference in energy content in dry versus wet DGS
may proportionate different pattern of ruminal fermentation,
which could possibly affect ruminal S metabolism as well.
The initial concern about excess of S in ruminant diets was
due to health problems related (PEM), which is defined as cerebrocortical necrosis in ruminants. Historically, PEM was considered to be caused by thiamine deficiency. It is known that thiamine (vitamin B1) deficiency can be sufficient to cause PEM,
although it is not necessary to induce the disease (Radostits et al.
2007). Other causes could also induce PEM, such as sulfate toxicity (H2S production), without any change in thiamine status of
the tissues (Hamlen et al., 1993).
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Ruminal sulfate reduction is mediated by microbial metabolism (sulfate reducing bacteria), which can be classified as
assimilatory and dissimilatory activity. Dissimilatory sulfate reducing bacteria (Desulfovibrio and Desulfotomaculum spp) are
strict anaerobes, which use sulfate as a terminal electron acceptor to derive energy for growth and metabolism synthetizing
sulfide, but are not inhibited by negative feedback of organic S
compounds. In addition, nonsulfate-reducing bacteria containing the enzyme cysteine desulfhydrase can also generate S2- from
ruminal organic sources of S (Cummings et al., 1995). Regardless
of time for ruminal microbial adaptation to high S diets, metabolic reduction of S sources proceeds via formation of adenosylsulfate, sulfite, sulfide and hydrosulfide, respectively (Figure
1). Sulfide, which is considered as an intermediate compound
inside the rumen due to its pKa (11.96) will be rapidly converted
to hydrosulfide (pKa 7.04), which reacts with protons (abundant
in ruminal environment) producing H2S, a volatile more stable
compound inside the rumen, which escapes to the ruminal gas
cap (Gould et al., 1997; Russell 2002). Since H2S gas is not absorbed by ruminal papillae, eructation and then inhalation is
the most probable way in which H2S could be absorbed, and
create potential central nervous system effects (Gould, 1998).
Additionally, because this route of absorption avoids potential
hepatic detoxification mechanisms, delivery of H2S to the brain
or any other organ could be facilitated, increasing the potential
of toxicity (Cummings et al., 1995; Gould et al., 1997).
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Figure 1. Bacterial sulfate reduction. Sulfate reduction proceeds via the formation of adenosylsulfate, sulfite and finally sulfide. The last one is rapidly
combined to protons due to the lower ruminal pH compared to sulfide pKa
(Adapted from Russell, 2002).

The PEM issue in feedlots can be considered well managed,
since the epidemiology of the disease is characterized by only
sporadic cases (Radostits et al. 2007). Nichols et al. (2011) presented a meta-analysis of 69 feedlot experiments that used corn
co-products across 8 years conducted at the University of Nebraska. The authors found an interaction between dietary total S
and level of roughage on PEM incidence. For a given level of dietary roughage, PEM incidence (cases per animal-d) increased
exponentially as total S in the diet reached 0.60%. However, for
a given dietary S concentration, PEM incidence decreased as
roughage increased in the diet (5 to 20%), which agrees with
the current recommendation of increasing roughage levels in
the diet to minimize PEM cases induced by S toxicity (NRC,
2005; Radostits et al., 2007). Even though significant relationships between total S in diets and PEM cases were observed,
only 28 PEM diagnostics were observed out of 17,080 animals
evaluated.
However, if S is fed in excess to ruminants, but not in amount
enough to induce PEM, animal growth performance can be
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jeopardized. The economic impact of PEM may be insignificant
if incidence is very low. However, if economic important traits
are affected, such as ADG, then dietary S may be more critical to
be evaluated in terms of growth performance rather than PEM
cases.
Table 2 shows studies were S from inorganic sources decreased
growth performance in ruminants. Few studies have evaluated
the effect of S in diets containing corn ethanol co-products, such
as DGS, or any other organic S-containing ingredients on cattle
growth performance. All evaluations showed on Table 2 added
extra inorganic sources of S at feeding time.

Interestingly, energetic value is greater when beef cattle are
fed wet compared to dry DGS, even though chemical composition is not changed (Klopfenstein et al., 2008). It is still unknown why wet and dry DGS differ in energy content when fed
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to cattle, but it is a good example to highlight that a co-product
is just free from industrial modification when it leaves the plant.
Industrial final steps such as the drier might cause changes in
nutrient availability, which laboratory chemical analysis is not
able to distinguish, but ruminal metabolism and animal digestion may be sensitive to it. This might be the reason why Neville
et al. (2010) did not find any effects on ADG and DMI when
goats were fed 0.73 and 0.87% S (diets containing 60% of dry
DGS). In this study, small inclusion of sulfuric acid was added
to increase dietary S from 0.73 to 0.87%, although most part of
S in this evaluation was from dry DGS.
The last publication might suggest 2 theories: a) greater animal tolerance to H2S for sheep compared to cattle; or b) S from
dry DGS is not as available to ruminal reduction to H2S compared to other sources, or even compared to wet version of DGS.
The second theory is supported by the fact that ruminal H2S
concentration was not different between treatments, and was
lower at day 31 for lambs fed 0.87 % S (0.65 vs. 1.05 g/m3 which
represent 467 and 755 ppm, respectively).
When effects of S from wet vs. dry DGS on animal growth
performance were compared for the very first time (Figure 2),
steers fed finishing diets containing high S (1.16% in the coproduct) wet DGS decreased ADG and DMI linearly as the wet
co-product inclusion was raised in the diet. Note on Figure 2,
that wet DGS with normal S content (0.82%) did not affected
ADG and DMI. On the other hand, steers fed high S dry DGS
had a quadratic decreased in DMI and no effects on ADG (Sarturi et al., 2013a). It appears that the negative effects of excess
of S on ADG and DMI were minimized when DGS was fed dry
compared to the wet version of the co-product. When the same
diets were evaluated in a metabolism study with beef cattle (Sarturi et al., 2013a), regardless dietary S concentration (0.54 or
0.40%), steers fed diets containing wet DGS had 80% greater
ruminal H2S concentration compared to steers fed dry DGS.
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(12.16 vs. 2.47 µmol/L). This fact agrees with the growth performance data, which showed more dramatic negative effects of S
excess from high S DGS when it was fed wet compared to dry.

Figure 2. Top: Change in DMI (kg/d) between steers fed corn control diet
(no distillers grains with solubles - DGS) and those fed increasing levels (“x”
axis) and types (wet and dry) of DGS. Intake linearly increased when dry
0.82% S DGS was included in the diet compared to steers fed control. Intake
decreased linearly for wet DGS and quadratically for dry DGS that was 1.16%
S compared to steers fed control. Bottom: Change in ADG (kg) between
steers fed corn control diet (no DGS) and those fed increasing levels and
types of DGS. Gain decreased linearly when wet 1.16% S DGS increased in
the diet compared to steers fed control (Adapted from Sarturi et al., 2013a).
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As with any other elements in the diet, S availability for ruminal utilization can vary depending on S source and profile
of ruminal fermentation. As a result, the effects of S containing
ingredients, such as DGS, on animal growth performance may
be over or under estimated.
Co-products from dry milling corn processes are composed
by a blend of S sources: inorganic (sulfuric acid added during the
ethanol process) and organic (S-amino acids [S-AA] from corn).
Assuming that S from S-AA follows the protein kinetics inside
the rumen, the UIP value can be used as an indirect method to
estimate amount of S that is not available for ruminal reduction
in corn samples, because AA profile of protein sources do not
change before and after ruminal degradation (Goedeken et al.,
1990ab). This calculation does not account for available ruminal
S that was assimilated into microbial mass, as S-AA. For DGS,
S content increases by 3-fold after starch extraction similar to
other nutrients (Klopfenstein et al., 2008). Therefore, S content
in corn (0.13%) multiplied by 3 is the fraction assumed to have
similar UIP kinetics as corn, and any extra S in DGS is assumed
to be inorganic S added during the ethanol manufacturing process. The extra S in DGS is considered 100% available for ruminal reduction. Using these principals, an adjustment for overall
ruminal S availability can be calculated, which adjusts only for
the unavailable S fraction that is trapped inside UIP (adjusted
ruminal protein S – ARPS). Sarturi et al. (2013b) used these
principles to develop a lab technique to measure S availability to
ruminal reduction to sulfide, the ruminal available sulfur (RAS)
for reduction to sulfide concept, which is depicted on Figure 3.
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Figure 3. Ruminal available S (RAS) for reduction to sulfide concept. Animal consumes a pool of inorganic (SO4 = sulfates in water or any other inorganic sources added in the diet) and organic (protein = S from AA) sources
of S. Part of the protein consumed is ruminally degraded (DIP) and part of
the S released can be recycled into the bacterial mass, as S-AA (Bact. S-AA).
The inorganic source of S (SO4) can be also partially used for microbial synthesis of S-AA. Therefore, the S that escapes from ruminal reduction to sulfide (Bact. S-AA and S content in the undegradable protein fraction, UIP)
represents the ruminal unavailable S (RUS) fraction. The remained S fraction
which was reduced to sulfide (total S intake minus RUS fraction) composes
the ruminal available S (RAS) fraction, which can be potentially converted
to hydrogen sulfide gas (H2S) inside the rumen (dashed circle represents the
rumen) (Adapted from Sarturi et al., 2013b).

Using the RAS principle, dietary treatments were formulated
to compare organic versus inorganic sources of S, as well as wet
DGS (blend of sources) fed to beef cattle finishing diets. Steers
fed an inorganic source of S (ammonium sulfate) and wet DGS
diets had similar H2S concentration in the gas cap, which were
greater, compared to other diets (organic sources of S). Interestingly, the ammonium sulfate diet was 0.36% S, whereas the
wet DGS diet 0.50% S. However, RAS concentration for both di89

|

PROCEEDINGS OF THE III INTERNATIONAL SYMPOSIUM ON FORAGE QUALITY AND CONSERVATION

ets was similar (0.30 and 0.32%, respectively). Overall, the RAS
concept was able to explain 65% of the variation on ruminal H2S
concentration (Figure 4), while total S intake only 29%.
The knowledge on ruminal protein degradability of feedstuffs
can be used to back calculate and adjust S availability to ruminal
fermentation (ARPS – adjusted ruminal protein S). It is important to remember that industrial processing can also contribute
with extra inclusion of inorganic sources of S, which are highly
available to ruminal fermentation and consequent potential reduction to sulfide. The lab measurement of ruminal available S
coefficient (RAS) for ingredients can complement/adjust ARPS
values, because it mostly represents only the potential S fraction to be converted to ruminal H2S. Level of co-product inclusion in the diet will definitely play an important role because
it is usually the main source of S in the diet, but not always. It
is important to remember that sulfates in water can be also a
concern, because this source is likely to be highly available to be
reduced to sulfide inside the rumen.

Figure 4. Regression between ruminal hydrogen sulfide gas concentration
(H2S) and ruminal available S (RAS) intake for steers fed different sources of
S. Intake of RAS was corrected for S availability coefficients measured in vitro
(Sarturi et al., 2013b).
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Wet co-products storage
Among the challenges already presented in the use of wet coproducts, shelf life appears to be also a concern reveled by operation managers. Thus, storage techniques for wet co-products
become an important topic, due to reasons, such as: spoilage of
material, quantity delivered, seasonal usage and seasonal price
of wet co-products.
Storage of wet co-products is essential for small operations
or when animal consumption allows only monthly delivery of
fresh wet co-products. Spoilage is considered minimum in large
operations or when high inclusions in the diet are provided, because in these cases delivery of wet materials such as WCGF and
WDGS are usually scheduled for once a week. However, even
when amount required for feeding allows to fresh use, storage
might be still used as strategy. One common reason is to avoid
feeding interruption due to delivery problems. Failure on inventory control, truck access difficulties due to weather conditions
or route access are some examples, although factory production
and consequent wet co-product supply by the company may be
the most important, because it can occur quite often and it is not
under control of the animal operation. Seasonality on co-products price and cattle on feed is another factor to be considered
to use storage strategies. Companies often manage their production system to be well distributed throughout the year, although
co-product prices usually rise when high demand for feedstuff
occurs when more cattle is on feeding programs (winter). Finally, the use of storage of wet co-products with poor quality
roughage sources aiming to improve storage properties has been
recently discussed.
Spoilage will usually begin on the surface of piles of wet coproducts with low pH (4.5) such as WDGS and WCGF from 3
to 14 days while exposed to air. Ambient temperature can be
a factor, once hot conditions appear to promote shortening of
91
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shelf life of these co-products (Erickson et al., 2008). Similar
window of use for fresh wet co-product was also observed for
LPWCP (quality Braspolpa) before signals of microbial activity
are shown evident on the product surface, even though pH 2.5
was observed for LPWCP (Sarturi, 2008). The low pH of the wet
co-products related above are associated with industrial process
steps where acids are utilized, which confers some advantages as
far as storage properties.
Good practices of ensiling techniques will provide good condition for desirable microbial activity inside the mass, which are
able to produce acids anaerobically to stabilize and lower deterioration (Henderson, 1993). Low pH wet co-products are already
on this final phase, although oxygen still is an enemy, because
fungi activity can be present in these situations due to their resistance to large ranges of pH (2.5 to 7.5) variation (Krebs et al.,
1983).
One alarming topic could be considered if fungi have plain
activity on spoilage: mycotoxins. As part of Erickson et al. (2008)
effort to evaluate storage techniques for wet co-products, WDGS
and WCGF samples for mycotoxins (aflatoxins, achratoxins,
vomitoxin, zeralenol, zearalenone, T-2 toxin and fumonisin)
analysis from stored material revealed no detectable levels; except for fumonisin (0.8 ppm), which was way lower compared
to the Food & Drug Administration max limit recommendation for fumonisin in rations (30ppm). When aflatoxins (B1, B2,
G1, G2) analysis was conducted in LPWCP (quality Braspolpa)
stored for 127 d from samples collected from the spoiled surface
and inner the mass, no detectable levels were observed (minimum detection technique 2.0 µg/kg) for none of those samples
(Sarturi, 2008). Thus, wet co-products with low pH profile, such
as WDGS and LPWCP (quality Braspolpa) have shown no concerns as far as toxins analyzed from stored material.
Usually the main challenge observed with storage of wet coproducts is compaction and height of the pile, regardless type
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of silo (horizontal, bunker or bag). Wet co-products with small
particles such as, WDGS (35% DM) and LPWCP (15% DM)
have satisfactory specific mass (800 to 1,000 kg /m3 as-is basis)
when first disposed on storage place. In fact, minimum spoilage is observed in the inner of the mass if material stays on its
original conformation, although DM losses can occur. However,
if material is moved around for ensiling purposes, or if surface
for storage is not flat enough, oxygen infiltration will induce the
appearance of spoiled material. When Sarturi (2008) used horizontal silos to store LPWCP (quality Braspolpa) with or without
sodium benzoate, animal growth performance did not change
between LPWCP silages and dry citrus pulp (control) diets. Sodium benzoate applied only on the surface of the pile (0.18%,
as-is basis) was calculate to treat only 20% of the stored material. Approximately 15% (DM basis) was removed from both
silo panels considered as spoiled material, although visual appraisal of spoilage was lesser for sodium benzoate treated silo
compared to control. Horizontal silo was not recommended as a
good alternative to store LPWCP.
Some alternatives have been used to solve this kind of problem, such as: bunker silos strategically designed to have unload
access from back and lateral portions (material is dumped inside the pit), but at same time frontal access for removal during
feeding time; use of silo bag, although splitting bags soon after
bagging (few days) are not uncommon; use of bulk agents, such
as roughage sources, to allow mechanical compaction on bunker silos or avoid splitting bags.
Mixing roughage strategies have been evaluated. Buckner et
al. (2010) pair-fed growing steers with mixtures of WDGS and
wheat straw (30:70 and 45:55, respectively) fed fresh or stored
(silo bag) for 70 d (97% of mixtures plus 3% supplement). No
interactions were observed, although steers fed ensiled mixtures
showed 18 and 17.5% greater ADG and feed efficiency, respectively compared to steers fed fresh mixtures. However, an in vi93
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tro run was conducted to evaluate the digestibility of fresh or
ensiled mixes, and no change was observed. A blend of WDGS
and corn stalks (50:50) was also studied (Wilken et al., 2009).
Mixtures were fed fresh or from bags (42 d of storage). Growing steers were fed the blends up to 30% inclusion (DM basis)
on grass-hay based diets. Steers fed ensiled material had 28 and
13.5% greater ADG and DMI, respectively, and tended to be
17% more efficient compared to those fed fresh mixtures. Thus,
it is suggestive that fermentation products such as organic acids may be helping to improve energy of ensiled material when
these blends are fed.
Experimental silos with 70:30 blends of WDGS and wheat
straw, respectively, showed 17% of DM and NDF losses when
stored for at least 56d; In addition, 5% loss in fat composition
and a tendency for around 8% loss in CP were also observed
(Harding et al., 2012). The decrease in NDF content shows effect of fiber degradation, although water soluble carbohydrates
were not quantified. Therefore, ensiling fermentation profile
data when roughage sources are added to wet co-products with
low pH still need further investigation. The use of additives to
control of clostridium (CP losses) and fungal (fat losses) activities may confer promising results.
It has been recommended max of 60% DM in the mixtures
of WDGS and roughages aiming to allow compaction and decrease risk with spoilage in silos type bag, which would approximately represent the 30% WDGS and 70% roughage mixtures reported earlier. For bunker silos, 70% WDGS and 30%
roughage (40% DM in the mixture) was not able to maintain
a pay loader with rubber track on the pile. However, a 60:40
blend, respectively, was able to provide good compaction and
low visual spoilage (45% DM in the mixture), as reported by
Erickson et al. (2008). However, maximum and minimum levels of DM for WDGS mixtures have not been studied yet. In
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addition, it is suggestive that physical properties, for low pH
wet co-products, and particle size and fiber content, for roughage sources, may be also considered if other types of wet coproducts are used.

Implications
Process development to minimize variation and quality control culture of personnel operating the plants, are keys to control
variation in co-products, and assure safety and quality to nutritional programs. Identification and periodically check of nutrients susceptible to variation in co-products can help producers
and companies to predict, avoid or manage potential problems.
Overall, wet co-products help to minimize diet sorting allowing to a more homogeneous diet consumed. It is evident that
co-products carry a great potential to decrease roughage sources
in finishing diets. It appears that wet co-products proportionate
less ruminal effective fiber action compared to dry co-products,
although intake behavior is not a common data reported. However, the successful use of wet co-products to adapt cattle to high
concentrate finishing diets with roughage inclusion averaging
7% is a great indicative that roughage sources can be potentially
reduced to minimum. However, economic appraisal should always be evaluated. A combination of co-products appears to be
a good approach when high co-products inclusion scenarios are
desired, as well as a management tool to control instability of
co-product industry supply.
Balance of mineral profile should be checked carefully in
diets containing co-products, especially in formulations where
wet co-products are present. It is suggestive that wet co-products proportionate more available nutrients compared to their
dry version, when drying process is the only difference between
them. As far as S concern, total concentration in the diet may
95
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overestimate the potential available S to ruminal fermentation
when organic sources of S are fed. The knowledge of protein
profile and its ruminal degradability, as well as lab techniques,
can be used to better adjust S levels to ruminant diets aiming to
avoid clinical (PEM) or subclinical (impact on growth performance) H2S intoxication.
Originality appears to be helpful when storage techniques are
tested. Single recipes which are able to be applied to all types of
wet co-products are far from being reality. Examples discussed
as far as type of silos, mixture ratios, and potential silage additives and inoculants should be individually evaluated depending
on wet co-product nutritional profile and physical aspect.
Ensiling fermentation profile data, when poor quality roughage sources are added to wet co-products with low pH, still need
further investigation.
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An overview on manipulation
of fermentation in silages effects on nutritive value
Pekka Huhtanen¹

Introduction

E

nsiling is nowadays the most common method to preserve
forages for winter feeding periods or for drought periods. The
main objectives of ensiling are to reach anaerobic conditions by
through compacting and to prevent access of oxygen into the
silo during the storage period. Additives can be used to ensure
good fermentation and to prevent losses, especially in poor
ensiling conditions (low sugar and dry matter concentrations,
bad weather). During the fermentation process a variable proportion of water soluble carbohydrates in materials ensiled are
converted to fermentation acids, mainly lactic acid and volatile
fatty acids (VFA). The extent and type of these changes depends
on the type and application rates of additives used. In addition
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to silage pH, the composition of acids formed also influences
aerobic stability of silages. Nitrogenous components undergo
considerable changes during in silo fermentation. Proteolysis by
plant and microbial enzymes break insoluble proteins in materials ensiled to more simple components such as peptides and free
amino acids. Free amino acids are partly deaminated to ammonia N. The changes in both carbohydrate and protein fractions
during fermentation can influence the nutritive value of silages,
partly as a result of changes in intake potential and partly due
to modifications in the composition of nutrients absorbed from
the digestive tract. The objective of this paper is to review the
effects of silage fermentation on nutritive value and production
responses with main focus in grass silages and dairy cows.

Energy value
Digestibility
Theoretically the effects of in-silo fermentation on silage digestibility are considered to be small provided that extensive oxidation due to incomplete covering the silo and/or continuous
access of oxygen, extensive secondary fermentation and considerable effluent losses are avoided. McDonald and Edwards
(1976) compared digestibility of silage and the original fresh
herbage and found no differences. Flynn (1981) found a relatively large difference (0.679 vs. 0.626) in dry matter digestibility between well- and badly-fermented silages. In vitro pepsin
cellulase digestibility was 0.023 units lower for direct-cut grass
silages compares with herbages ensiled (Huhtanen et al., 2005).
True decreases in energy digestibility are likely to be smaller,
because the concentration of gross energy is higher in silage
than in herbage ensiled and losses of volatiles during drying silage samples. Assuming that digestibility of nutrients does not
104
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change during in-silo fermentation the decrease in digestibility
corresponded to about 8% total losses in effluent, respiration
and fermentation. Inoculation has sometimes improved digestibility compared to untreated silages. Harrison et al. (1994)
reported 0.006 units greater digestibility for inoculated grass
silages compared with untreated silages. Higher digestibility of
the total diet in dairy cows was reported with inoculated silage
compared with formic-acid treated silage (Gordon, 1989; Heikkilä et al., 1998). In the study of Heikkilä et al. (1998) the difference was completely associated with improved NDF digestibility. It remains unclear whether inoculants really improved
digestibility or that the high concentration of sugars depressed
fibre digestibility. Enzymes degrading cell wall carbohydrates
have been used as silage additives to increase fermentable substrates for lactic acid bacteria and also to improve digestibility.
Digestibility responses have been variable with sometimes positive responses being observed. However, as the results of Jaakkola (1989) indicate enzymes can degrade only the most easily
digestible cell walls that are completely digested by rumen microbes, while the remaining fibre is less digestible in the animal.

Methane (CH4) production
When water soluble carbohydrates (WSC) in forages are fermented to lactic acid or VFA in the silo, CH4 production in the
rumen can potentially decrease. In line with this, the concentration of total acids in forages had a small, but significant negative effect on CH4-E/GE ratio (Ramin and Huhtanen, 2013).
Numerically smaller CH4-E/GE was also reported for ensiled
compared with dried grass (Ekern and Sunstøl, 1974). Methane
production was greater in cows fed formic-acid treated silage
with high concentration of WSC compared with inoculated silage (Cushanan et al., 1995). Nordic dairy cow model (Danfær
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et al. 2006) predicts slightly smaller methane emissions for high
lactate silages compared with silages of restricted fermentation,
mainly because of fermentation of lactic acid to propionate in
the rumen. In sugarcane (also fodder beet) silages, ethanol is
the main fermentation product and concentration up to 100 g/
kg DM are common (Daniel and Nussio, 2011). In the rumen
ethanol is partially oxidized to acetate by rumen microorganisms with concomitant increases in methane production (Durix
et al., 1991), which may explain lower than predicted energy
value of ethanol containing diet (Daniel et al., 2013).

Rumen fermentation
During in-silo fermentation a variable proportion of WSC
in ensiled material is fermented to lactic acid and VFA, thereby changing the supply of substrate to rumen microbes. These
changes influence rumen fermentation pattern, and consequently the composition of absorbed nutrients. Intraruminal
infusions of lactic acid have increased the molar proportions in
rumen VFA (Jaakkola and Huhtanen, 1992; Chamberlain and
Choung, 1993). Similar responses in rumen fermentation pattern have been observed when the intake of lactic acid produced
during in silo-fermentation has increased in sheep (Martin et
al., 1994), growing cattle (Jaakkola et al., 2006) and dairy cattle
(Huhtanen et al., 1997). In animals fed grass silage-based diets
dietary concentration of lactic acid is the main factor influencing
rumen fermentation pattern (Figure 1); for example compared
with starch, lactic acid influence molar proportion of propionate
more than starch. In most cases acetate is the main end-product
of the fermentation of silage WSC, but sometimes high butyrate
has been associated with silages rich in WSC. The number of rumen protozoa increases with increased starch supplementation
(Rooke et al. 1992, Jaakkola and Huhtanen 1993) that can ex106
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plain unexpected changes in rumen fermentation pattern with
increased concentrate supplementation in cattle fed grass silagebased diets.

Figure 1. The effects of dietary concentration of lactic acid (left) and starch
(right) on molar proportions of acetate (above), propionate (middle) and butyrate (below) in rumen VFA in growing or lactating cattle fed diets based on grass
silage. The data are from studies conducted at University of Helsinki and MTT
Agrifood Research Finland (n = 106 diets). The values are adjusted for random
study effect, and for the effects of concentrations of fat, starch and DMI/BW (latic
acid) and for the effects of fat, lactic acid and DMI/LW (starch).

107

An overview on manipulation of fermentation in silages - effects on nutritive value

|

Increased molar proportion of propionate in cows given inoculated high lactate silages were associated with increased plasma
concentrations of glucose compared with cows fed restrictively
fermented silages (Miettinen and Huhtanen, 1997; Shingfield
et al., 2002a). This suggests that diets based on high quality restrictively fermented silages could be limited in the supply of
glucose. However, no positive production responses to dietary
supplementation of propylene glycol were observed in cows fed
restrictively fermented formic acid-treated silage (Shingfield et
al., 2002b). The effects of fermentation of grass WSC in the silo
and in the rumen is illustrated graphically in Figure 2. It appears that extensive fermentation of sugars to lactic acid in the
silo provides more glucose to the animal than restrictively fermented silages.

Figure 2. Graphical illustration of fermentation of WSC in the silo and the
resultant fermentation in the rumen and the supply of precursors for gluconeogenesis in the liver for two types of silages. The thickness of arrows
describe relative differences in the fluxes.
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Protein metabolism
It has often been suggested that the efficiency of microbial
protein synthesis (MPS) is lower in animals fed grass silagebased diets than in those fed dried or fresh forages, but there
is not much experimental evidence supporting this hypothesis.
Three reasons have been suggested for the lower efficiency of
MPS with silage-based diets: silage fermentation products provide less ATP for microbial growth than WSC (Chamberlain
1987), the nature of N constituents (more ammonia and NPN)
and asynchronous energy and N release from the silage (Thomas and Thomas 1985). Microbial protein production in the rumen increased when silage fermentation was restricted using
formic acid based additives (Huhtanen et al. 1997; Jaakkola et
al., 2006; Table 1). In addition to increases in measured MPS,
increased plasma concentrations of AA, particularly branchedchain AA (Nagel and Broderick 1992, Miettinen and Huhtanen,
1997), indicate that greater amounts of AA were absorbed when
the silages displayed restricted in-silo fermentation. A smaller
proportion of branched-chain VFA in total rumen VFA with
diets based on formic acid-treated silage tentatively suggests
that MPS was enhanced by restrictions in silage fermentation
(Shingfield et al. 2002a). There were no differences in the total
or microbial protein flow at the duodenum between diets based
on dried hay or restrictively fermented silage harvested simultaneously from the same sward (Jaakkola and Huhtanen 1993;
Table 1). All these results suggest that the preservation method
per se does not influence MPS and that the extent, and possibly,
the type of the in-silo fermentation are more important factors
influencing the efficiency of MPS with forage-based diets than
preservation method.
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Table 1. The effect of forage preservation method (silage vs. dried hay) and
the application rate of formic acid in silage on the flow of nitrogen at the
duodenum (g/day)

The asynchrony, often assumed to be a main reason for the
low efficiency of MPS, has attempted to be minimized by feeding
soluble carbohydrates. However, as reviewed by Chamberlain
and Choung (1995) the marginal increases in MPS with sugar
supplements have not been greater than those predicted from
the increased supply of fermentable energy, i.e. no extra benefits
from a better synchrony. Intracellular storages of carbohydrates
and recycling of nitrogen in the rumen or whole animal can
balance temporary imbalances in the nutrient supply to rumen
microbes. It should also be noted that attempts to catch high
peaks in rumen ammonia N concentration by feeding rapidly
digestible carbohydrates can fail due to lactic acid fermentation
and low rumen pH that can increase maintenance requirements
of rumen bacteria.
Plant and microbial enzymes cause proteolysis and deamination during silage fermentation, which could be expected to
increase ruminal protein degradability. Soluble N denotes to the
a-fraction in the Ørskov and McDonald (1979) model, which
is used in most protein evaluation systems to compute EPD
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values from degradation kinetic data. The model assumes that
the a-fraction disappearing immediately from the in situ bags
is degraded at infinite rate. However, there is plenty of experimental evidence, based on different techniques, suggesting that
a considerable fraction of soluble non-ammonia N (SNAN) can
escape ruminal fermentation. Using an inhibitor in vitro technique, Peltekova and Broderick (1996) estimated that 20% of
silage SNAN escapes rumen fermentation. Hedqvist and Udén
(2006), using an in vitro technique, estimated that proportionally 25% of soluble protein in ryegrass escapes ruminal degradation. Ahvenjärvi et al. (2007) used a pulse dose of silage SNAN
fraction that was intrinsically labelled with 15N to investigate ruminal N kinetics in dairy cows. The kinetic models suggested
that approximately 13% of SNAN escaped ruminal degradation.
In addition, the flow of 15N labelled SNAN as microbial N was
greater than the than the corresponding flow of 15N labelled ammonia N (49 vs. 44%) suggesting that amino acids and peptides
stimulated microbial N synthesis compared with ammonia. Although the degradation rate of SNAN fraction is faster than that
of insoluble N fractions, much faster passage rate of the rumen
liquid phase than particulate matter compensates for the difference in degradation rate. Broderick (1994) suggested a 2-compartment kinetic model applying different degradation and passage rates for soluble and insoluble N fractions. Theoretically,
this model is more appropriate than the model of Ørskov and
McDonald (1979). Furthermore, computing the EPD value by
using a 2-compartment model incorporating the mechanisms
of selective retention of feed particles will increase ruminal degradability of insoluble protein compared with a 1-compartment system with similar total residence time (Ellis et al., 1994).
Marginal differences in duodenal feed N flow between hay and
silage made from the same sward (Jaakkola and Huhtanen,
1993) and with increased application of formic acid (Jaakkola
et al., 2006) also indicate that the solubility of forage N has a
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smaller effect on ruminal protein degradability than the current
models suggest.
The results of the analysis of production data are consistent with observations of potential escape of SNAN fraction.
Huhtanen et al. (2008) used treatment mean data from 88 production trials (253 diets) to evaluate the impact of silage N fractions on milk protein yield responses. Within a study only silage
factors (digestibility, additive, wilting, and plant species) varied,
while the amount and composition of concentrates were constant within study. Silage MP concentration was calculated using
constant values for ruminal degradability and intestinal digestibility of undegraded protein. Silage N parameters (ammonia N,
soluble N and SNAN) were used independent variables in mixed
model regression analysis with random study effect in addition
to total MP intake. In bivariate models, soluble N and ammonia N had a negative influence on protein yield, but SNAN had
no effect. When ammonia N and soluble N were used simultaneously in the model with total MP, the effect of ammonia N
on milk protein yield was highly significant but SNAN had no
effect. Similar analysis was made for milk urea concentration
using CP and N fractions as independent variables. Ammonia
N but not SNAN increased milk urea concentration when used
in bivariate models with dietary CP concentration. Both direct
and indirect (production data) suggest that silage SNAN has the
same productive value as insoluble N. It is unlikely that the current analytical techniques for on-farm silages are able to detect
differences in silage MP concentration associated with ruminal
CP degradability that are of practical significance.
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Feed intake
Probably the greatest influence of silage fermentation on nutritive value is mediated by the effects of fermentation products
on voluntary feed intake. It is well-known that the DMI of badly
fermented silages is less than that of fresh herbage or dried hay
from the same sward. After digestibility, fermentation quality
was the second most important forage factor influencing silage
intake (Huhtanen et al., 2007). In Finland, relative silage DMIindex was developed (Huhtanen et al., 2002) and revised later
(Huhtanen et al., 2007) to include additional factors to predict
relative intake potential of silages and also quantitative differences in DMI between the silages when fed within the same
management systems (same animals, environment and concentrate supplementation). The current index system (Huhtanen
et al., 2007) is based on linear relationship between total acid
concentration and DMI. However, it should be noted that high
concentrations of VFA can depress silage DMI more than corresponding concentrations of lactic acid (Eisner et al., 2006). In
the Finnish ration formulation model VFA concentration has a
specific negative effect on silage DMI when the concentration
exceeds 40 g/kg DM (Nousiainen and Huhtanen, unpublished).
Of individual VFA, propionic acid seems to have a specifically strong negative influence on intake (Huhtanen et al., 2002,
Krizsan and Randby, 2007). The mechanisms by which silage
acids depress intake are not clear. One possibility is reduced
“palatability”, but adding assorted fermentation products to the
silage has produced equivocal results. For example, Krizsan et
al. (2012) found that mixing acetic acid (60 g/kg silage DM) reduced silage DMI but not total DMI. Differences in fermentation quality of silages ensiled without additives, with an inoculant and with low or high levels of formic acid were associated
with large differences in the preference when the cows could
select between the four silages (Keady and Murphy, 1998). The
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intake was greatest for high formic acid silage (70% of total) and
least for untreated (3%). The ranking remained similar when the
cows had access to only one feed, but the differences were much
smaller (range 9.7 – 10.9 kg DM/d). Palatability attributes seem
to have a great influence of feed preferences, but may not have
the major role in determining voluntary intake when the cows
have no choice.
Imbalance ratio between amino acids and energy could, at
least partly, explain reduced silage DMI with increased extent of
in-silo fermentation. As discussed before, the efficiency of MPS
decrease with the extent of silage fermentation as fermentation
products provide less energy for rumen microbes than WSC.
Protein supplements have consistently increased silage DMI in
lactating cows. One possible explanation is an increased and/
or more balanced supply of AA that improves the performance,
and as a result of increased energy demand DM intake is increased (‘‘pull effect’’).This hypothesis is supported by evidence
that the differences between true protein sources in their effect
on feed intake are related to a more balanced supply of AA. Another possible mechanism is satiety signal from absorbed propionate that is metabolized by the ruminant liver, because its flux
to the liver increases greatly during meals (Allen et al., 2009).
Silage lactate is very rapidly fermented (half-life 25 min) in the
rumen (Chamberlain et al., 1983) that can result in a peak in
propionate absorption.

Milk production
Silage fermentation quality influences the nutrient supply to
dairy cows through the effects on feed intake, and fermentation
pattern and N metabolism in the rumen. Due to random variation, especially in continuous production trials, the effect of silage fermentation quality on milk production parameters may
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not reach statistical significance. Therefore analysing the data
from a large number of studies can better point out the true effects of silage fermentation characteristics. Such an analysis was
published (Huhtanen et al., 2003), but as new studies have been
conducted some updated will be presented here. The dataset includes 237 treatment means from 84 studies.
Milk and energy corrected milk yield (ECM) decreased
(P < 0.001) with increased total acid (TA; g/kg DM) concentration:
Milk (kg/d) = 25.0 (±0.54) - 0.0086(±0.0017) × TA (Adj.
RMSE = 0.51)
ECM (kg/d) = 27.0 (±0.53) - 0.0191(±0.0019) × TA (Adj.
RMSE = 0.57)
When total DMI (TDMI, kg/d) was included in the model
the effect of TA became significantly positive for milk yield and
close to zero for ECM yield:
Milk (kg/d) = 1.0 (±1.53) +1.26(±0.084) × TDMI +
0.0079(±0.0020) × TA (Adj. RMSE = 0.45)
ECM (kg/d) = 0.1 (±1.41) +1.42(±0.076) × TDMI +
0.0005(±0.0019) × TA (Adj. RMSE = 0.46)

The models suggest that the effects of the extent of in-silo fermentation were mainly mediated by intake responses. However,
different responses to milk and ECM yield that there was some
repartitioning between the milk components with increased
silage TA concentration. The results suggest that increased TA
concentration increased propionate production in the rumen
and thereby hepatic glucose supply favouring lactose production. Increased WSC concentration in silages of restricted fer115
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mentation favoured acetate and butyrate production in the rumen and milk fat production. The effect of TA on milk fat yield
was negative (P = 0.07) even when TDMI was in the model.
Both milk fat and protein concentrations were negatively
related to silage TA concentration (-0.027 and -0.012 g per g
TA/kg DM), and these effects remained similar (-0.028 and
-0.009) when TDMI was included in the model. These changes
reflect alterations in the nutrient supply from the digestive tract;
the supply of lipogenic VFA and microbial protein decreased,
whereas increased supply of propionate with increased extent of
silage fermentation.
Milk protein yield decreased with increased silage TA concentration (0.55 g per 1 g/kg DM; P < 0.001). However, when
TDMI was included in the model the effect of TA became numerically positive (0.07; P = 0.22). Based on reduced efficiency
of MPS with increased TA concentration, it could be expected
that milk protein yield could decrease more than expected
from reduced silage DMI. This may partly relate to reduced
glucose supply with diets based on restrictively fermented silages (Heikkilä et al., 1988; Shingfield et al., 2002a) and that
more amino acids is used for hepatic glucose production. Another possible explanation is that microbial protein is rather
poor in histidine compared with milk protein (21-22 g vs. 2930 g/kg total AA). Histidine is likely to be the first limiting AA
in cows fed grass silage based diets (Vanhatalo et al., 1999),
especially at low concentrations of dietary CP. The results of
study comparing diets based restrictively or extensively fermented silages, either fed without or with abomasal casein infusion (Huhtanen et al., 1997; Miettinen and Huhtanen, 1997)
supports this suggestion. Restrictively fermented silage and
abomasal casein infusion produced similar increases in DM
intake, plasma concentrations of lysine and branched-chain
116
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amino acids, but only casein increased plasma histidine (Table
2). Milk protein yield response in cows given a diet based on
inoculated silage was much greater for casein infusion compared to replacement of inoculated silage with formic acidtreated silage (102 vs. 42 g/d).
Table 2. Effects of silage additives on composition of silage, rumen fermentation pattern, microbial N flow, plasma metabolites and milk protein yield
(Huhtanen et al., 1997; Miettinen and Huhtanen, 1997)
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When ammonia N was included in the milk protein yield
model the effect of TA became positive, whereas ammonia N
had significant negative effect. In contrast, SNAN had no effect
on milk protein yield when included in the model with TDMI
and TA. These results suggest that increased breakdown of insoluble N to SNAN in the silo does not influence negatively on
productive value of silage, whereas deamination of SNAN to
ammonia N decreases silage protein value.

Conclusions
The changes in the composition of material ensiled during
the fermentation process can modify both quantitatively and
qualitatively the supply of absorbed nutrients. Provided that the
silages are not badly-fermented and extensive oxidation and effluent production are avoided, expected changes in digestibility
and ME concentration are small. The greatest effects on silage
fermentation on nutrient supply result from changes in intake
potential. Increased extent of fermentation decrease silage intake potential and the effects become greater when the silages
display extensive secondary fermentation. Intake potential of
well-fermented silages can be expected to be similar to the original material ensiled or dried hay from the same sward.
Modifications in the carbohydrate fraction during ensiling
have a strong influence in rumen fermentation pattern with
increases in propionate and decreases in acetate and/or butyrate with increased concentration of lactic acid. Increased concentrations of fermentation acids decrease the efficiency of microbial protein synthesis in the rumen, but the effects on the
supply of rumen undegraded protein appear to be small. Milk
production responses to changes in silage fermentation quality
are mainly derived from intake effects, but some repartitioning
between milk components can occur: restrictively fermented si118
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lages stimulate fat production, whereas high lactate silages promote more lactose production. Breakdown of insoluble protein
to SNAN does not have any important influence on silage protein value, but deamination to ammonia N decrease silage protein value. This is partly because an important fraction of SNAN
escapes ruminal fermentation and in addition, SNAN can be a
better substrate for rumen microbes than ammonia N.
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Introduction

O

ne important limiting factor for cattle productivity is the
low nutritional quality of tropical forages, more precisely,
the fast decline in nutritional quality with the advance of maturity. Cell wall (fiber) corresponds to 50 to 80% of forage dry
matter (DM), and represents the main source of energy to ruminants. The digestive system of ruminants and the associated
microbial populations are adapted to obtain energy from forage
cell wall, but, unfortunately, less than 50% of the fraction is digested and used by the animal (Buxton & Redfearn, 1997). More
importantly, the slow rates of digestion and passage of forage
cell wall result in longer retention time, higher rumen fill, and,
consequently, lower DM intake (Allen, 1996). Therefore, fiber
quality is taken as the most limiting factor for ruminant produc-
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tion in tropical regions (Wattiaux et al., 1991).
Tropical forages have high mass production in conditions of
high temperature, because of the C4 type photosynthesis process (Long, 1999). This anatomical adaptation to higher temperatures guarantee to tropical forages better water use and nitrogen efficiency, higher drought tolerance, higher photosynthesis
rate, and, consequently, higher growth rate than temperate forages with C3 photosynthesis type (Wedin, 2004). The same anatomical differences that guarantee higher mass production to
tropical forages, also affect nutritional quality. In comparison to
temperate forages and dicots, C4 grasses have relatively slower
rumen degradation and fermentation rates (Van Soest, 1994).
Despite of the differences noted above, it is perfectly possible
to obtain high animal growth and stocking rates in tropical pasture systems, provided the plant is eaten or harvested when still
young (Da Silva & Nascimento Jr., 2007). The work of Burns
et al. (1997) exemplifies the rate of decline in nutritional quality of tropical grasses with the advance in maturity. Intake of
switchgrass (Panicum virgatum) hay harvested during the vegetative stage led to 1 kg/d of average daily gain, while hay of the
same forage harvested 14d later was capable of only meeting the
maintenance requirements of the animals.
Although maturity is the main factor altering nutritional value of forages, there is also great genetic variability. Several studies have demonstrated the magnitude of neutral detergent fiber
(NDF) in vitro digestibility of forages. In temperate perennial
grasses, Casler and Jung (2006) reported a genetic variability in
whole plant 24h-NDF digestibility ranging from 52.5 to 70.7%.
In tropical forages, Stabile et al (2010) also reported large genetic variation for stem NDF digestibility (Table 1). This great
variation is expected, since breeding programs do not focus on
NDF digestibility, keeping large genetic variability within the
population.
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According to a statistical analysis of NDF digestibility of
forages (Oba & Allen, 1999), a one-unit increase in forage NDF
digestibility in vitro or in situ was associated with a 0.17 kg
increase in DM intake, a 0.25 kg increase in milk yield, and a
0.05 kg increase in body weight gain. Therefore, an increase of
10 units in NDF digestibility should correspond to a 500 g/d
increase in average daily gain. Similarly, Casler & Vogel (1999)
reported that a 1% increase in in vitro dry matter digestibility
of temperate perennial forages gave rise to a 3.2% increase in
average daily gains. In addition, concomitant increases in forage
availability for most cultivars also led to increased animal
production per hectare (Casler & Vogel, 1999).
The decline in forage quality with the advance in maturity is
associated with higher lignification of the cell wall, and greatly
influences cell wall digestibility and forage intake. Therefore,
improving cell wall digestibility should be an important target
of forage breeding programs, and of genetic engineering efforts
aiming to improve stocking rate, and overall productivity of cattle systems. Studies with grazing animals, and at feedlots, demonstrate that small changes in forage cell wall digestibility have
a significant impact in animal performance, namely in milk and
beef production (Casler & Vogel, 1999). If a higher percentage
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of cell wall energy would be available to ruminant animals, there
would be significant economical benefit. At the same time, cattle
production would reduce its dependence on concentrate feedstuffs, and there would be less manure, and less methane emissions to the environment.
Tropical forages have great variability on the number of chromosomes, reproductive behavior, sexual incompatibility, and
pollination mechanisms, which represents challenges, as well as
opportunities, for the development of better cultivars. Genetic
improvement is one of the most effective ways to increase productivity and quality of tropical forages. Considering the genetic
complexity and difficulties faced by traditional breeding programs, biotechnology offers alternatives and effective strategies
for improving forage cultivars (Spangenberg et al., 1998).
Genetic modifications are particularly useful to elucidate
the role of enzymes in metabolic pathways of interest, and to
modify parameters for which there is no known genetic variability, or for those parameters that selection or breeding have
demonstrated to be difficult to modify. The number of candidate
genes available for breeders of temperate forages have rapidly
increased with the development of high throughput gene discovery programs, such as those based on expressed sequence
tags (EST) of relevant species, for example perennial ryegrass
and white clover (Sawbridge et al. 2003a, 2003b), or those based
on the complete sequencing of model species, such as Medicago
truncatula (Kulikova et al. 2004), Lotus japonicus L. (Stougaard,
2001), and rice (Goff et al., 2002; Yu et al., 2002). Therefore, the
actual limitation for adopting genetic technologies in temperate
forages breeding programs is not the identification of genes, but
the functional annotation of these genes, and the proof of phenotype in target species (Smith et al., 2007).
The genetic resources in tropical forages are very incipient,
and highly dependent of large scale genome or transcriptome
sequencing. For instance, there are 17.982 EST’s of Lolium
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perene deposited in the GenBank, and only 196 of Panicum
maximum, 2203 of Brachiaria brizantha, and 4 of Brachiaria decumbens (http://www.ncbi.nlm.nih.gov/dbEST/ - consulted in
27/03/2013).
Partial sequencing of genes from the lignifications pathway
in the tropical forages species P. maximum, B. brizantha e C.
dactylon have been recently deposited in the GenBank. The
comparison of these sequences with those from other grass
species with more advance genomic resources (corn and rice),
have demonstrated high similarity among species, with average
similarity of 94% with maize nucleotide sequences, and 87%
with rice sequences (Lazarini et al, 2007; Gerônimo et al., 2010).
These high similarities suggest that the resources developed for
the model species, such as gene database, DNA microarrays,
molecular markers, and primers, could be useful for the study
of tropical forages.
While molecular biologists are rapidly advancing the knowledge on cell wall structure and its relationship with digestibility, few programs are working together with traditional forage
breeding programs. The potential for negative effects of cell wall
modifications on plant phenotype, such as decrease in production, reduced insect resistance, and lower stress tolerance, highlights the necessity of collaboration with breeding programs
oriented towards the field use of cultivars. The evaluation of
transgenic plants in greenhouse or growth chambers is insufficient to predict plant phenotype in field conditions (Baucher
et al., 1999).

Lignin biosynthesis
Lignin is vital for normal plant development. It is essential
for structural integrity of the cell wall, for waterproofing the cell
wall enabling transport of water and solutes through the vas129
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cular system, and for plant defense against biotic and abiotic
stresses (Chabannes et al., 2001). To illustrate the importance
of lignin, colonization of land by plants (~450 millions of years
ago) was only made possible by development of the phenylpropanoid metabolism. The acquisition of the ability to deaminate
phenylalanine and hydroxylate the aromatic ring of subsequent
metabolites led to the ability to accumulate simple phenylpropanoids, enabling the plants to resist UV radiation and determined the first step for lignin biosynthesis (Weng and Chapel,
2010). After the initial move onto land, plants remained small
because of a lack of mechanical reinforcement. Only after acquisition of the ability to deposit the phenylpropanoid polymer
lignin in their cell wall (tens of millions of years latter) that land
plants truly flourished and began their dominance of the terrestrial ecosystem (Weng and Chapel, 2010).
These uniqueness advantages of lignin make it the second
most abundant terrestrial biopolymer, after only cellulose, accounting for as much as 30% of the total biomass in the biosphere (Boerjan et al., 2003). The expansion of land plants and
lignin biosynthesis, because of the large amount of carbon fixed
as cell wall and because lignin degrades only slowly, resulted in a
significant drop in atmospheric CO2 levels and a corresponding
increase in O2 levels. This large accumulation of lignin-rich biomass also gave risen to coal, the most widely distributed fossil
fuel reserve (Weng and Chapel, 2010).
Although the several benefits of lignin deposition for plant
development, there are also a number of negative aspects. The
most relevant for this discussion is the effect of lignin on cell wall
digestibility. Cell wall is still, and by far, the most predominant
nutrient for ruminants, which have evolved a complex digestion
system to provide optimal environment for microorganisms to
digest cell wall polysaccharides (Van Soest, 1994). Lignification
of plant tissues provides a barrier to efficient cell wall digestion
in the rumen and a hindrance to the industrial conversion of
biomass into ethanol (Jung and Deetz, 1993; Dien et al., 2006).
Maturation is the most potent factor affecting digestibility of
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forages, especially tropical forages. As plant matures, cell wall
concentration increases and lignin concentration also increases,
being associated with reduced cell wall digestibility (Jung and
Deetz, 1993).
Lignin is mainly deposited in the secondary thickened cell
walls of tracheary elements and fibers and, together with hemicelluloses, forms a complex matrix in which cellulose microfibrils are embedded (Vega-Sanchez and Ronald, 2010). Most
cells within leaf or stem tissues become lignified during development, only the mesophyll and phloem remain non-lignified
at full maturity in grasses (Jung and Casler, 2006).
Rumen bacteria digest plant cell walls starting from the lumen side of the lignified cells (Engels, 1989). Lignification of the
secondary cell wall creates a barrier for bacterial access of potentially digestible interior wall layers in adjoining cells, in such
a way that approximately one-third of the cells within the typical grass forage particle leave the rumen without being digested
(Wilson and Mertens, 1995). Therefore, increasing the digestibility of plant cell wall through lignin biosynthesis manipulation has been the focus of much research.
Lignin forms by the polymerization of the three hydroxylcinnamyl alcohols (or monolignols): p-coumaryl alcohol, coniferyl alcohol and sinapyl alcohol. The units resulting from the
monolignols, when incorporated into the lignin polymer, are
called guaiacyl (G), syringyl (S), and p-hydroxyphenyl (H) units
(Figure 1). The monolignols are synthesized from Phe through
the general phenylpropanoid and monolignol-specific pathways
(Figure 2).

Figure 1. Monomers of lignin.
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Figure 2. Metabolic grid of potential monolignol biosynthetic reactions
(Eckardt N A Plant Cell 2002;14:1185-1189). CAD, cinnamyl alcohol dehydrogenase; CCoA3H, caffeoyl-CoA 3-hydroxylase; CCoAOMT, caffeoylCoA O-methyltransferase; CCR, cinnamoyl-CoA reductase; C3H, coumarate 3-hydroxylase; C4H, cinnamate 4-hydroxylase; 4CL, 4-coumarate:CoA
ligase; COMT, caffeic acid O-methyltransferase; F5H, ferulate 5-hydroxylase;
PAL, Phe ammonia-lyase; SAD, sinapyl alcohol dehydrogenase.
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The genes involved in the synthesis from phenylalanine to
monolignol substrates are well established (Bonawitz and Chapple, 2010): phenylalanine ammonia-lyase (PAL), cinnamate
4-hydroxylase (C4H), 4-coumarate-CoA ligase (4CL), hydroxycinnamoyl-CoA transferase (HCT), coumarate 3-hydroxylase
(C3H), caffeoyl-CoA 3-O-methyltransferase (CCoAOMT),
cinamoil-CoA reductase (CCR), cinnamyl alcohol dehydrogenase (CAD), ferulate 5-hydroxylase (F5H), and caffeic acid Omethyltransferase (COMT).
The composition of the final lignin polymer differs depending on the cell wall type. Secondary cell wall is enriched in S
subunits when generating fibers, giving rise to the so-called
non-condensed lignins, and it is enriched in G subunits when
generating xylem, the so-called condensed lignin (Gray et al.,
2012).The percentage of H subunits in the final lignin polymer is
slightly higher in grasses than in other monocot or dicot plants,
however the mechanism of gene expression employed by grasses
to achieve higher levels of H-lignin remains unclear. Additionally, grass lignin contains significant amounts of the hydroxycinnamates ferulic acid and p-coumaric acid (Vogel, 2008).
Monolignols are synthesized in the cytoplasm and transported
to the cell wall, where they are oxidized prior to their incorporation into the polymer (Vanholme et al., 2008).
Although the lignin biosynthesis pathway is well studied, two
major questions remain: how the monolignol and other precursors are transported across membranes, and how are they integrated into the extracellular polymerization (Carpita, 2012).
After being exported to the cell wall, monolignols are oxidized
by peroxidases and/or lacasses and further undergo polymerization through combinatorial radical-radical coupling (Morreel
et al. 2010). Both types of enzymes are present as large multigene families with redundant members, which make the study
of lignin polymerization difficult, since generation of transgenic
plants often results in no visible phenotype. The high number of
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peroxidases genes – 73 in the Arabidopsis genome – is one reason why isoforms that are responsible for monolignol oxidation
in vivo cannot be identified easily (Tognolli et al., 2002)

Regulatory genes
One preoccupation when reducing lignin content is to concomitantly reduce the agricultural fitness traits, such as forage
yield, disease and/or insect resistance (spittlebug), and stress
tolerance. Recurrent selection of perennial forages for higher in
vitro DM digestibility, and consequently, lower lignin content,
could, theoretically, lead to lower plant survival when in field
conditions. Casler et al. (2002) indicated a possible negative correlation between the increase in digestibility, due to recurrent
selection, and survival of Dactylis glomerata. The same was observed in recurrent selection of Panicum virgatum, with lower
mass yield and survival of the lineage with higher in vitro DM
digestibility (Casler et al., 2002). It should be highlighted that
the mortality occurred during a rigorous winter at the north
hemisphere, nonetheless it substantiates the potential fall in
plant fitness due to reduction in lignin content. On the other
hand, the recurrent selection of Bromus inermis for higher in
vitro DM digestibility did not change the agricultural fitness of
the plant (Casler et al., 2002). Similarly, Chen et al. (2003) reduced lignin content with transgenic downregulation of CAD in
Festuca arundinacea and did not observed difference between
transgenic and normal plants regarding mass yield, maturity,
height, lodging, or resistance to insects.
In order to minimize possible undesirable effects of transgenesis, it is necessary the adoption of a systems biology approach about lignin biosynthesis, so as to have more precise targets of genetic modifications. As for all metabolic pathways, not
all enzymes are altered in order to control the lignification flux
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in plants. The determination of control points is important to
better characterize targets for genetic modification.
With this in mind, in a recent study with eleven guineagrass
cultivars, Stabile et al (2012) studied the expression of six genes
from the lignifications pathway (PAL, C3H, C4H, CAD, CCR
and CCoAOMT), and identified the expression of the genes
CCoAOMT and C4H as the only ones correlated with the decline in stem NDF digestibility with the advance in maturity
(Figure 3). Therefore, these two genes are good candidate genes
for genetic manipulation studies aiming to reduce its expression
to obtain guineagrass cultivars with higher stem NDF digestibility and slower rate of decline of digestibility with the advance
of maturity.
Caffeoyl-CoA O-methyltransferase (CCoAOMT) catalyzes
the methylation of caffeoyl-CoA to feruloyl-CoA and 5-hydroxyferuloyl-CoA to sinapoyl-CoA, and is believed to occupy
a pivotal position in the lignin biosynthetic pathway (Pinçon et
al., 2001), and probably also cross-linking in grasses (Ralph et
al., 2004). Cinnamate 4-hydroxylase enzymes, which belong to
the cytochrome P450 enzyme family, catalyze the first hydroxylation step in the phenylpropanoid pathway with the production
of p-coumaric acid from cinnamic acid (Riboulet et al., 2009).
Working with perennial ryegrass, Tu et al. (2010) observed
that an up-regulation in OMT expression was correlated with
lignin deposition during the reproductive stage, however this
effect was specific for the LpOMT1 gene. In maize, quantification of expression of CCoAOMT genes in different tissues during development suggest that CCoAOMT3 and CCoAOMT4
are of little importance for stem lignification (Riboulet et al.,
2009), while CCoAOMT2 is highly expressed at the stem (Guillaumie et al., 2007). The different member of the CCoAOMT
multigene family have not been described in guineagrass, however, based on sequence similarity with maize, the observed different expression of CCoAOMT in our study probably refers to
CCoAOMT1 and CCoAOMT2.
A similar pattern of C4H expression was reported in the ear
internode in maize (Riboulet et al., 2009), where C4H had increased expression from silking to 8d after silking, followed by a
decline in expression at 15d after silking.
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Figure 3. Data reported as least squares means ± SEM. (A) Alterations in mRNA
abundance of caffeoyl-CoA O-methyltransferase (CCoAOMT) in the stems of P.
maximum genotypes separated in two groups with either slow or fast decline of
NDF digestibility with advance in maturity. Tissues were obtained with 30, 60,
and 90 days after levelling cut. Data were analyzed by the 2–ΔΔCt method with 30 d
as the reference expression point. (B) Alterations in mRNA abundance of cinnamate-4-hydroxylase (C4H) in the stems of P. maximum genotypes separated in
two groups with either slow or fast decline of NDF digestibility with advance in
maturity. (From Stabile et al., 2012).
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Lignin content does not have to be reduced so as to increase
digestibility, modifications in lignin composition could significantly increase cell wall digestibility. Brown midrib mutants have
both decreased lignin concentration and altered composition,
therefore it was hypothesized that lignin composition as measured by the S/G ratio may partially account for the improved
cell wall digestibility of these mutants (Jung and Deetz, 1993).
Moreover, reducing CAD expression in dicots did not cause any
change in lignin content or in plant growth, but increased digestibility (Baucher et al., 1999; Halpin, 2004). Also, higher F5H
expression in Populus tremuloides promotes changes towards
S-lignin, enhancing cell wall digestibility (Huntley et al., 2003).
Although these results suggest that lignin composition is
an important factor in digestibility; contradictory results were
obtained from other studies. The digestibility of cell walls from
maize suspension-cultured cells was investigated following induced polymerization of monolignols added in various proportions. While lignification substantially reduced the degradability of the cell walls compared to controls, varying the ratios of
monolignols had no effect (Grabber, et al., 2008). Some experiments with transgenic plants concur with these results. Sewalt
et al. (1997a) showed that the increased digestibility of tobacco
stems with suppressed COMT activity was associated with reduced lignin content, not with changes in composition. An increase in digestibility was also achieved in transgenic tobacco
plants by down-regulation of caffeoyl coenzyme A 3-O-methyltransferase, which caused a small change in lignin content but
no change in S/G ratios (Guo et al., 2001a). Furthermore, major
changes to lignin composition have been shown to have no effect on digestibility. The fah1 mutants of Arabidopsis thaliana
are deficient in ferulate-5-hydroxylase and produce lignin with
no syringyl units. There was no difference in cell wall degradability of these mutants compared to wild-type plants (Jung et
al., 1999).
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Another possible interesting possibility for enhancing digestibility without decreasing lignin is to alter lignin cross-linking
with cell wall polysaccharides. Studies using isolated cellulose
and a model polymer (polyeugenol) for lignin indicated that digestibility is reduced only when polysaccharides are chemically
cross linked to lignin (Gressel et al, 1983).
Ferulates are present in grass cell walls as esters of arabinose
units on xylans, and many of the ferulate molecules become
involved in cross-links between arabinoxylans by formation of
diferulate bridges and/or as nucleation sites for the lignin deposition (Ralph et al., 1998). Both diferulate cross-linking of arabinoxylans and cross-linking of lignin to arabinoxylan have been
shown to reduce maize cell wall degradability (Grabber et al.,
1998a, 1998b). The concept that ferulate esters of arabinoxylan
are deposited in the primary wall of grasses and ether cross-links
to lignin form later is also supported by the observation that in
maize stem, ferulate ether concentration began to rise later during elongation than ferulate esters (Jung and Casler, 2006).
Selection against ferulates has shown that In vitro rumen
NDF digestibility was greater for plants with low ferulate cross
linking and the relative negative impact of cross linking was
twice as great as lignin concentration in several perennial grasses (Casler and Jung, 1999; Casler and Jung, 2006; Casler et al.,
2008).
The production of corn and sorghum mutants with lesser cellulose and lignin cross-linking, mediated by ferulates, has shown
to be effective in increasing cell wall digestibility of mature tissues (Jung & Phillips, 2010), and resulted in higher DM intake
and milk production when fed to dairy cows (Jung et al., 2011).
Candidate genes involved in feruloylarabinoxylan biosynthesis
have been identified (Mitchell et al., 2007; Nair et al., 2004; Piston et al., 2010), but it is yet unknown whether these genes influence cross linking or cell wall digestibility (Jung et al., 2012).
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Biotechnology application in forage quality
Several studies demonstrate that the reduction of expression
of genes codifying lignin biosynthesis enzymes alter lignin content and monomeric composition (Table 2).
Table 2. Genetic engineering of genes from the lignin biosynthesis pathway
and its effects on lignin and forage digestibility.

Initially, downregulation of these enzymes from lignin biosynthesis pathway was conducted using antisense oligonucleotides, later, the use of interference RNA has also been applied
for this purpose (Sticklen, 2008). From the results at Table 2,
one can conclude that down-regulation in expression of several
genes acting on the lignin biosynthesis pathway, such as C3H in
alfalfa, for example, results in dramatic changes in lignin content and composition, leading to a more digestible plant.
There is more research done with temperate C3 than tropical C4 grasses. In ryegrass (Lolium perenne), expression of two
COMT genes (OMT1 and OMT3) have been correlated with
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the decline in digestibility with advanced maturity (Heath et
al., 1998). Also, there is great expression of the gene CCR1 by
lignifying tissues of ryegrass (McInnes et al., 2002). In a subsequent study, downregulation of CCR1 and COMT1 genes by
RNA interference-mediated silencing caused dramatic changes
in lignin level and composition in transgenic ryegrass, with accompanying increase in dry matter digestibility (Tu et al., 2010).
Another widely used C3 grass is tall fescue (Festuca arundinacea). Chen et al. (2004) used microprojectile bombardment to
generate COMT down-regulated transgenic tall fescue plants,
reducing the enzymatic activity of COMT, reducing S lignin and
the total concentration of Klason lignin, and increasing by approximately 10.3% dry matter digestibility.
In tropical C4 grasses similar results have been obtained by
downregulation of lignin biosynthesis genes. In maize, Barrièrre et al. (2009) characterized several genes involved with fiber
lignification. COMT downregulation in maize produced plants
with strong decrease in Klason lignin content at the flowering
stage, a decrease in syringyl units, a lower p-coumaric acid content, and the occurrence of unusual 5-OH guaiacyl units (Piquemal et al., 2002). These results are similar to those presented by
the maize bm3 (brown-midrib3). With another tropical grass,
switchgrass, downregulation of a 4CL homologue (Pv4CL1) by
RNA interference reduced lignin content with decreased guaiacyl unit composition (Xu et al., 2011). Transgenic plants had uncompromised biomass yield and increased cellulose hydrolysis
(saccharificiation) by cellulases (Xu et al., 2011). Downregulation of COMT in sugarcane also reduced lignin content, and increased saccharification efficiency by 29% without pretreatment
(Jung et al., 2012).
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Identification of homologous genes
The comparative genetic map of several species allows the
identification of homologous regions – sequences with similarity attributed to a common ancestral – and the transfer of
knowledge obtained with model species to other less studied or
regional plant species (Ahn et al., 1993). Several copies of the
genes coding for lignification enzymes are found in plant genomes, leading to the existence of homologous genes that could
be differentially expressed by the tissues during different stages
of plant development. This opens the possibility of identifying
gene transcripts that are responsible for controlling lignification
in specific situations, such as stem lignification during maturity,
or leaves lignification as a response to insects or pathogens.
Different homologues of COMT have been identified in tobacco (Nicotiana tabacum), with COMT1 being associated with
lignin deposition during maturation and COMT2 associated
with plant defense mechanisms (Collendavelloo et al., 1981).
In maize, two C4H genes, five classes of 4CL genes, seven CCR
genes, one COMT gene, five CCoAOMT, seven CAD genes,
and three PAL genes have been described (Guillaumie et al.,
2007; Barrière et al., 2009; Barrière et al., 2010). During different stages of stalk development, CCoAOMT3 and CCoAOMT4
are of little importance (Riboulet et al., 2009), and CCoAOMT2
is highly expressed in the developing stalk (Guillaumie et al.,
2007). therefore, silencing of CCoAOMT2 should have a greater
and more specific effect on improving stalk digestibility
In perennial ryegrass, homologues for three key genes in lignin synthesis have been isolated and characterized: CAD (Lynch
et al., 2002), 4CL (Heath et al., 1998) and CCR (McInnes et al.,
2002), with supposedly different plant functions. Heath et al.
(1998) identified 3 cDNAs homologous to COMT (LpOMT1,
LpOMT2 and LpOMT3) that are differentially expressed in
young or mature plants. Tu et al. (2010) demonstrated that there
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is a correlation among expression of CCR1 and LpOMT1 with
lignin deposition, with greater dry matter digestibility when
these two homologues were downregulated, without negative
effects on biomass production.
In switchgrass (Panicum virgatum), four cDNAs coding for
CCR have been characterized, with two of them coding enzymes with CCR activity (PvCCR1 e PvCCR2 – Trevino et al.,
2010). Also in switchgrass, two homologous 4CL genes, Pv4CL1
and Pv4CL2, were identified through phylogenetic analysis (Xu
et al., 2011). Pv4CL1, but not Pv4CL2, is the key 4CL isozyme
involved in lignin biosynthesis, and reducing lignin content in
switchgrass biomass by silencing Pv4CL1 can remarkably increase the efficiency of fermentable sugar release for biofuel production (Xu et al., 2011).
The above results illustrate the importance of basic and comprehensive knowledge development regarding expression of lignin synthesis genes, from the point of view of systems biology,
to elucidate how several metabolic pathways can be regulated
independently, but still act synergistically (Dauwe et al., 2007).
The use of constructions with specific, and not constitutive,
promoters could also be of assistance in reducing undesirable
effects when silencing genes. Most of the strategies applied to
reduce lignin made use of constitutive promoters (abundantly
expressed in all tissues) (Persson et al., 2007). However, the
use specific promoters, such as cellulose synthase of secondary
walls, or TFs promoters, aiming to silence target genes only at
lignifying tissues, could be employed (Persson et al., 2007).

Transcription factors
An alternative mean to control expression of multiple genes is
through altering expression of regulatory transcription factors.
The genes responsible for the synthesis of different components
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of the cell wall are concurrently expressed and under transcription regulation (Wang, 2012). Transcription factors bind to conserved cis elements and either activate on inhibit transcription
of a group of genes (Xu et al., 2012). Several factors are surfacing as regulators of lignin biosynthesis in Arabidopsis, maize,
rice and woody trees (Patzlaff et al. 2003b; Goicoechea et al.
2005; Zhong et al. 2006; Zhong and Ye 2007; Zhong et al. 2008;
Zhong et al. 2010; Zhong et al. 2011). Transcrition factors from
the NAC family seem to be specific for certain types of cells and
activate the cascade of response of other factors, such as MYB
and KNAT, which activate genes for the synthesis of cellulose
and hemicellulose (Kubo et al. 2005; Mitsuda et al. 2007; Zhong
et al. 2008; Ko et al 2011). MYB and LIM transcription factors
have been proposed as specifically controlling lignin biosynthesis (Kawaoka et al. 2000; Patzlaff et al. 2003a, b; Karpinska et al.
2004; Goicoechea et al. 2005; Yang et al. 2007, Ko et al 2011).
Transcription factors from the NAC family regulate secondary cell wall development in stems of Arabidopsis. When expression of NST1 and NST3 are disrupted, there is a severe reduction in lignin synthesis and stem tensile strength (Mitsuda
et al., 2007; Zhong and Ye., 2007). It appears that NST3 acts indirectly in modulating lignin biosynthesis, by regulating expression of other transcription factors from the MYB family, which
in turn regulate expression of lignin biosynthesis genes (Zhao et
al., 2011).
Progress in identifying key transcription factors in Arabidopsis and woody species should be extended to forage crops,
but with caution. The importance in understanding how lignin polymer is regulated directly in grasses is demonstrated by
the fact that in maize COMT gene promoter is recognized by
R2R3-Myb factors (i.e., ZmMYBB31 and ZmMYBB42), while
its Arabidopsis ortholog is one of the few lignin genes that is not
regulated by this king of transcription factor (Gray et al., 2012).
In switchgrass, a tropical C4 grass, down-regulation of the R2R3
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MYB transcription factor reduced lignin content, changed pcoumarate to ferulate ratio, and improved saccharification of
biomass (Shen et al., 2012).

Conclusion
There is a great potential for use of biotechnology in tropical
forage breeding programs, as it has been successfully applied in
temperate forages, as well as in breeding programs for bioenergy
with other grasses such as maize, sugarcane and switchgrass. Untangling of the regulatory network governing phenylpropanoid
metabolism, especially the coordination of positive and negative
regulation in different cell types, would undoubtedly aid in the
generation of more optimal roughages and biofuel feddstock.
In order for the breeding programs with tropical forages to
advance in the necessary speed as to attend to the market demands, considerable investments are necessary to greatly expand and incorporate the use of biotechnology, with immediate
benefits coming from mass genome or transcriptome sequence
of target species.
Molecular biology techniques could rapidly contribute to
the improvement of the nutritional quality of tropical forages,
through identification of molecular markers associated with
nutritional quality, discovery of genes and specific transcripts
regulating lignin synthesis, and genetic engineering to modulate
gene expression and enhance cell wall digestibility.
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Impact of agronomic
management on the nutritive
value of corn silage
Dan Undersander¹

Introduction

W

hile the largest effects on corn (Zea mays L.) silage quality
are maturity at cutting (Bal et al., 1997), harvest practices
(Bal et al., 2000a; Bal et al., 2000b; Dhiman et al. 2000), and storage management, there are agronomic differences that can be
taken advantage of to improve corn silage quality.
First it is important to recognize that forage quality of corn
silage increases with plant maturation unlike most other forages. Neutral Detergent Fiber (NDF) actually declines as grain fill
occurs and starch content increases as shown in figure 1 (Lauer,
2003). Thus, optimum quality is in the mature plant. The harvesting recommendation becomes when plant moisture is optimum for ensiling and fermentation which happens to coincide
with high forage quality.
1. Department of Agronomy, University of Wisconsin, Madison, Wisconsin 53706
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Thus, to understand corn silage forage quality, we must consider two distinct components that change in differing directions to result in the final whole plant forage quality. The first is
the leaves and stem which increase in NDF and decline in NDF
digestibility (NDFD) as the plant matures (figure 1). The second
component is the grain which increases as a percent of the total plant biomass with plant maturity and increases whole plant
forage quality. However, kernel hardness and starch availability
can become issues as the plant matures.

Figure 1. Change in NDF and Starch Content of Corn as Plant Matures.
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Corn Hybrid Differences
There are numerous differences among corn hybrids that can
have a significant impact on farmer profitability. However, I
would argue that the first criteria should be based on yield since
it has a larger impact on profit than most other characteristics
(assuming that harvesting occurs near the optimum stage for
forage quality). As the data in figure 2 shows, dry matter yield
differences between the highest and lowest yielding hybrids
within each trial ranged from approximately 4 to 7 t/ha (Lauer,
2012). The difference in yield among corn hybrids grown side
by side was enough to feed a cow for a year. Higher yield is more
profitable since costs to produce the forage are largely related to
land area which is minimized per ton of forage at high yields.
Alternatively, with higher yield, one can feed more animals on
the same land area.
One hybrid selection criteria for optimum yield is to select a
hybrid that will take advantage of the full growing season. This
generally means that hybrids selected for corn silage should mature 5 to 10 days later than hybrids selected for grain.

Figure 2. Minimum and Maximum Yield of Corn Hybrids in 4 trials, Wisconsin 2012
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The hybrids of figure 2 were divided into two groups with a
narrow range of maturity for each trial. Note that the late hybrids, maturing 5 to 10 days later than the early hybrids, tended
to have higher yields for both the high and low yielding hybrids.
Also, at site 2 (with a better growing season), the difference between the highest and lowest yielding hybrid was greater for the
late maturing hybrids than for these hybrids maturing 5 to 10
days earlier.
Hybrids selected specially for corn silage are recommended
as generally being higher in biomass than “dual purpose” hybrids. Some development of hybrids with special traits for silage
has occurred.
Hybrids with the brown midrib gene (BMR) that have lower
lignin, higher fiber digestibility, and greater intake (Holt, 2013).
Agronomically these hybrids have lower yields (0 to 25% lower
depending upon hybrid and trial), greater lodging susceptibility,
reduced drought stress, and delayed maturity. Since, the milk
response from feeding BMR corn is variable (0 to 2.25+ kg. per
cow per day), the economic advantage of growing and feeding
BMR corn is going to vary greatly from farm to farm.
Corn silage hybrids with the leafy gene are characterized by
plants that are tall and with more leaves than normal grain or
corn silage hybrids. The leafy hybrids appear to yield more and
have similar milk production compared to “dual-purpose” hybrids (Bal, 2000c). They may have value for feeding heifers and
other growing animals where lesser quality is required than for
milking dairy cows.
Corn hybrids bred for high oil grain and utilized for silage
have only slightly increased Net Energy of Lactation (NEL) is
because the oil content is diluted-out by the stover portion of
the plant, there is a lower percentage of starch, and the NDF
increases. Dry matter yield of these types is decreased. Most
feeding studies show small or no increases in milk production
from feeding high oil corn silage (Weiss, 2000). Although this
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technology may hold future promise, until higher yielding hybrids are available, producers are better with other genetics to
meet silage needs.
Corn hybrids exist with flint, dent, or less vitreous floury
or opaque corn endosperm types which differ in the degree of
starch granule cross-linking by γ-zein proteins. The hydrophobic zein proteins, especially γ-zeins, in the starch-protein matrix
are degraded during the fermentation process following ensiling
(Allen et al., 2008; Lopes et al., 2009). Increased ruminal degradation of high moisture corn starch by ruminants is related to
fermentation and the degradation of starch-matrix has reported
to allow greater access to starch granules in HMC by rumen
bacteria (Hoffman et al., 2011). It is possible that some of these
corn types may allow increased starch availability earlier in the
silage fermentation process.

Milk2006
Milk2006 is a model developed at the University of Wisconsin that calculates milk per ton and milk per acre (hectare)
as quality indices used to compare corn hybrids and some other
management variables. The original model (Milk95, Undersander et al. 1995) was modified in 2000 to use NEL-3x energy
value derived from the summative TDN maintenance (including NDFD) using the NRC (1989) empirical equation (Schwab
et al., 2003). In MILK2006, the NEL-3x energy value is derived
using an adaptation of the TDN-DE-ME-NE conversion equations provided in NRC (2001). Neutral detergent fiber content
and NDFD are used to predict DMI (Schwab et al., 2003) in both
MILK2000 and MILK2006. However, a one %-unit change in
NDFD (% of NDF) from lab-average NDFD changes DMI 0.26
lb. per day (Oba and Allen, 2005; Jung et al., 2004) in MILK2006
versus the 0.37 lb. per day value (Oba and Allen, 1999a) that was
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used in MILK2000. In MILK2000, variation in NDFD impacted NEL intake through effects on both NEL-3x content
and DMI (Schwab et al., 2003). However, Tine et al. (2001)
and Oba and Allen (1999a) reported that at production levels
of intake, NDFD has minimal impact on NEL-3x content but
impacts NEL intake primarily through effects on DMI. In
MILK2006, the NDFD value used for calculating NEL-3x is
adjusted for differences in DMI predicted from NDFD using an equation adapted from Oba and Allen (1999a). Thus,
NDFD will impact NEL intake and hence the milk per ton
quality index mainly through its impact on predicted DMI
in MILK2006. MILK2006 for corn silage also includes estimates of starch degradability.
Figure 3 shows the use of milk2006 data to evaluate hybrids. When milk/ton (a quality index) is plotted on the xaxis (with vertical dashed line to show average quality) and
milk per acre (yield and quality combined) is plotted on the
vertical axis (with horizontal dashed line to show average
milk/acre) one can begin to evaluate hybrids. Hybrid 35F44
(lower right) is a brown midrib hybrid with low lignin and
high forage quality, however the yield is low to milk per acre
is low. On the other hand, HiDF3105Q (middle left) is a hybrid with average yield but low quality. We would recommend those hybrids in the upper right quadrant of the graph
that have both high yield and high quality.
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Figure 3. Milk/t and milk/A plot of corn hybrid performance. Wisconsin
2009.
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Plant population
Optimum plant density for yield depends on rainfall and/or
irrigation level. Recommendations have ranged from 50,000 to
116,000 plants/ha. Though most ranges have been in the 60,000
to 90,000 plants/ha range (Cox et al., 1998; Cox and Cherney,
2001). Plant density did not affect corn NDFD (Marsalis et al.
2010). Forage yield increases with increasing plant density. But,
forage quality (milk per ton) decreases. Researchers noted that,
as plant population increased from 44,500 to 104,500 plants/
ha, yield increased 1.7 to 4.1 mt/ha, in vitro digestibility (48
hr) declined 16 to 23 g/kg, crude protein declined, 6 to 8 g/kg
and NDF increased 20 to 35 g/kg (Cusicanqui and Lauer, 1999).
Thus, an optimum plant density exists for milk per acre. The
current recommendation for corn silage production is to plant
at a density slightly higher than grain production (~4,000 more
plants/ha). Recent work indicates that optimum plant densities
may be increasing.

Fertilization
Fertilization beyond that required for optimum grain yield
produces no significant change in forage quality (Marsalis et al.
2010). This lack of response to fertilizer is likely due to the large
impact that grain has on whole plant forage quality. Under optimum conditions grain is expected to be 45% of the whole plant
dry weight.

Planting date
Planting at dates after the optimum for full season corn result in lower forage yield, milk per ton (quality) and milk per
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acre than earlier planting dates. Planting date has little effect on
whole plant NDFD. Delayed planting dates tend to have lower
starch content, which is largely responsible for decreases in forage yield, milk per ton and milk per acre (Lauer, 2003).

Row spacing
Narrow rows make more efficient use of available light enhancing early growth and allowing quicker canopy closure to
shade the ground thereby improving weed control. However,
grain and silage yields response to narrow row spacing has
been varied and inconsistent, in part showing response only
under optimum growing conditions. Planting in rows spaced
40 cm apart may increase yield under good growing conditions. Row spacing did not affect forage NDFD or starch content. The small increase in stover yield due to narrower row
spacing is balanced by a small increase in grain yield, so overall forage quality does not change (Lauer, 2013).

Cutting height
The lower portion of the corn plant is more lignified to support the upper portion of the plant (including the grain). As
such, it is lower in forage quality than the upper portion of
the plant. The standard cutting height is about 15 cm. However, the results of raising cutting height have not been as great
as one might expect. Neylon and Kung (2003) reported that
when cutting height was raised from 12.7 to 45.7 cm for three
leafy corn silage hybrids, silage at two dry matter levels (34
and 41% DM) had more starch, higher in vitro digestibility
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(30 hr) and lower concentrations of lactic acid, crude protein
and NDF. When fed to lactating dairy cows, corn silage cut
higher resulted in tendencies for greater NDF digestion in
the total tract, higher milk production and improved feed efficiency, but there were no differences in 3.5% fat corrected
milk between treatments. However, DM yield was decreased
by about 10%. Bernard et al. (2004) harvested two hybrids at
10.2 and 30.5 cm cutting height when at 35 to 37% DM. Neither in vitro digestibility nor milk yield changed significantly.
They postulated that higher growing temperatures (in Georgia,
USA) may have resulted in higher lignin and offset any potential improvement from cutting height. Lewis et al. (2004)
harvested a dual purpose corn hybrid, a leafy type and a brown
midrib hybrid at three moistures levels (28, 35, and 42% DM)
and three cutting heights (15, 30, and 46 cm). They reported
that calculated milk per ton increased with cutting height from
1417 to 1523 kg/t while yield declined from 14.1 to 13.2 t/ha
so that calculated milk/acre remained similar. However, they
noted differences among the three hybrid types with the BMR
type having the greatest changes and the leafy type having least
changes across cutting heights.
Thus, the yield declines with increased cutting height, raising the cost per ton of forage and quality may or may not increase. Generally high quality lines will show less increased
forage quality and milk production with increased cutting
height than dual purpose hybrids.

Environmental variation
It is important to remember that the growing environment
of the corn has much to do with yield and forage quality. Table
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1 shows the differences of a number of corn hybrids grown at
two locations within Wisconsin where the seed was from the
same bag and plantings were within 2 days of each other. Between the two locations yield differences were by 1 to 5 t/ha,
NDF ranged from 0 to 5 % of DM, NDFD varied from 0 to 6%
of NDF and starch content varied 1 to 6 % of DM between the
pairs of hybrids. Thus, even with the best agronomic management, the yield and quality of corn silage will vary from year
to year depending on the environment. The problem for the
farmer is that all of his corn silage is grown at one location
under one environment and so shows the same year to year
variation shown in the table among hybrids grown at different
locations.

Take home messages
 Significant differences among corn hybrids exist for
yield and quality. Therefore hybrids should be evaluated locally.
 Plant population, row spacing and fertilization affect
primarily yield with little effect on forage quality.
 Cutting height can improve forage quality but will
result in yield loss.
 There is a large, uncontrollable environmental effect
on yield and quality.
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Table 1. Environmental differences in Corn Yield and Quality, WI 2009
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Introduction

F

ood products of grassland production systems have a
particular value associated with their production process. As
well as being more appealing to consumers from an ethical and
environmental perspective, milk and meat of grassland origin
differ in composition from products derived from animals fed
other feedstuffs. For example, milk and meat of grassland origin
have fatty acid profiles that are more nutritionally favourable
from a human health perspective, and contain elevated levels
of certain vitamins, compared to products produced from
some cereal feedstuffs. It is well established that milk and
meat from grassland production systems have a lower n-6/n-3
polyunsaturated fatty acid (PUFA) ratio and a higher levels of
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conjugated linoleic acid (CLA) than milk and meat from animals
fed unsupplemented cereal concentrate diets (Woods and
Fearon, 2009; Daley et al., 2010). McAfee et al. (2011) showed
that, in habitual red meat consumers, long chain PUFAs were
higher in platelets of individuals consuming beef and lamb from
grassland production systems compared to beef and lamb from
cereal concentrate-based production systems. However, for
consumers to pay a premium for products of grassland origin,
based on a superior quality, they need assurance about the
authenticity of these products. Similarly, producers of such high
value products need to be protected from counterfeit substitutes
(Kelly et al., 2005). Recent incidents of food fraud, including the
horsemeat scandal in Europe, have only served to increase the
concerns of producers and consumers around the issue of food
authenticity and traceability. One important approach toward
re-assuring consumers and producers is the development of
robust methods to authenticate and trace such products.

Authenticity and Traceability
The Codex Alimentarius Commission defined traceability as
“the ability to follow the movement of a food through specified
stages of production, processing and distribution” (WHO/FAO,
2007). It requires a record of the steps in a food’s journey from
its site of production to consumption and “each link requires
keeping records of preceding and succeeding links” (TRACE,
2010). Because traceability systems depend on the maintenance
of records, paper or computer-based, they may be open to fraud.
Authentication, defined by Dennis (1998) as “the process by
which a food is verified as complying with its label description”,
is therefore necessary to support traceability systems and to
demonstrate that it is possible to prove beyond doubt that a
particular food product complies with its product label. This
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paper will focus on authentication methodologies that can
underpin a so called “authenticity-based traceability system”
(TRACE, 2010) for products of grassland production.

Authentication Techniques
The influence of the animal’s diet on the subsequent composition
of milk and meat products is well established; it is therefore not
surprising that authentication of meat from grassland production
systems has focussed on the measurement of components in meat
that derive either directly or indirectly from grass/grass products
contained in animal feedstuffs (Vasta and Priolo, 2006; Prache,
2009). Among the quantifiable components in milk and meat, that
are directly influenced by the feedstuffs consumed by animals,
are fatty acids, carotenoids, tocopherols and volatile compounds
including terpenes and phenolics; these directly reflect the diets
consumed by the animals. Alternatively, a ‘fingerprint’ approach
can be taken whereby spectroscopic techniques can be used to
determine differences in the optical properties of foods derived
from different production systems, but not attributable definitively
to any particular dietary component (Luykx et al., 2008). In
addition, molecular techniques can be used to study the impact
of different production systems on gene expression (Hocquette
et al., 2009). Many reviews describe in detail the methodologies
now available for application to authentication of foods; examples
include Lees (2003), Sun (2008) and Primrose et al. (2010). The
methods include chromatography (GC, HPLC), isotope ratio mass
spectrometry (IRMS), spectroscopy (IR, NMR, UV, fluorescence,
Raman), molecular (DNA and PCR-based) techniques and
enzymatic techniques. As well as the measurement techniques
themselves, appropriate statistical analysis of the data collected is
critical in establishing whether a particular product is authentic
or not (Murphy et al., 2010; Oliveri et al., 2011). The following
section will focus primarily on the measurement of quantifiable
components for authentication purposes.
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Fatty acids
It is well established that ruminant meat from grass-fed
animals has a significantly higher n-3 polyunsaturated fatty
acids (PUFA) and CLA content and PUFA:saturated fatty acid
(SFA) ratio and a lower in n-3/n-6 fatty acid ratio than that from
concentrate-fed animals (Fisher et al., 2000; French et al., 2000)
(Figure 1) .

Figure 1. Fatty acid profile of (a) grass and a barley-based concentrate and
(b) muscle of cattle receiving grass or a barley-based concentrate ration
(adapted from French et al., 2000).

However, while the fatty acid profiles of meat from animals
raised on grassland is clearly different from that of animals
fed cereal concentrates, the effect of feeding either grass or
concentrate is not “instantaneous” and it is important to consider
the time taken for the composition of meat (muscle and adipose
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tissue) to respond to a particular diet. We demonstrated a
clear effect of duration of feeding grass, following a switch
from a grass silage/concentrate-based diet; a-linolenic acid
(C18:3(n-3)), CLA and PUFA:saturated fatty acid (SFA) ratio
all increased and n-6/n-3 decreased as the period on grass
was extended from 0 to 40, 99 or 158 days pre-slaughter
(Noci et al., 2005) (Table 1).
Table 1. Fatty acid proportion of total lipids in intramuscular fat from
bovine Longissimus dorsi of cattle grazing for different durations (adapted
from Noci et al., 2005).

In addition, non-grass sources of fatty acids, e.g. soybean (Cooper
et al., 2004), sunflower, linseed (Scollan et al., 2001; Noci et al., 2007)
and camelina (Noci et al., 2011) oils, or combinations thereof, could
potentially give rise to C18:3(n-3), C18:2(n-6) or CLA contents in
muscle similar to those derived from grass. We recently completed a
study which set out to discriminate, using fatty acid analysis, between
beef from animals raised on grass or a barley-based concentrate or
on grass/concentrate combinations over a 12 month period (Figure
2). The discrimination model obtained, with leave-one-out crossvalidation, permitted differentiation into the four dietary treatments
with a correct classification of 92.9 %. The miss-classified samples
related to beef from animals raised on pasture for 12 months prior
to slaughter being classified as beef from animals fed grass silage
for 6 months followed by grass at pasture for 6 months. Effectively,
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however, both groups could be considered grass-fed, since the silage
is ensiled grass, and therefore the miss-classification was not of major
significance from the perspective of grass-fed beef authentication;
pooling these groups together gave 100 % correct classification of
beef according to diet.
Similar to ruminant meats, milk fatty acids respond to changes
in dietary fatty acids with CLA, vaccenic acid (VA) and C18:3(n-3)
increasing as grass replaces non-grass constituents in the diet of
ruminants (Kelly et al., 1998; Couvreur et al., 2006; Dewhurst et al.,
2006) (Figure 3).

Figure 2. Plot of the discriminant functions for classification of beef according
to production system, based on muscle fatty acid analysis. The production
systems were for cattle fed as follows: grass at pasture for 12 months (Pasture);
grass silage for 6 months (November-April) followed by grass at pasture for 6
months (Silage Pasture); grass silage for 6 months (November-April) followed
by grass at pasture with a barley-based concentrate (0.5 of total dry matter)
for 6 months (Silage Pasture Concentrates); or a barley-based concentrate for
12 months (Concentrates) (Röhrle, 2013).
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Figure 3. Fatty acid profile of milk of lactating cows receiving grass at pasture
or a mixed corn silage-based ration (adapted from Kelly et al., 1998).

In sheep, Ostrovsky et al. (2009) found three times more
CLA and VA and twice as much C18:3(n-3) in the milk fat
of grazing ewes than that of ewes fed a total mixed ration.
Furthermore, in the grazing ewes, the CLA and VA decreased
two fold when C18:3(n-3) content decreased in mid-summer
compared to May and September, indicating the difficulty of
attributing fatty acid composition in milk or dairy products to
any particular production system, including grassland. As for
meat it is possible to enhance the CLA content of milk fat by
including dietary fat sources rich in C18:2(n-6) (Coakley et al.,
2007). In addition, even within a grassland production system,
milk fat composition varies with stage of maturity of the grass
and its botanical composition (Collomb et al., 2002). Seasonal
variation in fatty acid profile of grass (Meluchová et al., 2008)
is also likely to influence the ultimate fatty acid composition
of milk.
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Volatile organic compounds
Vasta and Priolo (2006) reviewed the impact of diet on
volatile organic compounds in ruminant meat. Among the
meat volatile components influenced by diet, particularly
grass versus concentrate feeding, are branched chain fatty
acids, lactones, aldehydes, phenolic compounds, indoles,
2,3-octanedione, terpenes and sulphur compounds (Figure 4).
Priolo et al. (2004) identified four terpenes in ovine fat, from a
total of 33 terpenes detected, which permitted discrimination
of lamb from sheep raised and finished on pasture from
that of sheep raised on concentrate or concentrate/pasture
combinations.

Figure 4. Terpenes (ppm) in the subcutaneous fat of grass- and concentratefed cattle (Larick et al. (1987), cited in Vasta and Priolo, 2006).
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Similar to fatty acids, the terpenoid content and profile of
pasture is highly variable, depending on plant species, stage of
growth and grazing management (Mariaca, 1997; Tornambé et
al., 2006) so that care is required in relating terpenes generally,
or indeed specific terpenes, to production systems, e.g. grassland
production. In milk and cheese, Martin et al. (2005) reviewed
a number of studies undertaken in France and elsewhere on
discrimination of milk and cheese from cows fed different
diets. Terpene transfer from forages to milk was shown to be
fast – as early as the first milking after consumption (Viallon
et al., 2000) – and terpenes were transferred into cheese with
minor alteration. Analysis of terpenes was used to discriminate
between milk from 2 regions of France in both summer and
winter with geographical discrimination attributed to botanical
differences in the forages (Fernandez et al., 2003).

Stable isotopes
In the field of food authentication stable isotope analysis
has been shown be of immense value. Piasentier et al. (2003)
reported 15N/14N and 13C/12C ratios in small numbers of lamb
samples from six European countries, encompassing three broad
production systems, including one classified as ‘pasture, eating
fresh temperate herbage without any solid supplementation’. The
potential for multi-element stable isotope analysis (C,N,H,S) to
discriminate between lamb sourced in different parts of Europe
has been demonstrated (Camin et al., 2007). The influence of
grassland production was clearly evident, with lamb samples
from island sources on the western seaboard of Europe (Ireland
and the Orkney islands) clustering separately, mainly on the basis
of lower 13C/12C ratios, from samples originating in mainland
Europe, where supplemental cereal or maize-based inputs may be
fed for periods. In beef different production systems, including
177
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grass-based production systems, can be clearly identified using
stable isotope analysis (Osorio et al., 2011) (Figure 5).

Figure 5. Carbon (d13C) and N (d15N) stable isotope ratios in beef from
different countries. ITA, Italy; WAT, organic beef from 1 farm in Ireland; BR,
Brazil; AUST, Austria; SPA, Spain; SUPQ, beef from an Irish supermarket;
FRA, France; G, Germany; UK, United Kingdom; USA, United States
(includes some labelled “pasture-fed”); SiPC, Irish beef from cattle fed grass
silage for 6 months (November-April) followed by grass at pasture with a
barley-based concentrate (0.5 of total dry matter) for 6 months; P, Irish beef
from cattle fed grass at pasture for 12 months; C, Irish beef from cattle fed a
barley-based concentrate for 12 months; SiP, Irish beef from cattle fed grass
silage for 6 months (November-April) followed by grass at pasture for 6
months.

One of the biggest challenges in authentication of grassland
production of milk or meat is that rarely is the production
system based solely on grass. In Ireland, for example, where
ruminant meat and milk production would in general be
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considered ‘grass-based’, seasonal variation in stable isotope
ratios exists due to non-grass, including maize-based, inputs
particularly in the winter months when animals may be housed
(Schmidt et al., 2005). Indeed seasonal variation in 13C/12C was
shown to be lower in organic beef compared to conventionallyproduced beef and this was attributed to the lower likelihood of
maize being used in organic production systems compared to
conventional systems (Bahar et al., 2008).
Supplementation of grass with cereal-based concentrates
may go undetected using stable isotope ratio analysis if the
stable isotope ratio of the cereal-based concentrate is not
greatly different from that of grass. For example, data from our
laboratory showed that while there was a significant difference in
the 13C/12C ratio of beef following 3 or 4 months of consumption
of a diet of 83% grass (dry matter, DM, basis) compared to 74% a
barley-based concentrate, there was no difference between beef
from animals fed the different diets for 1 or 2 months (Monahan
et al., 2006). Thus, obvious questions arising from the diet switch
scenario are: ‘how long does it take for a change in diet to be
reflected in tissues’ and ‘how different do stable isotope ratios
between diets need to be to elicit differences in tissue stable
isotope ratios’. Furthermore, Bahar et al. (2009) demonstrated a
half life to five months (151 days) for turnover in muscle carbon
(reflected in changes in 13C/12C ratio) following a switch from a
barley to a maize-based diet.
In dairy products, Rossmann et al. (2000) measured C,
N, O and S stable isotope ratios in butter of different origins,
and using principal component analysis, demonstrated some
clustering of samples from particular regions but not regional
discrimination. The authors highlighted the potential of the
stable isotope technique when combined with measurements
of other markers including fatty acids, carotenoids and trace
elements. In pecorino cheese, Manca et al. (2001) used 13C/12C
and 15N/14N ratios in cheese from three regions in Italy for regional
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designation, with differences being likely due to differences
in farm production practices between regions. In cow’s milk,
Renou et al. (2004) demonstrated differences in 18O/16O between
milk of animals raised in 2 regions of France (Brittany versus
the Massif Central). They also showed differences between
milk in the Massif Central produced in spring from pasture, in
winter from grass silage and in winter from hay, but in Brittany
there was no difference between milk produced in winter from
maize silage and in winter from hay. While differences between
sites may reflect differences in the drinking water 18O/16O the
contribution of water from feedstuffs must be considered, which
could either eliminate or accentuate inter-site differences.

Optical properties and carotenoids
Visible reflectance spectroscopy has been applied to the
challenge of differentiating between meats produced under
different production systems, including pasture versus cerealbased systems. Prache and co-workers used reflectance
spectroscopy in the visible region (450-510 nm) to discriminate
between lamb production systems (Prache and Theriez, 1999;
Prache et al., 2009). Prache et al. (2003) advocate measurements
on both adipose tissue and blood to lower the likelihood of
miss-classification and, as for stable isotopes, the confounding
effect of diet switches on classification is recognised. A further
confounding effect identified by Prache et al. (2003) is that
depletion of carotenoids in adipose tissue, after a change to a
low carotenoid diet, occurs due to a dilution of existing adipose
tissue by new adipose tissue; thus in mature animals carotenoid
measurement in adipose tissue may not be an appropriate
indicator of diet. Furthermore, the carotenoid content in cut
(zero-grazed) grass was found to be higher than in the grazed
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grass (Serrano et al., 2006) and this has been attributed to the
fact that cut grass may consist of herbage taken at a stage of
growth when it is particularly rich in carotenoids. Indeed, in
our laboratory we found a 1.8 fold higher mean b-carotene
level in grass silage compared to the mean for pasture sampled
monthly over a 1 year period (Röhrle et al., 2011).
In agreement with the work of Prache and co-workers, recent
findings on beef in our group showed contrasting reflectance
spectra (400-700 nm) for subcutaneous adipose tissue from
animals fed pasture (P) versus a barley-based concentrate (C)
for a 12 month period. Furthermore, subcutaneous adipose
tissue from a group fed silage for 6 months followed by pasture
for 6 months (SiP) was distinguishable at slaughter from that
of the group fed pasture for 12 months, indicating an effect of a
diet consumed 6 months earlier on adipose tissue reflectance at
slaughter (Figure 6). However, a group fed silage for 6 months
followed by a 50:50 (DM basis) pasture/concentrate mixture
for 6 months (SiPC) was not distinguishable from the SiP
group, somewhat undermining this methodology as a means
of diet discrimination (Röhrle et al., 2011).
Noziere et al. (2006a,b) attempted to relate the carotenoid
content of milk to production system. The nature of the forage
is considered the main variable influencing milk fat b-carotene
(Noziere et al., 2006b) with seasonal variation, affected by the
stage of growth, also a contributory factor. Practical factors such
as the pooling of milk and its bulk storage prior to processing
pose a significant challenge in terms of authentication of milk
or the processed dairy products derived from it. Reflectance
measurements have also been applied to milk in an attempt to
distinguish between grass versus hay and concentrate feeding
(in individual cows) – this was possible provided there was at
least a 36 day interval between time of diet switch from the low
carotenoid (concentrate, hay) to the high concentrate (pasture)
diet (Noziere et al., 2006a).
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Figure 6. Mean reflectance spectra of subcutaneous adipose tissue of beef
cattle fed grass at pasture for 12 months (P), grass silage for 6 months
(November-April) followed by grass at pasture for 6 months (SiP), grass
silage for 6 months (November-April) followed by grass at pasture with a
barley-based concentrate (0.5 of total dry matter) for 6 months (SiPC) or a
barley-based concentrate for 12 months (C) (Röhrle et al., 2011).

Functional genomics
Among the recent approaches with potential for use in
discriminating between production systems is functional
genomics, in particular transcriptome (Hocquette et al., 2009;
Prache, 2009) and proteome (Shibato et al., 2009) profiling.
Cassar-Malek et al. (2009), in a comparison of outdoor pasture
versus indoor concentrate feeding of Charolais cattle, found
Selenoprotein W to be under-expressed in pasture-fed animals
and proposed it as a putative gene marker of the grassland system.
Duckett et al. (2009) studied expression of genes involved in
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lipogenesis in muscle and found up-regulation of stearoyl-CoA
desaturase, fatty acid synthase and Spot-14 and down regulation
of signal transducer and activator of transcription-5 (STAT5)
in the subcutaneous fat of grazing steers finished on a highconcentrate diet compared with a pasture only diet.
Differences in the energy density of the diets, with subsequent
effects on animal growth rate and fat deposition, may contribute
to differences in gene expression, especially for genes associated
with lipogenesis. Using 2-dimensional electrophoresis with
mass spectrometry and Western blot analysis, Shibato et al.
(2009) showed that differential expression of muscle proteins,
attributed to a change in muscle fibre type and changes in
metabolic enzymes, occurred during the fattening period in
concentrate-fed versus grazed cattle.

Conclusion
Much progress has been made in recent years in advancing
our capabilities in the area of food authentication. Challenges
clearly remain in applying authentication methodologies to
food of animal origin because potential markers of geographical
origin or production systems are influenced by the complexities
of pre-slaughter diets available to animals and of the production
systems themselves. Novel approaches are required to overcome
these hurdles. These are likely to involve, initially, the use of
multiple methodologies to measure multiple markers in multiple
tissues and advanced chemometric techniques. From a grassland
production perspective, success in overcoming these hurdles
may require the establishment of data bases of representative
authentic samples and/or cut-offs outside of which samples
would be deemed non-authentic.
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Harvesting and curing
high quality hay
Steve B. Orloff¹

Introduction

P

roper harvest management is essential for profitable forage
production, particularly manipulation of quality and yield.
The two primary elements of proper harvest management are
1) Selection of a cutting schedule to maximize yield, quality and
stand persistence, and 2) Harvest techniques to best preserve the
quality of the harvested forage. The selection of the maturity at
which the forage is harvested is unquestionably the most powerful technique under the producer’s control to impact quality,
and to a considerable extent yield. Selecting the optimum harvest schedule is not an easy decision for producers because of
the tradeoffs involved. Growers are challenged to determine the
optimum harvest timing in light of the impacts on yield, forage
quality and stand persistence (Figure 1). Once the appropriate
1. Farm Advisor. University of California Cooperative Extension.
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harvest timing is determined, sound haymaking practices are
important for rapid curing and to preserve forage quality. This
includes the time of day when harvest and baling occurs, proper
conditioning at cutting, the use of wide swaths for rapid drying,
appropriate moisture levels for raking and baling, and potentially the use of drying agents or preservatives. Because of the
breadth of this topic, this paper will focus on alfalfa production
practices used in the western United States; however, the principles discussed will largely apply to other forb and grass forages
and other production areas as well.

Figure 1. Proper harvest strategies are a complex compromise between obtaining high yields, high quality, and stand longevity. Generally, short cutting
schedules which maximize quality result in lower yields and shorter stand
persistence. (Source: D. Putnam)

Harvest timing
Cutting frequency, or more precisely the maturity of the alfalfa when it is cut, has a more profound effect on forage quality
and yield than perhaps any other single factor. As the alfalfa
plant matures, yield increases but forage quality decreases (referred to as the Yield/Quality Tradeoff). This inverse relationship between yield and forage quality has been well documented in the literature (Colbenz, et al., 2008, Orloff and Putnam,
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2008). As the alfalfa crop matures and yield climbs, the increase
in forage biomass is primarily stems over leaves–thus lowering
the leaf:stem ratio (Albrecht et al., 1987, and Martiniello 1997).
In addition to the increase in the stem fraction, the digestibility
of the stem declines more rapidly than the leaves due to the high
cell wall concentration and lignification rates in the stem. An
idealized relationship between alfalfa yield and quality and the
relative proportion of leaf and stem yield with advancing maturity is shown in Figure 2. Much of the yield increase and quality decrease with advancing maturity is attributed to increased
stem yields, which increases the concentration of lignified cell
wall material in the whole plant greatly reducing digestibility.

Figure 2. Idealized relationship between yield and quality at different alfalfa
growth stages (Source: Undersander et al., 2011)

193

|

PROCEEDINGS OF THE III INTERNATIONAL SYMPOSIUM ON FORAGE QUALITY AND CONSERVATION

A long interval between cuttings ordinarily results in a higher level of carbohydrate root reserves and a concomitant increase in plant vigor (Reynolds, 1970). This, in turn, results in
higher total seasonal yield and longer stand persistence. Thus,
the challenge for growers is to discover the compromise which
gives high yield and good quality, along with stand persistence,
but not necessarily the highest yield or the highest quality possible.
Determining the optimum harvest timing requires an understanding of the influences of environmental conditions on
alfalfa growth and development. The most influential of these
environmental factors are temperature and light intensity.
Hence, there are year-to-year, seasonal, and diurnal effects on
yield and forage quality. Research conducted in diverse environments in California illustrates these effects (Table 1). In the
Central Valley of California, yield increased 92.3 kg ha-1 per
day in early spring compared with over twice that rate (201.2
kg ha-1 per day) in summer (Ackerly, 2001). Geographic region had a profound effect as well. While yield increased 201.2
kg ha-1 per day during the hot summer months in California’s
Central Valley, the yield increase in a cooler intermountain environment (3 to 4 cut area) was only 125.1 kg ha-1 per day. This
illustrates the problem with harvesting alfalfa on a calendar
basis with preset intervals between cuttings. This is a common
practice at many alfalfa hay farms in the Central Valley of California and other areas in the western US where alfalfa is cut
every 26 to 28 days. This facilitates scheduling around other
cultural practices such as irrigation events, and is especially
common when the alfalfa is harvested by a custom operator.
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Table 1. Daily changes in yield, ADF, NDF and CP in diverse environments
in California. Fresno County represents a warm location in California’s Central Valley (7-8 cuts per year), Yolo County a cooler Central Valley location
(6-7 cuts per year) and Siskiyou County a short-season intermountain location (3-4 cuts per year).

Economic considerations
Much of the alfalfa in the western US is marketed off-farm
to large-scale dairy operations who demand high quality forage, typically requiring an acid detergent fiber (ADF) content of
less than 27%. Growers are faced with determining the harvest
timing that produces the greatest financial returns, requiring a
relatively complicated analysis that takes into consideration the
price differentials between hay quality categories at the time of
harvest (Blank et al., 2001).
The price differential is generally greater in overall low-price
years than high-price years (Figure 3). With the dairy market
being the primary consumer for alfalfa in the western US, producers are forced to cut alfalfa at immature growth stages to satisfy consumer demands. Continually harvesting alfalfa at the
195
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pre-bud or early bud growth stage reduces seasonal yield and
can reduce alfalfa vigor and stand persistence.

Figure 3. Average annual alfalfa hay price in California for Supreme, Premium, Good and Fair categories for 10-year time period from 2003 – 2012.

Flexible cutting schedule
Selecting a cutting strategy does not have to be a simple
choice between long- or short-cutting intervals for the entire
season. Individual cuttings can be managed differently, adding a level of sophistication to harvest management. One of the
least profitable times to cut alfalfa is when the forage quality falls
just short of attaining dairy quality premium standards (Blank,
2001). Cutting schedules should be flexible enough to respond
to seasonal variation in weather and to account for the fact that
specific harvest timings are more profitable than others. An ap196
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proach has been proposed where producers alternate the cutting
frequency on different fields (Orloff and Putnam, 2008). Some
fields are harvested at the early bud stage to ensure high quality
alfalfa suitable for lactating dairy cows, while harvest of other
fields can be delayed to 10% or up to 50% bloom to maximize
yield. Extending the cutting interval for a cutting(s) gives fields
a “rest” period and allows the plants to replenish root reserves to
enhance plant vigor and stand persistence.
This can be accomplished by using a staggered approach to
cutting management. Ordinarily, the different fields on a farm
are cut in sequential order, meaning the same order is followed
from one cutting to the next throughout the season. With a
staggered approach, the field cut first for first cutting will not
be cut first on second cutting. A field cut in the middle of the
sequence on first cutting may be the first one cut on second cutting. The key is to deviate from using the same cutting interval
throughout the season and build in a “recovery” period (or periods) during the season, thereby providing the alfalfa a time
period in which to replenish carbohydrate root reserves depleted from continually harvesting at immature growth stages.
Research comparing the standard sequential approach to a staggered approach to harvest management indicated that total seasonal alfalfa yield using the two approaches was similar, but the
staggered approach resulted in more dairy quality alfalfa harvests over the season (Orloff and Putnam, 2006). There is considerable flexibility in how this approach can be implemented.
Future developments as a result of alfalfa breeding efforts
may alter the harvest practices employed by alfalfa producers.
The anticipated commercialization of transgenic alfalfa that has
been down-regulated for two lignin biosynthesis genes has the
potential to greatly alter the traditional yield/quality relationship. It is conceivable that producers may be able to delay harvest to improve yield while achieving the same forage quality
of conventional alfalfa varieties cut earlier, thereby reducing the
number of cuttings per season (Undersander et al., 2009).
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Influence of time-of-day
The time of day when an alfalfa field is cut has been documented to impact forage quality (Fischer, et al. 2002, Mayland,
et al. 2005, Burns, et al 2007). Late afternoon harvests can result
in lower fiber, higher energy hay because sugars and starches
accumulate to higher levels after a day of photosynthesis than
they would during morning hours, after a prolonged period
of respiration. The rate of photosynthetic sugar production in
leaves during afternoon hours is greater than the rate at which
the sugars can be exported to other plant parts or converted into
structural compounds like cellulose and lignin. Plants respire
during nighttime hours reducing the level of these compounds
come morning. When these soluble sugars and carbohydrates
increase, fiber and crude protein concentration is reduced due
to a dilution effect. Herbivores have demonstrated a preference
for afternoon verses morning harvested forage (Fischer, et al.
2002, Mayland, et al. 2005, Burns, et al 2007).
Table 2. Composition of alfalfa hays cut in the AM and PM and fed to cattle
in preference study (Fisher et al., 2002).

The practice of harvesting late in the day to take advantage
of this phenomenon has not been widely adopted in the western US because growers have limited ability to change the time
of day when they cut alfalfa. Most harvest operations start late
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morning when the dew has dissipated and cut through the day
until late afternoon or early evening. While the concept of lateafternoon harvesting makes sense, it is oftentimes not logistically feasible for many growers because they lack the equipment
capacity to limit their cutting to the late afternoon window. Additionally, risk of rain, especially during first cutting, is often a
more important consideration for quality compared with the
advantages of afternoon harvests. However, all other things being equal, afternoon harvests are preferred over early morning
harvests, and may contribute to somewhat higher quality due to
greater soluble carbohydrates that are produced during bright
afternoon conditions.

Practices to accelerate drying
Alfalfa forage quality is greatest at the time of cutting and is
only diminished from there. Therefore, the goal is to dry the
crop as quickly and uniformly as possible to reduce losses due
to plant respiration, leaf loss, and weather damage. It is not just
the drying rate that is important, but uniform drying is critical
as well because safe preservation and storage is limited by the
wettest portion of the forage rather than the average moisture
content. Total dry matter losses during haymaking are typically
estimated to be between 24 and 28% and under relatively good
drying conditions between 15 to 18% (Rotz and Muck, 1994).
Curing Process. An understanding of the drying process is
helpful to evaluate the potential impact of different haymaking
practices. The moisture content when alfalfa is cut is typically
85 to 75% and the forage must dry down to less than 14 to 20%
moisture depending on bale size and environmental conditions.
The drying rate of alfalfa depends on environmental conditions
including solar radiation, temperature, relative humidity, wind
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velocity, and soil moisture with solar radiation being the most
important (Rotz, 1986). There are two phases to the drying process. The first phase accounts for 75% of the moisture loss and
occurs in only 20% of the total drying time (Pitt, 1990). During this phase, moisture loss occurs through the pores or stomates on the leaves and through the cut ends and abrasions on
the stem. The second phase commences at about 40% moisture
and is far slower (1/100 of the original drying rate). Leaves dry
much faster than stems, and that is part of the challenge with
hay drying.
Mowing and Conditioning. Most alfalfa is cut with a mowerconditioner, a machine that combines cutting and conditioning into a single operation. Sickle-type mowers were the norm,
but disc mowers are rapidly taking their place because of their
increased ground speed and harvesting capacity, ability to cut
lodged and tangled crops, and a reduced maintenance requirement. Research has shown no difference in yield or stand persistence with the two mowing systems (Mueller et al., 1998).
Mechanical conditioning is a widely accepted practice to help
accelerate the drying of alfalfa. Conditioning has little impact on
the first phase of drying process when moisture loss is primarily
through the stomates, but helps with the second slower drying
phase. Conditioning rollers smash or crimp the forage creating
cracks in the stem. Through this process the waxy cuticle layer
on the alfalfa stems is disrupted, allowing greater opportunity
for water loss. There is little difference in the effectiveness of
steel versus rubber rollers.
The two main factors determining the effectiveness of conditioning are the tension, which affects the clearance between the
rollers, and the spacing between the breaks on the stem. Too
much clearance between the conditioning rolls and the stems
can pass through unaffected. If the clearance is too small, leaves
200

Harvesting and curing high quality hay

|

can be smashed and separated from the stem and plugging can
be more prevalent. The spacing of the crimps should be approximately 5 cm apart.
Impeller conditioners are not commonly used with alfalfa,
but are far more prevalent for conditioning grasses because it is
nearly impossible to achieve a small enough roll clearance to adequately crush the fine stems and leaves of most grass hay crops.
Impeller conditioners with alfalfa have shown mixed results;
research has shown increased drying rate accompanied by a 1
to 4% increase in leaf loss (Greenless et al., 2000). A relatively
new intensive conditioner (marketed as the Super Conditioner
by Circle-C Equipment) was developed that crushes the entire
length of the stem. This is accomplished with a set of rubber
rolls that are set to have almost no clearance between rolls using
an air-bag pressure system to control roll pressure. Tests have
shown this system can accelerate the curing process compared
with conventional intermeshing roller conditioners. Crushing
the full length of the stem helps accelerate the first phase of the
drying process as well as the second, unlike standard conditioners, which only affect the second phase. The improvement in
drying has varied somewhat by location—drying time was reduced by one-third to one-half in an Oregon study and up to 4
to 6 hours in the Midwest. The value of intensive conditioning
depends on yield and the curing conditions at a particular farm.
Swath Width. The configuration of the swath (width and density) is the most important factor under the producer’s control
that affects alfalfa drying rate. Some producers mistakenly believe that narrow windrows dry faster because they have less
contact with the soil, and wind can blow through them because
they are taller. However, research from across the US has repeatedly shown that wide windrows or swaths dry quicker, primarily
because they intercept more solar radiation, the primary factor
affecting drying rate. Rapid initial drying in a wide swath helps
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reduce respiration losses, which in turn reduces the loss of sugars and carbohydrates preserving total digestible nutrients and
(TDN) and enhancing digestibility.
In the past, tall narrow windrows (less than 1 m wide) were
common in the Western US, but with equipment advances and
a better understanding of the factors that affect drying rates,
growers have gradually adopted slightly wider windrows. Conditioning rollers approaching 3 m are common and windrow
width can be easily altered. The arid West generally enjoys favorable curing conditions (bright sunshine, low humidity, and
a low probability of precipitation during the summer months)
compared with other areas such as the Midwest. Perhaps for
this reason Western alfalfa producers have not taken full advantage of research and grower experience in the Midwest that
demonstrates the advantage of using wider swaths to accelerate
curing. Most windrows in the West are still typically only 1.2 to
1.5 m wide. Research conducted by Shinners and Herzmann,
2006 compared the drying time of conditioned and unconditioned alfalfa placed in three swath widths: 25–35, 45–60, and
80–100% of the cut width. Conditioned alfalfa placed in a wide
swath dried significantly faster than all the other treatments. A
wide (about 70% of cut width) reduces drying time by about
25 to 40% compared to laying in a windrow (about 45% of cut
width). With the use of wide swaths, the alfalfa is sometimes
raked as soon as the day after cutting, something that is almost
never accomplished in the western US. More research is needed
in the West to evaluate the potential advantages of wide swaths
in more arid environments.
Drying Agents or Desiccants. Potassium and/or sodium carbonate are sometimes used in alfalfa production systems as drying agents (at rates up to 2.5 kg per ton of alfalfa), and sprayed on
the alfalfa at the time of cutting to accelerate drying (Shewmaker
et al, 2005). They break down the waxy cuticle layer enhancing
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moisture dissipation from the cut plant. Drying agents have not
been popular in the western US because of their cost, inconvenience of hauling around large volumes of water, and ordinarily
most of California enjoys relatively good curing conditions for
most of the year (Orloff and Putnam, 2008). In addition, drying agents work best under bright sunny conditions rather than
cloudy conditions. Therefore, when an improvement in drying
rate is needed the most (cloudy conditions with an imminent
storm), they do not function as well. Additionally, hay treated
with a drying agent absorbs moisture (dew or rainfall) more
readily, which can be especially problematic after a rain event.
Raking. Most alfalfa hay in the western US is raked prior to
baling. Raking serves two primary functions: 1) expedite the
drying process by transferring the alfalfa onto dry soil, and inverting the windrow so the wettest portion of the windrow (the
bottom) is on top; and 2) combine windrows or lay two windrows side-by-side to improve the efficiency of the baling and hay
hauling operations. Growers are well aware of the importance
of baling at the proper moisture content because the consequences of baling dry alfalfa are readily apparent—excessive leaf
loss and poor leaf attachment. However, many producers do not
recognize that even greater leaf loss occurs when alfalfa is raked
too dry (Pitt, 1990). It is not uncommon in the western US for
some growers to rake the same day the hay is baled; however,
greater than 20% leaf loss can occur from raking alfalfa hay at
20% moisture content. The optimum moisture content for raking is generally considered to be 40–45%, a considerably higher
level than the moisture content at which alfalfa is often raked in
the western US. Raking at too high a moisture content can twist
(commonly called rope) the alfalfa rather than invert it and actually slow the drying rate. While care should be taken to avoid
this, the author believes that hay in the western US is more often
raked too dry than too wet.
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Table 3. Moisture effect on yield and leaf loss during harvest operations
(Source: Pitt, 1990).

Baling
Baling is one of the most critical steps in the haymaking process. There is a relatively narrow optimum range for baling in
order to avoid excessive leaf loss, which occurs when alfalfa is
baled too dry and to avoid spoilage when alfalfa is baled with
too much moisture. The appropriate moisture content for baling
varies depending on the bale size and density as well as the storage conditions. Common bales sizes along with the appropriate
maximum moisture content for baling are presented in Table
4. Baling alfalfa hay below 12% moisture should be avoided
when possible due to excessive leaf shatter for all bale sizes. The
larger and denser the bale, the lower the moisture content must
be for safe storage. Not only are high moisture bales subject to
quality losses (decreased nutrient availability and digestibility),
but spontaneous combustion of stored alfalfa is becoming more
commonplace in the western US with the ever increasing popularity of large rectangular bales.
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Table 4. Physical characteristics and maximum moisture content for proper
storage of bale sizes commonly used in the United States. (Adapted from
Shewmaker, 2013).

Typically, the alfalfa is fully cured in the field and then baled
with dew or sufficient relative humidity to soften and toughen
the leaves and prevent excessive loss. Due to the arid conditions in the western US, insufficient dew for baling is a common problem in many areas. Research has shown that spraying
alfalfa windrows with water prior to baling (Orloff and Putnam,
2008), or more recently the application of steam at the baler, can
simulate natural dew. Stem is more readily absorbed into the
leaves that dew or applied moisture, and can significantly improve baling conditions in arid environments and lengthen the
baling window.
Hay Preservatives. As the name implies, hay preservatives are
used to allow safe storage of hay at higher than normal moisture levels. Baling higher moisture hay can reduce field curing
time and reduce leaf loss during the baling operation. This can
be especially advantageous if it allows the grower to avoid rain
damage. Propionic acid or a propionic acid blend with acetic
acid are the most common preservatives. They prevent mold
growth and heating losses that occur in high-moisture hay by
lowering alfalfa pH and retarding the growth of microorganisms
that cause hay spoilage. Preservatives are not as widely used in
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the western US for many of the same reasons that drying agents
are not popular—the additional cost and curing conditions in
the West are generally favorable. However, with the increase in
popularity of large rectangular bales, it may be worth reconsidering preservative use. Preservatives may be cost effective for
large bales where moisture content is more critical, especially
when used in conjunction with baler-mounted moisture sensors
that allow for preservatives to be applied on an as-needed basis.

Conclusion
Harvest management is one of the most critical and challenging parts of alfalfa production, and it has a greater impact
on quality and yields than any other production practice. Many
consider haymaking to be both an art and science. While there
may be “art” involved, proper harvest management primarily requires an understanding of the scientific principles involved. It
is imperative that growers understand the yield/quality tradeoff
in order to reach a profitable compromise between yield, quality
and stand persistence and to be able to respond to constantly
changing market conditions. Similarly, it is important to understand the alfalfa curing process and use proper haymaking
techniques to preserve alfalfa quality to the highest degree possible and avoid harvest losses.
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Metabolic effects of silage
fermentation end products
in lactating dairy cows
Niels Bastian Kristensen¹

Abstract

N

umerous fermentation end products contribute to the flavor characteristics of silages and controversy has existed as
to existence of negative effects on production and health associated with certain fermentation profiles. There is, however, no
clear evidence for direct adverse or toxic effects of low molecular weight fermentation end products on cattle (alcohols, volatile fatty acids, and volatile fatty acid esters). However, it is hypothesized that improper feed mixing and abrupt introduction
of silages with strong/different flavors can increase feed sorting
with negative impact on milk production and health. Silages
with contrasting composition of fermentation end products either ketogenic (e.g. ethanol) og glucogenic (e.g. propanol) can
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affect production though impact on the overall composition of
absorbed nutrients. Uncertainty exist as how cattle are affected
by compounds like 2-butanol which are oxidized to the ketone
2-butanone after absorption from the gut. Also indications for
interactions between alcohols and low molecular weight esters
are poorly understood and might have impact on ruminal and
intermediary metabolism.

Introduction
Preservation of forage nutrients by fermentation to silage is
cost effective compared with drying or chemical stabilization
and silage is of major quantitative importance to dairy production (Muck, 1988). Fermentation of water soluble sugars to lactic acid is the basis for the preservation of nutrients by silage
fermentation, but the profile of fermentation end products can
vary between silages. Among Danish farmers, nutritionists and
veterinarians there have been an intense debate on the possible
negative effects of corn silages characterized by great concentrations of alcohols and low molecular weight esters. The present
paper aims to present recent data on metabolic effects of alcohols and associated metabolites in dairy cattle with special focus
on corn silage.

Fermentation end products in corn silage
Table 1 presents the concentration range for a number of low
molecular weight fermentation end products in corn silages
from Denmark. It is commonly observed that silages with a homofermentative fermentation pattern i.e. dominated by lactic
acid fermentation has a relatively simple headspace whereas si210
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lages with a more heterofermentative fermentation pattern have
complex headspaces with even more compounds present than
indicated in Table 1 (Morgan and Pereira, 1962). In terms of
silage quality complex headspaces and heterofermentative fermentation profile appears to be correlated with increased aerobic stability of silage. These effects have been demonstrated both
in laboratory scale (Kleinschmit and Kung Jr, 2006) and field
scale (Kristensen et al., 2010).
Table 1. Fermentation end products in Danish corn silage

Contrasting contents of ethanol and propanol
Based on assumed positive effects of homofermentative
inoculants on silage palatability (Muck, 1993) it has been hypothesized that heterofermentative silages would have negative
impacts on dairy cattle trough effects either on feed intake or
intermediary metabolism. Several experiments have been conducted with dairy cattle in Denmark to evaluate the impact of
fermentation end products on production and metabolism.
However, neither trials using silages from commercial farms
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with a heterofermentative pattern (Kristensen et al., 2007),
supplementation with alcohols to dairy cattle immediately postpartum (Raun and Kristensen, 2011) nor feeding high doses of
propanol (50 g / kg DM) with and without adding propyl acetate (15 g / kg DM) (Raun and Kristensen, 2012) have revealed
any major sensitivity of dairy cows to common low molecular
weight fermentation end products in corn silage. In a field scale
study involving 39 dairy farms randomly allocated to corn silage
inoculant treatments: placebo, homofermentative or heterofermentative inoculant no effect of treatment was observed for
milk production (Kristensen et al., 2010; Figure 1).

Figure 1. Propanol concentration in corn silage without inoculation (Control), inoculated with homofermentative lactic acid bacteria (Lactisil) and
inoculated with Lactobacillus buchneri (Lalsil Fresh). Silage samples were
collected in January, Apil and August. Dark bars indicate herd milk yield in a
9 month period starting in January and ECM yield is given as yield relative to
a herd specific lactation model. Data shows strong effects of inoculation with
Lactobacillus buchneri on propanol concentration in silage (P < 0.01), but no
effect of treatment on milk yield (n = 13). Data from Kristensen et al. (2010).
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Fermentation end products like ethanol, propanol, VFA and
VFA esters are becoming increasingly important as metabolic
fuels with increasing concentrations in silage. Due to the contrasting nature of ethanol and propanol in energy metabolism
silages with contrasting contents of ethanol and propanol affects
the metabolic balance of cattle. Feeding even moderate amounts
of either ethanol (14 g/kg DM) or propanol (14 g/kg DM) to
postpartum transition cows affected milk fat content and metabolic indicators as blood acetate and 3-hydroxybutyrate. This
demonstrates that silage fermentation pattern, although tolerated by cattle, can have important impacts on milk production
and milk composition. In most analytical regimes for silage
analysis it will be difficult to distinguish the impact of fermentation end products relative to overall composition the diet, but
this information might be of importance under conditions with
large variation in silage fermentation.

Low molecular weight esters
Some silages have complex headspaces containing numerous
low molecular weight esters which can contribute to the flavor
and palatability of silages. Palatability of silages have been extensively discussed and correlations have been established to
especially acetic acid content of silage (Buchanan-Smith, 1990).
It has been generally observed that silages high in VFA and alcohols also have increased concentrations of low molecular weight
esters. There are some indications for impact of low molecular
weight esters on rumen fermentation and intermediary metabolism. In a study where corn silages with various fermentation
profiles were obtained from commercial farms it was observed
that ruminal butyrate concentration correlated to ruminal propyl acetate which could indicate impact on ruminal fermentation
(Kristensen et al., 2007). In a more recent study it was observed
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that the glucogenic effects observed as response to feeding high
concentrations of propanol (50 g/kg DM) was partly reversed
by adding propyl acetate (15 g/kg DM). It appeared as these effects were mediated by effects on both rumen fermentation and
intermediary metabolism (Raun and Kristensen, 2012). It is not
known if these effects are of general importance to digestion and
metabolism in cattle, but indicates that this question might be of
importance and warrants further investigations.

Ketones
There are several cases from the field where extension personnel and veterinarians have reported an association between
the fermentation characteristics of corn silage and ketone reactions in cattle urine. It was previously suspected that acetone was
present in these silages and induced a urinary ketone response.
Despite previous indications of presence of acetone in silages
(Morgan and Pereira, 1962) it has not been possible to detect
significant amounts of acetone in Danish corn and grass silages
using GC/MS. However, 2-butanol, which is readily oxidized
to 2-butanone have been found in corn silages with concentrations correlating to propanol (Raun and Kristensen, 2010) and
greater concentrations in silages inoculated with heterofermentative inoculants (Kristensen et al., 2010). It has not been finally
elucidated if 2-butanol in concentrations commonly observed
in corn silage will induce ketone reactions of dairy cattle and
if high intakes of 2-butanol can cause adverse metabolic reaction. It is assumed that 2-butanone is the product of 2-butanol
oxidation in rumen epithelium and liver and that 2-butanone is
not used in intermediary metabolism, but has to be excreted in
urine or metabolized in the rumen after transfer from blood to
rumen.
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Propylene glycol
Propylene glycol is a common constituent of corn silages especially in silages inoculated with Lactobacillus buchneri (Kristensen et al., 2010), but also in silages fermented without the
use of inoculants (Raun and Kristensen, 2010). Propylene glycol has been suspected of inducing toxic reaction in dairy cattle
(Nielsen and Ingvartsen, 2004), however the only propylene
glycol toxicoses know to have been induced experimentally in
dairy cattle have been associated with feeding of propylene glycol in pelleted concentrate (Bertram et al., 2009). Propylene glycol has long been known to be strongly glucogenic and able to
reduce fat mobilization and plasma ketones levels in dairy cattle
(Studer et al., 1993), however these effects seems primarily driven by propylene glycol induced insulin resistance (Kristensen
and Raun, 2007) and therefore dependent on relatively high bolus doses of propylene glycol. Propylene glycol from silages is
expected to be less glucogenic because of its intake is following
the general intake pattern of feed. No adverse effects of silage
propylene glycol are to be expected in cattle and the glucogenic
effect of propylene glycol will add to the effects of propanol often
found in the same silages. In fact propanol in silage is assumed
to be mainly produced from propylene glycol degradation in the
silage. Remaining propylene glycol is degraded to propanol and
propionate in the rumen after ingestion (Kristensen and Raun,
2007).

Interactions between silage palatability and TMR
management
One of the paradoxes of silage quality is that it has been very
difficult to find indications for metabolic stressors in corn silages despite several attempts to use or mimic assumed problematic
215
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fermentation profiles. From practice we have several reports on
relatively severe cases of major production off sets in dairy herds
associated with shifts between similar silages. The issues have
not been lack of aerobic stability. There are only weak indications for direct metabolic stress, but indications for correlations
between the susceptibility of herds towards production losses
associated with replacement of silages and TMR management.
It seems that especially herds with low degree of mixing and systems incapable of complete diet mixing are sensitive to replacement of silages. There are no evidence for increased sensitivity
to fermentation end products in these herds. It seems, however,
reasonable to hypothesis that incomplete mixed rations leads to
extensive changes in feed selection and sorting when introducing silages with different palatability. Fermentation end products can therefore likely influence milk production, but the effect is indirect to induced feed sorting behavior and mostly in
herds practicing inappropriate feed mixing.

Conclusion
Silages contain numerous fermentation products that contribute to their flavor characteristics. Controversy has existed
as to negative effects on production and health associated with
certain profiles of fermentation end products. There is, however,
no clear evidence for adverse or toxic effects of alcohols, VFA
and VFA esters on cattle. Silages with contrasting composition
of fermentation end products either ketogenic (e.g. ethanol) or
glucogenic (e.g. propanol) can affect production though impact
on the overall composition of absorbed nutrients. Cattle are
generally resilient to variation in feed flavor, but if variation in
silage flavor is combined with incomplete mixing of rations it is
likely that this can lead to increased sorting with potential detrimental effects on herd performance and health.
216

Metabolic effects of silage fermentation end products in lactating dairy cows

|

References
Bertram, H. C., B. O. Petersen, J. O. Duus, M. Larsen, B. M. L. Raun, and N. B.
Kristensen. 2009. Proton nuclear magnetic resonance spectroscopy
based investigation on propylene glycol toxicosis in a Holstein cow.
Acta Vet. Scand. 51, 25.
Buchanan-Smith, J. G. 1990. An investigation into palatability as a factor
responsible for reduced intake of silage by sheep. Anim. Prod. 50,
253-260.
Kleinschmit, D. H., and L. Kung Jr. 2006. A meta-analysis of the effects of
lactobacillus buchneri on the fermentation and aerobic stability of
corn and grass and small-grain silages. J. Dairy Sci. 89, 4005-4013.
Kristensen, N. B., and B. M. L. Raun. 2007. Ruminal and intermediary metabolism of propylene glycol in lactating Holstein cows. J. Dairy Sci.
90, 4707-4717.
Kristensen, N. B., K. H. Sloth, O. Højberg, N. H. Spliid, C. Jensen, and R.
Thøgersen. 2010. Effects of microbial inoculants on corn silage fermentation, microbial contents, aerobic stability, and milk production under field conditions. J. Dairy Sci. 93, 3764-3774.
Kristensen, N. B., A. Storm, B. M. L. Raun, B. A. Røjen, and D. L. Harmon.
2007. Metabolism of silage alcohols in lactating dairy cows. J. Dairy
Sci. 90, 1364-1377.
Morgan, M. E., and R. L. Pereira. 1962. Volatile constituents of grass and corn
silage. I. Steam distillates. J. Dairy Sci. 45, 457-466.
Muck, R. E. 1988. Factors influencing silage quality and their implications for
management. J. Dairy Sci. 71, 2992-3002.
Muck, R. E. 1993. The role of silage additives in making high quality silage. Pages 106-116 in Silage Production From Seed to Animal,
NRAES-67. Northeast Regional Agricultural Engineering Service,
Cooperative Extension, Ithaca, NY.
Nielsen, N. I., and K. L. Ingvartsen. 2004. Propylene glycol for dairy cows
A review of the metabolism of propylene glycol and its effects on
physiological parameters, feed intake, milk production and risk of
ketosis. Anim. Feed Sci. Tech. 115, 191-213.
Raun, B. M. L., and N. B. Kristensen. 2010. Propanol in maize silage at Danish dairy farms. Acta Agric. Scand. Sect. A 60, 53-59.

217

|

PROCEEDINGS OF THE III INTERNATIONAL SYMPOSIUM ON FORAGE QUALITY AND CONSERVATION

Raun, B. M. L., and N. B. Kristensen. 2011. Metabolic effects of feeding ethanol or propanol to postpartum transition Holstein cows. J. Dairy
Sci. 94, 2566-2580.
Raun, B. M. L., and N. B. Kristensen. 2012. Metabolic effects of feeding high
doses of propanol and propylacetate to lactating Holstein cows. Livest. Sci. 144, 37-47.
Studer, V. A., R. R. Grummer, S. J. Bertics, and C. K. Reynolds. 1993. Effect of
prepartum propylene glycol administration on periparturient fatty
liver in dairy cows. J. Dairy Sci. 76, 2931-2939.

218

|

PROCEEDINGS OF THE III INTERNATIONAL SYMPOSIUM ON FORAGE QUALITY AND CONSERVATION

Relationship between
proteolysis in the silo and
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of dietary protein by
lactating dairy cows¹
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Introduction

E

nsiling is used widely to conserve forages for feeding to dairy
cows for a number of reasons. Silage making methods are
better mechanized than those used to make dry hay. Harvesting hay-crops as silage reduces field loss of the nutrient-rich
leaves for legumes and reduces the chance of weather damage
in regions with frequent rainfalls. For example, across the U.S.
in 2012, approximately 15 million metric tons of hay-crop were
ensiled (~15% of total hay-crop production); however, in hu-

1. Mention of any trademark or proprietary product in this paper does not constitute a guarantee or
warranty of the product by the USDA or the Agricultural Research Service and does not imply its approval to the exclusion of other products that also may be suitable.
2. Agricultural Research Service, USDA, US Dairy Forage Research Center, 1925 Linden Drive, Madison, Wisconsin 53706, USA
3. Department of Animal Nutrition & Management, Swedish University of Agricultural Sciences,
75323 Uppsala, Sweden
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mid northern states such as Wisconsin more than half of the
hay-crop was ensiled, reflecting differences in climate (USDA,
2013). Silages harvested from legumes and cool-season grasses
in such areas represent a major proportion of the forages fed
to dairy cattle and other ruminant livestock. Yields of dry matter (DM) and digestible energy per hectare are particularly high
for whole-crop maize and sugar cane silages. Although silages
made from whole-crop maize and sugar cane contain considerably less crude protein (CP) than grasses and legumes, high
levels of fermentable energy in these feedstuffs contribute significant amounts of the animal’s metabolizable protein (MP) by
stimulating microbial protein formation in the rumen. Tropical
grasses harvested as silages are also major contributors of dietary CP in Brazil and many other countries.
The genetic selection that has so markedly improved milk
production of the world’s dairy cattle has correspondingly increased requirements for absorbed essential amino acids (EAA)
to synthesize milk components. Heretofore, it had been profitable to feed large amounts of protein, either as conventional
protein supplements or more costly feeds that are high in rumen-undegraded protein (RUP)--despite diminishing returns
on protein utilization--because the value of the extra milk
produced was greater than the extra expense for the protein
supplement. Increasingly, dairy farmers have been caught in a
cost-price squeeze; decreasing purchases of expensive protein
supplements would improve profitability. Growing legume and
other hay-crop forages often represents a cost-effective way of
providing inexpensive sources of dietary CP. However, substantial evidence indicates that the protein in hay-crop silages is
particularly susceptible to microbial breakdown in the rumen;
utilization of protein in lucerne and grass silages by dairy cows
is particularly poor. Capture of this degraded protein by rumen
microbes is related to the amount of dietary fermentable energy,
and silages are generally low in energy relative to concentrates.
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The silage-making process
Good management practices during harvesting and ensiling
are important for producing high-quality silage, which is critical for successful use of silages in dairy cow diets. This brief
description of what occurs when forage crops are ensiled was
extracted from recent reviews (Muck, 1996; Pahlow et al., 2003;
Muck et al., 2003).
Silage is preserved by the anaerobic and low pH environment in the silo; both conditions suppress growth of the aerobic microbes that degrade silage quality. Low pH also reduces
detrimental effects of plant enzymes. Plant material is biologically active when ensiled. Generally, plant respiration consumes
some of the sugar plus all of the oxygen, producing heat, water,
carbon dioxide, and anaerobic conditions. However, excessive
respiration (due to long transports, slow silo filling or air leaking
into the silo) may reduce energy content, lead to over-heating,
and consume too much plant sugar to allow a normal fermentation by the lactic acid bacteria (LAB). That is why it is important
to fill silos rapidly and to pack and seal them adequately to avoid
ingress of air. Once the silo becomes anaerobic, plant cells rupture releasing enzymes including proteases, which break down
proteins to nonprotein nitrogen (NPN), as well as hemicellulases, which break down hemicellulose to sugars (McDonald et
al., 1991). Hemicellulases are probably only important in grass
silages, where they typically reduce NDF by about 1-2 percentage units (Jones et al., 1992).
Many different microorganisms are active in the ensiled crop,
the most important of which are the LAB. These microbes include the genera Lactobacillus, Pediococcus, Enterococcus, and
Leuconostoc. These organisms primarily ferment sugars to lactic
acid and grow best under anaerobic conditions. It is the LAB
fermentation that reduces pH and suppresses growth of detrimental anaerobic bacteria. Species and strains of LAB differ in:
221
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1) the types of compounds that they ferment, 2) their tolerance
for oxygen and lack of moisture (osmotolerance), and 3) the
amounts of other products they produce beside lactic acid. Some
LAB ferment amino acids to ammonia and/or amines; however,
the most desirable LAB are homofermentative strains that grow
only on sugars and produce only lactic acid from 6-carbon sugars. This is very favorable because lactic acid is a stronger acid
than other organic acids and because there is almost no loss of
energy with fermentation of sugars to lactic acid. Rapid formation of lactic acid is the most important factor in decreasing the
pH of the silage mass.
Clostridia are the most detrimental anaerobic bacteria in the
silo. Some clostridia ferment lactic acid and sugars to butyric
acid while others ferment amino acids to ammonia and amines.
Clostridial fermentations result in substantial DM and energy
losses and often reduce animal intake, typically when butyric
acid concentrations exceed 5 g/kg DM. Clostridial growth is inhibited by a rapid LAB fermentation to a low pH. The pH needed to prevent growth of clostridia varies with the DM content of
the silage and the crop ensiled. At 20% DM, pH needs to be <4.1
to inhibit clostridia; clostridial fermentations are rare at 35%
DM where a pH of 5.0 in legumes or 4.7 in grasses is sufficient
to inhibit clostridia (Muck et al., 2003). Evidence of clostridial
activity can be observed even in maize and sugar cane silages
in zones immediately below spoilage areas where the normally
low pH of these silages has been compromised by respiration of
lactic and acetic acids.
Enterobacteria are the other major group of detrimental
anaerobic bacteria. These organisms ferment sugars mainly to
acetate and other acids and ferment amino acids to ammonia
and amines. They give rise to substantially higher DM and energy losses than LAB. Most enterobacteria also are inhibited at
pH <5.0. When oxygen is present, spoilage organisms including
yeasts, molds, enterobacteria and various aerobic bacteria (ba222
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cilli, acetic acid bacteria, and listeria) can grow on plant sugars,
fermentation products and compounds released by plant cell
rupture during harvest and storage. These microbes can use up
much of the highly digestible DM. Reducing pH to <5 will slow
growth of many bacilli and stop growth of listeria. However,
many of the yeasts, molds, and acetic acid bacteria can thrive
at typical silage pH of 4 to 5, so the only practical way to prevent their growth is by maintaining an anaerobic environment.
Fermentation products such as acetic, propionic and butyric
acids inhibit yeasts and molds. Lactic acid inhibits enterobacteria. Unfortunately, levels of these fermentation acids or their
spatial distribution often are insufficient to completely prevent
growth of yeasts, molds, and enterobacteria. If silage pH is not
sufficiently low, yeasts, clostridia and some enterobacteria can
grow on lactic and acetic acids, causing silage pH to rise even
more. Once silage pH rises, other aerobic microorganisms can
grow rapidly. Further complicating the picture, a few yeasts and
bacilli can grow anaerobically, fermenting sugars to ethanol and
other non-acid products. This can lead to high levels of these
organisms and spoilage of the silage when oxygen enters the silo
during emptying. These are some of the reasons why poor silage
sometimes results even with good silo management.
Finally, two chemical processes can affect silage quality. Hydrogen ions released by dissociation of the acids produced during silage fermentation hydrolyze hemicellulose (in NDF). The
lower the silage pH the faster is the rate of hydrolysis. However,
at normal silage pH, these rates are slow and will reduce NDF
content <0.5 percentage units. The other major process is the
Maillard or browning reaction that results when reducing sugars react with amino acids, releasing heat and forming large
molecules that are digested slowly or may be indigestible. The
rate of this chemical reaction is slow and does not substantially affect silage quality when temperatures remain below about
40°C. However, the Maillard reaction increases at higher tem223
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peratures, and it can substantially reduce silage digestibility. Under extreme conditions, heat given off by this process can raise
silage temperatures to the point of starting silo fires in very dry
silages (>60% DM).

Hay-crop silages as dietary protein sources
Depending on time of harvest, hay-crop forages contain substantial amounts of CP (Table 1). Moreover, the EAA pattern of
these proteins is often of good quality. Table 1 compares concentrations of total CP, total EAA and His, Met and Lys (the 3 EAA
most likely to be limiting; Doepel et al., 2004) in 2 major protein
concentrates and several hay-crop forages. Proportions of total
EAA in CP equivalent (g/16 g N) are lower in forages, ranging from 32 to 41%, vs. a mean of 44% for soybean and canola
meals; this would reduce effectiveness of RUP from forage proteins to about 70 to 90% of the protein concentrates. However,
except for whole-crop maize silage, ratios of Lys to Met range
from 2.7 to 3.3 in forages, which more closely approximates 3.0
and, thus, are in better balance than soybean meal (NRC, 2001).
The Lys:Met ratio of 1.6 in whole-crop maize reflects its very low
Lys concentration. As a group, the forage proteins are relatively
low in His, which may be related to the greater importance of
this EAA on grass silage based diets (Vanhatalo et al., 1999). Of
course, the major factor determining utilization of the EAA in
silage protein is what happens to the protein during ensiling.
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Table 1. Concentrations of CP, total EAA and proportions of the 3 most
limiting EAA (in total EAA) in common protein concentrates and forages
(NRC, 2001).

NPN formation in hay-crop silages
Although some NPN forms during wilting, most silage NPN
is produced by proteolytic enzymes released when plant cells
rupture after the ensiled forage mass becomes anaerobic (McDonald et al., 1991). These enzymes hydrolyze forage proteins
to produce peptides and amino acids, from which ammonia
can also be produced. Formation of NPN is extensive during
the first few days after ensiling in most forages (Muck et al.,
1987). Proteolysis is influenced by silage pH: NPN formation
slows dramatically below pH 5.0 and nearly ceases below pH
4.0 (McDonald et al., 1991). In good quality lucerne silage, with
225
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very little ammonia, over half of the initial CP equivalent will be
converted to NPN. Average NPN content of the lucerne silages
fed in 75 trials at the Dairy Forage Center was 54% of total N
(Broderick, unpublished), while average NPN content of alfalfa
hay (in 5 trials) was only 10%. Silage NPN on commercial farms
is similar: lucerne silage from 45 dairies in Wisconsin and Minnesota averaged 55% NPN in concrete stave and oxygen-limited
(Harvestore-type) silos and 62% NPN in bunker silos (Luchini
et al., 1997). The importance of NPN formation to the dairy cow
is illustrated in a study conducted several years ago comparing
lucerne forage harvested from alternate windrows in the same
fields as either silage or hay (Table 2; Vagnoni and Broderick,
1997). These forages were fed, with or without low-solubles fish
meal (a high-quality RUP source) that was mixed into a maizebased concentrate, which constituted 50% of dietary DM. The
silage contained (DM basis) 21% CP and 38% NDF while the
hay contained 19% CP and 43% NDF, reflecting greater leaf loss
during hay harvest. Intake of DM was greater on lucerne hay
and its lower energy content was shown by lower milk/DMI.
Supplementation of RUP as fish meal increased milk protein
content and yield of milk, protein and solids-not fat (SNF).
Moreover, there were significant forage x fish meal interactions:
RUP supplementation increased yield of milk, protein and SNF
on lucerne silage but not on the but not on the lower protein
diet containing lucerne hay. Similar results were observed in
2 earlier studies conducted with lower energy diets (Broderick,
1995). In vitro incubations conducted using forages from 2 of
these 3 trials indicated rumen degradation of protein in hay and
silage was not different, but greater microbial protein yield occurred on hay (Peltekova and Broderick, 1996). This suggested
that rumen microbes captured peptides and AA released from
hay protein more efficiently than from those already present in
silage NPN. The rumen microbes may have degraded the silage
peptides and free AA more rapidly than they incorporated them
into cellular protein.
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Table 2. Effect of feeding lucerne hay (LH) or lucerne silage (LS), without
or with RUP from fish meal (FM) on DMI, on milk composition and yield of
milk and milk components (Vagnoni and Broderick, 1997)

Several trials have shown that supplementing fermentable
energy is one of the most effective ways of improving utilization
of silage CP. Cadorniga and Satter (1993) observed that replacing 25% of the dietary DM in all lucerne silage diet with ground
maize grain increased milk protein yield to the same degree as
adding the same amount of expeller soybean meal. Replacing
one-third (Dhiman and Satter, 1997) or approximately one-half
(Brito and Broderick, 2006) of dietary lucerne silage with DM
from maize silage improved N efficiency without loss of milk
or protein yield in lactating cows. Processing of maize silage increased rumen in situ starch digestibility as well as milk yield
when fed to dairy cows (Bal et al., 2000). Ekinci and Broderick (1997) observed that feeding ground high-moisture maize
227
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(mean particle size = 1.7 mm) increased total tract starch digestion, reduced rumen ammonia, and increased milk protein
yield by 120 g/d compared to feeding the same dietary concentration of unground high-moisture maize (mean particle size
= 4.3 mm). Processing dry shelled maize to reduce mean particle size from 3.5 to 0.6 mm increased ruminal starch digestibility from 54 to 70% (Remond et al., 2004). Charbonneau et
al. (2006) observed that replacing cracked maize with ground
maize or ground maize plus maize starch increased milk yield
10% and protein yield 14% in high producing dairy cows. All of
these experiments indicate that increasing fermentable energy
content of diets based on hay-crop silages increases MP supply
to lactating dairy cows by stimulating microbial protein formation in the rumen.
A word of caution: Adequate levels of forage must be fed to
maintain the lactating cow’s health; feeding too much concentrate with too little effective fiber results in rumen acidosis and
other metabolic problems such as laminitis (Nocek, 1997). Thus,
metabolic problems associated with ruminal acidosis limit the
feeding of readily fermented carbohydrates for stimulating microbial protein formation. It is important to feed only enough
concentrate to optimize NPN utilization in the rumen without
impairing performance of the cow. Valadares et al. (2000) added
high moisture maize to dilute dietary lucerne silage from (%
lucerne silage/% maize-based concentrate, DM basis) 80/20 to
65/35, 50/50, and 35/65. The observed quadratic responses indicated that maximal DM intake and yield of fat-corrected milk occurred at 51% concentrate (38% non-fiber carbohydrate; NFC)
and maximal fat yield at 43% concentrate (34% NFC). However,
milk and protein yield responses were linear rather than quadratic and both were still going up at 35% forage and 65% concentrate. Moreover, ruminal protein formation, estimated from
purine derivative excretion in the urine, also showed a linear
response, despite low ruminal pH and other signs of over-feed228
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ing of NFC (Valadares et al., 2000). Clearly, the lactating cow’s
demand for energy and MP is substantial and optimal dietary
concentrate is dictated more by long-term rumen and animal
health than by maximum milk production.

Reducing NPN formation in the silo
Charmley and Veira (1990) suppressed proteolysis in ensiled
lucerne using a 2-min steam-treatment, followed by inoculation
with LAB to obtain a normal silage fermentation. Compared to
control silage, there was no difference in NDF or ADIN content
but NPN was reduced from 65 to 40% of total N. When fed to
sheep, abomasal flow of non-ammonia N (NAN), a measure of
true protein, was increased from 22 to 27 g/d; about 60% of this
increase was due to greater microbial protein flow. Although
this treatment is not practical for commercial silage making, it
clearly showed that reducing silage NPN formation improved
CP utilization, partly by improving microbial capture of degraded protein in the rumen.
The tradition of acidifying silages to improve protein utilization by ruminants goes back to the work of Nobel laureate A.I.
Virtanen of Finland (Huhtanen et al., 2012). The mineral acids
used by Virtanen have been replaced by less dangerous formic
acid, which has been used widely on direct-cut hay-crop silages
in Scandinavia and the UK to reduce NPN formation. This practice was once thought unnecessary for silages wilted to greater
than 35% DM, such as is commonly done in North America.
However, some studies have shown that reducing NPN formation by acidifying wilted silage is also beneficial. Nagel and Broderick (1992) found that applying formic acid to lucerne wilted to
40% DM reduced NPN by one-third and increased milk yield
3.4 kg/d and protein yield 110 g/d when fed to cows in early lac229
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tation. Applying ammonium tetraformate to lucerne improved
milk and protein yield in 1 of 2 trials (Broderick et al., 2007).
When expressed as a proportion of CP intake, omasal flow of
dietary protein was greater on lucerne treated with ammonium
tetraformate (Brito et al., 2007). Although many trials indicate
that formate application reduces silage NPN and improves lactation performance, there are concerns about cost, corrosion of
machinery, and farmer safety using this practice.
Inoculation of silages with LAB has been found effective for
improving both silage quality and animal performance; inoculation generally results in a more rapid drop in silage pH, thus
foreshortening the period during which plant proteases continue to generate NPN (Muck, 2013). Occasionally, the improved
animal productivity has been accompanied by little or no apparent change in silage composition (Muck, 2013). Following
on results showing that LAB inoculated onto silage survived in
the rumen (Weinberg et al., 2003), Muck et al. (2007) incubated
silages, treated with a range of inoculants, in a rumen in vitro
system. Relative to uninoculated controls, some LAB treated silages had reduced rumen gas production, suggesting that silage
substance was diverted to either volatile fatty acids or microbial
cellular material. Contreras-Govea et al. (2013) conducted rumen in vitro incubations with lucerne and maize silages treated
without or with one of four inoculants. The inoculants had only
minor effects on silage fermentations; however, rumen in vitro
incubations revealed that 3 of 4 inoculated silages gave rise to
increased microbial biomass yield, as estimated using 15N-ammonium sulfate to label microbial protein. Not all inoculants
altered rumen in vitro fermentation, but one inoculant that
increased in vitro microbial biomass (Contreras-Govea et al.,
2013) and that has been the subject of several animal studies
(L. plantarum MTD/1) was tested in a lactation trial (Muck et
al., 2011). Compared to untreated control, cows fed inoculated
lucerne silage had increased milk yield and reduced milk urea
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concentration, suggesting improved N efficiency. The rumen
microbial population did not change, but elevated levels of L.
plantarum were detected in the rumens of cows fed treated silage (Mohamed et al., 2012). Although most of this discussion
has centered on applying LAB to improve utilization of protein
in lucerne silage, there is parallel research done with other forages. Winters et al. (2001) found LAB inoculation of perennial
ryegrass silage was as effective as formic acid treatment for controlling NPN formation; formic acid and LAB gave similar improvements over control in intake, weight gain and gain/DMI in
growing cattle.
There is a substantial body of research on feeding tannincontaining forages to ruminants, much of it coming from New
Zealand and Australia (Waghorn, 2008). Our interest in tannins
developed from the observations of Albrecht and Muck (1991)
who found that ensiling tannin-containing legumes yielded silage much lower in NPN than lucerne. There has been recent
research on feeding lactating dairy cows silages made from
birdsfoot trefoil (BFT; Lotus corniculatus), a legume containing condensed tannins. Hymes-Fecht et al. (2013) compared
lucerne and red clover silages to silages made from BFT selected for 3 different concentrations of tannin: 8, 12 and 16 g condensed tannin/kg of DM (measured by butanol-HCl assay). In
this study (Table 3), production of milk and milk components,
apparent DM and N-efficiency, and milk urea concentration
were all improved on the 3 BFT silages vs. either lucerne or red
clover silage. Moreover, yield of milk and protein was greater
on the BFT with highest tannin content vs. the BFT with lowest tannin content. Studies conducted using excreta from cows
in this experiment indicated that presence of condensed tannins in the forage redirected N excretion from urine to feces
(Powell et al., 2009) and that ammonia volatilization from ma231
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nure was lower when cows were fed BFT silages (Misselbrook
et al., 2005). Eriksson et al. (2012) fed silages harvested as mixtures of white clover-grass and BFT-grass over 2 years. Greater yields of milk and milk protein, and a trend for improved
N-efficiency, were observed when BFT silage replaced white
clover silage in the diet. Although effects of tannins on silage
NPN were relatively small in the Eriksson trial, the improvements in production and N-utilization were impressive. Grabber and Coblentz (2009) observed much smaller reductions in
concentrations of NPN components in BFT silages compared
to red clover silage. These results suggested that improvements
mediated by condensed tannins may occur mainly by reducing
protein degradation in the rumen rather than by depressing
proteolysis in the silo.
While these BFT studies have shown improvements in animal performance and N efficiency, such results are not universal for tannin-containing forages. Albrecht and Muck (1991)
found that legume silages with higher tannin levels had reduced NPN than those of BFT silages. However, it is possible
for high levels of tannins in forages to result in elevated fecal N,
reduced fiber digestion in vivo, and reduced daily gains or milk
production (e.g., Reed et al., 1990). So the type and amount of
tannin to obtain reduced rate of protein degradation in the rumen but still permit energy digestion and adequate intestinal
protein digestion is critical. The BFT silages appear to have the
right amount and the type of tannins that improve N efficiency
in ruminants, but more research is needed to understand why.
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Table 3. Effect of dietary silage source on production of lactating dairy cows
(Hymes-Fecht et al., 2013)1

The relatively poor agronomic properties of most tannincontaining forages have led to efforts to introduce condensed
tannins into lucerne and other legumes. Although tannins are
expressed in the seed coat of lucerne, these compounds are absent from the vegetative tissues of the plant. Among the reports
showing expression of condensed tannins in vegetative tissue of
lucerne are those of Jonker et al. (2010), Jonker et al. (2012) and
Verdier et al. (2012). Tannin-containing lucerne would allow
dairy farmers to take advantage of the decades-long breeding
efforts that have gone into development of the large number of
agronomically superior lucerne cultivars.
Red clover, which does not contain substantial amounts of
tannin-like substances, consistently produces silage with much
less NPN, typically 30-40% lower than lucerne (Papadopoulos
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and McKersie, 1983; Albrecht and Muck, 1991). This finding is
explained by the presence in red clover of a polyphenol oxidase
(PPO) enzyme that forms quinones inhibitory to proteolysis
(Jones et al., 1995a, 1995b; Sullivan et al., 2006). In vitro (Broderick and Albrecht, 1997) and in vivo (Brito et al., 2007) evidence also indicated that rumen protein degradability was lower
in red clover than lucerne. In five trials conducted with lactating
cows, milk yield per cow was either slightly lower or similar on
diets containing red clover rather than lucerne silage; however,
N efficiency was higher, and urinary N, fecal N, and fecal DM
excretion all were lower on red clover silage (Broderick et al.,
2000; Broderick et al., 2001). An overall statistical analysis of the
data from feeding equal (60%) DM from lucerne or red clover
silage in these 5 studies showed that, although DM and NDF
contents were the same, both DM and CP intakes were lower,
and DM and N efficiencies were higher, on red clover silage
(Broderick, 2002). Workers in Finland (Huhtanen et al., 2012)
and the British Isles (Dewhurst et al., 2009; Lee et al., 2009) have
conducted a number of feeding studies with red clover. Generally, milk and protein yield are improved when red clover silage
replaced that made from perennial ryegrass. However, the magnitude of change in protein efficiency has not been commensurate with the reductions in silage NPN or increases in NAN flow
from the rumen. It has been speculated that this may be due to
low levels of Met in red clover RUP (Vanhatalo et al., 2009) or
to impaired Met metabolizability due to the PPO reaction (Lee
et al., 2009; K. J. Shingfield, personal communication). Whether
red clover will serve as an environmentally friendlier forage remains to be seen.
Red clover has lower yields, poorer persistency and often
reduced DM intake in dairy cows compared to lucerne. Thus,
red clover likely will not replace lucerne as a major legume forage fed to dairy cows unless its agronomic characteristics are
improved. However, an intensive program of genetic selection
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conducted at our Center has produced two red clover varieties
(Arlington and Marathon) with substantially better yields and
winter hardiness; further genetic progress is continuing to be
made. Although still not as productive as alfalfa, red clover is
now a viable alternative in some situations. Other researchers at
the Dairy Forage Center have successfully isolated PPO genes
from red clover and transferred them to lucerne (Sullivan et al.,
2004; 2006). This group is attempting to genetically alter PPOproducing lucerne such that the o-diphenol substrates for PPO
are also formed in lucerne tissues, obviating the need to add exogenous substrate. Successful development of genetically altered
lucerne germplasm would require production of sufficient seed
to allow production of sufficient forage for animal-scale trials.
Other work is assessing the co-harvest and ensiling of grasses
with high levels of PPO activity (e.g., smooth bromegrass, Bromus inermis) with other grasses that are high in the o-diphenol
substrates (e.g., tall fescue, Festuca arundinacea). These mixtures reduced NPN formation when ensiled in experimental silos (Marita et al., 2010) and improved protein metabolizability
when the silages were fed to growing lambs (Marita et al., 2012).

Summary
Efficiency of mechanization and better nutrient capture has
helped increase harvesting of silages and silages now provide a
major proportion of the forages fed to ruminants. Hay-crop silages made from grasses and legumes help meet the MP requirements of lactating dairy cows mainly by providing degraded CP
for microbial protein synthesis. Utilization of CP in hay-crop
silages is inefficient because of extensive NPN formation in the
silo; this necessitates supplementation with large amounts of
protein and leads to excessive costs and N losses to the envi235
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ronment from dairy farms. However, feeding high quality proteins that resist rumen degradation in diets based on hay-crop
silages has resulted, in some cases, in substantial increases in
milk production in high producing cows. Feeding silages high
in fermentable energy, such as maize silage and sugar cane silage, contribute MP by stimulating microbial protein formation in the rumen. Maximizing concentrate intake without over
feeding also helps stimulate microbial utilization of silage NPN
in the rumen, particularly in high producing dairy cows. Techniques that reduce NPN formation in the silo, such as acid treatment and microbial inoculation, enhance utilization of silage
protein by the lactating cow. Polyphenol oxidase in red clover
and certain grasses results in silage with substantially reduced
NPN. Similarly, tannin-containing legumes produce silages
with somewhat reduced NPN, and birdsfoot trefoil silages have
shown to improve milk production and N efficiency compared
to lucerne silage. Protein in silages made from legumes containing condensed tannins are used more efficiently mainly because
of reduced protein degradation in the rumen. Neither red clover
nor birdsfoot trefoil can compete with lucerne agronomically.
Genetic engineering approaches may prove effective for producing lucerne varieties that produce silage with reduced NPN.
New and better approaches to reducing NPN will be required if
ruminants are to make more efficient use of the protein in haycrop silages.
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