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Varying ensiling conditions affect the
fermentation quality and abundance of
bacterial key players in lucerne silages

T. Hartinger*, K. Kube†, N. Gresner and K.-H. Südekum

Institute of Animal Science, University of Bonn, Endenicher Allee 15, 53115 Bonn, Germany

Abstract

The successful ensiling of lucerne (Medicago sativa L.) depends on a rapid acidification in the
silo and consequently relies on a sufficient proliferation of, particularly homofermentative,
lactic acid bacteria. Similarly, growth of spoilage bacteria, such as enterobacteria and clostridia,
must be suppressed and silage additives are therefore frequently applied to promote favourable
conditions during ensiling. Three silage additives or soil were applied during lucerne ensiling
and investigated for their effects on silage quality characteristics and abundances of total bac-
teria as well as the bacterial key players Lactobacillus spp., homofermentative Lact. plantarum,
heterofermentative Lact. buchneri, Clostridium spp. and Enterobacteriaceae after 30 days of
storage. Inoculation with viable Lact. plantarum resulted in highest concentration of this spe-
cies and excellent silage quality, i.e. high lactic acid concentration coupled with low acetic acid
and ammonia-nitrogen concentrations. A sodium nitrite and hexamine-based additive did not
support growth of lactic acid bacteria, which was also apparent by higher pH and low lactic
acid concentration. No effect of treatments was found on spoilage-related enterobacteria and
clostridia, even not when adding soil to lucerne to increase initial clostridial contamination.
However, soil treatment resulted in increased ammonia-nitrogen and acetic acid concentra-
tions. Consequently, among the bacterial key players, lactic acid bacteria concentrations
were related to silage quality. Regarding spoilage bacteria, however, alterations in silage quality
characteristics were not reflected in the abundances of enterobacteria and clostridia. Future
investigations should underpin the present findings and help to understand how silage addi-
tives affect microbial key players and silage fermentation.

Introduction

Silages constitute an essential component of ruminant diets, especially because limited vege-
tation periods reduce the availability of fresh herbage. The principle of ensiling is the fermen-
tation of sugars to lactic acid under anaerobic conditions by hetero- and homofermentative
lactic acid bacteria (LAB), which reduces pH and consequently suppresses spoilage microor-
ganisms (McDonald et al., 1991). To promote sufficient lactic acid fermentation in the silo
and therefore superior silage quality, high abundances of LAB, in particular homofermentative
LAB, and low abundances of spoilage microbes are desired (McDonald et al., 1991; Muck,
2010).

The majority of silage microbiology-related studies applied cultivation methods, which
cover only a small proportion of the present microorganisms (McAllister et al., 2018).
Besides, several bacteria and fungi can change to a viable but not-cultivable state when they
are exposed to stress (del Mar Lleo’ et al., 1998; McAllister et al., 2018), which should inevit-
ably be triggered by oxygen contact when opening silos for sample collection. To avoid such
limitations, the application of culture-independent approaches has notably increased in recent
decades (Schmidt et al., 2008; Eikmeyer et al., 2013; McAllister et al., 2018). By now, microbial
community compositions can comprehensively be assessed by 16S rRNA gene sequencing.
However, this method typically allows a reliable classification only up to genus level and there-
fore cannot provide differentiated information on the presence of hetero- and homofermenta-
tive LAB. As lactic acid fermentation by homofermentative LAB is targeted during ensiling
(McDonald et al., 1991), quantification of this specific group within the genus Lactobacillus
is indeed of great interest. Therefore, quantitative real-time polymerase chain reaction
(qPCR) represents a culture-independent method allowing species-specific identification
(Schmidt et al., 2008) along with an absolute quantification, which is impossible when
using sequencing-based approaches (Rebollar et al., 2016). In fact, the quantitative aspect
may be of substantial informative value as treatment effects could rather arise from overall
varying microbial loads than from differences in the relative microbial composition.

Regarding spoilage of silages, high abundances of enterobacteria and clostridia are asso-
ciated with excessive proteolysis, formation of biogenic amines and production of acetic and
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butyric acid (McDonald et al., 1991; Kung and Shaver, 2001;
Hoedtke et al., 2010), altogether leading to high energy losses
and poor silage quality. In consequence, homo- and heterofer-
mentative LAB species, such as Lact. plantarum and Lact.
buchneri, as well as spoilage-related enterobacteria and clostridia,
may primarily determine silage quality and therefore constitute
bacterial key players during ensiling as thoroughly elucidated by
Muck (2010). It was hypothesized that the abundance of these
bacterial key players is related to silage quality and that different
lucerne (Medicago sativa L.) silage treatments will cause varying
silage qualities and also quantities of these bacterial key players.
Thus, lucerne silages produced with different additives and ensiled
at two dry matter (DM) concentrations (280 and 380 g/kg) were
analysed for fermentation characteristics as well as absolute abun-
dances of total bacteria, Lactobacillus spp., Lact. plantarum, Lact.
buchneri, Clostridium spp. and Enterobacteriaceae.

Materials and methods

Preparation of lucerne silages

Samples for the fermentation product and microbial analyses were
obtained from an experiment conducted by Scherer et al. (2019),
who comprehensively described the preparation of the lucerne
silages. Briefly, a pure stand of lucerne (cultivar Plato; first cut)
was harvested at the late vegetative stage. The plant material
was separated into two equal proportions and wilted either to a
low DM concentration of ∼280 g/kg or to a high DM concentra-
tion of ∼380 g/kg. The chemical composition of wilted substrates
before ensiling and the basic microbiological characterization of
harvested lucerne are presented in Table 1.

Before ensiling in 1.5 l glass jars, the wilted lucerne was treated
with either one of three silage additives or soil (Table 2). All
applied silage additives were selected due to their scope of
application and mode of action as recommended by the
Bundesarbeitskreis Futterkonservierung (2011). For instance, for-
mic acid-based silage additives are proposed for difficultly fer-
mentable substrates with low DM, i.e. less than 300 g/kg,
whereas LAB-based additives are suited for DM concentration
higher than 300 g/kg. Similarly, a targeted soil addition to induce
clostridial fermentation is more promoted under moist conditions
(Kung et al., 2018) and therefore was added to the low DM
lucerne material. Control silages for low and high DM concentra-
tion, respectively, were included, resulting in six different treat-
ments that were each prepared in triplicate. Consequently, a
broad variety of silage fermentation qualities was produced on
purpose.

Additionally, sucrose at 125 g/kg DM was added to all treat-
ments to exclude a lack of rapidly-fermentable carbohydrates in
the silo as the buffering capacity is high, but the availability of
sugars is naturally low in lucerne and therefore impedes sufficient
lactic acid fermentation (Seale et al., 1986; Hartinger et al., 2019).
In the following, the high DM lucerne silages are referred to as
CON1, CHE1 and BIO and the low DM lucerne silages as
CON2, CHE2 and SOIL (Table 2). After 30 days of storage, the
glass jars were opened and samples were taken for analysis of fer-
mentation products and DNA extraction.

Analysis of fermentation products

The analysis of the fermentation products was performed as
described in detail by Scherer et al. (2019). Briefly, a cold-water

extract was prepared from all samples, respectively, and the pH
of the extracts was determined potentiometrically. The lactic
acid concentration was determined by high-performance liquid
chromatography with refractive index detection and the
ammonia-nitrogen (N) concentration was analysed by colorim-
etry based on the Berthelot reaction (Hinds and Lowe, 1980).
Acetic acid, butyric acid, 1,2-propanediol and ethanol

Table 1. Chemical composition of wilted plant material before ensiling and
basic microbiological characterization of harvested lucerne

Low DM
lucerne

High DM
lucerne

Dry matter concentration (g/kg) 274 380

Ash (g/kg DM) 102 115

Crude protein (g/kg DM) 193 171

Crude lipids (g/kg DM) 19.1 20.3

aNDFoma (g/kg DM) 446 448

ADFomb (g/kg DM) 327 313

ADLc (g/kg DM) 93.0 82.4

Anaerobic lactate-utilizing
sporulating microbes (MPNd/g)

23

Clostridia l endospores (MPN/g) 43

Yeasts (cfue/g) 1.8 × 106

Moulds (cfu/g) 5.5 × 104

Aerobic mesophilic bacteria (cfu/g) 5.0 × 106

Lactic acid bacteria (cfu/g) 5.0 × 104

aNeutral detergent fibre assayed with heat-stable amylase and expressed exclusive residual
ash.
bAcid detergent fibre expressed exclusive residual ash.
cAcid detergent lignin.
dMost probable number.
eColony-forming units.
Lucerne was sampled directly after harvesting.

Table 2. Overview of lucerne treatments and the associated dry matter (DM)
concentrations

Treatment

DM
concentration

(g/kg) Treatment

CON1 380 Untreated

CHE1 380 Chemical silage additive (2.5 l/t)
based on sodium nitrite and
hexamine
(hexamethylenetetramine)

BIO 380 Biological additive (1 g/t) based on
homofermentative lactic acid
bacteria (Lact. plantarum;
3.0 × 1011 cfua/g)

CON2 280 Untreated

CHE2 280 Chemical silage additive (4 l/t)
based on 75% formic acid buffered
with sodium hydroxide to pH 2.5

SOIL 280 Addition of 7600 g soil/t

aColony-forming units.
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concentrations were analysed by gas chromatography and the
concentration of water-soluble carbohydrates (WSC) was deter-
mined using the anthrone method (von Lengerken and
Zimmermann, 1991). Additionally, the DM and total N concen-
trations were analysed according to Association of German
Agricultural Analytic and Research Institutes (VDLUFA, 2012).
The DM concentration was determined by drying the fresh
lucerne silages overnight at 60°C and subsequently at 105°C for
at least 3 h (method 3.1). Afterwards, DM was corrected for losses
of volatile compounds by applying the equation of Weissbach and
Kuhla (1995). Using the Kjeldahl technique (method 4.1.1), the
total N concentration was determined in a Vapodest 50s carousel
(Gerhardt, Königswinter, Germany).

DNA extraction

Prior to DNA extraction, each fresh lucerne silage sample was
treated with liquid N and ground using a mortar and pestle.
Subsequently, total DNA was extracted from ∼90 mg of ground
material using the First-DNA all tissue kit (GEN-IAL GmbH,
Troisdorf, Germany) according to the manufacturer’s protocol
with specific modifications. Briefly, the lysis buffer volumes
were increased, a bead-beating step (Precellys® 24 tissue homogen-
izer, Bertin Instruments, Montigny-le-Bretonneux, France) was
included to increase DNA recovery as well as an RNase A treat-
ment (VWR International GmbH, Darmstadt, Germany) to
remove RNA contamination. Both DNA yield and purity were
determined by spectrophotometry using a Nanodrop 8000
(NanoDrop® Technologies, Thermo Scientific, Waltham, MA,
USA). The integrity of the DNA was checked by 1% (w/v) agarose
gel electrophoresis and DNA extracts were stored at −20°C until
further qPCR analysis.

Quantitative real-time polymerase chain reaction

The qPCR analysis was conducted in accordance with the MIQE
guidelines (Bustin et al., 2009). Before analysing the samples,
DNA amount per reaction and primer conditions, i.e. annealing
temperature and primer concentration, were optimized using a
pool sample as recommended (Rochelle et al., 1997; Bustin
et al., 2009; Mullins et al., 2013). In addition, the primer efficiency
was tested (Bustin et al., 2009).

All qPCR reactions were performed on a StepOnePlus™
Real-Time PCR System (Thermo Scientific GmbH, Schwerte,
Germany) associated with the StepOne™ Software v2.1
(Thermo Scientific GmbH, Schwerte, Germany). Each reaction
contained 10 μl primaQUANT CYBR-Green mix (Steinbrenner
Laborsysteme GmbH, Wiesenbach, Germany), the respective pri-
mer proportion (Table 3) and 1 μl template DNA (10 ng/μl) and
was then filled up with polymerase chain reaction (PCR) grade
water (VWR International GmbH, Darmstadt, Germany) to a
final volume of 20 μl. The reaction mixtures were loaded on
MicroAmp® Fast Optical 96-Well reaction plates (Thermo
Scientific GmbH, Schwerte, Germany) and sealed with StarSeal
Advanced Polyolefin Film (StarLab, Hamburg, Germany). The
cycling conditions consisted of an initial denaturation step for
10 min at 95°C, followed by 40 cycles of: 5 s at 95°C, 20 s at the
respective annealing temperature and an elongation for 1 s at
72°C. The fluorescence signals were read at the end of each
cycle. Finally, a melt curve was generated by increasing the
temperature stepwise (0.3°C) from 60°C to 95°C.

For absolute quantification of the 16S rRNA gene copy num-
bers, internal standards were created using a pool sample
(Kaewtapee et al., 2017). Standards were purified using the
GeneJET PCR Purification Kit (Thermo Scientific, Schwerte,
Germany) and fluorometrically quantified using the Synergy

Table 3. Oligonucleotide primers used for qPCR

Target Item Oligonucleotide sequence (5′–3′)

Annealing
temperature

(°C)

Primer
concentration

(nM)
Amplicon
length (bp) Reference

Total bacteria Fa GTGSTGCAYGGYYGTCGTCA 52 600 147 Fuller et al.
(2007)

Rb ACGTCRTCCMCNCCTTCCTC

Lactobacillus spp. F AGCAGTAGGGAATCTTCCA 59 300 341 Rinttilä
et al. (2004)

R CACCGCTACACATGGAG

Lact. plantarum F TTACATTTGAGTGAGTGGCGAACT 59 200 75 Klocke et al.
(2006)

R AGGTGTTATCCCCCGCTTCT

Lact. buchneri F GAAACAGGTGCTAATACCGTATAACAACCA 59 200 130 Schmidt
et al. (2008)

R CGCCTTGGTAGGCCGTTACCTTACCAACA

Enterobacteriaceae F CATTGACGTTACCCGCAGAAGAAGC 63 500 195 Bartosch
et al. (2004)

R CTCTACGAGACTCAAGCTTGC

Clostridium spp. F CGGTGAAATGCGTAGAKATTA 62 500 270 Zheng et al.
(2017)

R CGAATTAAACCACATGCTCCG

aForward.
bReverse.
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HTX Multi-Mode Reader (BioTek Instruments, Inc., Winooski,
VT, USA) and the Quant-iT™ dsDNA Broad-Range Assay Kit
(Thermo Scientific, Schwerte, Germany). The samples were ana-
lysed in duplicate and the 10-fold dilution series of the respective
standards were run along in triplicate. Furthermore, no-template
controls were added on each plate in triplicate. All PCR products
were checked by melt curve analysis and 2% (w/v) agarose gel
electrophoresis.

Calculation of 16s rRNA gene copy numbers and statistical
analysis

The starting 16S rRNA gene copy numbers were determined by
relating the Ct values to the respective standard curves.
Subsequently, the 16s rRNA gene copy numbers per gram lucerne
silage were calculated according to the equation (Li et al., 2009):

Gene copies/g silage = QM × C × DV
S × V

,

where QM refers to the quantity mean of gene copy numbers,
C is the DNA concentration of each sample, DV refers to the dilu-
tion volume of extracted DNA, S refers to the DNA amount (ng)
for each reaction and V refers to the weight of the sample (g) sub-
jected to DNA extraction. Finally, the calculated gene copy num-
bers were Log10 transformed to obtain Log10 16S rRNA gene
copies per gram silage.

The statistical analysis was performed using the UNIVARIATE
procedure of SAS version 9.4 (SAS Institute Inc., Cary, NC, USA)
to test normal distribution of the data by analysis of the residuals.
Further, the effect of lucerne silage treatment was tested by one-
way analysis of variance using the GLM procedure of SAS version
9.4 (SAS Institute Inc., Cary, NC, USA) with the following model:

Yi = m + Ti + ei

where Yi is the observed response, μ is the mean, Ti is the treat-
ment effect and ei is the residual error. Differences between the
least squares means were post-hoc tested using a Tukey’s test.
Significance was defined at P < 0.05 and a trend at 0.05≤ P < 0.1.

Results

Fermentation products in differently treated lucerne silages

Highest pH was observed for CHE1, followed by CON1 and then
the four remaining treatments, which had the lowest pH and did
not differ from each other (Table 4). Except for CHE1, lactic acid
concentration was more than twice the concentration of acetic
acid. Moreover, acetic acid concentration was highest for SOIL.
Likewise, also ethanol concentration was highest for SOIL and
lowest for CHE1 and CHE2 with CON1, CON2 and BIO in
between. The ratio of lactic to acetic acid was lowest for CHE1
and highest for BIO, whereas the ammonia-N concentration
was highest for SOIL and differed from CON1, BIO and CHE2,
with the latter treatment showing the lowest ammonia-N concen-
tration. The WSC concentration was highest in CHE1 and lowest
in CON2 and SOIL. Butyric acid and 1,2-propanediol were not
detected in the lucerne silages.

Absolute abundances of bacterial key players in differently
treated lucerne silages

Irrespective of silage additive or soil treatment, concentrations of
LAB were substantially higher than spoilage microorganisms, i.e.
Enterobacteriaceae and Clostridium spp. (Table 5). Silage treat-
ments had an effect on the abundance of Lactobacillus spp.
with higher gene copy numbers for SOIL and CON2 than for
CHE1. On LAB species level, homofermentative Lact. plantarum
was more abundant in all lucerne silages than heterofermentative
Lact. buchneri. Among all treatments, CHE1 had the lowest con-
centration of Lact. plantarum. The inoculation with viable Lact.
plantarum cultures (BIO) resulted in the highest concentration
of this LAB species, but lowest concentrations of Lact. buchneri.
No treatment effects or trends were observed for gene copy num-
bers of total bacteria, Enterobacteriaceae and Clostridium spp.

Discussion

The abundance of total bacteria was within a small range for all
investigated lucerne silages and not affected by the treatments.
Therefore, differences in fermentation quality seemed not to

Table 4. Means of fermentation products of differently treated lucerne silages

CON1 CHE1 BIO CON2 CHE2 SOIL S.E.Ma D.F.b
P

value

Dry matter concentration (g/kg) 382 394 384 279 268 284 24.67 – –

pH 4.82B 5.74A 4.28C 4.36C 4.39C 4.40C 0.229 5 <0.001

Lactic acid (g/kg DMc) 42.50AB 11.90C 71.60A 75.80B 54.30A 46.90AB 9.428 5 <0.001

Acetic acid (g/kg DM) 17.10BC 15.80BC 12.80C 19.30B 16.60BC 26.30A 1.873 5 <0.001

Ratio lactic acid : acetic acid 2.49BC 0.75C 5.59A 3.93AB 3.27B 1.78BC 0.694 5 <0.001

Ethanol (g/kg DM) 6.90B 1.20C 6.50B 6.70B 1.80C 9.20A 1.293 5 <0.001

Ammonia-Nd (g/kg N) 60.45BC 72.15AB 52.53BC 72.90AB 50.65C 82.14A 5.129 5 0.002

Water-soluble carbohydrates
(g/kg DM)

127.50B 208.50A 83.50BC 29.50C 138.90AB 15.00C 29.75 5 <0.001

aStandard error of the mean.
bDegrees of freedom.
cDry matter.
dNitrogen.
Different superscript capitals within a row indicate significant differences (P < 0.05) for treatment effect.
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derive from overall distinct bacterial concentrations, but differ-
ences in the relative composition. Concerning the abundance of
Lactobacillus spp., present concentrations were higher than
those reported by Schmidt et al. (2009) or Zheng et al. (2017).
However, sucrose was added to lucerne before ensiling, thus
enhancing competitiveness of LAB by providing metabolizable
substrate (Driehuis and Oude Elferink, 2000), which likely
allowed their higher proliferation compared to the untreated
lucerne silages from Schmidt et al. (2009) and Zheng et al. (2017).

Lactobacillus plantarum was predominant for all treatments,
which is in line with other studies observing a strong and fast pro-
liferation of Lact. plantarum in both untreated silages or silages
inoculated with Lact. plantarum and Lact. buchneri, respectively
(Stevenson et al., 2006; Pang et al., 2011; Guo et al., 2018). Guo
et al. (2018) reported highest abundance of Lact. plantarum in
silages inoculated with this species, which is supported by the pre-
sent observations for BIO. As indicated by the low pH of 4.28,
lowest concentration of acetic acid and second highest lactic
acid concentration among all lucerne silages, the silage quality
of BIO can be assessed as excellent (Kung et al., 2018; Scherer
et al., 2019). Consequently, treatment with viable Lact. plantarum
cultures promoted an intensive lactic acid fermentation resulting
in a well-preserved silage and therefore suggests a positive linkage
between the abundance of Lact. plantarum and an improved
lucerne silage quality. Consequently, this finding supports the
present hypothesis and confirms that homofermentative LAB
inoculants ensure rapid lactic acid fermentation early in storage
as priorly stated by Muck (2010).

Concentrations of Lactobacillus spp. and Lact. plantarum for
CHE1 were among the lowest observed and likely caused by the
silage additive ingredients sodium nitrite and hexamine. Both
chemical compounds possess antimicrobial properties (Woolford,
1975; Lingvall and Lättemäe, 1999), which were earlier shown to
reduce clostridia (Lingvall and Lättemäe, 1999) as well as LAB
(Woolford, 1975). However, although CHE1 reduced the concen-
trations of LAB, no effect on gene copies of Enterobacteriaceae
and Clostridium spp. was observed.

The reducing effect of CHE1, compared with all other treat-
ments, on Lactobacillus gene copies, in particular homofermenta-
tive Lact. plantarum, was reflected in the silage fermentation
pattern by a higher pH and lower lactic acid concentration.
Thus, the decrease in LAB should have led to less lactic acid fer-
mentation, which in turn inhibited a sufficient pH drop (Pahlow
et al., 2003). Likewise, the high WSC concentration in CHE1 sup-
ports this assumption of reduced LAB activity and is in accord-
ance with findings of McEniry et al. (2007) and Conaghan et al.

(2010). Together with the low ethanol concentration, the high
WSC concentration in CHE1 further indicated an inhibition of
yeasts in this treatment as the main metabolite of sugar fermenta-
tion by yeasts is ethanol (McDonald et al., 1991). Accordingly,
also Conaghan et al. (2010) associated high WSC concentration
in chemically treated perennial ryegrass silages with an inhibiting
effect on yeasts of these chemicals, i.e. sodium nitrite and
hexamine, which is also described by Bundesarbeitskreis
Futterkonservierung (2011). However, because yeast concentra-
tions were not determined in the present study, future investiga-
tions are needed for clarification. Further, the short ensiling
duration of 30 days must be taken into account when interpreting
the WSC concentrations, which should – depending on the extent
of pH reduction – further decrease with prolonged silo storage.
Hence, further efforts are needed to describe fermentation pat-
terns and microbial abundances over longer storage periods.

It is worthy of remark that CHE1 seemed to have selectively
suppressed homofermentative LAB as Lact. plantarum concentra-
tion was lowest in CHE1 and significantly lower compared to
BIO, SOIL and CHE2, whereas Lact. buchneri concentration in
CHE1 did not differ from these treatments. This is in accordance
with Conaghan et al. (2010), who also observed decreased lactic
acid fermentation coupled with increased acetic acid concentra-
tion and concluded that acetic acid production by heterofermen-
tative LAB was causative. This may be particularly true as
enterobacteria-based fermentation would generate equimolar
amounts of acetic acid and ethanol (McDonald et al., 1991),
which was not the case for CHE1 and can therefore be excluded.
As the ratio of lactic to acetic acid was lowest in CHE1 and signifi-
cantly lower compared with BIO, CON2 and CHE2, a shift
towards extended heterofermentative lactic acid fermentation
was also indicated by this fermentation characteristic. However,
the absence of 1,2-propanediol, which is a typical metabolite of
Lact. buchneri (Oude Elferink et al., 2001), might partly question
a substantial metabolic activity of this heterofermentative LAB
species during lucerne ensiling.

The lack of treatment effects on gene copy numbers of enter-
obacteria and clostridia are contrary to the hypothesis, as clos-
tridia access silages mainly via soil contamination (McDonald
et al., 1991). Therefore, concentration of Clostridium spp. was
expected to be higher in SOIL silages, though it might be that
the extent of soil contamination was too low to affect the abun-
dance of this genus. Concerning silage quality characteristics,
SOIL silages showed moderate lactic acid and high acetic acid
concentrations as well as highest concentrations of ammonia-N
and ethanol. Thus, the presence of the bacterial key players did

Table 5. Absolute abundances of bacterial key species (mean Log10 16S rRNA gene copy numbers/g silage) in differently treated lucerne silages

CON1 CHE1 BIO CON2 CHE2 SOIL S.E.Ma D.F.b P value

Total bacteria 9.35 9.53 9.70 9.61 9.43 9.64 0.054 5 0.689

Lactobacillus spp. 9.16AB 8.48B 9.20AB 9.33A 9.18AB 9.45A 0.138 5 0.028

Lact. plantarum 8.12AB 7.33B 9.01A 8.19AB 8.41A 8.49A 0.226 5 0.004

Lact. buchneri 4.65AB 5.55ABC 4.06C 6.83A 6.09AB 7.26A 0.506 5 <0.001

Enterobacteriaceae 5.09 5.20 5.05 5.82 4.84 5.87 0.175 5 0.143

Clostridium spp. 6.14 6.01 6.22 6.09 5.93 6.02 0.042 5 0.915

aStandard error of the mean.
bDegrees of freedom.
Different superscript capitals within a row indicate significant differences (P < 0.05) for treatment effect.
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not completely match silage quality. In fact, the high concentra-
tion of Lactobacillus spp. in SOIL was surprising and not reflected
by a corresponding lactic acid concentration. However, it should
again be noted that acetic acid can also be produced by heterofer-
mentative LAB (McDonald et al., 1991) and thus, in turn, could
partly explain the high acetic acid concentration but still low
pH of SOIL silages. Besides, the highest ammonia-N and,
although not statistically significant, highest concentrations of
Enterobacteriaceae in SOIL still suggested that soil contamination
was detrimental for silage quality. In addition, it can be speculated
whether yeast concentration was promoted by soil treatment as
indicated by the highest ethanol concentration of all silages as it
may not solely derive from heterofermentative LAB and entero-
bacteria activity (Kung et al., 2018).

Other studies also reported inhibiting effects on clostridial
proliferation by formic acid and Lact. plantarum inoculation
(e.g. Wen et al., 2017; Zheng et al., 2017; Guo et al., 2018), but
no effects of CHE2 or BIO on Clostridium spp. were observed
in the present study. However, CHE2 showed numerically lowest
Clostridium spp. concentration accompanied by lowest
ammonia-N concentration, which still points to higher protein
quality in silages being positively related to lower abundance of
clostridia. Thus, in terms of spoilage bacteria, the concentrations
of enterobacteria and clostridia only partly reflected silage quality
and thus did not fully support the hypothesized relation between
microbial abundance and silage quality. It has to be considered
that the abundance of a specific group might not be equally
related to its metabolic activity and could further be prone to
overestimation by enumerating DNA from nonviable and dead
cells during qPCR (McAllister et al., 2018). Concerning the abun-
dance of LAB species, however, the hypothesis of a relation
between microbial abundances and silage quality was confirmed
in the present study.

Conclusions

The applied silage additive and soil treatments affected silage
quality characteristics and also concentrations of the bacterial
key players Lactobacillus spp., Lact. plantarum and Lact. buchneri,
whereas total bacteria, Enterobacteriaceae and Clostridium spp.
were not affected. Additionally, some treatments seemed to affect
yeast proliferation, which should be assessed in future studies.
Concerning LAB, the relation between their abundance and
improved silage quality could be confirmed, which was particu-
larly true for homofermentative Lact. plantarum. Regarding the
spoilage-related bacterial key players, however, the treatment
effects on silage quality characteristics were not fully reflected in
abundances of enterobacteria and clostridia. Consequently, future
studies investigating multiple fermentation time points are needed
to substantiate the present observations.

Acknowledgements. The authors thank Rebecca Scherer for providing
well-defined silage samples for this study and Helga Sauerwein for generously
providing laboratory access.

Financial support. The work was funded by the ‘Deutsche
Forschungsgemeinschaft’ (DFG, German Research Foundation, SU 124/31-1)
and partly conducted in the Center of Integrated Dairy Research (CIDRe),
University of Bonn (Bonn, Germany).

Conflict of interest. The authors declare there is no conflict of interest.

Ethical standards. Not applicable.

References

Bartosch S, Fite A, Macfarlane GT and McMurdo MET (2004)
Characterization of bacterial communities in feces from healthy elderly
volunteers and hospitalized elderly patients by using real-time PCR and
effects of antibiotic treatment on the fecal microbiota. Applied and
Environmental Microbiology 70, 3575–3581.

Bundesarbeitskreis Futterkonservierung (2011) Praxishandbuch Futter- und
Substratkonservierung. Frankfurt am Main: DLG-Verlag GmbH.

Bustin SA, Benes V, Garson JA, Hellemans J, Huggett J, Kubista M,
Mueller R, Nolan T, Pfaffl MW, Shipley GL, Vandesompele J and
Wittwer CT (2009) The MIQE Guidelines: Minimum information for pub-
lication of quantitative real-time PCR experiments. Clinical Chemistry 55,
611–622.

Conaghan P, O’Kiely P and O’Mara FP (2010) Conservation characteristics of
wilted perennial ryegrass silage made using biological or chemical additives.
Journal of Dairy Science 93, 628–643.

del Mar Lleo’M, Tafi MC and Canepari P (1998) Nonculturable Enterococcus
faecalis Cells are metabolically active and capable of resuming active growth.
Systematic and Applied Microbiology 21, 333–339.

Driehuis F and Oude Elferink SJ (2000) The impact of the quality of silage
on animal health and food safety: a review. Veterinary Quarterly 22,
212–216.

Eikmeyer FG, Köfinger P, Poschenel A, Jünemann S, Zakrzewski M, Heinl
S, Mayrhuber E, Grabherr R, Pühler A, Schwab H and Schlüter A (2013)
Metagenome analyses reveal the influence of the inoculant Lactobacillus
buchneri CD034 On the microbial community involved in grass ensiling.
Journal of Biotechnology 167, 334–343.

Fuller Z, Louis P, Mihajlovski A, Rungapamestry V, Ratcliffe B and Duncan
AJ (2007) Influence of cabbage processing methods and prebiotic manipu-
lation of colonic microflora on glucosinolate breakdown in man. British
Journal of Nutrition 98, 364–372.

Guo XS, Ke WC, Ding WR, Ding LM, Xu DM, Wang WW, Zhang P and
Yang FY (2018) Profiling of metabolome and bacterial community dynam-
ics in ensiled Medicago sativa Inoculated without or with Lactobacillus
plantarum Or Lactobacillus buchneri. Scientific Reports 8, 357.

Hartinger T, Gresner N and Südekum K-H (2019) Effect of wilting intensity,
dry matter content and sugar addition on nitrogen fractions in lucerne
silages. Agriculture 9, 11.

Hinds AA and Lowe LE (1980) Application of the Berthelot reaction to the
determination of ammonium-N in soil extracts and soil digests.
Communications in Soil Science and Plant Analysis 11, 469–475.

Hoedtke S, Gabel M and Zeyner A (2010) Der Proteinabbau im Futter
während der Silierung und Veränderungen in der Zusammensetzung der
Rohproteinfraktion. Übersichten zur Tierernährung 38, 157–179.

Kaewtapee C, Burbach K, Tomforde G, Hartinger T, Camarinha-Silva A,
Heinritz S, Seifert J, Wiltafsky M, Mosenthin R and Rosenfelder-Kuon
P (2017) Effect of Bacillus subtilis And Bacillus licheniformis
Supplementation in diets with low- and high-protein content on ileal
crude protein and amino acid digestibility and intestinal microbiota com-
position of growing pigs. Journal of Animal Science and Biotechnology 8, 9.

Klocke M, Mundt K, Idler C, McEniry J, O’Kiely P and Barth S (2006)
Monitoring Lactobacillus plantarum In grass silages with the aid of 16S
rDNA-based quantitative real-time PCR assays. Systematic and Applied
Microbiology 29, 49–58.

Kung L and Shaver R (2001) Interpretation and use of silage fermentation
analysis reports. Focus on Forage 3, 1–5.

Kung L, Shaver RD, Grant RJ and Schmidt RJ (2018) Silage review: inter-
pretation of chemical, microbial, and organoleptic components of silages.
Journal of Dairy Science 101, 4020–4033.

Li M, Penner GB, Hernandez-Sanabria E, Oba M and Guan LL (2009)
Effects of sampling location and time, and host animal on assessment of
bacterial diversity and fermentation parameters in the bovine rumen.
Journal of Applied Microbiology 107, 1924–1934.

Lingvall P and Lättemäe P (1999) Influence of hexamine and sodium nitrite
in combination with sodium benzoate and sodium propionate on fermen-
tation and hygienic quality of wilted and long cut grass silage. Journal of the
Science of Food and Agriculture 79, 257–264.

302 T. Hartinger et al.

https://doi.org/10.1017/S002185962000057X Published online by Cambridge University Press

https://doi.org/10.1017/S002185962000057X


McAllister TA, Dunière L, Drouin P, Xu S, Wang Y, Munns K and Zaheer R
(2018) Silage review: using molecular approaches to define the microbial
ecology of silage. Journal of Dairy Science 101, 4060–4074.

McDonald P, Henderson N and Heron S (1991) The Biochemistry of Silage.
Marlow, UK: Chalcombe.

McEniry J, O’Kiely P, Clipson NWJ, Forristal PD and Doyle EM (2007)
Manipulating the ensilage of wilted, unchopped grass through the use of
additive treatments. Irish Journal of Agricultural and Food Research 46,
77–91.

Muck RE (2010) Silage microbiology and its control through additives. Revista
Brasileira de Zootecnia 39, 183–191.

Mullins CR, Mamedova LK, Carpenter AJ, Ying Y, Allen MS, Yoon I and
Bradford BJ (2013) Analysis of rumen microbial populations in lactating
dairy cattle fed diets varying in carbohydrate profiles and Saccharomyces
cerevisiae Fermentation product. Journal of Dairy Science 96, 5872–5881.

Oude Elferink SJWH, Krooneman J, Gottschal JC, Spoelstra SF, Faber F and
Driehuis F (2001) Anaerobic conversion of lactic acid to acetic acid and
1,2-propanediol by Lactobacillus buchneri. Applied and Environmental
Microbiology 67, 125–132.

Pahlow G, Muck R E, Driehuis F, Oude Elferink SJWH and Spoelstra S F
(2003) Microbiology of ensiling. In Buxton DR, Muck RE and Harrison
JH (eds), Silage Science and Technology. Madison, WI, USA: American
Society of Agronomy; Crop Science Society of America; Soil Science
Society of America, pp. 31–93.

Pang H, Qin G, Tan Z, Li Z, Wang Y and Cai Y (2011) Natural populations
of lactic acid bacteria associated with silage fermentation as determined by
phenotype, 16S ribosomal RNA and recA Gene analysis. Systematic and
Applied Microbiology 34, 235–241.

Rebollar EA, Antwis RE, Becker MH, Belden LK, Bletz MC, Brucker RM,
Harrison XA, Hughey MC, Kueneman JG, Loudon AH, McKenzie V,
Medina D, Minbiole KPC, Rollins-Smith LA, Walke JB, Weiss S,
Woodhams DC and Harris RN (2016) Using “omics” and integrated
multi-omics approaches to guide probiotic selection to mitigate chytridiomy-
cosis and other emerging infectious diseases. Frontiers in Microbiology 7, 68.

Rinttilä T, Kassinen A, Malinen E, Krogius L and Palva A (2004)
Development of an extensive set of 16S rDNA-targeted primers for quanti-
fication of pathogenic and indigenous bacteria in faecal samples by real-
time PCR. Journal of Applied Microbiology 97, 1166–1177.

Rochelle PA, Leon RD, Stewart MH and Wolfe RL (1997) Comparison of
primers and optimization of PCR conditions for detection of

Cryptosporidium parvum And Giardia Lamblia In water. Applied and
Environmental Microbiology 63, 106–114.

Scherer R, Gerlach K, Taubert J, Adolph S, Weiß K and Südekum K-H
(2019) Effect of forage species and ensiling conditions on silage compos-
ition and quality and the feed choice behaviour of goats. Grass and
Forage Science 74, 297–313.

Schmidt RJ, Emara MG and Kung L (2008) The use of a quantitative real-
time polymerase chain reaction assay for identification and enumeration
of Lactobacillus buchneri In silage. Journal of Applied Microbiology 105,
920–929.

Schmidt RJ, Hu W, Mills JA and Kung L (2009) The development of lactic
acid bacteria and Lactobacillus buchneri And their effects on the fermenta-
tion of alfalfa silage. Journal of Dairy Science 92, 5005–5010.

Seale DR, Henderson AR, Pettersson KO and Lowe JF (1986) The effect of
addition of sugar and inoculation with two commercial inoculants on the
fermentation of lucerne silage in laboratory silos. Grass and Forage
Science 41, 61–70.

Stevenson DM, Muck RE, Shinners KJ and Weimer PJ (2006) Use of real
time PCR to determine population profiles of individual species of lactic
acid bacteria in alfalfa silage and stored corn stover. Applied Microbiology
and Biotechnology 71, 329–338.

VDLUFA (2012) Handbuch der landwirtschaftlichen Versuchs- und
Untersuchungsmethodik (VDLUFA-Methodenbuch). Band III. Die che-
mische Untersuchung von Futtermitteln. Darmstadt: VDLUFA-Verlag.

von Lengerken J and Zimmermann K (1991) Handbuch Futtermittelprüfung.
Berlin: Deutscher Landwirtschaftsverlag.

Weissbach F and Kuhla S (1995) Stoffverluste bei der Bestimmung des
Trockenmassegehaltes von Silagen und Grünfutter: Entstehende Fehler
und Möglichkeiten der Korrektur. Übersichten zur Tierernährung 23,
189–214.

Wen A, Yuan X, Wang J, Desta ST and Shao T (2017) Effects of four
short-chain fatty acids or salts on dynamics of fermentation and microbial
characteristics of alfalfa silage. Animal Feed Science and Technology 223,
141–148.

Woolford MK (1975) Microbiological screening of food preservatives, cold
sterilants and specific antimicrobial agents as potential silage additives.
Journal of the Science of Food and Agriculture 26, 229–237.

Zheng ML, Niu DZ, Jiang D, Zuo SS and Xu CC (2017) Dynamics of micro-
bial community during ensiling direct-cut alfalfa with and without LAB
inoculant and sugar. Journal of Applied Microbiology 122, 1456–1470.

The Journal of Agricultural Science 303

https://doi.org/10.1017/S002185962000057X Published online by Cambridge University Press

https://doi.org/10.1017/S002185962000057X

	Varying ensiling conditions affect the fermentation quality and abundance of bacterial key players in lucerne silages
	Introduction
	Materials and methods
	Preparation of lucerne silages
	Analysis of fermentation products
	DNA extraction
	Quantitative real-time polymerase chain reaction
	Calculation of 16s rRNA gene copy numbers and statistical analysis

	Results
	Fermentation products in differently treated lucerne silages
	Absolute abundances of bacterial key players in differently treated lucerne silages

	Discussion
	Conclusions
	Acknowledgements
	References


