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ABSTRACT

Ensiling of forages was recognized as a microbial-
driven process as early as the late 1800s, when it was as-
sociated with the production of “sweet” or “sour” silage. 
Classical microbiological plating techniques defined the 
epiphytic microbial populations associated with fresh 
forage, the pivotal role of lactic acid-producing bacteria 
in the ensiling process, and the contribution of clos-
tridia, bacilli, yeast, and molds to the spoilage of silage. 
Many of these classical studies focused on the enumera-
tion and characterization of a limited number of micro-
bial species that could be readily isolated on selective 
media. Evidence suggested that many of the members 
of these microbial populations were viable but uncul-
turable, resulting in classical studies underestimating 
the true microbial diversity associated with ensiling. 
Polymerase chain reaction-based techniques, including 
length heterogeneity PCR, terminal RFLP, denaturing 
gradient gel electrophoresis, and automated ribosomal 
intergenic spacer analysis, were the first molecular 
methods used to study silage microbial communities. 
Further advancements in whole comparative genomic, 
metagenomic, and metatranscriptomic sequencing have 
or are in the process of superseding these methods, 
enabling microbial communities during ensiling to be 
defined with a degree of detail that is impossible using 
classical microbiology. These methods have identified 
new microbial species in silage, as well as characterized 
shifts in microbial communities with forage type and 
composition, ensiling method, and in response to aero-
bic exposure. Strain- and species-specific primers have 
been used to track the persistence and contribution of 
silage inoculants to the ensiling process and the role 
of specific species of yeast and fungi in silage spoil-

age. Sampling and the methods used to isolate genetic 
materials for further molecular analysis can have a 
profound effect on results. Primer selection for PCR 
amplification and the presence of inhibitors can also 
lead to biases in the interpretation of sequence data. 
Bioinformatic analyses are reliant on the integrity and 
presence of sequence data within established databases 
and can be subject to low taxonomic resolution. Despite 
these limitations, advancements in molecular biology 
are poised to revolutionize our current understanding 
of the microbial ecology of silage.
Key words: silage, microbial ecology, biotechnology, 
microbiome

INTRODUCTION

Ensiling of forages has become a global practice for 
forage preservation and is particularly prevalent in wet 
climates, where the conservation of dried forage is dif-
ficult (Pahlow et al., 2003). The microbiome associated 
with freshly harvested forage plays a critical role in the 
ensiling process and is composed of a complex mixture 
of bacteria, yeasts and molds with colony-forming units 
ranging from 105 to 109 cfu∙g−1 (Langston and Bouma, 
1960a,b,c). Once introduced into the silo, the diversity 
of the microbiome decreases as obligate aerobes and 
acid-sensitive microbes are killed or fail to grow as 
oxygen is excluded and acid production reduces pH. 
Under these conditions, epiphytic lactic acid–producing 
bacteria (LAB), enterobacteria, yeasts, and molds can 
enter a viable but unculturable state precluding their 
characterization through traditional plating methods. 
Epiphytic and spoilage microbial populations associ-
ated with the ensiling process are exceedingly complex, 
requiring significant effort to characterize members in 
detail on the basis of morphological, physiological, and 
biochemical traits. To assess the composition of bacte-
rial communities associated with plants, a wide variety 
of techniques, both culture-based (e.g., most probable 
number, selective media, biochemical profiling, and so 
on) as well as culture-independent analyses of microbial 
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communities using techniques such as denaturing gradi-
ent gel electrophoresis (DGGE), single strand confor-
mation polymorphisms, terminal RFLP (T-RFLP), 
automated ribosomal intergenic spacer analysis, or 
length heterogeneity PCR have been employed for the 
past decade. In addition, polyphasic/multipronged ap-
proaches, using multiple techniques in parallel, have 
also been used to thoroughly characterize the structure 
and diversity of silage microbial communities (Brusetti 
et al., 2008).

Advances in deep sequencing using a variety of plat-
forms (e.g., Ilumina, Roche 454, Ion Torrent, PacBio) 
now make it possible to undertake metagenomic se-
quencing of microbial DNA extracted from freshly har-
vested forage (Eikmeyer et al., 2013), during ensiling 
(Bao et al., 2016), upon aerobic exposure (Dunière et 
al., 2017), and even from the rumen after consumption 
of silage by ruminants (Huws et al., 2015). These tech-
niques have generated new insight into the complexity 
of the microbial ecology of ensiling, characterizing the 
role of epiphytic populations in silage quality and how 
silage additives can generate microbiomes more condu-
cive to the production of high-quality silage. Quantita-
tive PCR (qPCR) can be used to specifically quantify 
and document the persistence of specific phylogenies, 
species, or even strains of bacteria and fungi during en-
siling and feed out. Consequently, the growth and sur-
vival of inoculated bacteria can now be differentiated 
from their epiphytic counterparts, generating a greater 
understanding of how these specific strains favorably 
alter the ensiling process. Using these techniques to 
identify mycotoxin-producing fungal populations or po-
tential pathogens such as Listeria spp. in silage could 
provide new approaches to excluding these undesirable 
microorganisms from silage.

Presently, most studies have been confined to study 
the phylogeny of microbes using 16S rRNA or 18S 
rRNA/internal transcribed spacer (ITS) regions for 
the classification of bacterial and fungal populations, 
respectively. Although these studies provide a wealth 
of information on the microbial ecology of silage, they 
provide limited information on the function of the mi-
crobial species involved in the ensiling process. Future 
use of metatranscriptomics to characterize the ensiling 
process could shed insight into the expression of genes 
coding for enzymes involved in silage acid production 
and metabolism, proteolysis, or the production of my-
cotoxins during silage spoilage.

Although molecular techniques are poised to revolu-
tionize our understanding of the role of microorganisms 
in ensiling, the scientific integrity of the information 
generated depends on the representativeness and purity 
of the nucleic acids that are extracted from the forage. 

The nature of the primers selected for amplification of 
genetic regions of interest, the presence of PCR inhibi-
tors and the selected sequencing platform can all influ-
ence the nature of the results generated. Once sequence 
information is obtained, the breadth and depth of the 
bioinformatic pipelines and limits of the gene databases 
used in the interpretation of data can affect predicted 
outcomes. The objective of this review is to outline 
some of the molecular methodologies currently being 
employed in the area of silage ecology and how they 
will advance the field of silage science both now and in 
the future.

SAMPLING, STORAGE, AND EXTRACTION 
METHODOLOGIES

Sampling Methods

Many of the same sampling principles of acquiring 
silages for nutrient analysis are applicable to collect-
ing silage samples for molecular analysis (Undersander 
et al., 2005). For fresh forage, 3 to 5 samples can be 
collected after the truck or wagon has been unloaded. 
Samples can be mixed and a single sample collected 
for storage as described below. This procedure can be 
repeated 4 to 5 times at regular intervals as silage is 
delivered for ensiling throughout the day. For bunker 
of bag silos, 150 to 300 cm of silage should be removed 
from the silo face to create a pile to sample from. If 
spoiled silage is not the subject of interest in the study, 
care should be taken to ensure that it is not collected 
during the sampling procedure. Five to 8 samples can 
be selected from the pile and mixed within a bucket 
before sampling and storage as described below. A total 
of 3 to 6 samples should be collected in this manner. 
If a microbial profile of the silage within the entire silo 
is desired, this procedure should be repeated at regular 
intervals during feed out.

Extraction Methods and Storage

One of the important factors in planning PCR-based 
studies or undertaking amplicon- or shotgun-based 
metagenomic or metatranscriptomic sequencing is to 
ensure that the extraction protocol employed obtains 
the quality and yield of nucleic acids needed to gener-
ate high-quality sequences. Ideally, samples should be 
frozen immediately after collection and stored in an 
ultra-low-temperature freezer to impede microbial ac-
tivity, sustain cellular integrity, and ensure that the 
microbial diversity profile remains stable during stor-
age. Short-term storage (14 d) of biological samples 
at temperatures ranging from −80 to 20°C has been 
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shown to have little effect on phylogenetic structure 
and diversity (Lauber et al., 2010; Rubin et al., 2013), 
but longer term storage (>50 d) can alter these metrics 
even if samples are frozen (Molbak et al., 2006; Bahl et 
al., 2012). The greater instability of RNA than DNA 
is likely to amplify these differences in transcriptomic 
silage studies. These studies stress the importance of 
maintaining consistency in silage sample storage within 
a study and the potential limitations of comparing find-
ings across studies that use different storage protocols.

The yield of nucleic acids extracted from silage de-
pends on the types of silage, the growth of microbial 
cells during ensiling, the diversity and abundance of 
microorganisms within the silage, and the stability of 
the nucleic acids. Microorganisms do not grow uni-
formly throughout the silage mass as regions of high 
soluble carbohydrate or protein content may result in 
focal areas of high microbial abundance in the form of 
biofilms (Figure 1). Microbes also often invade into the 
interior of plant cell walls where the concentration of 
soluble nutrients are high, using an inside-out approach 
to plant cell wall digestion (McAllister et al., 1994), 
making it difficult to adequately extract them from 
the silage mass through simple washing with a buffer. 
Consequently, silage samples collected for molecular 
analysis should preferably be immediately frozen and 
lyophilized, rather than oven-dried where microbial 
populations may shift and the stability of nucleic acids 
reduced. For DNA, dried samples can be ground and 
ball milled before extraction. Although this procedure 
renders microorganisms more available for DNA extrac-
tion, it also increases the amount of residual plant DNA 
that is co-isolated. This can reduce the microbial DNA 
to plant DNA ratio, potentially lowering the sensitiv-
ity of the analysis. It also requires a greater effort to 
ensure that plant-based genetic information is filtered 
out during bioinformatic analysis. Due to the instabil-
ity of RNA, it is desirable that silage samples are im-
mediately frozen in liquid nitrogen and ground in liquid 
nitrogen to a fine powder so as to maximize RNA yields 
(Wang et al., 2011).

Another option is to use a liquid-based extraction 
method to harvest microbial cells from forage and 
silage before nucleic acid isolation (Eikmeyer et al., 
2013). This technique involves multiple washes (5–10) 
of forage or silage samples in physiological saline. The 
pooled extracts are then centrifuged to collect the 
cells, immediately subjected to DNA extraction, or can 
be preserved in ethanol in an ultra-low-temperature 
freezer (Martinez Tuppia et al., 2017). This procedure 
makes it easier to remove residual plant tissue before 
isolation of microbial cells, thus lowering the degree of 
contamination by plant DNA. The drawback is that 

some microbial cells remain trapped inside the plant 
tissue as biofilms also form in the interior vasculature 
of plants (Bogino et al., 2013). Consequently, they may 
not be released into the liquid medium before the col-
lection of microbial cells via centrifugation.

DNA Extraction Procedures

The cetyl trimethyl ammonium bromide (CTAB) 
method was originally designed for the extraction 
and purification of DNA from plants. This cationic 
detergent-based method solubilizes cell polysaccharides 
and denatures proteins, improving the release of DNA 
from the plant cell and yield of extracted DNA (Kumar 
et al., 2014; Ashwini and Tiwari, 2015). The addition 
of polyvinylpyrrolidone to the extraction procedure 
further improves DNA yields as it binds to polyphe-
nolics and reduces the formation of phenolic–nucleic 
acid complexes. The reduced number of steps required 
by the CTAB method also helps maintain the strand 
length of the DNA, favoring the generation of longer 
reads during sequencing. The CTAB procedure is also 
ideal for processing forage and silage samples that have 
been pulverized in liquid nitrogen or ground after ly-
ophilization as it is efficient at removing residual plant 
components. However, after extraction of DNA from 
forage or silage, a secondary cleanup of the isolated 
nucleic acids is often required to ensure that PCR 
inhibitors have been removed. Consequently, many 
laboratories have elected to use commercial kits for the 
extraction of DNA/RNA from silage samples.

Figure 1. Scanning electron micrograph of corn silage collected 
from a commercial type bunker silo. Bacterial cells are present as bio-
films (circles) on the surface of a leaf fragment. Micrograph courtesy 
of Lallemand SAS Inc.; used with permission.
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DNA Extraction Kits

The processes of DNA/RNA extraction have been 
simplified by several commercial companies developing 
extraction and purification kits. A plethora of commer-
cial kits are available from several different suppliers 
(e.g., Qiagen, MoBio, MP Biomedicals, Zymo Research) 
making it challenging to select those that are optimal 
for the extraction of nucleic acids from silage. Both 
fresh forage and silage contain a variety of PCR in-
hibitors that interfere with both amplicon and shotgun 
sequencing. Consequently, kits that have specific steps 
aimed at removing PCR inhibitors such as those used 
in the extraction of nucleic acids from soil or stools 
tend to be most suitable for fresh forages and silages.

We are unaware of studies that have specifically 
assessed the efficiency of various commercial kits to 
extract DNA/RNA from silages. It is almost certain 
that the nature of the extraction kits selected can alter 
the interpretation of the phylogenetic profile associated 
with silages as such a response has been observed with 
other environmental samples. For example, a recent 
comparison of extraction efficiencies of kits from per-
mafrost soils found similar phylogenetic profiles among 
kits that employed bead beating, whereas kits that did 
not include this procedure identified a higher propor-
tion of β-Proteobacteria and γ-Proteobacteria (Vish-
nivetskaya et al., 2014). The DNA yield also differed 
among extraction kits, with the FastDNA Spin kit hav-
ing twice the yield of the MoBio kit, likely as result of 
its ability to more efficiently lyse bacterial cells.

Others have compared the efficiency of various ex-
traction kits from agricultural soils (Pakpour et al., 
2013). These authors concluded that those kits that 
did not specifically use bead beating reduced the degree 
of DNA fragmentation while still generating acceptable 
yields. Pakpour et al. (2013) proposed that eliminat-
ing bead beating reduced DNA fragmentation and 
improved sequencing efficiency, but did not specifically 
test this hypothesis.

Obviously, for microorganisms to be detected, DNA/
RNA must be liberated from the cell and captured dur-
ing the extraction and purification process. The cell 
wall structure differs between gram-positive and gram-
negative bacteria with the cell wall of gram-positive 
bacteria being generally more difficult to disrupt ow-
ing to a thick layer of peptidoglycan. Thus, protocols 
that do not use a bead beating can underestimate both 
the abundance and diversity of gram-positive bacteria 
within silages. This is particularly relevant with regard 
to obtaining adequate representation of the gram-
positive lactobacilli that play a pivotal role in the ensil-
ing process. Some commercial kits contain chemicals 
(e.g., lysozyme, mutanolysin, and proteinase K) that 

promote lysis particularly at elevated temperatures 
(50–70°C). Although these methods can improve the 
yield of DNA/RNA from gram-positive bacteria, differ-
ences in extraction procedures from biological samples 
can generate significant differences in microbial profiles 
(Henderson et al., 2013). Extraction procedures need to 
be employed with an appreciation that longer and more 
vigorous bead beating procedures are likely to increase 
yield, at the expense of greater fragmentation of DNA. 
Further investigation of the effect of different commer-
cial kits on the extraction of DNA from different types 
of silage should be undertaken.

USE OF PCR IN THE MOLECULAR  
ANALYSIS OF SILAGE

Practically all DNA-based techniques, commonly 
called “culture-independent analysis,” require the 
amplification of genes by PCR. Muck (2013) recently 
reviewed the main techniques that have been used to 
characterize the molecular microbial ecology of silage. 
Amplicon-based PCR amplifies a targeted segment of 
DNA through the design of forward and reverse primers 
that flank the region of interest. PCR-based molecular 
amplification methods have broad applications as they 
can be used to identify a particular species and distin-
guish between multiple microbial species (conventional 
PCR, in combination with Sanger sequencing of PCR 
products) as well as to quantify a particular species 
or overall bacterial populations (real-time or qPCR). 
Real-time or qPCR enables the elimination of laborious 
post-amplification steps such as the use of gel elec-
trophoresis to visualize amplified products following 
conventional PCR. Overall, the benefits of qPCR as 
compared with conventional PCR include sensitivity, 
reproducibility, speed, and quantitative ability. How-
ever, these applications require designed primers that 
are appropriate for the target of interest. Factors such 
as primer specificity and the length of the fragment to 
be amplified can influence the efficiency of PCR.

Although PCR is an invaluable tool for defining the 
microbial ecology of silage, it is possible for biases to oc-
cur if conditions are such that one targeted fragment is 
more efficiently amplified than another. Biases related 
to amplification and primer mismatch can be reduced 
by using tag-based sequencing, and this approach has 
the added benefit of simultaneously generating both 
taxonomic and functional information (Logares et al., 
2014).

PCR Target(s) for Taxonomic Identification

The ribosomal RNA genes present in either single 
or multiple copies are essential for the survival of all 
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organisms and are generally highly conserved between 
all living organisms. The bacterial ribosomal RNA op-
eron is transcribed into one pre-rRNA transcript that 
contains the small subunit (SSU or 16S), the large 
subunit (LSU or 23S), and the 5S rRNA sequences 
(Figure 2). Both 16S and 23S ribosomal genes have 
been widely used for species identification and strain 
detection. Since it was first used in 1985 for phyloge-
netic analysis (Lane et al., 1985), the sequences of16S 
rRNA genes have been by far the most frequently used 
taxonomic marker. The 16S rRNA genes generally 
contain 9 hypervariable regions (V1–V9) interspersed 
by conserved sequences (Figure 3). The hypervariable 
regions demonstrate considerable sequence diversity 
among different bacterial species and can be used for 
species identification (Van de Peer et al., 1996). The 
conserved sequences flanking the V region enable 
PCR amplification of target sequences using universal 
primers (McCabe et al., 1999; Baker et al., 2003). Fur-
thermore, the variations in length and sequence of the 
16S–23S rRNA intergenic spacer regions of the rRNA 
operon have proven useful for identification of closely 
related strains and species. For example, this region 
has been used to differentiate closely related species of 

lactic acid bacteria (Furet et al., 2004; Klocke et al., 
2006). This is a reflection of the rapid rate of evolution 
within this region, which has been estimated to be 10 
times that of 16S rRNA (Gürtler and Stanisich, 1996). 
However, in cases where the 16S rDNA or 16S rRNA 
genes cannot differentiate closely related species due 
to high homology, other more divergent loci such as 
chaperonin-60 (CPN-60; Links et al., 2012) and recA 
(Stevenson et al., 2006; Hofstatter et al., 2016) may be 
used to characterize bacterial diversity.

The eukaryotic rRNA operon consists of the SSU 
(18S) and the LSU (25S/28S), separated by an ITS 
region comprising of 2 sections ITS1 and ITS2 that 
flank the conserved 5.8S region (Figure 2). Molecular 
characterization of yeast and mold populations in si-
lage have used 18S rRNA (Li and Nishino, 2011a,b), 
26S rRNA (Liu et al., 2013), or ITS regions (Rossi and 
Dellaglio, 2007). The earliest PCR primers that gained 
wide acceptance for fungal detection were ITS1, which 
targets a site in the ribosomal small subunit encoding 
region, and ITS4, which targets an ITS-flanking site 
in the LSU (White et al., 1990). During the past 2 
decades, molecular identification through DNA barcod-
ing of fungi has provided new insights into the diversity 

Figure 2. Conserved organization of the rRNA operon in bacteria and eukaryotes. In the pre-rRNA, the mature rRNA sequences are flanked 
by external transcribed spacers (5′ ETS and 3′ ETS) and separated by one or more internal transcribed spacers (ITS). Color version available 
online.

Figure 3. Organization of hypervariable and conserved regions of 16S rRNA gene.
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and ecology of many different groups of fungi and has 
become an essential part of fungal ecology research 
(Horton and Bruns, 2001; Anderson and Cairney, 2004; 
Chase and Fay, 2009). During the early years of barcod-
ing, the ITS region was used as a default marker for 
fungal species, whereas the LSU became the standard 
for the identification of yeast. In recent years, studies 
have identified potential amplification biases dependent 
on the choice of ITS primers, leading to the preferen-
tial amplification of certain fungal groups. It has been 
suggested by Bellemain et al. (2010) that ITS primers 
should be selected carefully, especially when used for 
high-throughput sequencing of environmental samples 
and that different primer combinations or different 
parts of the ITS region should be analyzed in parallel. 
The authors also illustrate potential benefits of using 
a bioinformatics approach before selecting primer pairs 
for a given study, although an in silico analysis did 
not necessarily reflect the performance of the primers 
in vitro. This is because many other PCR parameters 
such as ITS copy number, amplification program, and 
salt and primer concentrations during PCR are often 
not considered by in silico predictions. Other studies 
suggest that a multi-region approach for primer design 
including the ITS and the variable D1/D2 region of the 
LSU (Figure 2) may prove more discriminatory (Tonge 
et al., 2014). Fewer hypervariable domains within the 
18S rDNA region in fungi may result in lower efficien-
cies of taxonomic assignment (Anderson et al., 2003; 
Schoch et al., 2012) as compared with the use of 16S 
rDNA region in bacteria.

Nonspecific Binding

Designing a new primer, as well as testing primers 
from the literature needs to be undertaken to ensure 
that they cannot bind to nonspecific sites. Those DNA 
regions could be either noncoding regions as well as 
the region of the target gene present in a distinctly 
related genus. Online tools such as Primer-BLAST en-
able primers to be evaluated by searching for similar 
genes within the database. During the designing phase, 
it is important to assess the extent of alignment of the 
target gene with a broad set of sequences. In practice, 
further testing of the specificity of the designed primers 
using the culturable strains or species is desirable if 
they are available.

PCR Inhibitors

Polymerases are often inhibited by contaminants that 
are isolated during DNA extraction. Both inorganic and 
organic substances can act as PCR inhibitors (Schrader 

et al., 2012), but those that are particularly relevant 
to fresh forage and silages include polysaccharides, 
proteases, phenolics, and tannins, with phenolics and 
tannins being potent inhibitors of reverse transcription 
(RT)-PCR (Love et al., 2008). In most instances, the 
effect of inhibitors can be reduced through dilution, 
using the cleanup procedures recommended within 
commercial kits, by adding BSA during extraction or 
through addition of column extraction steps (Reuter 
et al., 2009). However, we have found that legume for-
ages that contain condensed tannins such as sainfoin 
or birdsfoot trefoil can still inhibit metatranscriptomic 
sequencing even after attempts are made to remove 
these inhibitors (T. A. McAllister laboratory, unpub-
lished data).

MOLECULAR APPROACHES TO DEFINING  
THE MICROBIAL ECOLOGY OF SILAGE

Strain Tracking and Quantification

Although the microbial diversity in silage is often 
low, plate counts are not reliable for tracking specific 
species of microorganisms during ensiling or feed out 
due to the limited characterization at the species 
level of most culture techniques. Quantitative PCR 
can be used to track and quantify both bacteria and 
fungi during ensiling. Quantitative PCR targeting 16S 
rDNA was first used to estimate the development of 
the Lactobacillus plantarum populations within grass 
silages (Klocke et al., 2006). These researchers demon-
strated that grass silages inoculated with L. plantarum 
or precision chopped harbored larger populations of 
this species, which were reduced by acid treatment of 
the silage. Stevenson et al. (2006) expanded on this 
approach, designing species-specific primers for qPCR 
of recA, to identify several Lactobacillus spp. as well 
as Enterococcus faecium, Pediococcus pentosaceus, and 
Bacillus subtilis in alfalfa silage. Their findings showed 
that Lactobacillus brevis was the dominant species 
observed (up to 32%), whereas L. plantarum, P. pento-
saceus, Lactobacillus buchneri, and Lactobacillus lactis 
represented much smaller proportions of the popula-
tion, whereas both Lactobacillus pentosus and E. fae-
cium were undetectable. The method was also assessed 
for its ability to detect L. buchneri in inoculated silage 
and was capable of detecting as few as 100 cfu∙g−1 of 
corn silage (Schmidt et al., 2008). The results showed 
that the numbers of L. buchneri in terminal corn si-
lage estimated by RT-qPCR were similar to the total 
culturable LAB, suggesting that this inoculated spe-
cies dominated the ensiling process. In contrast, Lynch 
et al. (2012) found that inoculation with L. buchneri 
11A44 had little effect on the ensiling of corn ears and 



4066 MCALLISTER ET AL.

Journal of Dairy Science Vol. 101 No. 5, 2018

stover and did not increase the number of L. buchneri 
in the later stages of ensiling, possibly due to competi-
tion with naturally high epiphytic populations. Others 
have found that estimated copy numbers of L. buchneri 
can approach the copy numbers associated with total 
bacteria in silage, possibly due to differences in the 
PCR efficiency among amplicons or non-target-specific 
amplification (Dunière et al., 2015). These researchers 
also used RT-qPCR to monitor the fate of inoculated 
Saccharomyces cerevisiae and Saccharomyces para-
doxus during the ensiling and upon aerobic exposure. 
Although this study showed that the copy number of 
these yeasts did not increase during the ensiling period, 
increases of these species during aerobic exposure did 
demonstrate that they were capable of surviving the 
ensiling process.

Although RT-qPCR is an invaluable tool for quan-
tifying microorganisms during ensiling, it also has 
some inherent limitations. Microbial numbers based on 
RT-qPCR may be overestimated compared with plate 
counts as the copy numbers of 16S rDNA or rRNA 
genes in bacteria (Case et al., 2007) and 18S rDNA, 
28S rDNA, and ITS genes in fungi and yeast (Lindahl 
et al., 2013) vary among species. Furthermore, DNA 
from nonviable microorganisms can also be amplified 
and quantified, overestimating the true metabolically 
active microbial population within silage.

Community Analysis

The development of molecular fingerprinting tech-
niques provided a pattern or profile of the genetic di-
versity in a microbial community based on the physical 
separation of unique nucleic acid sequences. All of these 
techniques still rely on the amplification of target genes 
by PCR, followed by the use of various methods to 
separate the resulting amplicons.

Denaturing gradient gel electrophoresis separates 
DNA fragments of identical length, but with different 
nucleotide sequences (Pedro et al., 2001) and has been 
used to define the nature of bacterial communities in 
ryegrass, alfalfa and corn silages (Dolci et al., 2011; Wu 
et al., 2014; Ni et al., 2017). The technique has been 
applied to both bacterial and fungal communities, but 
as it uses gel electrophoresis it is more qualitative than 
quantitative. Selection of primers designed for specific 
microorganisms can expand the potential of DGGE to 
study the diversity of a particular group or a genus 
(Julien et al., 2008; Zhou et al., 2016).

Early techniques used variation in gene length as a 
means of attempting to differentiate bacterial species in 
silage. Brusetti et al. (2008) used length heterogeneity 
PCR to examine shifts in the LAB population during 
the ensiling of corn. Terminal-RFLP advanced this ap-

proach by employing restriction enzymes to specifically 
cut the amplified DNA into varying lengths. The result-
ing DNA fragments were separated by either capillary 
or gel electrophoresis with differentiation based on the 
length of the fragments (McEniry et al., 2008). Com-
pared with DGGE, T-RFLP DNA fragments could not 
be easily excised from gels, but could be visualized and 
semi-quantified if analyzed using capillary techniques 
(McEniry et al., 2008). Automated ribosomal intragenic 
spacer analysis refined the T-RFLP procedure by spe-
cifically amplifying a region between the 16S rRNA and 
23S rRNA gene in bacteria (Brusetti et al., 2008). Of 
the methods that differentiated microbial populations 
based on gene length, automated ribosomal intergenic 
spacer analysis appeared to have the greatest resolution 
owing to the fact that a region of greater variability 
was amplified. However, the advent of next-generation 
sequencing (NGS) methods has largely resulted in mo-
lecular fingerprinting techniques becoming antiquated. 
New NGS methods have far superior resolution and 
are more adept at describing diversity. They are also 
often considerably cheaper in terms of both labor and 
reagent costs.

Metagenomics. Metagenomics is defined as culture 
independent, direct genetic analysis of genomes within 
environmental samples (Thomas et al., 2012). Advances 
in the NGS have revolutionized the field of microbial 
ecology. Two types of NGS-based metagenomics stud-
ies are commonly conducted: (1) single/marker-gene 
amplification metagenomics, more appropriately called 
“metaprofiling” or amplicon-based profiling (e.g., 16S 
rRNA gene in prokaryotes), and (2) whole shotgun 
metagenomics. These methods allow profiling of the 
whole microbial community including uncultivable 
species and can generate an in-depth description of mi-
crobial diversity within various ecosystems at a reason-
able cost. Marker gene-based metaprofiling generates 
taxonomic and phylogenetic classification of microor-
ganisms in complex ecosystems with less investment in 
time and computational power (~50,000 reads/sample) 
than whole shotgun metagenomics. Other advantages of 
metaprofiling over whole metagenomics include cheaper 
sequencing costs, and no (eukaryotic) contamination 
with host DNA as a result of target-specific amplifica-
tion of conserved regions (e.g., 16S rRNA gene, CPN60 
gene). However, it has certain limitations as primer 
selection can result in biases toward certain members 
within microbial communities and resolution is often 
insufficient to identify bacteria to the strain or even the 
species level. In addition, different primers are required 
for multi-domain communities that harbor bacteria, 
archaea, and eukaryotes, and no marker genes are avail-
able to amplify and differentiate members within the 
virome.
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Amplicon-based studies such as 16S rDNA metapro-
filing depend on annealing of amplification primers to 
conserved regions that flank variable regions of the 16S 
rRNA gene (Figure 3). Regardless of sequencing depth, 
the variable region selected for amplification and ampli-
fication bias can confound the quantitative assessment 
of bacterial community dynamics including taxonomic 
classification, operational taxonomic unit (OTU) rich-
ness, and OTU diversity (Huse et al., 2008; Claesson et 
al., 2009; Pinto and Raskin, 2012). Different variable 
regions have been targeted in different studies resulting 
in diverse findings. For example, Sundquist et al. (2007) 
favored the V1/V2/V4 regions, Liu et al. (2008) the 
V2/V3/V4 regions, Wang et al. (2007) the V2/V4 
regions, Chakravorty et al. (2007) the V2/V3 regions, 
and Yang et al. (2016) the V4/V6 region. Myer et al. 
(2016) recommended V1/V8 near-full length over the 
V1/V3 region as it resulted in increased phylogenetic 
resolution, improved differential taxonomic classifica-
tion, and was more adept at taxonomic classification 
and at identifying differences in community composi-
tion.

Using full-length 16S rRNA genes (~1,500 bp) is 
considered the gold standard for accurate taxonomic 
identification (Vinje et al., 2015). Presently, such an 
approach is often cost prohibitive as compared with 
targeting a single variable region. To generate full-
length high-quality reads, sequencing with the Pacific 
Biosciences RSII instrument is required at a cost per 
read that is much higher than sequencing smaller re-
gions such as V1-V3 or V3-V5 using short-read plat-
forms such as Illumina MiSeq or Ion Torrent (Myer et 
al., 2016). The cost barrier to increased read lengths 
may be overcome with emerging nanopore sequencing 
technologies (Steinbock and Radenovic, 2015) or micro-
fluidic sequencing (Streets et al., 2014).

Although marker gene (e.g., 16S rRNA, 18S rRNA, 
and ITS) sequencing has been widely used to describe 
microbial communities and programs such as Phyloge-
netic Investigation of Communities by Reconstruction 
of Unobserved States (PICRUSt; Langille et al., 2013) 
have been used to predict their functionality, such an 
approach does not generate a complete genetic profile 
of microbial populations. In contrast, shotgun metage-
nomic sequencing of the DNA isolated from a sample 
provides thorough genetic information of microbial com-
munities as well as genomic linkages between the func-
tion and phylogeny of uncultured organisms (Tennant et 
al., 2017). Shotgun metagenomics avoids primer biases 
as all microbes in the community including eukaryotes 
and viruses can be sequenced and identified. In addi-
tion to providing community composition, it also helps 
generate information on the function of the community. 
However, some of the disadvantages include very high 

cost of deep sequencing to generate millions of reads, 
host/site contamination, lack of information on “rare” 
species due to limitations of deep sequencing, and com-
plex bioinformatics algorithms that require significant 
computational resources. Examples of the taxonomic 
profilers for whole metagenomics sequence data include 
Kraken (Wood and Salzberg, 2014), CLARK (Ounit et 
al., 2015), and Taxonomer (Flygare et al., 2016).

Although NGS has been widely used to characterize 
the microbial ecology of soil (Keshri et al., 2013), the 
rhizosphere (Bulgarelli et al., 2012), and the bovine ru-
men (Hess et al., 2011), it has only recently been used 
to characterize the microbial ecology of silage. As the 
fermentation of silage is largely a bacterial-driven pro-
cess and considering that the databases used to curate 
bacterial populations are more robust than those for 
fungi, the majority of metagenomics studies have fo-
cused primarily on the bacterial ecology of silage (Table 
1). Metagenomics has been used to describe the evolu-
tion of bacterial populations during the ensiling pro-
cess, with a focus on comparing epiphytic populations 
on fresh forage to those associated with terminal silage. 
Some studies have described the effect of silage inocu-
lants (Eikmeyer et al., 2013; Bao et al., 2016; Romero 
et al., 2017; Ogunade et al., 2017), whereas others have 
described differences among bacterial populations dur-
ing the ensiling of different forage types (Mogodiniyai 
Kasmaei et al., 2016; Dunière et al., 2017; Ni et al., 
2017) or temporal and spatial variability of microbial 
communities in silages stored in bunkers (Kraut-Cohen 
et al., 2016).

Eikmeyer et al. (2013) were the first to use NGS 
to study bacterial populations in silage, comparing 
noninoculated to LAB-inoculated grass silages. They 
observed a decrease in bacterial diversity over the dura-
tion of the ensiling process. This reduction in bacterial 
diversity has then been observed in other studies with 
different silage crops and ensiling duration (Mogodini-
yai Kasmaei et al., 2016; Ni et al., 2017; Romero et al., 
2017, Dunière et al., 2017). The nature of the epiphytic 
bacterial population is highly influenced by the type 
of forage ensiled (Mogodiniyai Kasmaei et al., 2016; 
Dunière et al., 2017), but typically the bacterial popu-
lation proceeds toward a predominance of lactobacilli 
during the ensiling process, particularly in grain silages. 
Pre-ensiling, OTU belonging to the Lactobacillaceae 
family associated with Italian ryegrass and whole crop 
corn accounted for 1 to 2% of the bacterial population, 
but after ensiling they made up 15 to 25% and up to 
70% of the bacterial population, respectively (Ni et al., 
2017). In contrast, the bacterial population of oat silage 
was dominated by Leuconostocaceae pre-ensiling (83%) 
with the relative abundance of this family accounting 
for 95.8% of the bacterial population in terminal silage 
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after 217 d (Romero et al., 2017). Finally, LAB ac-
counted for 2% of the core bacterial microbiome of oat, 
barley, triticale or a mix of these forages at harvest, 
expanding to account for 83% of the core microbiome 
in these terminal small grain silages (Dunière et al., 
2017). The dominance of LAB after ensiling is in agree-
ment with previous researchers that have used earlier 
non-NGS to describe the bacterial communities associ-
ated with silage such as T-RFLP (McEniry et al., 2008, 
2010) or DGGE (Parvin and Nishino 2009) as described 
above. The intensive selection process that enables LAB 
to predominate during ensiling is associated with the 
conditions promoted by good ensiling practices includ-
ing the exclusion of oxygen and the rapid conversion of 
water-soluble carbohydrates to organic acids. Interest-
ingly, ensiling populations associated with legume silag-
es appear to be more diverse than those associated with 
cereal silages. For example, Enterococcaceae dominated 
bacterial populations associated with wilted alfalfa and 
accounted for almost 50% of the bacterial population 
in terminal silage (Ni et al., 2017). However, in another 
study, members of the Lactobacillaceae accounted for 
a significant proportion of the bacterial population 
(72.2%) in alfalfa ensiled for 40 d, but members of En-
terococcaceae were still readily apparent (McGarvey et 
al., 2013). When comparing the bacterial populations 
within preserved (center) and spoiled (adjacent to bun-
ker walls) cereal silages stored in a bunker silo, the pro-
portion of Lactobacillaceae decreased from 73 to 97% to 
less than 2% of the total bacterial population (Kraut-
Cohen et al., 2016). These authors observed that the 
microbiomes associated these samples exhibited a high 
degree of variation in bacterial diversity. Specifically, 

Bacillus and Corynebacterium dominated in spoiled 
samples collected from one location, whereas Bacillus, 
Proteus, and Comamonas were most abundant in a 
sample from a second location, with Corynebacterium, 
Proteus, Comamonas, and Acetobacter being the most 
predominant genera in a sample from a third location. 
Consequently, even within a silo, it appears that subtle 
localized changes in the ensiling environment can cause 
significant shifts in the nature of the bacterial species 
associated with silage.

Addition of a silage inoculant generally decreases 
the bacterial diversity in terminal silage (Table 2) as 
observed in grass after 58 d of ensiling (Eikmeyer et al., 
2013), corn silage after 120 d of ensiling (Ogunade et 
al., 2017), alfalfa after 35 d of ensiling (Bao et al., 2016), 
and oat after 217 d of ensiling (Romero et al., 2017). 
Silages inoculated with a single inoculant strain gener-
ally resulted in this bacterium being the predominant 
bacterial species in terminal silage. Noteworthy, when 
a mixed inoculant containing Pediococcus acidilactici 
was applied, the relative abundance of this species was 
the highest (74 to 86%) in terminal silages (Bao et al., 
2016). In contrast, application of P. pentosaceus to oat 
forage at ensiling did not result in this species being 
predominate in terminal silage (Romero et al., 2017). 
Thus, the effect of inoculants on the microbial ecology 
of silage can differ among inoculant species and with 
the type of crop ensiled.

To date, only one study has used NGS technologies 
to describe the nature of bacterial population during 
aerobic exposure. Dunière et al. (2017) observed a sub-
stantial increase (1 to 43%) in members of Bacillales in 
small grain silages aerobically exposed for 14 d. This 

Table 2. Effect of inoculants on the bacterial ecology of silages

Silage  
crop  Inoculants and application rate

 Relative abundance after 
fermentation  Reference

Grass Lactobacillus buchneri CD034 at 106 cfu/g 67% Lactobacillus 
2% Lactococcus 
2% Leuconostoc 
2% Weisella 
18% phylum ≠ Firmicutes

Eikmeyer et al. (2013)

Corn Lactobacillus plantarum at 106 cfu/g or 
L. buchneri at 106 cfu/g

98.3% Lactobacillus 
0.98% Proteobacteria 
94.8% Lactobacillus 
2.63% Proteobacteria

Ogunade et al. (2017)

Alfalfa L. plantarum strain 1 at 105 cfu/g 50% L. plantarum 
40% non-LAB1

Bao et al. (2016)

L. plantarum strain 2 at 105 cfu/g 62% L. plantarum 
23% Lactobacillus pobuzihii 
15% non-LAB

 

L. plantarum, Lactobacillus casei, Enterococcus faecium, 
Pediococcus acidilactici at 105 cfu/g

74% P. acidilactici 
18% non-LAB

 

P. acidilactici, L. plantarum at 105 cfu/g 86% P. acidilactici 
6% non-LAB

 

Oat L. buchneri at 4 × 105 cfu/g, Pediococcus pentosaceus at 105 
cfu/g

56.9% Lactobacillus 
42.3% Leuconostocaceae

Romero et al. (2017)
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increase was accompanied by a decrease of Lactobacil-
lales, Enterobacteriales, Xanthomonadales, Rhizobiales, 
and Sphingomonadales in all spoiled silages. Others 
have also observed declines in Lactobacillales and in-
creases in Bacillales when DGGE was used to charac-
terize the bacterial populations associated with aerobi-
cally exposed corn silage (Dolci et al., 2011). Moreover, 
emergence of clostridia and bacilli were observed in 
bacterial DNA isolated from grass silages exposed to 
air using T-RFLP (McEniry et al., 2008) and DGGE 
(Li and Nishino, 2011b). In contrast, aerobic exposure 
was associated with an increase in lactobacilli and a 
decrease in bacterial diversity when 16S rDNA clone 
libraries were used to characterize bacterial populations 
in alfalfa silage (McGarvey et al., 2013).

Research has also been undertaken to characterize 
the role of eukaryotic microorganisms in the ensiling 
process, with an emphasis on their contribution to the 
aerobic deterioration of silages (Dolci et al., 2011; Bor-
reani et al., 2014), mycotoxin production (Gallo et al., 
2015), and the associated risks to feed and food safety 
(Fink-Gremmels, 2008). Next-generation sequencing 
has been used to describe fungal populations in the 
rumen (Fouts et al., 2012), soil (Lim et al., 2010), 
compost (Neher et al., 2013), rhizosphere (Blaalid 
et al., 2012), and recently in silage residues used for 
composting and biogas production (Neher et al., 2013; 
Kazda et al., 2014). Samples in these studies consisted 
of a mixture of compost, manure, rotting vegetables, 
and spoiled silage, making it impossible to specifically 
identify silage-associated fungal species. To date, we 
are aware of only 2 publications that have used NGS 
to specifically characterize fungal populations in silage. 
Romero et al. (2017) sequenced the ITS1 region of the 
rDNA gene and assigned the sequences to a UNITE 
(User-friendly Nordic ITS Ectomycorrhiza Database) 
fungal ITS reference database. However, the taxonomic 
depth associated with pre-ensiled oats was low, as 56.9% 
of the sequences could not be assigned. The dominant 
fungal families within the Ascomycota included Davi-
diellaceae (26.9%), Pleosporaceae (5.1%), and Pleospo-
rales (2.3%). After ensiling, Ascomycota dominated 
the fungal population (97.4%) and only 1.48% of the 
sequences remained unidentified. Pichiaceae (61.9%), 
Trichocomaceae (7.9%), and OTU belonging to Sac-
charomycetales order (13.9%) were the main taxonomic 
groups identified. As Pichiaceae belong to the order 
Saccharomycetales, these results are in agreement with 
a recent study conducted in our laboratory (Dunière et 
al., 2017). Saccharomycetales accounted for the major-
ity of the fungal core microbiome (71%) in small grain 
silages after 90 d of ensiling. The relative abundance of 
some fungal species was altered by ensiling (e.g., Cap-
nodiales, Tremellales, and Pucciniales), with relative 

abundances also differing among types of small grain 
silages.

We also explored the fungal core microbiome in small 
grain silage after 14 d of aerobic exposure. Saccharo-
mycetales remained the dominant order in the fungal 
core microbiome (62% Kazachstania; 8% Pichia), but 
the number of shared OTU among aerobically exposed 
silages dropped by almost 50%. This indicated that the 
nature of the fungal communities that developed upon 
aerobic exposure depended heavily on the type of small 
grain silage. The dominance of Saccharomycetales has 
also been observed in other studies using molecular 
techniques to characterize fungal populations. After 7 
d of aerobic exposure of inoculated corn silage, DGGE 
was used to identify several fungi with the predomi-
nant species differing among inoculant formulations 
and sampling times (Li and Nishino, 2011a). Fungal 
communities in ryegrass silage aerobically exposed for 
7 d were shown to consist of Pichia anomala, Pichia 
burtonii, S. cerevisiae, and Penicillium roquefortii (Li 
and Nishino, 2011b).

Compared with bacterial populations, fungal popula-
tions do not undergo the same compositional transi-
tions observed for bacteria as the acidic and anaerobic 
conditions are unfavorable for fungal growth (Romero 
et al., 2017). However, many fungal species appear to 
enter a dormant, but viable state during ensiling and 
become revitalized upon aerobic exposure.

Functional Sequencing. Although the majority of 
NGS studies have used amplicon sequencing to define 
the microbial ecology of silage, shotgun sequences offer 
advantages in that genes associated with both phylog-
eny and function are sequenced. Thus, specific genes 
involved in metabolic pathways can thus be targeted in 
an effort to understand their functional contribution to 
the ensiling process. Such approaches may have appli-
cation in characterizing biochemical pathways involved 
in the production or degradation of mycotoxins during 
ensiling. For example, this approach has been used to 
evaluate the ability of the rat microbiome to detoxify 
ochratoxin A (Guo et al., 2014), a toxin that is com-
monly found in silage (Keller et al., 2013). However, to 
our knowledge, metagenomic sequencing studies focus-
ing on functional aspects of the ensiling process have 
yet to be undertaken.

Functional sequencing using RNA samples (meta-
transcriptomic) has been used to assess the func-
tional fibrolytic capacity of the rumen (Qi et al., 2011; 
Comtet-Marre et al., 2017). Similar techniques could 
be used in silage in several manners in an effort to 
improve the quality and safety of silage. For example, 
gene expression associated with mycotoxin formation 
and degradation could be investigated in an effort 
to identify approaches to reduce mycotoxin levels in 
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silage. Expression of genes coding for antimicrobials 
such as bacteriocins could provide insight into reduc-
ing the occurrence of spoilage bacteria or those that 
pose a health threat (e.g., Listeria) in silage. Expres-
sion of genes coding for carbohydrate degradation could 
provide new insight into how enzymes involved in the 
plant cell wall degradation may be used to enhance 
the digestibility of silage. Characterizing differential 
expression among inoculants may shed insight into why 
certain strains more readily persist in silage than others 
or may possibly confer beneficial probiotic properties to 
the animal upon consumption.

Other techniques based on genomic-scale sequence 
enrichment through the use of complementary nucleic 
acid capture probes could enable rarer DNA sequences 
(Denonfoux et al., 2013) in silage to be characterized. 
This strategy using variant specific and explorative 
probes could increase sequence coverage of targeted 
regions and lower sequencing costs as compared with 
shotgun sequencing of total DNA from silage (Ribière 
et al., 2016).

CONCLUSIONS

Next-generation sequencing techniques are poised to 
revolutionize our understanding of the microbial ecol-
ogy of ensiling and aerobic deterioration. Sampling, 
storage, nucleic acid extraction, sequencing, and bio-
informatics techniques can all influence interpretation 
of the composition and function of microbial popula-
tions involved in ensiling. Caution should therefore be 
taken in extrapolating findings across silage studies 
where different methodologies have been employed. 
The sophistication and consistency of the tools to study 
microbiomes in a variety of environments are expand-
ing exponentially. Subsequently, the robustness of the 
databases that play such a critical role in annotation 
will certainly continue to increase. The science of si-
lage metagenomics has the potential to improve silage 
quality, safety, and further increase the efficacy and 
consistency of additives, enhancing the ensiling process.
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