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RÉSUMÉ 

L'ensilage est un aliment produit par la fermentation des fourrages sous l'action des bactéries 
lactiques. Parmi tous les fourrages, le maïs plante entière est une plante importante pour 
l'alimentation des ruminants et ce, partout dans le monde. Durant la dernière décennie, 
l'amélioration génétique du maïs a permis d'étendre cette culture toujours plus au nord avec 
le développement d'hybrides adaptés aux régions plus froides. Plusieurs facteurs influencent 
le processus de fermentation lors de l'ensilement, dont la température ambiante. L'effet de la 
température, lorsque celle-ci est inférieure à 20 oc, a été très peu étudié. Considérant ces 
faits, il devient nécessaire d'étudier l'effet de la température sur le processus d'ensilement du 
maïs. L'hypothèse émise est que les températures fraîches (5 à 15 oq affectent le processus 
d'ensilement du maïs plante entière en diminuant la croissance microbienne, mais aussi en 
modifiant les populations microbiennes et en particulier les populations de bactéries lactiques 
épiphytes (BLACE) lors du processus d'ensilement. Ainsi, l'objectif de la présente étude est 
de déterminer l'effet de la température variant de 5 à 25 oc sur la fermentation et la 
dynamique des populations microbiennes durant l'entreposage (phase de stabilité anaérobie) 
de l'ensilage de maïs. Pour étudier ces effets, deux essais ont été réalisés. Avec le premier 
essai, en utilisant une technique génomique d'évaluation de la diversité microbienne 
(Chapitre II) de même que les paramètres biochimiques et microbiologiques (Chapitre III), la 
diversité de la population des BLACE a été suivie pendant 60 jours à cinq températures 
différentes, variant de 5 à 25 oc. Avec le deuxième essai, le même intervalle de température a 
été utilisé, mais en simulant une augmentation de température sur des ensilages ayant subi au 
préalable une fermentation à 10 oc ou à 20 oc, suivi d'un entreposage à 5 oc durant deux 
mois. La variation des paramètres biochimiques, la composition des populations 
microbiologiques et la diversité bactérienne ( entérobactéries, BLACE) et la population 
fongique (levures et moisissures) ont été mesurées avec l'augmentation de la température 
(Chapitre IV). Les résultats du Chapitre II ont démontré que la température exerce une action 
sélective sur les espèces de BLACE durant le processus d'ensilement. Aux températures les 
plus élevées (20 et 25 °C), Lactobacillus plantatum, Pediococcus pentosaceus, Lactobacillus 
brevis, et Lactobacillus buchneri ont été observés durant la fermentation. À ces températures, 
un changement de fermentation homofermentaire vers une fermentation hétérofermentaire a 
été observé avec une domination complète de la population de BLACE par le L. buchneri 
après 60 jours de fermentation. Pour les ensilages incubés à des températures plus froides (5 
et 10 °C), Lactobacillus sakei et Lactobacillus curvatus ont dominé la population de BLACE. 
La température de fermentation des ensilages de maïs à 15 oc indique un point tournant en 
regard de la diversité des BLACE et de leur succession durant le processus d'ensilement. Au 
Chapitre III, les résultats ont démontré que les températures les plus froides ont entravé la 
fermentation ce qui a retardé l'acidification, diminué la vitesse d'acidification, donné un pH 
fmal plus élevé, diminué la production d'acides organiques et augmenté les concentrations 
résiduelles des sucres solubles (SS). Toutefois, les profils fermentaires de ces ensilages ont 
démontré une fermentation hétérolactique, mais les espèces de BLACE observées par ces 
profils étaient différentes. Au Chapitre IV, les résultats ont démontré que l'augmentation des 
températures de 5 à 25 °C n'a pas modifié de façon importante la composition biochimique 
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des ensilages dont le processus d'ensilement a été fait à 20 °C. Toutefois, les dénombrements 
des levures et des entérobactéries ont démontré des niveaux assez élevés lorsque la 
température a atteint 15 oc et plus. Par ailleurs, pour les ensilages dont la fermentation a été 
faite à 10 °C, les résultats ont clairement démontré que la fermentation a démarré de nouveau 
lorsque la température a dépassé 20 oc. Dans ces ensilages, le L. buchneri a commencé à 
dominer la population de BLACE. Aucun autre développement microbien n'a été observé 
comme à 20 oc. Globalement, ces résultats démontrent que la température exerce un effet 
sélectif sur les espèces de BLACE impliquées dans le processus de fermentation, mais aussi 
lorsque la température remonte durant l'entreposage. Ces résultats soulèvent la question de 
l'efficacité des inoculants lactiques présentement vendus sur le marché lorsque les fourrages 
sont ensilés à des températures inférieures à 20 °C. 

Mots-clés: Ensilage maïs plante entière, température, bactéries lactiques, diversité 
microbienne, DGGE 



ABSTRACT 

Silage is a feed produced following fermentation of a forage crop by lactic acid bacteria. 
Among forages, whole-plant corn is an important crop to feed ruminants all around the 
world. In the last decade, genetic improvement has expanded corn cultivation further north by 
developing hybrids adapted to colder regions. l\1any factors affect silage fermentation and 
temperature is one of them. The effects of cool temperatures ( < 20 °C) have not been very 
much studied. Knowing this, it was necessary to question this fact. Do cool temperatures 
affect fermentation and microbial ecology during storage of whole-plant corn silage? The 
hypothesis was that cool temperatures (5 to 15 oq affect whole-plant corn silage not only by 
lowering microbial growth but also by changing microbial populations, and in particular 
lactic acid bacteria (LAB) populations involved at ensiling. Therefore, the objective of this 
study was to determine the effects of temperature, ranging from 5 to 25 oc, on the 
fermentation and microbial ecology during storage (anaerobie phase) of whole-plant corn 
silage. To study these effects, two ensiling trials were performed. In the first trial, diversity of 
LAB populations using a culture-independent molecular method (Chapter II), and 
biochemical and microbiological parameters (Chapter III) were monitored during 60 days at 
five different temperatures from 5 to 25 oc. In the second trial, effects of increased 
temperature, from 5 to 25 oc, after a fermentation period of 60 da ys at either 10 or 20 oc and 
a storage period of two months at 5 oc were determined on these corn silages. Changes of 
biochemical and microbiological compositions, as well as bacterial (enterobacteria and LAB) 
and fungal populations (yeasts and moulds) diversity were measured while temperature was 
gradually increased (Chapter IV). 

In chapter II, results showed that temperature had a selective effect on LAB species during 
the ensiling process. At warmer temperatures (20 and 25 °C), Lactobacillus plantatum, 
Pediococcus pentosaceus, Lactobacillus brevis, and Lactobacillus buchneri predominated the 
fermentation. At these temperatures, a shift from homo- to hetero-fermentative LAB species 
during the ensiling process was observed with a complete domination of L. buchneri at 60 
days. For silages incubated at lower temperature (5 and 10 °C), Lactobacillus sakei and 
Lactobacillus curvatus prevailed. Corn silage at 15 oc acted as a transition between higher 
and lower temperatures in terms of both LAB diversity and their corresponding success ion. 
In chapter III, results showed that lower temperature hampered silage fermentation resulting 
in delayed acidification, low rates of pH decline, higher final pH, low production of organic 
acids, and high concentration of residual WSC. However, all silages showed heterolactic 
fermentation patterns but LAB species involved were different. In chapter IV, results showed 
that, as incubation temperature increased from 5 to 25 °C, no major change occurred in 
silages initially fermented at 20 oc, in terms of biochemical compositions. However, yeasts 
and enterobacteria counts were detected at a rather high level in these silages as incubation 
temperature reached 15 °C and above. On the other hand, for silage initially fermented at 
10 °C, results clearly showed that fermentation resumed as incubation temperature reached 
20 oc and over. In these particular silages, L. buchneri started to dominate the bacterial LAB 
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flora. No other microbial population growth was observed. Globally, these results 
demonstrated that, temperature has a selective effect on LAB species that are involved not 
only during the ensiling process but also during warming up of temperature. These results 
also questioned the efficiency of lactic inoculants that are presently on the market when 
forage crops are ensiled at temperature lower than 20 °C. 

Keywords: whole-plant corn silage, temperature, lactic acid bacteria, microbial diversity, 
DGGE 



CHAPTERI 

GENERAL INTRODUCTION 

1.1 Background ofthe study 

Silage is the feedstuff produced by the fermentation of green forages and crops, based on 

lactic acid bacteria (LAB) fermentation under anaerobie conditions (Ashbell, et al., 2002; 

Rossi and Dellaglio, 2007; Weinberg, et al., 2001). Silage can be made from a large variety 

of forages and crops, such as grasses, corn (Zea mays), sorghum (Sorghum bicolor), legumes, 

whole-crop cereals and small grains. It is usually stored in a silo, i.e., in a bunker, a tower, a 

covered heap or in wrapped hales, to allow the product to ferment. 

Compared with haymak:ing, silage production is less dependent on weather and thus better 

adapted to harvesting crops at the optimum stage of maturity in order to ensure optimal 

nutritional value (Allen, et al., 2003). In recent years, silage production has gained popularity 

in many countries. For instance, in European countries such as the Netherlands, Germany and 

Denmark, more than 90% of the locally produced forages are stored as silage. Even in 

countries with generally good weather conditions for haymak:ing, such as France and Italy, 

about half of the forages are ensiled (Te Giffel, et al., 2002). In North America, silage has 

formed a major part of the feed ration of cattle and sheep (Wilkinson, et al., 2003). 

Ensiling is a process of complex microbial and enzymatic activities (Weinberg, et al., 2001). 

Many pre- and post-harvest factors affect it, including forage/crop biochemical characteristics 

(e.g., dry matter content (DM), buffering capacity (BC), water soluble carbohydrate (WSC) 

concentration), plant management (e.g., manure and fertilizer application, cutting time, 

cultivars, maturity), harvesting techniques, weather conditions during harvest period (e.g., 

rainfall, frost, warm temperature), harvest and silo management ( e.g., mowing, chopping, 

wilting, filling or delayed sealing), and application of biological or biochemical additives 

(Donald, et al., 1993; Fenlon, 1986; Filya, et al., 2006; Fraser, et al., 200 1; Fychan, et al., 
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2002; Haigh and Parker, 1985; Hassanat, et al., 2006; Hassanat, et al., 2007; ~nda, et al., 

1985; ~rsh, 1979; Muck, 1990; Nishino, et al., 2004; Pauly, et al., 1999; Pedroso, et al., 

2005; Ranjit and Kung Jr, 2000; Xing, et al., 2009). 

Among all of the above factors , temperature has long been considered a maJor factor 

affecting silage fermentation (McDonald, et al., 1966; Muck, et al., 2003). Generally 

speaking, a moderate temperature between 20 and 30 oc is preferred for silage fermentation 

(Kim and Adesogan, 2006; McDonald, et al., 1966; Weinberg, et al., 1998; 2001). Probably 

for this reason, the majority of ensiling experiments in the literature were conducted within 

this temperature range. Additionally, the impacts of high temperature (> 37 °C) have been 

well studied due to the detrimental effects on forage preservation (Garcia, et al., 1989; 

Goering, et al., 1973; Kim and Adesogan, 2006; McDonald, et al. , 1966; Weinberg, et al., 

1998; 2001). However, the effects of cool temperature(< 20 °C) on silage fermentation have 

been much less studied. However, in cold climates, cool temperatures can hinder silage 

fermentation, usually resulting in less intensively fermented silage. In practice, these silages 

are often found to be associated with high pH and low acid production (Kung, 20 lOb), as 

well as high residual WSC and yeast counts which make silages more vulnerable to aerobic 

deterioration during the feed-out period (Ward and de Ondarza, 2008). Moreover, in all the 

above studies, the evaluation often has been performed only after moderately short lengths of 

storage (1 to 82 days). There are no long-term storage studies on the effects of temperature on 

silage fermentation even though silages may remain stored for longer periods of time on 

manyfarms. 

Whole-plant corn silage is a popular forage for ruminant animais because of its relatively 

consistent quality, its high yields and energy content, and its good digestibility. It is one of 

the most important forages for ruminants in climates where corn can be grown, particularly in 

Central Europe and North America. In the last decade, cultivation of this crop further north 

has become possible following the development of hybrids adaptable to colder regions. In 

Eastern Canada, corn silages are made in autumn when daily mean temperatures are between 

0 and 10 °C. Part of the ensiled corn will be stored and consumed during the following winter 
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and spring season ( < 10 °C). The low temperature could impact greatly the ensiling process 

as well as affect the storage ofwhole-plant corn silage. 

1.2 Whole-plant corn silage 

Corn originates from Mesoamerica and was domesticated about 7,000 years ago. When the 

frrst European explorers came to the New W orld, they found corn growing throughout the 

Americas. Spanish and Portuguese explorers later brought corn back to Europe. Thereafter, 

corn was introduced throughout the world. Corn can now be found across the world, and it is 

an essential resource for ensiling to feed ruminant livestock, especially in the Mediterranean 

region and North America (Wilkinson and Toivonen, 2003). In the United States, corn is 

planted mainly in the Corn Belt Region (Illinois, Indiana, Iowa, Nebraska, and Minnesota), 

and it has been the main crop harvested for silage for decades. For instance, in 2000 about 

2.46 million ha of corn were harvested for silage, compared with grass (0.39 million ha), 

legumes (1.32 million ha) and whole-crop cereals (0.11 million ha) (Wilkinson and 

Toivonen, 2003). According to the latest survey by U.S. Department of Agriculture National 

Agricultural Statistics Service (NASS), the area planted with corn in the United States was 

estimated at 39.32 million ha in 2012, and about 2.99 million ha of corn was harvested for 

silage, an increase of24.31% from the 2011 census (USDANASS, 2013). 

In Canada, corn constitutes the third largest crop (after wheat and barley) and is the most 

important one in Eastern Canada. It is grown primarily in Ontario and Québec, accounting for 

more than 90% of Canadian corn. In Eastern Canada, more than 200,000 ha of corn (out of 

1,200,000) are harvested as whole-plant corn silage every year (OCPA, 2010). Corn is 

planted from May to June, and it is harvested mainly from late September to early November 

when daily mean temperatures are between 0 and 10 °C. Ensiled corn then will be stored and 

consumed during the winter and spring at even cooler temperature ( < 10 °C) (Environment­

Canada, 2008). Similarly, many other countries or regions with cool climates, such as the 

northern USA, northeastern China, Japan, and Korea, are also confronted with low 

temperatures at harvest as well as during the storage period of whole-plant corn silage 

(USDA). 
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In terms of ensiling characteristics, corn can be regarded as an ideal crop because of its 

relatively high DM content, its low BC, and its adequate level of WSC. Another major 

advantage of corn is that it offers producers the flexibility to harvest it for forages or grains. 

Often when corn yields are low, the majority of the crop may be harvested for silage. 

However, whole-plant corn silage is found to be prone to aerobic spoilage when exposed to 

air (Ashbell and Weinberg, 1992; Filya and Sucu, 2010; Kung, et al., 1998; Li and Nishino, 

20llb). Sorne researchers have imputed this to the high concentration of residual WSC in 

corn silage which serve as ideal substrates for aerobic spoilage microbes during feed-out 

periods (Charmley, 2004). 

1.3 The ensiling process 

Ensiling is a natural fermentation process under anaerobie conditions, where LAB convert 

WSC into lactic acid and other organic acids. During the fermentation, pH is reduced and as a 

consequence, spoilage microbes' activity is inhibited while nutritional value is preserved 

(McDonald, et al., 1991). The ensiling process can be divided into four principle phases of 

differing length and intensity: initial aerobic phase, main fermentation phase, stable phase, 

and feed-out period (Weinberg and Muck, 1996). It is important to control and to optimize 

each phase of the ensiling process in or der to avoid failures and to maintain silage quality. 

Phase 1-Initial aerobic phase: This phase normally is confined to a few hours. During this 

stage, oxygen that is trapped within the forage mass maintains the respiration of plants and 

microorganisms. Sorne proteases and carbohydrases remain active. Growth of obligate and 

facultative aerobic microorganisms is possible (e.g., moulds, yeasts and enterobacteria, etc) 

which is accompanied by the heat generation from aerobic respiration (McDonald, et al., 

1991; Pahlow, et al. , 2003). Therefore a long aerobic phase reduces the energy content in 

silage as WSC are used for respiration and may cause heat damage to proteins. In this phase, 

the important management practice is to minimize the amount of oxygen present between the 

plant particles within the silo. Shortening the filling period, packing forage tightly, covering 

and sealing the silo as soon as possible, will minirnize excess air and, in turn, will minimize 

losses through aerobic respiration. Chopping the forage at proper particle length also helps to 

pack the forage tightly. Chopping will also favour the growth of epiphytie LAB following the 
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release of plant sap, which could induce specifie physiological responses related to 

antioxidation and to cell activity of this important bacterial population for the fermentation 

phase (Pahlow, et al., 2003). 

Phase 2-Main fermentation phase: This is the stage where LAB ferment WSC down to 

mainly lactic and acetic acids. This phase starts once oxygen is depleted. It usually takes one 

week but can last for more than one month depending on the properties of the ensiled forage 

crop and the ensiling conditions. In the early stage, pH is still relatively high, allowing 

spoilage microorganisms to grow. Thus, facultative and obligate anaerobie microorganisms, 

such as enterobacteria, clostridia, certain bacilli, propionibacteria, and yeasts, theoretically 

can compete with the LAB flora for the nutrients. Provided that silage fermentation proceeds 

successfully, LAB quickly develops to be the predominant population, along with the 

production of organic acids, and a relative! y low pH is achieved to inhibit spoilage microbes' 

activity (Merry, et al., 1997). A rapid and extensive pH decline will minimize growth of 

spoilage microbes and accordingly will reduce the losses of nutrients during this phase. Sorne 

spoilage microbes, such as Clostridium, are more adapted to higher moisture environment 

(McDonald, et al. , 1966). The target pH to inhibit the development of Clostridium in silage 

(pHw) is related to forage DM content. The lower the DM content is, the lower the pH should 

drop downwards to inhibit the development of Clostridium (Wieringa, 1969). Therefore 

harvesting forage at adequate DM content will prevent the undesirable clostridial 

fermentation (Wieringa, 1969). Applying various additives, such as LAB inoculants, at 

ensiling can contribute to a rapid decrease of pH in the forage mas s. 

Phase 3-Anaerobic stable phase: As long as silos remain sealed to maintain anaerobie 

conditions, rather little activity occurs during this stage, which theoretically can be of any 

length (Pahlow, et al., 2003). LAB population dominates the microbial flora and typically 

undergoes a reduction in number in the course of this stage. Only sorne acid-tolerant 

proteases and carbohydrases continue to be active. Several acid-tolerant microorganisms, 

e. g., sorne yeast species, survive this period in a nearly inactive state, along with others such 

as clostridia and bacilli which turn to dormancy, as spores. However, if air penetrates into 

silos due to damage to the silage covering, spoilage microorganisms will grow. Covering the 
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silage properly and adequately weighting covers prevent oxygen exposure of the forage mass. 

It is also important to periodically evalua te the condition of the silo 's covering and repair any 

damages (such as holes or tares) as soon as possible. In addition, everything that has been 

clone in previous phases with the aim to inhibit microbial growth and to favour lactic acid 

fermentation will aid to control further development of spoilage microbes. 

Phase 4-Feed-out phase: During feed-out periods, 0 2 has free access to the silage mass. 

Thus, aerobic microorganisms start to multiply, which finally leads to aerobic deterioration 

(McDonald, et al., 1991). Aerobic spoilage is usually initiated by lactate-assimilating yeasts 

which can utilise lactic acid for their metabolism (Wilkinson and Davies, 2013), but 

occasionally it can also be triggered by acetic acid bacteria (Spoelstra, et al., 1988). Once 

begun, anaerobie conditions and low pH environment are lost rapidly, and temperature 

increases due to the increased microbial activities. As a consequence, various groups of 

aerobic microorganisms begin to proliferate, such as bacilli, sorne listeria and enterobacteria, 

and fmally, at a later stage, filamentous fungi (Woolford, 1990). Aerobic spoilage of silage is 

undesirable, because the associated organisms compete for available nutrients and may 

produce toxins (such as mycotoxins) which are detrimental to the health of humans and 

animais (Pahlow, et al., 2003). During feed-out, spoilage due to air ingress can be minimized 

by good management practices, such as sizing the silage structure according to feed-out 

needs, minimizing the time between removals of silage from the structure and feeding to 

animais, and maintaining a straight, smooth face to reduce the surface area that is exposed to 

oxygen. In addition, silage additives capable of decreasing aerobic spoilage losses can be 

applied at the time offilling. 

1.4 Lactic acid bacteria associated with silage 

Lactic acid bacteria could be characterized as Gram positive, low-GC, acid-tolerant, generally 

non-sporulating, non-respiring rod or cocci, which produce lactic acid as the major metabolic 

end-product of carbohydrate fermentation (Lahtinen, et al. , 2011). Their growth temperature 

ranges from 5 to 50 oc and pH from 4.0 to 6.8 (McDonald, et al., 1991; Pahlow, et al. , 2003). 

These organisms are aerotolerant anaerobes (Stieglmeier, et al., 2009). The principal genera 
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of LAB are Lactobacillus, Leuconostoc, Pediococcus, Lactococcus, and Streptococcus. The 

other genera classified as LAB areAerococcus, Carnobacterium, Enterococcus, Oenococcus, 

Tetragenococcus, Vagococcus, Weisella (Axelsson, 2011; Stiles and Holzapfel, 1997) and 

Paralactobacillus (Leisner, et al., 2000). Several LAB genera such as Lactobacillus, 

Leuconostoc, Lactococcus, Pediococcus, Weissella, Streptococcus and Enterococcus have 

been often reported to be associated with silages (McDonald, et al., 1991; Pahlow, et al., 

2003). 

Based on hexose fermentation metabolism, LAB are divided into two groups: 

homofermentative and heterofermentative bacteria (Figure 1.1). Homofermentative LAB 

such as Pediococcus, Streptococcus, Lactococcus and sorne lactobacilli (such as Lactibacillus 

ruminis, Lactibacillus plantarum and Lactobacillus pentosus) assimilate hexoses by 

glycolysis (Embden-Meyerhod-Pamas pathway), producing almost exclusively lactic acid as 

end-product. Heterofermentative LAB such as Weissella, Leuconostoc, and sorne lactobacilli 

(such as Lactobacillus brevis and Lactobacillus buchneri) produce not only lactic acid but 

also ethanol/acetic acid and co2 via the pentose phosphate pathway (Axelsson, 2011; 

Kandler, 1983). Most LAB readily ferment pentoses into lactic and acetic acids without the 

production of C02 (Rooke and Hatfield, 2003). In addition, for species of the genus 

Lactobacillus, three groups have been further defined on the basis of the presence or absence 

of the enzymes aldolase and phosphoketolase: obligate homofermentative LAB, facultative 

heterofermentative LAB, and obligate heterofermentative LAB. Obligate homofermentative 

and facultative heterofermentative lactobacilli belong as former homofermenters, and the 

difference between these two is that the obligate homofermentative lactobacilli are unable to 

ferment pentoses as they lack phosphoketolase. Obligate heterofermentative lactobacilli 

belong as former heterofermenters. This new classification system would allow to include 

several important formerly recognised homofermenters, such as L. plantarum and L. pentosus 

within the group of facultative heterofermentative lactobacilli. 

Epiphytie LAB populations vary extensively on different forage crops (Lin, et al., 1992b ), 

and the LAB population on standing or freshly harvested forage crops differs considerably 

from that found during the ensiling process (Pahlow, et al., 2003). Sorne genera or species are 
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often detected on standing crops or on1y in the early stages of the ensiling process. They 

contribute very little to silage fermentation and their growth is inhibited soon after anaerobie 

conditions are achieved. For instance, Ruser found that lactobacilli play an important role in 

promoting lactic acid fermentation for a longer period, whereas the cocci, e.g., Streptococci, 

Leuconostocs, Lactococci, and Enterococci, grow vigorously only in the early stage of the 

ensiling process (McDonald, et al., 1991). Lin et al. (1992b) observed that Enterococcus 

species decreased sharply or disappeared entirely after the early stages of the ensiling period, 

and P. pentosaceus and several lactobacilli species, such as L. plantarum, L. brevis, 

Lactobacillus homohiochii and Lactobacillus gasseri, were the most frequently identified 

species during the ensiling process depending of the crops. The epiphytie LAB that 

predominates during the ensiling process is essential microflora responsible for lactic 

fermentation. 
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Homofermentation Heterofermentation 

Figure 1.1 Generalized scheme of the pathways of glucose fermentation metabolism in lactic 

acid bactetia. Modified from (Axelsson. 2011; Caplice and Fitzgm·ald, 1999; Kandlm·, 1983) 

hl addition. a succession of LAB species also occurs dming the ensiling process (McDonald, 

et al., 1991; Muck, et al., 2003). It is generally known that an adequate ensiling process 

usually starts with a group of homofermentative LAB species quickly after sealing the silo. 

Later on. when substrate availability becomes limited, more acid-tolerant heterofermentative 

LAB species would replace them and eventually predominate the fermentation (McDonald, et 

al., 1991; Seale, et al., 1986; Yang, et al., 2006). Many eaTly studies have confirmed this 

general consensus about LAB succession dming ensiling (Beek, 1972; Brusetti, et al., 2008; 

Langston and Bouma, 1960; Lin. et al., 1992b; McEniry, et al., 2008; Stevenson. et al., 

2006). For instance, Langston & Bouma (1960) observed that L. plantarum, L. brevis and 
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Pediococci sp. were three dominant populations in good quality silages, with L. brevis 

usually observed in the later stages of fermentation. Lin et al. (1992b) reported predominance 

of homofermentative LAB, e.g., L. plantarum and P. pentosaceus, in maize and alfalfa silage 

throughout the frrst seven days of ensiling. Whereas, after seven days, heterofermentative 

Lactobacillus homohiochii, L. brevis and L. gasseri joined the succession and came to 

prevail. Stevenson et al. (2006) observed a shift in dominant LAB species from L. plantarum 

to L. brevis in both inoculated and control alfalfa silage. On the other hand, Wang et al. 

(2006) did not observe this shift in alfalfa silage. Instead, during an ensiling period of 30 

days, P. pentosaceaus was the dominant species in control alfalfa silage, and L. plantarum in 

the alfalfa silage which was inoculated with a previously selected LAB community the 

predominant strain of which belongs to L. plantarum. 

1.5 Silage Temperature 

The temperature of the silage mass is highly influenced by ambient temperature, in particular 

the ambient air temperature at harvest and filling time. During the initial aerobic phase, in 

well-managed silages, the average temperature of the forage mass will rise by 6-11 ac a hove 

ambient temperature (White, 2013). However, silage may reach much higher temperatures (> 

37 °C) in poorly packed silos where excessive amounts of oxygen are trapped (Kung, 2011). 

When the fermentation phase is completed, silage temperature in small silos (such as big 

hales and bag silos) and in the outer layer of big silos drops gradually close to the ambient 

temperature (Van Saun and Heinrichs, 2008). On the other hand, core temperature of large 

silos remains almost constantly higher (usually range from 24 to 32 °C), mainly because of 

the insulation given by the large forage mass (Borreani and Tabacco, 2010; Kung, 2011). 

Core temperature is usually related to temperature that was prevailing at ensiling (Berthiaume, 

et al., 2007). In addition, the ingress of oxygen into silos during storage may also result in an 

increase of silage temperature. Lastly, when opening silos for feeding, aerobic 

microorganisms such as yeasts, moulds and bacilli start to multiply by oxidizing WSC or 

organic acids, which generates heat. Silage temperature also rises in spoilage area such as 

moulded spots or peripheral areas (Borreani and Tabacco, 2010). Although sorne studies 

conducted on farm scale level have monitored silage temperature (Williams, et al., 1997), it 



11 

is difficult to study the effect of different temperatures on a large scale level because of the 

difficulty to control ambient temperature. That is the reason why the mainstream way to 

study the effects oftemperature on ensilage is through incubating laboratory-scale silos (e.g., 

plastic pouches, glass jars or metal containers). Among these laboratory silos, plastic pouches 

in combination with a vacuum sealer have been reported to be able to assess silage 

fermentation characteristics. They reduce the amount of work and waste associated with 

laboratory-scale ensiling (Johnson, et al., 2005; Naoki and Yuji, 2008; Tanaka and Ohmomo, 

1995). Recently, these handy silos have become popular as laboratory-scale preparations in 

Japan (Parvin and Nishino, 2009; Wang and Nishino, 2009), Thailand (Ohmomo, et al., 

2002), Canada (Boukhors, 2006; Sylvestre, 2011) as well as European countries, such as the 

UK (Johnson, et al., 2005), Belgium (Van Ranst, et al., 2009) and Turkey (Kizllsimsek, et 

al., 2007). This thesis study used experimental plastic pouches to evaluate the effects of 

temperature on who le-plant corn silage. 

1.6 Temperature and lactic acid bacteria in corn silage 

Range of the growth temperature differs among LAB species. For instance, most lactobacilli 

grow at 15 oc but not at 45 oc. Lactobacillus fermentum is an exception, as it grows at 45 oc 
but not at 15 °C. The two species of enterococci commonly found in silage (Enterococcus 

faecalis and Enterococcus faecium) both grow within temperatures ranging from 10 to 45 °C. 

Pediococcus damnosus, P. pentosaceus and Pediococcus acidilactici have temperature 

optima of25, 30, and 40 oc respectively (McDonald, et al., 1991). Temperature therefore has 

a selective effect on the survival and proliferation of different LAB species in silage. 

Variation in the efficacy of sorne added LAB inoculants at different temperatures has also 

been observed. For instance, Weinberg et al. (1998) reported, in an ensiling assay ofwheat at 

different temperatures, that treatments inoculated with L. plantarum fermented faster at 25 

°C, whereas silages inoculated with Lactobacillus amylovorus fermented faster at 41 °C. In 

addition, temperature could also affect the overall LAB population in various fermentation 

systems, such as Kimchi (Mheen and Kwon, 1984) and sauerkraut (Pederson and Albury, 

1953; 1954). Even though many studies have investigated the LAB population associated in 

silage (Brusetti, et al., 2006; Ennahar, et al., 2003; Gao, et al., 2008; Stevenson, et al., 2006), 
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unfortunately, very few of them have considered temperature as a factor affecting the LAB 

population. 

For example, with whole-plant corn silage, many studies have investigated the diversity of 

the associated epiphytie LAB population. These studies include LAB on standing crops 

(Andrieu and Gouet, 1991; 1992b; Lin, et al., 1992a), LAB on chopped corn prior to ensiling 

(Andrieu and Gouet, 1991; 1992b; Lin, et al., 1992a; 2012; Pang, et al., 2011). Moreover, 

Stevenson et al. (2006) and Parvin et al. (2010) determined the LAB population in corn 

silage after certain periods of fermentation; Lin et al. ( 1992b) and Brusetti et al. (2006) 

monitored the epiphytie LAB population during the ensiling process. A variety of LAB 

species were found to dominate in corn silages, such as L. plantarum, P. pentosaceus, 

L. brevis, L. buchneri and Lactococcus lactis (Brusetti, et al., 2006; Lin, et al., 1992b; Parvin, 

et al., 2010; Stevenson, et al., 2006). However, none of the above studies, considered 

temperature as a factor affecting the population diversity ofLAB. 

In addition, almost all earlier studies about epiphytie LAB populations during the corn 

ensiling process were conducted at constant temperatures, varying between 25 and 30 oc 
depending of the study. No relevant study, to date, has worked with temperatures below 20 

°C. However, cool temperature not only could reduce fermentation efficiency by lowering the 

growth rate and enzymatic activity of microorganisms, but it also may contribute to the 

change of the composition of the LAB flora in different ecosystems. As the temperature gets 

colder, species showing better adaptation will dominate the environment, and eventually they 

will affect overall metabolites. For instance, two non-silage studies observed that low 

temperatures affected the LAB diversity in the intestinal tract of cultured freshwater fish 

(Hagi, et al., 2004) (4-10 vs. 13-17 vs. above 20 °C) and in fermented pig feed (Olstorpe, et 

al., 2008) (10 vs. 15 vs. 20 °C). Their results confirmed that temperature has a selective effect 

on the LAB population. From the standpoint of inoculants developers, it would be very 

interesting to leam which groups of LAB species are more competitive at low temperatures, 

in order to develop suitable inoculants for making silage in cool climates . In addition, 

considering the expansion of corn cultivation further north to colder regions and noticing the 

unpredictability of the weather due to climate change, it has become necessary to look into 
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the effects of low temperatures on LAB population during the ensiling process to better 

understand its impacts upon silage fermentation and conservation. 

1. 7 Temperature and silage fermentation 

As previously described, ensiling is a process of complex microbial and enzymatic activities 

(Weinberg, et al., 2001), and temperature has long been considered to be a major factor 

affecting silage fermentation (McDonald, et al., 1966; Muck, et al., 2003). For instance, 

Garcia et al. (1989) (65 vs. 38 °C), Weinberg et al. (2001) (41 vs. 24 oq and Kim & 

Adesogan (2006) ( 40 vs. 20 °C) found that higher temperatures resulted not only in less 

organic acids production, higher pH values, more residual WSC and nutrients losses, but also 

in higher susceptibility to aerobic spoilage. Prolonged high temperature, above 45 oc, could 

result in heat damage through the Maillard reaction (Adesogan and Newman, 2010; 

Kobayashi, 2003 ). The Maillard reaction, also known as the nonenzymatic browning, is a 

chemical reaction between protein and carbohydrates. It is known that this reaction can 

adversely affect protein digestibility, and, moreover, that the reaction rate is highly 

temperature dependent (Martins, et al., 2000). The higher the temperature, the higher is the 

reaction rate and grea ter is the amount of protein damage. 

Temperature also has an effect on plant enzymes. Plant proteases activities were reported to 

increase progressively at high ensiling temperatures, causing greater protein breakdown 

(Jones, et al., 1995; McKersie, 1981; Muck and Dickerson, 1988; Weinberg, et al., 2001). 

Additionally, McDonald et al. ( 1966) observed a shi:ft from a lactic to a clostridial type of 

fermentation which had resulted from an increase of ensiling temperature from 20 to 42 °C. 

On the other hand, high ensiling temperatures can benefit cell wall hydrolysis, due to the 

higher activity of cellulase (Colombatto, et al., 2004; Garcia, et al., 1989). 

Cool temperature could be an important factor affecting silage fermentation, particularly in 

sorne northern countries or regions. However, to date, very few experiments have been done 

at temperatures lower than 20 °C. Theoretically, low temperature restricts silage fermentation 

by reducing enzymatic and microbial metabolisms. The lower the temperature, the slower 

will be the corresponding chemical reactions, enzymatic activity, and microbial growth rate. 
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In practice, low temperature could hinder silage production (Schroeder, 2009). Such silages 

are often found to have high pH value and low acids production (Kung, 20 lOb; Kung and 

Shaver, 2001), as well as more residual WSC and high yeast counts (Schroeder, 2009; Ward 

and de Ondarza, 2008). Even, added silage inoculants may also be impaired and therefore 

may not be very effective at cold temperature (Schroeder, 2009; Weinberg and Muck, 1996). 

Recently, Wang et al. (2011) studied the effects of a LAB inoculant on the fermentation 

quality of reed grass (Phragmites australis Cav.Trin.ex Sterd.) at two low temperatures: 0 

and 4 °C. The LAB inoculants consisted of sever al strains which had previously been isolated 

from plant surfaces, including L. plantarum (55%), Leuconostoc mesenteroides (25%), 

Streptococcus faecalis (15%) and L. brevis (5%). It was found that, at such low temperature 

levels, reed grass inoculated with 6.63 log10 CFU g·1 DM started the fermentation process but 

it would take at least six weeks to get fairly good silage quality. Also, reed grass fermented at 

4 oc produced more lactic acid and reached lower pH than at 0 oc over eight weeks of 

fermentation. 

In the few studies which have investigated the effects of temperature, silage storage period 

was short, generally less than three months (Kim and Adesogan, 2006; Koc, et al. , 2009; 

Weinberg, et al., 2001). On commercial farms, silages may remain stored for longer periods 

of time. However, there are no long term storage studies on the effects of temperature on 

silage fermentation and storage which are associated with the anaerobie stability phase. 

1.8 Molecular diversity techniques in silage microbiology 

With the development of molecular biology tools, many independent-cultural fmgerprinting 

approaches based on DNA or RNA genes have generated the interest to investigate microbial 

population in complex ecosystems. Several independent-cultural molecular diversity 

techniques have been developed. They include Amplified Ribosomal DNA Restriction 

Analysis (ARDRA), Automated Ribosomal Intergenic Spacer Analysis (ARISA), Denaturing 

Gradient/Temperature Gel Electrophoresis (DGGE/TGGE), 16S library, Single Strand 

Conformation Polymorphism (SSCP), and Terminal Restriction Fragment Length 

Polymorphism (T-RFLP) (Nout, et al., 1993). Overall, these techniques contribute to detect 
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more microorganisms, including less represented species, at lower levels, and uncultivable 

organisms (Endo and Okada, 2005; Mansfield and Kuldau, 2007). 

Compared to the large number of experiments using molecular methods to study microbial 

diversity in soil and water, only a few studies were undertaken to detect microbial population 

dynamics in silage. Mansfield and Kuldau (2007) and May et al. (2001) reported the diversity 

of fungal community associated with corn silage using ITS-PCR-sequencing and PCR­

DGGE-sequencing, respectively. Meanwhile, T-RFLP (McEniry, et al., 2008), DGGE (Naoki 

and Yu ji, 2008), and other DNA-based approaches have proven to be potentially viable tools 

to investigate the dynamics of the bacterial community over the course of the ensiling 

process. Using DGGE, Li and Nishino (2011a) determined the bacterial and fungal 

communities of wilted Italian rye grass silage with and without Lactobacillus rhamnosus or L. 

buchneri. Furthermore, developing sorne groups-, genus- or species-specific primers, have 

led to providing several specifie identification approaches. For instance, lactic acid bacteria 

or sorne particular species, such as L. plantarum, Lactobacillus rhamnosus, and L. buchneri 

have been monitored during the ensiling process (Brusetti, et al., 2006; Chan, et al., 2003; 

Dellaglio and Torriani, 1986; Ennahar, et al., 2003; Klocke and Mundt, 2004; Klocke, et al., 

2006; Schmidt, et al., 2008; Stevenson, et al., 2006; Tannock, et al. , 1999). Meanwhile, sorne 

fungi like Penicillium roqueforti and Penicillium paneum also were identified in silage 

(Boysen, et al., 2000; O'Brien, et al., 2008). In addition, using PCR-DGGE, Drouin and 

Lafrenière did extensive studies on the Clostridium on silages (Drouin and Lafrenière, 20 12; 

Julien, et al., 2008). Unfortunately, many other important microbes such as enterobacteria, 

acetic acid bacteria, bacillus, listeria, etc., have yet to be examined. 

DGGE/TGGE was developed to determine the genetic diversity of complex microbial 

populations. lts basis is electrophoresis mobility of PCR-amplified 16S rDNA fragments in 

polyacrylamide gels containing a linearly increasing gradient of denaturants/temperatures 

(Muyzer, et al., 1993). Compared to other fingerprinting approaches, DGGE /TGGE is 

probably a more successfully and frequently used method to provide information on the 

community structures of bacteria (Bauer, et al., 2000; Endo and Okada, 2005; Gao, et al. , 

2008; Wang, et al., 2006), fungi (May, et al., 2001) and general microbes (Ercolini, et al., 
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2006; Kim, et al., 2009; Muyzer and Smalla, 1998). It has several advantages. (1) It can 

separate same length DNA sequences with as little as one single base pair difference. (2) It is 

possible to identify constituents that representas little as only 1% of the total community. (3) 

By using universal primers, it does not require prior knowledge of the microbial 

communities; also, it allows a more accurate identification of specifie microbial genera or 

species through using genera- or species-specific probes. ( 4) It can profile visually and can 

monitor changes occurring in various microbial communities which are undergoing various 

treatments, or it can simply monitor microbial shifts in community structure over time. (5) 

One can assess multiple environmental samples simultaneously. (6) A great advantage of 

DGGE/TGGE is the ability to excise, re-amplify and sequence selected bands, for 

identification, and thus to monitor a particular phylotype (Duarte, et al., 2012; Ercolini, 2004; 

Muyzer, 1999). This thesis study used DGGE to monitor the microbial changes of LAB, of 

universal bacteria, and offungi in whole-plant corn silage during the ensiling period. 

1.9 Objectives of the study 

Whole-plant corn silage is one of the most important forages for ruminant animais. In the last 

decade, genetic improvement has expanded corn cultivation further north by developing 

hybrids adapted to colder regions such as Eastern Canada. Observation on the farm has 

shown that low temperature could result in less efficient fermentation as shown by 

fermentation patterns. However, very little experimental work has been undertaken to 

determine the effects of temperatures lower than 20 oc on ensilage. Moreover, in the 

litera ture, most evaluations have been done after a short period of storage (:'S three months) at 

constant temperature. However, on farms, silage may be stored for longer time and silage 

temperature may change because of ambient temperature during the storage period in the cold 

of winter and in the following warming-up in the spring. 

Therefore, the general purpose of this thesis was to determine the effects of low temperatures, 

ranging from 5 to 25 ac, on the fermentation of whole-plant corn silage. There are two 

specifie objectives: (a) to study the effects of temperature, ranging from 5 to 25 °C, on the 

fermentation of whole-plant corn silage; (b) to evaluate the effects of gradually increased 
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temperatures, from 5 to 25 oc, on the storage of who le-plant corn silage. The frrst objective 

was addressed by investigating the effects of temperatures, ranging from 5 to 25 °C, on 

epiphytie LAB populations during 60 days of fermentation of whole-plant corn silage 

(Chapter II), and by studying the effects of temperatures, ranging from 5 to 25 oc, on the 

biochemical and microbiological characters of whole-plant corn silage after 60 days of 

fermentation (Chapter III). The second objective was achieved by determining biochemical 

and microbiological changes in corn silage, while incubation temperatures were gradually 

increased from 5 to 25 oc with a previous ensiling process of 60 days followed by two 

months of storage at 5°C (Chapter IV). By understanding the microbial populations and their 

activities during the ensiling process and coming to discern how temperatures, ranging from 

5 to 25 °C, affect the ensiling process and the storage of who le-plant corn silage, we hope to 

develop a knowledge that would help to produce high quality corn silage in cool climates and 

to provide sorne useful information for inoculant developers. 

In Chapter II entitled "Effect of temperatures (5 to 25 oq on epiphytie lactic acid bacteria 

populations during the ensiling process of who le-plant corn silage", we performed a factorial 

experiment at five ensiling temperatures (5, 10, 15, 20 and 25 oq x seven periods of ensiling 

(0, 1, 2, 3, 7, 28 and 60 d), according to a completely randomised design. Silage samples 

were subjected to the measurement of pH and to the determination of LAB diversity using 

PCR-DGGE. The aim was to investigate the effects of temperatures on epiphytie LAB 

population during the ensiling process of whole-plant corn during a period of 60 days. The 

hypothesis was that lowering ensiling temperatures could affect greatly epiphytie LAB 

populations. 

Chapter III, entitled "Effects of temperatures ( 5 °C to 25 °C) on the fermentation patterns of 

whole-plant corn silage", was set up to extend the study of Chapter II, as well as to further 

understand the fermentation patterns in silages, dealt with in Chapter II, which were ensiled 

at 5 to 25 oc for 60 days. The study determined the biochemical and microbiological 

parameters of silage. Our hypotheses were that low temperatures restrict silage fermentation, 

and that the fermentation patterns of whole-plant corn silage can be well explained by the 

epiphytie LAB populations involved at ensiling at different target temperatures. 
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In Chapter IV, entitled "Effects of temperature on the long term storage of who le-plant corn 

silage' ', the study has simulated the fermentation and storage conditions (four to six months) 

of corn silage in Eastern Canada. A factorial experiment was carried out at two fermentation 

temperatures (10 and 20 oq x five storage temperatures (5, 10, 15, 20 and 25 °C), according 

to a completely randomised design. The purpose was to determine the effect of temperatures, 

from 5 to 25 oc, on corn silages which was previously fermented at either 10 or 20 oc for 60 

days and then stored at 5 oc for an additional period of two months. Biochemical properties 

and microbiological populations were measured as well as universal bacterial and fungal 

diversity during the storage period using PCR-DGGE. Our hypothesis was that the initial 

fermentation temperature at ensiling, greatly affects the fermentation and microbiological 

characteristics of whole-plant corn silage and affect the anaerobie phase (storage period). 
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2.1 Résumé 

PROBLÉMATIQUE :La fermentation du maïs plante-entière n'est pas toujours efficace dans 

les régions où la température à l'automne est fraîche. Il en résulte souvent des ensilages avec 

une conservation inadéquate. L'objectif de cette étude était de comprendre de quelle façon 

ces conditions climatiques influencent la dynamique des populations de bactéries lactiques 

épiphytes (BLACE) durant les 60 premiers jours de fermentation de l'ensilage de maïs. 

RÉSULTATS : Pour étudier les populations de BLACE durant la fermentation du maïs, 145 

silos ont été fabriqués et incubés à différentes températures (25, 20, 15, 10 et 5 °C). Ces silos 

ont ensuite été ouverts à différents temps durant la fermentation (0, 1, 2, 3, 7, 28 et 60 jours). 

Il a été possible d'observer qu'aux températures d'incubation les plus élevées (20 et 25 °C), 

les unités taxonomiques opérationnelles (UTO) correspondant aux espèces 

Lactobacillus plantarum et Pediococcus pentosaceus ont dominé la population des BLACE à 

partir de la première journée de fermentation et ce, durant sept jours. Par la suite, l'UTO, 

correspondant à l'espèce de bactérie lactique hétérofermentaire Lactobacillus buchneri, a été 

observée et elle est demeurée dominante jusqu'à la fm de la période d'incubation. La 

dynamique des populations de BLACE des ensilages incubés aux températures plus fraîches 

(5 et 10 °C) a été différente. À ces températures, les BLACE identifiées en début de 

fermentation ont été associés à l'UTO Leuconostoc citreum. Après 60 jours d' incubation, ce 

sont les UTO correspondant aux espèces Lactobacillus sakei et Lactobacillus curvatus qui 

ont dominé les populations de BLACE. Les profils de diversité observés pour les silos 

incubés à 15 oc correspondaient à une transition entre les deux intervalles de température. 

CONCLUSION: Les températures d'incubation lors de la fermentation du maïs-ensilage 

influencent la diversité des espèces de bactéries lactiques avec une différence marquée entre 

les températures plus élevées et les températures plus froides de cet essai. Les basses 

températures (5 et 10 °C) ont permis d'observer des espèces qui n'avaient jamais été 

identifiés auparavant dans les ensilages de maïs. 
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2.2 Abstract 

BACKGROUND: Fermentation ofwhole-plant corn silage is not always very efficient where 

climate is cool during harvest. It often results in poor quality silage. The objective of the 

present study was to investigate the effect oftemperature (5 to 25 oq on epiphytie lactic acid 

bacteria (LAB) populations during 60 days of fermentation ofwhole-plant corn silage. 

RESULTS: A total of 145 experimental silos of chopped whole-plant corn were incubated at 

five different temperatures (5, 10, 15, 20 and 25 °C), and were opened and sampled on day 0, 

1, 2, 3, 7, 28 and 60. At 20 and 25 oc, Lactobacillus plantarum- and Pediococcus 

pentosaceus-related operational taxonomie units (OTUs) dominated the fermentation within 

one day. After seven days, one heterofermentative species Lactobacillus buchneri-related 

OTU began to appear and it eventually dominated silages incubated at these temperatures. 

Population dynamic of LAB at 5 and 10 oc was different. At these temperatures, 

Leuconostoc citreum OTV was identified at the beginning of the fermentation. Thereafter, 

Lactobacillus sakei- and Lactobacillus curvatus-related OTUs appeared and quickly 

prevailed. Corn silage at 15 oc acted as a transition between 20 - 25 oc and 5 -10 oc, in 

terms ofLAB diversity and succession. 

CONCLUSION: The conditions of silage incubation temperature affect species diversity of 

LAB population with notable difference between high and low temperature. Colder 

temperature conditions (5 and 10 °C) have led to the identification of L AB species never 

observed in corn silage. 
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2.3 Introduction 

Silage is a very important source of forage for ruminant animais, in particular in areas where 

animais need to be wintered for long periods of time. It is produced by the anaerobie 

fermentation of wet forages and other crops. Lactic acid bacteria (LAB), which convert water 

soluble carbohydrates (WSC) into lactic acid and other organic acids, are the main organisms 

responsible for silage fermentation. As a consequence of their activity, pH is reduced and the 

activity of spoilage microbes is inhibited, allowing the conservation of forage nutrients 

(McDonald, et al., 1991). Epiphytie LAB species, particularly those which dominate the 

ensiling process, together with other microflora, often dictate the course of fermentation and, 

accordingly, determine silage quality (Cai, et al., 1998; Lin, et al., 1992b). 

Temperature is a major factor affecting ensilage. In the literature, the majority of ensiling 

experiments were conducted at a moderate temperature between 20 and 30 oc (Kim and 

Adesogan, 2006; McDonald, et al., 1966; Weinberg, et al., 1998; 2001). Additionally, the 

impacts of high temperatures (> 37 °C) have been well studied due to their well-known 

detrimental effects on forage preservation, e.g., resulting in poor quality silage and low 

aerobic stability (Kim and Adesogan, 2006; Weinberg, et al., 1998; 2001), inducing 

clostridial fermentation (McDonald, et al. , 1966), heat damage (Garcia, et al., 1989; Goering, 

et al., 1973), etc. However, the effects of low temperatures (< 20 oq on silage fermentation 

have been much less studied. But, in cold climates, such as Canada's, low temperature may 

be an important factor affecting silage fermentation. 

Whole-plant corn silage is one of the most important forages for ruminants in Central Europe 

and North America. Several studies have investigated the diversity of epiphytie LAB during 

corn ensiling process (Brusetti, et al., 2006; Lin, et al., 1992b; Parvin, et al., 2010; 

Stevenson, et al., 2006). However, all these studies were conducted at constant temperatures 

set between 20 and 30 °C. These studies did not consider temperature as a factor which could 

affect the epiphytie LAB population diversity, and none of them examined the epiphytie LAB 

population at a temperature below 20 oc (Brusetti, et al., 2006; Lin, et al. , 1992b; Parvin, et 

al. , 2010; Stevenson, et al., 2006). However, low temperature not only could reduce 

fermentation efficiency by lowering the growth rate and enzymatic activity of 
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microorganisms (Atlas, 1995; Frazier and Westhoff, 1978), but it also may change the 

composition ofLAB flora in different ecosystems, by selecting certain species adapted to low 

growth temperatures. For instance, Hagi et al. (2004) reported that the changes in water 

temperature ( 4 oc to above 20 oq resulted in the seasonal changes in LAB composition in 

the intestinal tract of freshwater fish. Olstorpe et al. (2008) found that the population 

diversity ofLAB in a fermented pig feed differed at different low temperatures (10, 15 and 

20 °C). Unfortunately, to date, no relevant research studies were conducted on silages. 

In the last decades, genetic improvement has expanded corn cultivation further north by 

developing hybrids adapted to colder regions. In Eastern Canada, whole-plant corn is often 

harvested and directly ensiled mainly between late September and early November, when 

daily mean temperatures are between 0 and 10 oc. This low temperature condition could 

greatly affect epiphytie LAB population in corn silage. Therefore, the aim of this study was 

to investigate the effects of temperatures ranging between 5 and 25 oc upon epiphytie LAB 

population during the ensiling process of who le-plant corn. 

2.4 Materials and methods 

2.4.1 Silage preparation 

Corn hybrid (Dekalb D26-78) was seeded in Témiscamingue, Québec, Canada, at a density 

of 74,000 plants ha·1
. A total of 150 kg Nha"\ 70 kg P ha·1 and 40 kg K ha.1 were applied 

during the growing season. After 140 days of growth, corn plants were harvested and 

chopped (average particle size of 1.0 cm) with a forage harvester (New Holland 900, USA) 

on 25 September 2009. No inoculant was added. For each experimental silo, about 400 g of 

fresh chopped corn was filled into plastic bags (10 x 16 x 6 mil). Air was removed using a 

commercial vacuum sealer (Nel 216/219M, Hi-Tech Vacuum, Canada) as described by 

Johnson et al. (2005). A total of 145 experimental silos were immediately incubated at 5, 10, 

15, 20 and 25 oc, respectively (29 silos at each temperature). Four silos (repetitions) of each 

temperature treatment were sampled on day 0, 1, 2, 3, 7, 28 and 60 for the determination of 

pH and LAB diversity during the ensiling process. One extra silo of each treatment was used 

for the LAB isolation, in order to develop a reference ladder for further DGGE analysis. 
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2.4.2 Silage analysis 

The pH was measured with a pH meter (Accumet® AB15, Fisher Scientific, Canada), where 

duplicate samples (10.0 g) of silage were macerated in 100 mL distilled water for 60 min at 

200 rpm. Dry matter (DM) content of fresh corn forage (day 0) was determined by oven­

drying for 72 h at 50 ± 2 °C. WSC content in fresh corn forage and fmal corn silage were 

measured on a water extract (100 mg : 2mL distilled water) using the phenol sulphuric acid 

colorimetrie method according to Dubois et al. (1956). 

2.4.3 Diversity analysis ofLAB 

Isolation and identification of epiphytie LAB strains used as external reference strains 

forDGGE 

One extra silo of each temperature treatment (5, 10, 15, 20 or 25 oq was taken out for LAB 

isolation after 14 days of fermentation. Each silage sample (20.0 g) was homogenized with 

180 mL of peptone water [0.2% Bacto peptone (w/v) with 0.01% Tween 80 (w/v)], and seriai 

dilutions were prepared with the same peptone water. A MRS medium (Difco, USA) was 

used and the Petri dishes were incubated at 30 oc for 3 days. Approximately 20 colonies were 

randomly picked up from each temperature treatment. All purified isolates were characterized 

by their Gram reaction, catalase activity and cell morphology. 

In order to design the molecular ladder that would be used for the DGGE, total DNA of LAB 

isola tes was extracted using a hexadecyltrimethylammonium bromide (CT AB) method 

(Griffiths, et al. , 2004). The 16S rRNA gene of LAB strains was screened and grouped by 

PCR-DGGE based on the mobility differences of their responding bands, where a primer set 

ofL1GC/HAD1 was used as described below. Representatives (1 to 7 strains) of each group 

having the same migration distance in the DGGE gel were selected. Their DNA was then 

amplified using a universal eubacterial primer set consisting of pA (5'-AGA GTT TGA TCC 

TGG CTC AG-3') and pH (5'-AAG GAG GTG ATC CAG CCG CA-3'), which can amplify a 

contiguous sequence of a nearly complete 16S rRNA gene spanning 1.5 kb (Edwars, et al. , 

1989). PCR was carried out in a volume of 25 r.tL containing 1 ~ ofDNA template (50 ng), 

1 X standard Taq reaction buffer, 200 !J.M of each deoxynucleotide, 0.2 !J.M of each primer 
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and 0.025 U ~-1 of Taq DNA polymerase (Taq PCR Kit, New England BioLabs, Canada). 

PCR cycles comprised an initial DNA denaturation at 95 oc for 4 min, 30 cycles of 

denaturation at 95 oc for 30 s, annealing at 50 oc for 1 min, extension at 68 °C for 1 min, and 

a fmal elongation step at 68 oc for 5 min. Finally, sequence analysis was conducted with a 

BigDye® Terminator v3.1 Cycle Sequencing Kit on the genetic analyzer 3130XL (Applied 

Biosystems, Poster City, USA) at the Plate-forme d'Analyses Biomoléculaires (Université 

Laval, Canada). PCR amplicons were sequenced in both directions and nucleotide sequences 

were aligned using software BioEdit version 7.1.3.0. DNA sequence similarity searches were 

run via BLASTn against the GenBank database of the United States National Center for 

Biotechnology Information (NCBI). The sequences generated by this study were deposited in 

GenBank (accession numbers: KC753453 to KC753463). 

Diversity analysis of LAB 

Diversity analysis of LAB was conducted using PCR-DGGE fmgerprinting. Total DNA was 

extracted from silages using the PowerFoodTM Microbial DNA Isolation Kit (MoBio 

Laboratories, Carlsbad, USA). Primers L1 (5'-CAG CAG TAG GGA ATC TTC C-3') 

(Meroth, et al., 2003) andHAD2 (5'-GTA TTA CCG CGG CTG CTG GCA-3') (Tannock, et 

al., 1999), specifie to Lactobacillus-group including genus Lactobacillus, Weissella, 

Pediococcus and Leuconostoc, were used to amplify a 185-bp fragment of the V3 region of 

the 16S rRNA genes. A 40-bp GC clamp (5'-CGC CCG GGG CGC GCC CCG GGC GGC 

CCG GGG GCA CCG GGG G-3') was attached to the 5' end of L1 for DGGE analysis 

(Walter, et al., 2001). PCR was performed according to Meroth et al. (2003) using same Taq 

PCR Kit. PCR reactions (25 11L) contained 1 ~ of DNA template (50 ng), 1 X standard Taq 

reaction buffer, 200 ~of each deoxynucleotide, 0.5 ~of each primer and 0.05 U ~-1 of 

Taq DNA polymerase. PCR cycles comprised an initial DNA denaturation at 95 oc for 2 min, 

30 cycles of denaturation at 94 oc for 30 s, annealing at 66 oc for 30 s, extension at 68 oc for 

1 min, and a fmal elongation step at 68 oc for 7 min. 

DGGE was carried out using a DCodeTM Universal Mutation Detection System (Bio-Rad 

Laboratories, Hercules, USA) according to Kebli et al. (2011) with a modification of the 

range of denaturing gradient. PCR products (10 IlL) were applied on 8% polyacrylamide gels 
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(acrylamide: bis-acrylamide, 37.5:1) with a linear denaturing gradient range of 41% to 50% 

in lX T AE electrophoresis buffer. Electrophoresis was performed at 75 V and 60 oc for 16 h. 

Then the gels were stained with SYBR Gold (Invitrogen, Carlsbad, USA) and visualized 

under UV illumination using a Molecular Imager® ChemiDoc™ XRS System (Bio-Rad 

Laboratories, Hercules, USA). In addition, PCR products of nine LAB strains previously 

isolated from the same silages were combined and served as an external reference pattern to 

which all gels were aligned. DGGE profiles were analyzed using GelCompar II version 6. 5 

(Applied Maths, Sint-Martens-Latem, Belgium). Band matching analysis was performed by 

excluding rare bands and by assigning multiple bands deriving from same LAB species into 

single band class. One matrix of band-relative intensity and one of band presence/absence 

were obtained for further diversity analyses. The relative intensity of each band was 

calculated by dividing the intensity of the band by the sum of the intensity of all the bands 

within the lane. 

Diversity analysis of Lactococcus-group was carried out using a primer set consisting ofLac3 

(5'-AGC AGT AGG GAA TCT TCG G-3') and Lac2GC (5'-CGC CCG GGG CGC GCC 

CCG GGC GGC CCG GGG GCA C CG GGG GAT TTC ACC GCT ACA CAT G-3'), 

which amplified a 380-bp fragment of the V3 region of the 16S rDNA genes. This primer set 

1s specifie to the following genera: Lactococcus, Streptococcus, Enterococcus, 

Tetragenococcus and Vagococcus (Endo and Okada, 2005). The PCR amplification was 

performed as described by Endo & Okada (2005) but with an optimized annealing 

temperature of 59 °C. DGGE was conducted using a 8% polyacrylamide gel with a 

dena turing gradient range of 30% to 70%, at 75 V, 60 oc for 20 h. 

2.4.4 Band excision, cloning and sequencing 

Bands on DGGE gels that could not be aligned with our LAB external reference strains were 

excised from polyacrylamide gel. Their DNA was eluted with 70 )lL sterile deionised water 

at 4 ac overnight and subsequently used as a template for re-PCR using primers 

LlGC/HAD2 as described above. Confirmation of the positions of these re-PCR products 

was accomplished by running DGGE along with the PCR products of original silage samples. 

Amplicons were then purified using Wizard® SV Gel and the PCR Clean-Up System 
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(Promega, Madison, USA) and cloned usmg the pGEM®-T Easy Vector System II 

(Promega) according to the manufacturer's instruction. Positive clones were screened and 

streaked twice, and their plasmids were isolated using the Wizard® Plus SV Minipreps DNA 

Purification System (Promega). Sequence analysis was done by the Plate-forme d'Analyses 

Biomoléculaires as previously described, but with Sp6 and T7 promoter primers. The 

nucleotide sequences were aligned using BioEdit software and DNA sequence similarity 

searches were done via BLAS Tn against the NCBI. 

2.4.5 Statistical analyses 

Species richness was calculated based on the matrix of band presence/absence. Principal 

component analysis (PCA) was performed with the matrix of band-relative intensity. 

Indicator species analysis by combining groups of sites was carried out with the "multipatt" 

fonction of the "indicespecies" package (version 1.6.2) (De Caceres, et al., 2010). Pearson's 

correlation between pH and band-relative intensity was calculated. Mean value ± standard 

deviation was presented for biochemical results and band-relative intensity. WSC content on 

day 60 was analyzed using one-way ANOVA with two assumptions verified (i.e., 

homogeneity of variance was verified with the Fligner-Killeen test and normality of residual 

error was assessed with the Shapiro-Wilk normality test), followed by a Tukey HSD multiple 

comparison (a = 0.05). All statistical analyses were performed using R (version 

2.15.0, http://www.r-project.org). 

2.5RESULTS 

2.5.1 Silage conservation 

DM content of fresh corn forage was 304.8 ± 8.2 g kg-1 fresh material. The pH of fmal corn 

silage (day 60) were 4.0 ± 0.0, 3. 8 ± 0.0, 3.9 ± 0.1, 4.0 ± 0.1 and 4.3 ± 0.0 for 25, 20, 15, 10 

and 5 °C, respectively, which were alllower than the pH of anaerobie stability (i.e. , pHw = 

4.4). Therefore all silages can be considered well conserved (Wieringa, 1969). WSC content 

of fresh forage was 86.8 g kg-1 DM, and concentration of residual WSC in final silage (day 
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60) were 11.7 ± 0.9, 13.0 ± 0.5, 24.2 ± 3.2, 36.5 ± 3.1 and 72.7 ± 9.8 g kg·1 DM at 25, 20, 15, 

10 and 5 °C, respectively. 

2.5.2 Isolation and identification ofLAB strains 

A total of 73 Gram-positive, catalase-negative, rod- or coccus-shaped LAB strains were 

isolated. Based on PCR-DGGE analysis, they were classified into eleven putative 

representative operational taxonomie units (OTUs) (Figure 2.1). DNAs of 27 out of the 73 

LAB strains were further amplified with primer pAipH and sequenced. Table 2.1 gives the 

results of sequence comparison using BLASTn. The eleven putative OTUs were related to 

species: Lactobacillus coryniformis subsp. torquens, Lactobacillus brevis, Lactobacillus 

curvatus, Lactobacillus sakei, Leuconostoc mesenteroides, Leuconostoc lactis, Pediococcus 

pentosaceus, Lactobacillus buchneri, Lactobacillus plantarum, Leuconostoc citreum1 and 

Leuconostoc citreum2 (with single-base difference from Leuconostoc citreum1). It was 

observed that L. buchneri produced multiple bands on DGGE gel. In addition, the PCR 

products, amplified using nine strains consisting of L. plantarum, Leuconostoc citreum1, 

Leuconostoc citreum2, L. brevis, Leuconostoc lactis, L. sakei, L. coryniformis subsp. torquens, 

P. pentosaceus and L. buchneri, were combined into one sample which was thereafter used as 

an external reference pattern on each DGGE gel (Figure 2.1). 
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Table 2.1 Sequence analysis of silage LAB isola tes which were thereafter used to develop 

DGGE reference ladder 

Number Number GenBank Fragment Corresponding 

of of isolates 
GenBank 

Accession 
Similarity 

length to the OTUs 

isolates sequenced 
closest relative 

No. 
(%) 

(hp) 
in Figure 2 

Lactobacillus 

7 2 coryniformis KC753453 100 1422 C8 

subsp. torquens 

2 1 
Lactobacillus 

KC753454 100 1345 C5 
brevis 

8 2 
Lactobacillus 

KC753455 100 1352 C9 
curvatus 

9 2 Lactobacillus sakei KC753456 100 1444 C7 

1 1 
Leuconostoc 

KC753457 99 1282 C3 
mesenteroides 

5 2 Leuconostoc lactis KC753458 100 1429 C6 

9 2 
Pediococcus 

KC753459 100 1357 CIO 
pentosaceus 

12 7 
Lactobacillus 

KC753460 100 1357 C13 
buchneri 

9 4 
Lactobacillus 

KC753461 100 1434 C l 
plantarum 

10 3 
Leuconostoc 
citreuml 

KC753462 100 1333 C2 

1 1 
Leuconostoc 

KC753463 99 1332 
citreum2f 

tsingle-base difference from Leuconostoc citreuml 



c.c 

73 LAB isolates 

_________ --a.._ __ 
---------------~---

n 4 •o• 

Closely related species 

L. plantarum* t 
Leuconostoc citreum2* 

Leuconostoc citreum1* 

Leuconostoc mesenteroides 

L. brevis* 
Leuconostoc /actis* 

L. sakei* 

L. coryniformis subsp.torquens* 

L. curvatus 

P pentosaceus* 
L. buchneri* 

Figure 2.1 73 LAB isolates from corn silage were classified into eleven groups 

(OTUs) according to their migration distances on DGGE profiles (processed 

with GelCompar II software). PCR products of nine LAB strains corresponding 

to nine OTUs labeled with "*" were combined and further served as an externat 

reference pattern on each DGGE gel. 

2.5.3 LAB population during the ensiling process of corn silage 

30 

Our results demonstrated very different profiles of the LAB succession during corn ensiling 

process at different temperatures (Figure 2.2, see ANNEXE A.l). Ten of 13 OTUs indicative 
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of different LAB spec1es were successfully identi:fied, which included L. plantarum, 

Leuconostoc citreum, Leuconostoc mesenteroides, L. brevis, Leuconostoc lactis, L. sakei, 

L. coryniformis subsp. torquens, L. curvatus, P. pentosaceus and L. buchneri. As for band 

C12, it was successfully excised from DGGE gel, cloned and sequenced, and further 

identified as one uncultured bacterium (GenBank accession no: JX183831.1, similarity: 

99%). Excision or re-amplification of bands C4 and Cll from DGGE gel failed. Regarding 

species richness, the number of LAB species detected from all temperature treatments rose to 

a rapid peak during the frrst three days of ensiling, whereupon it slowed down and eventually 

declined. The mean highest values of LAB species richness were 7.0, 8.5, 8.0, 8.8 and 4.0 at 

25, 20, 15, 10 and 5 ac, respectively (see ANNEXE A.2). As for the Lactococcus-group of 

LAB, one sole band was constantly observed on DGGE gel for most silage samples (see 

ANNEXE A.3). This band was successfully excised, cloned and sequenced, and further 

identified as Lactococcus lactis subsp. lactis (GenBank accession no: AB775185.1, 

similarity: 99%). Since no variation was found among silage samples regardless of 

temperature, no further gel or statistical analyses were done for this group. 
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Figure 2.2 Succession of LAB population (OTUs) during the ensiling process of corn silage 

stored at different temperatures (Band-Relative Intensity (%) ~ Time (days)). Band-relative 

intensity was described as mean value ± standard deviation. tc 1 ~ C 13 represents the same 

LAB-associated OTUs throughout the present study. 
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Principal component analysis (PCA) was performed in order to obtain an overview of the 

LAB community at different temperatures. As shown in Figure 2.3a and Figure 2.3b, the 

contribution percentages of the 1 st, 2"ct and 3rct principal components were 40.38%, 21.01% 

and 19.15%, respectively. Using the PC1-PC2 axis, we were able to separate the silage that 

had been incubated at 10 and 5 oc from those incubated at higher temperatures (20 and 25 

0 C). Silages incubated at 15 oc are located between the low and warmer temperature groups, 

but tend to be affiliated with the warmer temperature (PC1-PC3 axis). In addition, LAB­

associated OTUs C3 (Leuconostoc mesenteroides), C4 (unidentified bacterium A), C6 

(Leuconostoc lactis) and Cll (unidentified bacterium B) were considered as minor ones due 

to their low rotation values (eigenvector loadings < 0.01). Referring to Figure 2.3a and 2.3b, 

OTUs Cl2 (uncultured bacterium), C2 (Leuconostoc citreum), C7 (L. sakei) and C9 

(L. curvatus) prevailed at 5 and 10 oc; whereas Cl (L. plantarum), ClO (P. pentosaceus) and 

Cl3 (L. buchneri) dominated at 15, 20 and 25 °C. 

Based on the PCA results, we performed indicator species analysis (with a threshold of 

IndVal = 0.8) by combining groups of ensiling times on silages at lower (5 and 10 °C) and 

higher temperatures (15, 20 and 25 °C), respectively. Table 2.2 shows that specifie LAB­

associated OTUs predominated at different stages of the ens iling process . At 5 and 10 oc, 
Cl2 (uncultured bacterium) was the only one observed at the beginning of ensilage, and C2 

(Leuconostoc citreum) appeared on day 2 to day 7 (mainly at 10 °C), and then C7 (L. sakei) 

and C9 (L. curvatus) joined the succession and fmally dominated. At 15, 20 and 25 °C, Cl 

(L. p lantarum), C10 (P. pentosaceus), CS (L. brevis) and C2 (Leuconostoc citreum) appeared 

on day 1 and was present there until day 28. C7 (L. sakei) and C8 (L. coryniformis 

subsp. torquens ) appeared on day 2, and C l3 (L. buchneri) appeared on day 28 and was 

detected until the end of fermentation. 
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Table 2.2 Indicator species analysis by combining groups of ensiling times 

Da ys of fermentation 
Species IndVal p 

S ignificancet 

1 2 3 7 28 60 (a) 

At 5 and 10 oc 
Cl2 0.975 0.001 *** 

1 
C2 0.847 0.002 ** 

C7 0.972 0.001 *** 

C9 0.925 0.001 *** 

At 15, 20 and 25 oc 
Cl 0.974 0.001 *** 

C lO 0.950 0.001 *** 

C5 0.915 0.001 *** 

C2 0.894 0.001 *** 

C7 0.919 0.001 *** 

C8 0.890 0.001 *** 

1 
Cl3 0.976 0.001 *** 

t** and***: s1gnificant at P < 0.01 and 0.001. 

2.6 DISCUSSION AND CONCLUSIONS 

2.6.1 LAB species associated with corn silage during the ensiling process 

A variety of epiphytie LAB species have been reported in corn silage (Brusetti, et al. , 2008; 

Lin, et al. , 1992b; Parvin and Nishino, 2010; Stevenson, et al. , 2006). Through examination 

of isolates, Lin et al. (1992b) and Brusetti et al. (2006) found that L. plantarum, 
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P. pentosaceus and L. brevis were three important LAB species. Parvin et al. (2010) observed 

distinctive DGGE bands indicative of L. plantarum, P. pentosaceus and 

Lactococcus lactis subsp.lactis. Using RT-PCR, Stevenson et al. (2006) reported that ensiled 

corn stover developed a predominant population consisting of L. plantarum and L. brevis, 

while L. buchneri and P. pentosaceus were also widely detected. All these studies were 

carried out at temperatures ranging between 25 and 30 oc, and their results were highly 

consistent with our findings for corn silage at 20 and 25 oc. In addition, many other LAB 

species were detected during corn ensiling process. This could be attributed to many factors, 

e.g. , corn hybridlcultivar (Brusetti, et al., 2008; Lin, et al., 1992b), environmental conditions, 

sampling time, silage preparation (Parvin and Nishino, 2009), and analysis technique. 

For the frrst time, in corn silage, L. sakei and L. curvatus were identified at 5 and 10 oc 
(Figure 2.2). At these low temperatures, one uncultured bacterium (C12) predominated the 

initial phase of ensilage. Once acidification started, C12 disappeared. Therefore, this species 

played a very small role during forage acidification, probably due to its high sensitivity to 

acidity (R = O. 72). Along with acidification, L. sakei and L. curvatus quickly prevailed, and a 

low pH of 4.0 at 10 oc and of 4.3 at 5 oc was reached after 60 days of fermentation which 

would ensure good conservation. L. sakei and L. curvatus are phylogenetically close relatives 

(Pang, et al., 20 12). In our assay, both of them were identified as indicator species for corn 

ensiled at 5 and 10 oc (Table 2.2). Similar strains were found to predominate the microflora 

in vacuum-packed and processed meat products stored at cold temperatures (Dykes, et al., 

1995). Indeed, L. sakei proved to contain several transporters for cryo-protective substances 

and to have more cold stress proteins than other lactobacilli (Eijsink and Axelsson, 2005). 

One strain of L. curvatus was isolated from sorghum silage stored at 4 °C, and ensiling trials 

suggested that it could be used as a silage inoculant at low temperature (Tanaka, et al., 2000). 

Accordingly, L. sakei might be an interesting species for the development of LAB inoculants 

for cold climates. Moreover, many L. sakei strains produce potent bacteriocins, which inhibit 

growth of pathogenic and spoilage bacteria such as Listeria (Eijsink and Axelsson, 2005; 

Eijsink, et al., 1996). In the future, such strains may be included in silage inoculants in order 

to improve silage quality and safety. 
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In this experiment, 15 oc can be viewed as a transition temperature regulating LAB 

population profiles between two sets of temperature, 20 -25 oc and 5 - 10 °C. Characteristic 

LAB species at both 20 -25 oc ( e.g., L. plant arum, P. pentosaceaus and L. buchneri) and 5 -

10 oc (e.g., L. sakei andL. curvatus) were found in silage at 15 oc (Figure 2.2). 

2.6.2 The shift ofLAB species during the ensiling process 

Results of our study clearly demonstrated that changes in the LAB population diversity 

occurred during the ensiling process (Figure 2.2). It is generally held that an adequate 

ensilage usually starts with homofermentative LAB species quickly after sealing; later on, 

when substrate availability becomes limited, heterofermentative LAB species would replace 

them and eventually predominate (McDonald, et al., 1991; Seale, et al., 1986; Yang, et al., 

2006). Numerous studies have confrrmed this shift of LAB flora from homo- to hetero­

fermentative species (Beek, 1972; Brusetti, et al., 2006; Langston and Bouma, 1960; Lin, et 

al., 1992b; McEniry, et al., 2008; Stevenson, et al., 2006). For instance, Langston & Bouma 

(1960) observed that L. plantarum, L. brevis and Pediococcus spp. were three dominant 

populations in good quality silage, with heterofermentative L. brevis usually observed in later 

stages. Beek (1972) reported that in ultimately well preserved silages, heterofermentative 

L. brevis and L. buchneri replaced homofermentative L. plantarum and L. curvatus after four 

days of fermentation. Stevenson et al. (2006) also observed the shift from L. plantarum to 

L. brevis in alfalfa silage. 

One interesting question thereby arises: What causes this phenotypic shift? Surprisingly, to 

date, little if any work has been reported on the regulatory mechanism of the shift of LAB 

species during the ensiling process. Instead, much attention has been focused on the sugar 

metabolism of individual LAB species, partially because of their biotechnological relevance 

(Axelsson, 2011; Kandler, 1983). Moreover, a similar metabolic change from homolactic to 

heterolactic fermentation has been observed, and well studied, in LAB species often used in 

the clairy industries, such as Lactobacillus casei (de Vries, et al., 1970), Streptococcus lactis 

(Thomas, et al., 1979), Lactobacillus bulgaricus (Rhee and Pack, 1980) and Lactococcus 

lactis (Kowalczyk and Bardowski, 2007; Neves, et al., 2005). Briefly, hexoses are frrstly 

degraded to glyceraldehyde-3-phosphate, followed by oxidization to pyruvate via the 
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glycolytic pathway. The pyruvate is then reduced to lactate when grown with excessive 

substrate, catalysed by lactate dehydrogenase (EC 1.1.1.28) in LAB. %ile under the 

condition of low substrate availability, sorne LAB adapt themselves to alternative pathways 

of pyruvate conversion (i.e., phosphoroclastic split) with acetate, formate and ethanol as 

major end-products (Liu, 2003; McDonald, et al., 1991; Rhee and Pack, 1980). This is 

attributed to the low sugar consumption rate which results in low intracellular concentration 

offructose-1,6-bisphosphate, an essential activator of lactate dehydrogenase (de Vries, et al., 

1970; Thomas, et al., 1979). A variety of environmental factors, i.e., pH, oxygen, type of 

substrates, substrate limitation, water activity, temperature and salt, were identified to affect 

the metabolism of LAB and their fermentative patterns (Liu, 2003; Rhee and Pack, 1980; 

Thomas, et al., 1979). As for the ensiling process, curiously, similar environmental 

disturbances, e.g., acidity, substrate availability, diffusion of oxygen or moisture, could affect 

the fermentation and LAB succession during the ensiling process (Brusetti, et al., 2006; 

Langston and Bouma, 1960; Parvin and Nishino, 2009; 2010; Wang, et al., 2006). In the 

present study, we assume that LAB community associated with ens ilage behaves similarly to 

single LAB species, albeit with differences due to the complex fermentation environments 

and microbial interactions. 

Herein, our observations on whole corn silage ensiled at 20 and 25 oc support the broad 

consensus concerning the shift from homo- to hetero-fermentative LAB species during 

ensiling. In these silages, L. plantarum and P. pentosaceus were gradually replaced by 

L. buchneri. No correlation was found between pH and the band relative intensity of any 

LAB-associated OTUs (Rmax 2 < 0.3), which is consistent with findings from Lin et al. 

(1992b). In the present trial, substrates were not monitored as ensiling proceeded. Although, 

low level ofresidual WSC in final silages at 25 and 20 oc (11.7 vs. 13.0 g kg-1 DM, P > 0.05) 

suggests that substrate availability could be a factor that regulates the shift of LAB species. 

The ability of L. buchneri to utilize lactic acid could be another factor (Driehuis, et al., 1999). 

On the other hand, this common assumption of the shift from homo- to hetero-fermentative 

LAB species does not explain what was observed at 5 and 10 °C. After 60 days of 

fermentation, these silages still contained very high residual WSC, which were 83.8% and 

42.0% of the initial content, respectively (P < 0.05). This observation suggested that substrate 
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was not limited for the microbiota throughout the whole ensiling process and storage period. 

Hence, nutrient availability was probably not a factor that regulated the shift of LAB species 

in these silages. On the other hand, a correlation was observed between pH change and the 

relative intensity of indicator species, which suggests high acid-sensitivity of Cl2 (R = O. 72) 

and acid-tolerance of L. sakei (R =- 0.74) and L. curvatus (R =- 0.69). Therefore, change in 

acidity could be the driver of the shift of LAB species during corn ensiling at 5 and 10 °C. 

Finally, corn silage stored at 15 oc acted as a transition between 20 -25 oc and 5 -10 °C. A 

shift from L. plantarum to L. buchneri was observed, meanwhile, L. curvatus and L. sakei 

accounted for a large proportion of the LAB population in la ter stages. 

To conclude, during the ensiling process, the adaptation of epiphytie LAB population to 

differing temperature conditions is achieved through the selection of LAB species by 

temperature. Also, it has been clearly indicated that a change in LAB composition during 

ensiling occurred at all temperature treatments; however, more research is needed to gain 

comprehensive knowledge of the underlying mechanisms. Therefore, for the development of 

new LAB inoculants, it may be important to test for the temperature range at which the 

targeted LAB strain(s) are capable to compete, and also to screen appropriate LAB strain(s) 

not only from final silage products but from different ensiling stages. 
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3.1 Résumé 

Cet essai a été réalisé pour étudier l'effet de cinq températures différentes (5, 10, 15, 20 and 

25 °C) sur les profils fermentaires du maïs ensilage. Les résultats des analyses biochimiques 

et microbiologiques ont démontré que les températures les plus froides ont réduit l' intensité 

de la fermentation du maïs, ce qui a résulté en un pH plus élevé, une baisse de la synthèse des 

acides organiques et une teneur plus élevée en sucres solubles résiduels. Tous les profils 

fermentaires des ensilages ont démontré une fermentation hétérolactique après 60 jours de 

fermentation. Toutefois, avec une température d' incubation de 20 et 25 oc, la fermentation 

hétérolactique a été reliée à la dégradation de l'acide lactique par Lactobacillus buchneri 

alors qu'aux températures plus froides de 5 et de 10 oc, il s'agissait d 'une fermentation 

hétérolactique. Le profil de fermentation, avec une température d'incubation de 15 oc, a 

démontré une zone de transition pour les caractéristiques biochimiques et microbiologiques. 

L'observation de levures avec des températures de 15 oc et moins, pourrait expliquer les 

problèmes de stabilité aérobie des ensilages souvent observées sur les fermes commerciales. 

Les profils fermentaires des ensilages de maïs sont expliqués par les bactéries lactiques 

d'origine épiphyte lesquelles varient avec la température. De plus, la survie des levures a été 

favorisée lorsque la fermentation des ensilages a été faite à des températures de 15 oc et 

moins. L 'effet des levures sur la diminution de la stabilité aérobie des ensilages lors de 

l'ouverture des silos est bien connu. 
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3.2 Abstract 

This experiment was carried out to study effects of temperature on the fermentation patterns 

of whole-plant corn silage at five different temperatures (5, 10, 15, 20 and 25 °C). 

Biochemical and microbial results showed that lower temperature restricted silage 

fermentation resulting in higher pH value, less organic acids production and more residual 

water soluble carbohydrates. All silages showed heterolactic fermentation pattern after 60 

days. However, at 20 and 25 oc heterolactic fermentation pattern was linked to lactic acid 

degradation by Lactobacillus buchneri but at 5 - 10 oc it was associated to a heterolactic 

fermentation. The 15 oc treatment acted as a transition temperature treatment between 20 -25 

oc and 5 -10 oc, in terms of both biochemical and microbiological characteristics. Yeasts 

persisted in silages at temperature equal and below 15 oc. This might explain aerobic 

instability problems often encountered with whole-plant corn silage on commercial farms. 

These results showed that fermentation patterns of whole-plant corn silage can be explained 

by epiphytie LAB populations at ensiling which varied with temperature. Low temperature 

(15 oc and lower) favoured the survival of yeasts. This population is well known to affect 

aerobic stability of silage at opening of silos. 
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3.3 Introduction 

Silage is produced by the fermentation of wet forages and other crops. Ensiling is a process 

of complex succession of microbial and enzymatic activities, which are strongly influenced 

by temperature (Muck, et al., 2003; Weinberg, et al., 2001). Indeed, temperature has long 

been regarded as a major factor affecting silage fermentation (McDonald, et al., 1966). 

Generally speaking, a moderate temperature from 20 to 30 °C is preferred for silage 

fermentation, principally because the optimal growth temperature of the lactic acid bacteria 

(LAB) species involved lies within this range (Pahlow, et al., 2003). In addition, earlier 

studies have concluded that high ensiling temperatures (> 37 oq are detrimental to silage 

preservation. For instance, Garcia etal. (1989) (65 vs. 38 °C), Weinberg etal. (2001) (41 vs. 

24 °C) and Kim and Adesogan (2006) ( 40 vs. 20 °C) found that high temperatures resulted, 

not only in less organic acid production, higher pH, more residual WSC and greater nutrient 

losses, but also higher susceptibility to aerobic spoilage. The activity of plant proteases was 

reported to increase progressively with an increment of the temperature, leading to greater 

protein breakdown and ammonia accumulation in silages (Kim and Adesogan, 2006; Muck 

and Dickerson, 1988). Prolonged temperatures above 45 oc can lead to heat damage to the 

proteins (Van Saun and Jud Heinrichs, 2008; White, 2013). Moreover, McDonald et al. 

(1966) observed that ensiling grass silage at 42 oc resulted in a clostridial type of 

fermentation, instead of the desirable lactic acid fermentation. Thus, special care should be 

taken while making silage in warm climates in order to keep silage temperature in the cool 

range. 

On the other hand, low temperature (< 20 °C) is also not favourable, because it tends to 

restrict fermentation which usually results in poor quality silage. These silages are often 

associated with higher pH and low organic acid production (Kung, 20 lOb; Kung and Shaver, 

2001), as well as high residual WSC and yeasts counts, making silages more vulnerable to 

aerobic deterioration during feed-out (Schroeder, 2009; Ward and de Ondarza, 2008). 

Besicles, the growth of inoculated LAB may also be irnpaired (Schroeder, 2009; Weinberg 

and Muck, 1996), since these strains may not be adapted to grow at low temperatures. In 

northern countries, low temperatures at harvest challenge silage production (Schroeder, 
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2009). For this reason, sorne researchers have attempted to look for suitable LAB strains for 

making silages in cool elima tes su ch as the Tibetan Plateau (Pang, et al., 20 12) and Japan 

(Tanaka, et al., 2000). 

Extensive work has been clone on the effects of moderate and high temperature on silage 

fermentation. Despite field observations as those described above, however, the effects of 

low temperature ( < 20 °C) on ensilage have hardly been studied. In a previous study, using 

molecular techniques, we found that temperature, ranging from 5 to 25 oc, affected the 

composition of epiphytie LAB populations during who le-plant corn ensiling process (Chapter 

II). Therefore, silages previously clone to study the LAB population dynamic were 

characterized for their fermentation pattern. The objective was to link LAB population to the 

fermentation pattern in order to better understand temperature issues to ameliorate silage 

conservation in cool climate. Other microorganism populations were also studied. 

3.4 Materials and Methods 

3.4.1 Silage preparation 

Corn hybrid (Dekalb D26-78) was grown in the Témiscamingue region, Québec (Canada) 

(the average CHU in this region is about 2300), at a density of 74074 plants ha·1
. 150 kg N 

ha"\ 70 kg P ha·1 and 40 kg K ha·1 were applied during the growing season. On 25th 

September 2009, corn plants were chopped (average particle size of 1.0 cm) with a forage 

harvester (New Rolland 900, USA) after 140 days of growth. The mean low and high 

temperatures on the week of sampling were 8 and 19 °C, respectively (source 

from www.weatherspark.com). No inoculant was added. For each experimental silo, about 

400 g of freshly chopped corn was filled into a plastic bag (10 x 16 x 6 mil). Air was 

removed using a commercial vacuum sealer (Nel 216/219M, Hi-Tech Vacuum, Canada) 

according to the protocol described by Johnson et al. (2005). A factorial experiment with five 

ensiling temperatures of 5, 10, 15, 20 and 25 oc and seven opening periods on day 0, 1, 2, 3, 

7, 28 and 60 was conducted according to a completely randomized design with four 

repetitions. 
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3.4.2 Biochemical analyses 

A total of 20 g silage from each treatment was sampled for the pH measurement on day 0, 1, 

2, 3, 7, 28 and 60. Silage pH was measured with a pH meter (Accumet® AB15, Fisher 

Scienti:fic, Canada), where duplicate samples (10.0 g) were macerated with 100 mL distilled 

water for 24 h at spun at 200 rpm for 60 min. Corn forage (100 g) was collected prior to 

ensiling (day 0) for the determination of dry matter (DM) content, total N, water soluble 

carbohydrates (WSC) and buffering capacity (BC). DM content was determined by oven­

drying after 72 h at 50± 2 °C. Total N was determined according to the method 7.022 of 

AOAC (1990). WSC was measured following water extraction (100 mg : 25 mL distilled 

water) and determined by the phenol sulphuric acid colorimetrie method according to Dubois 

et al. ( 1956). BC was determined by lactic acid titra ti on (Demarquilly, 1986). In addition, 

100 g of final silages (day 60) were sampled for the determination of DM content, total N, 

WSC, ammonia, lactic acid, ethanol and volatile fatty acids (VF As, i.e., acetic acid, propionic 

acid, n-butyric acid and iso-butyric acid). A silage sample of 20.0 g was macerated in 200 mL 

of 0.1N HCl for 60 min at 200 rpm and then filtered through a Whatman #541 paper. This 

filtra te was used for the analyses of lactic acid and ammonia. Lactic acid was determined by a 

spectrophotometric method according to Taylor (1996). Ammonia was determined as 

described by Flipot et al. (1976) on an automated Kjeltec 1030 (Foss, Eden Prairie, USA). 

Ethanol and VF As were determined on water extract of silage according to Fussell and 

McCalley (1987). VFA analyses were conducted with a gas chromatograph (Model 6850, 

Agilent, Mississauga, Ont. Canada) equipped with a 25 rn capillary column (i.d. 0.319 mm ; 

film tickness, 0.50 fJ1ll; DB-FFAP, J & W 123-3223) and a flame ionization detector. At the 

time of sample injection of 0.5 ~'the column temperature was 60 oc for 1 min, then ramped 

at 20 oc min-1 to 120 oc, and then at 15 oc min-1 to 150 oc, and then at 35 oc min-1 to 220 oc 
and maintained for 5 min_ Inlet and detector temperature were 220 and 300 °C respectively. 

The split ratio was 25:1. The flow rate for hydrogen carrier gas was 30 mL min-1
. The 

detector gas es and their flow rate were: 30 mL min-1 for hydrogen, 400 mL min-1 for air_ Each 

peak was identified and quantify using pure standard of acetic acid (Fisher A38), propionic 

acid (Anachemia 75992-320), iso-butyric acid (Sigma 1754), n-butyric acid (Aldrich 109959) 

and ethanol (Alcools de Commerce Ltd.). 
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3.4.3 Micro biological analyses 

Microbial enumerations were performed on day 0, 28 and 60. Each silage sample (20.0 g) 

was blended in a Stornacher (Seward, UK) for 2 minutes with 180 mL of peptone water 

(0.2% Bacto peptone (w/v) with 0.01% Tween 80 (w/v)), and seriai dilutions were prepared 

with the same peptone water. Total colony forming units (CFUs) ofLAB, enterobacteria and 

fungi (i.e., yeasts and moulds) were measured at 28 oc on plates of Rogosa Agar (Oxoid), 

Violet Red Bile Agar (Oxoid) and Malt Extract Agar (Difco), respectively. Clostridial spores 

were counted on Reinforced Clostridial Agar (Oxoid) according to Jonsson (1990). 

Triplicates of each dilution series were made. 

3.4.4 Statistical analyses 

For biochemical and microbiological results, norrnality of residual error was assessed using 

Shapiro-Wilk normality test; homogeneity of variance was verified with Fligner-Killeen test. 

Besicles, above assumptions were also checked using a graphie method, i.e., plot. Ifthese two 

criteria were met, the data were analysed using one-way ANOV A, and Tukey HSD multiple 

comparison was further performed if a significant response was found. Otherwise, mean 

values and standard deviations (sd) were presented in cases where either or both of the two 

assumptions were violated. A non-linear regression model was used to fit the pH data, and 

the lag time (lag, tirne prior to the rapid decline, in da ys) and the rate of pH decline (k, per 

day) were calculated (Jones, et al., 1992). One-way ANOV A followed by Tukey's HSD test 

were then performed to check the effects of temperature treatments on lag and k. An alpha 

level of 0.05 of statistical significance was used. In addition, a principal component analysis 

(PCA) was performed with the chemical and microbiological results. The pH change over 

time was analysed with SAS (version 9.2), and all other statistical analyses were performed 

using R (version 2.15.0, http://www.r-project.org). 
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3.5 Results 

3.5.1 Initial characteristics of fresh corn forage 

Fresh corn forage contained 304.8, 86.8 and 12.2 g kg-1 DM, WSC and total N, respectively. 

BC was 24.32 g lactic acid kg-1 DM and pH was 5.8. Taking account of DM content, WSC 

content and BC, the corn forage used in our experiment had a good ensilability. The numbers 

ofLAB, yeasts, enterobacteria and moulds in corn forage were 3.31, 4.19, 7.37 and 5.03 log10 

CFU g-1 fresh material (FM), respective! y; clostridial spores were un der the detection level ( < 

2 log10 CFU g-1 FM). Moreover, no significant difference was found among different 

temperature treatments for all the parameters measured prior to ensiling (P > 0.05), which 

ensured similar initial conditions for different temperature treatments. 

3.5.2 pH Change 

Figure 3.1 shows the kinetics of pH change for corn silage incubated at the five tested 

temperatures_ A non-linear regression model developed by Jones et al. (1992) was able to fit 

to the data at 10, 15, 20 and 25 oc, but not at 5 oc (Table 3.1). Forage acidification started so 

rapidly that no lag times were observed at higher incubation temperatures (i.e., 20 and 25 °C), 

whereas the acidification was delayed by 1.890 days at 15 oc, and by 3.211 days at 10 oc_ 
The rates of pH decline (per day) were 0.095, 0.530, 0.358 and 0.668 at 10, 15, 20 and 25 oc, 
respectively (see ANNEXE B.1). It was observed that temperature significantly affected the 

rates of pH decline (P < 0.0001) as well as the lag time (P < 0.0001)- Notably, a slight 

increase of pH was observed at 25 oc from day 28 to day 60 (3.85 vs . 3.98, P < 0.05). In 

addition, at 5 oc, forage acidification was greatly delayed (2: seven days), and the decline of 

pH was the slowest among all five temperature treatments_ 
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Figure 3.1 Kinetics of pH for whole-plant corn ensiled at different temperatures. pH data is 

represented as a mean value± standard deviation. 

Table 3.1 Effect of temperature on the pH decline ofwhole-plant corn silage 
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Parameter 
Temperatures 

SEMmax 
10 oc 15 oc 20 oc 25 oc 

Lag time (lag, day) 3.2 ll"t 1.89i o.oooc o.oooc 0.086 

Rate of pH decline (k, per day) 0.095d 0.530b 0.358c 0.668" 0.033 

t Accor ding to a one-way ANOV A followed by Tukey's HSD test, statistical differences among the 

means of lag and k within the same row are indicated by unlike superscripts (P ::::: 0.05); SEMmax: the 

maximum value of the standard error of the mean within the same row. 
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3.5.3 Chemical composition of corn silage 

As shown in Table 3.2, all silages were well preserved after 60 days of fermentation. Their 

pH values were lower than the calculated pH of anaerobie stability (computed pHw was 4.4) 

(Wieringa, 1969). It was observed that fmal pH of the silage was significantly (P < 0.05) 

higher at lower incubation temperature. Silages fermented at lower temperatures contained 

less lactic acid and ammonia, and higher contents of residual WSC. No significant difference 

was found for the ethanol concentration between the different treatments. Silages incubated at 

higher temperatures (from 15 to 25 aq tended to produce more VF As. For instance, 

significant higher levels of acetic acid were produced at higher incubation temperatures than 

at 5 or 10 ac (P < 0.05). Higher concentration of propionic acid seemed to be present at 

higher incubation temperatures. Other VF As were also detected but the very high variation 

between temperature treatments made results difficult to interpret. 
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Table 3.2 Effect of temperature on chemical composition (g kg-1 DM) after 60 days of 

fermentation 

Incubation temperature (day 60) 

25 oc 20 oc 15 oc 10 oc 5 oc 

pH 3.98bct 3.85d 3.95c 4.05b 4.32" 

DM, (g kg-1 FM) 315. 7" 30 1.8bc 295.2c 304.0bc 309.9"b 

wsc 11.7d 13_0d 24.2c 36_5b 72.7" 

TotalN 12.18 12.57 12.19 11.88 11.93 

Anunonia-N/ Total N, 
6.17" 4.62b 4.65b 3.63c 3.80c 

(%) 

Lactic acid 42.76c 63.34" 50.98b 32.35d 30.59d 

Acetic acid 75.24" 80.03" 75.92" 40.97b 25.38c 

LA-ratio 0.57 0.79 0.67 0.79 1.20 

Ethanol 2.73 3.16 4.05 3.96 1.99 

Propionic acid 5.98±3.84 2.90±0.38 2.06±1.03 1.09±0.09 1.32±0.69 

n-Butyric acid 1. 96±1.23 0.54±0.39 ND 1.10±0.15 0.62±0.17 

lsobutyric acid 1.06±0.25 0.69±0.22 0.20±0.17 0.22±0.05 0.35±0.28 

t One-way ANOV A followed by Tukey's HSD test were performed. Within a row, means 

with unlike superscripts differ significantly (P < 0.05). "LA-ratio", the ratio ofLactic acid/ 

Acetic acid. "ND", not detected_ Mean± sd was presented for Priopionic, n-Butyric and 

lsobutyric acid. 

3.5.4 Microbial counts of corn silage 

Microbial counts were made on corn silage after 28 and 60 days of fermentation (Table 3.3). 

This allowed us to observe the microbiological changes during fermentation, in particular for 

the two undesirable bacteria groups, i.e., enterobacteria and yeasts. Silages incubated at 20 
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and 25 oc contained slightly higher numbers of LAB, and the number of LAB stayed stable 

from day 28 to day 60 for all temperature treatments. Acid-tolerant yeasts survived the 60 

da ys of fermentation at lower temperatures, whereas they were under detection level ( < 2 

log10 CFU g·1 FM) on day 28 and day 60 at 25 oc, and on day 60 at 20 oc_ Enterobacteria 

were only detected at 5 oc on day 28. The numbers of moulds and clostridial spores were 

below the level of detection ( < 2log10 CFU g·1 FM) in all silage samples. 

Table 3.3 Effect of temperature on microbial counts (log10 CFU g·1 FM) after 28 and 60 days 

of fermentation 

LAB Y east Enterobacteria 
Temperature 

d28 d60 d28 d60 d28 d60 

25 oc 9.39" 9.09" NDt ND ND ND 

20 oc 8.93b 9.12" 3.58 ND ND ND 

15 oc 8.27c 8.81b 3.55 3.37 ND ND 

10 °C 8.16c 8.15d 3.76 4.43 ND ND 

soc 8.38c 8.48c 3.24 3.99 4.23 ND 

t "ND", under the level of detection (< 2 log10 CFU g·1 FM); clostridial spores in all silage 

samples were under the level of detection. One-way ANOVA followed by Tukey's HSD test 

were performed, and means in a column with unlike superscripts differ (P < 0.05). 

3.6 Discussion 

3.6.1 Low temperature restricts silage fermentation 

The effects of low temperatures ( < 20 °C) on ensilage have hardly been investigated. Thus, in 

this study, we looked into the effects of temperature, ranging from 5 to 25 °C, on whole-plant 

corn silage fermentation. Our results confrrmed that low temperatures restrict fermentation. 

During 60 days of ensilage, warmer temperatures (20 and 25 oq resulted in a more rapid 

start of forage acidification and decline, whereas lower temperatures generally led to delayed 
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acidification and lower rates of pH decline especially at 10 and 5 oc (Figure 3.1, Table 3.1). 

Nevertheless, sufficiently low pH values were eventually reached in all silage samples to 

ensure their anaerobie stability (pH < pHw) (Wieringa, 1969). This is mainly attributed to the 

good ensilability of who le-plant corn. 

After 60 da ys of fermentation, it was observed that lower temperatures generally resulted in 

higher pH, less organic acids produced and more residual WSC. Probably due to the delay in 

acidification and the low rate of pH decline at lower temperatures, undesirable microbes 

survived for a longer period in these silages. For instance, after 28 days of fermentation at 5 

°C, enterobacteria were still present ( 4.23 ± 0.16 log10 CFU g·1 FM) due to the high silage pH 

of 4.9 which was above the critical value of 4.5 (Pahlow, et al., 2003). In addition, the lowest 

ammonia level was found at 5 oc although enterobacteria were detected. This seems to 

disa gree with the general assumption that the production of ammonia in silage usually results 

from the activity of enterobacteria if clostridia are not detected (McDonald, et al., 1991). But, 

at such low temperatures, the metabolic activity of enterobacteria could be very low, and 

moreover, the activity of plant proteases which also play an important role in ammonia 

production may be greatly inhibited (Rooke and Hatfield, 2003). Overall, the restricted silage 

fermentation at low temperatures has mainly been attributed to the thermodynamic 

implication that low temperatures inhibit bacterial metabolism and plant enzymatic activities. 

However, results from our earlier work indicated that distinct epiphytie LAB populations 

were involved at different ensiling temperatures, and this could be another important factor. 

3.6.2 Epiphytie LAB populations and silage fermentation patterns 

Our previous work with the same corn silage samples demonstrated that, at 20 and 25 °C, 

during 60 days of fermentation, Lactobacillus plantarum and Pediococcus pentosaceus 

prevailed in the early stages, but the heterofermentative L. buchneri started to proliferate by 

day 28 and thereafter dominated the fermentation (Chapter II). A group of scientists 

(Driehuis, et al., 1999) isolated one L. buchneri strain from whole-plant corn silage. Under 

anaerobie conditions, this strain was capable of degrading lactic acid to acetic acid and 1,2-

propanediol (Oude Elferink, et al., 2001) which could then be converted to propionic acid 

and 1-propanol (Krooneman, et al., 2002). In this study, at 20 and 25 oc, the low LA-ratios 



53 

(lactic acidlacetic acid) ( < 1) together with the slightly increased silage pH at 25 oc indicated 

lactate degradation in these silages. The significantly lower LA-ratio (0.57 vs. 0.79), higher 

pH value (4.0 vs. 3.8) and lower lactic acid concentration (4.28% vs. 6.33%) suggested a 

greater extent of lactate degradation at 25 oc than at 20 oc (P < 0.05), which was also 

confirmed by the tendency of silage to contain more propionic acid at 25 °C. In addition, our 

earlier findings that L. buchneri accounted for a larger proportion of the LAB flora at 25 oc 
than at 20 oc (100% vs. 60.3 ± 19.2%) (Chapter II), were consistent with above-mentioned 

biochemical characteristics. Oude Elferink et al. (2001) also showed that the utilization of 

lactic acid is pH and temperature dependant. 

Corn silages were also well conserved at 5 and 10 oc even though the fermentation was 

restricted, as described above. Our previous work showed that the facultative 

heterofermentative Lactobacillus sakei and Lactobacillus curvatus dominated in these silages 

(Chapter II). Herein, a LA-ratio close to 1:1 suggested heterolactic fermentation, which was 

in accordance with the predominance of L. sakei and L. curvatus. Additionally, we performed 

a principal component analysis (PCA) with the data of silage biochemical and 

microbiological compositions (Figure 3.2). It was observed that whole-plant corn ensiled at 

15 oc lied close to 0 on the first axis, along with warmer and cooler temperatures on both 

sides. This indicated that 15 oc was a transition temperature treatment between 20-25 oc and 

5-10 oc. This finding could also be explained by the epiphytie LAB population involved, i. e., 

the dominant LAB species at both 20 and 25 oc (i.e., L. plantarum, P. pentosaceus and 

L. buchneri) and at 5 and 10 oc (i.e., L. sakei and L. curvatus) were co-present at 15 oc 
(Chapter II). 
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Figure 3.2 PCA analysis of the chemical and microbiological compositions of corn silage 

stored at different temperatmes. Because different types of variables with different units were 

included, ali data were scaled :first to have zero unit variance bef ore the analysis took place. 

3.6.3 Y easts 

Yeasts are believed to be the primary initiators of silage aerobic spoilage (Woolford, 1990). 

Silages with high y east counts are generally more prone to aerobic spoilage wh en exposed to 

air (Beek and Gross, 1964; Comtin and Spoelstra, 1990; Pitt, et al., 1991). In this study, the 

log number of yeasts on corn forage was 4.19 prior to ensiling. Dming 60 days of 

fermentation, yeasts were under the detection levet at 25 °C, and then at 20 °C, whereas 

similar number of yeasts (about 4 log10 CFU g-1 FM) persisted at 15, 10 and 5 oc (Table 3.3). 
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Undissociated fatty acids, in particular acetic acid, have been recognized as important yeast 

inhibitors, and this is also the reason why heterolactic fermentation has been advocated in 

recent years to improve silage aerobic stability (Weinberg and Muck, 1996). In our study, 

similar levels of acetic acid at 25, 20 and 15 oc (P > 0.05) indicated that acetic acid was not 

the sole inhibitor. Moreover, the considerable differences in acetic acid content at 15, 10 and 

5 oc (P < 0.05) suggested that acetic acid apparently was not a crucial yeast inhibitor in these 

silages (Table 3.2). Butyric acid also inhibits the growth of yeasts (Driehuis, et al., 1999; 

Kung, 2010a), but, in this study, it was not likely the issue because its concentration was 

negligible and clostridia spores were under the detection level ( < 2 log10 CFU g·1 FM) 

throughout the assay. In addition, ammonia also has good antifungal activity but it is doubtful 

that natural concentrations of this compound affect populations of yeasts in silages (Kung, et 

al., 2000). The other possibility is propionic acid which is much more inhibitory than acetic 

acid (Moon, 1983). Our previous study showed that, after 60 days of fermentation, 

L. buchneri, a propionic acid producer (Krooneman, et al., 2002; Oude Elferink, et al., 200 1 ), 

accounted for 100%, 60.3 ± 19.2%, 48.5 ± 3.6%, 0.3 ± 0.2% and 0% of the LAB flora at 25, 

20, 15, 10 and 5 oc, respectively (Chapter II). This finding was in accordance with the 

tendency of silages to contain more propionic acid at warmer temperatures (Table 3.2). 

The overall results of the survival of yeasts showed that, the lower was the incubation 

temperature, the longer it would generally take to inhibit yeasts. However, the survival of 

yeasts seemed to persist in silage at a temperature equal and below 15 oc within the 60 days 

of incubation. In practice, many whole-plant corn forages are harvested for silage at around 

15 °C or lower temperatures during the fall, particularly in cool climates such as Eastern 

Canada. This may explain why whole-plant corn silage is particularly susceptible to heating 

and spoilage during feed-out. On the other hand, L. buchneri has been widely used in silage 

production, aiming to enhance aerobic stability through inhibiting the growth of yeasts 

(Combs and Hoffman, 2001; Kung, 2010a), but, our results showed that this bacterium was 

not adapted to low temperatures (< 15 °C) (Chapter II). It main explain failure that is 

sometimes observed with corn silage 
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3. 7 Conclusion 

Low temperatures restrict silage fermentation, and the fermentation patterns of whole-plant 

corn silage can be well explained by the epiphytie LAB populations involved at ensiling. In 

addition, the survival of yeasts at low temperatures (< 15 oq may explain the problem of 

aerobic instability of whole-plant corn silage. Moreover, the effects of inoculating L. 

buchneri, aiming to improve silage aerobic stability, need to be further tested at low 

temperatures. 
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4.1 Résumé 

Cette étude a été réalisé pour déterminer l'effet d'une augmentation progress1ve de la 

température de 5 à 25 oc durant l'entreposage d'ensilages de maïs plante entière ayant au 

préalable été fermentés à 10 et 20 oc pendant une période de 60 jours, puis entreposés à 5 oc 
pendant deux mois additionnels. Les résultats de fermentation réalisés avant l'augmentation 

de température ont démontré une fois de plus que la température de 10 oc a restreint 

l'intensité de la fermentation des ensilages comparativement à une température de 20 oc. 
Pour les ensilages préalablement fermentés à 20 oc suivi d'une augmentation de la 

température de 5 à 25° C, peu de changement de la composition biochimique et 

microbiologique a été noté. Toutefois, pour ces ensilages, le nombre d'entérobactéries et de 

levures a augmenté de façon importante dès que la température d'entreposage a été 

supérieure à 15 oc (4-5 log10 UFC g MF-1
). L'analyse de la diversité moléculaire par PCR­

DGGE a indiqué une dominance de la levure Candida humilis. Pour les ensilages 

préalablement fermentés à 10 oc, peu de changement de la composition biochimique a été 

observé durant l'entreposage jusqu'à ce que la température atteigne 20 °C. Toutefois, entre 

20 et 25 oc, la fermentation de ces ensilages a démarré de nouveau_ Le nombre de bactéries 

lactiques a alors augmenté de façon importante, une augmentation de la concentration en 

acide acétique et une diminution du pH et de la concentration en sucres solubles ont alors été 

observés_ Les patrons de diversité moléculaire par PCR-DGGE ont indiqué une dominance de 

Lactobacillus buchneri entre 20 et 25 °C. Ainsi, la température durant la fermentation de 

même que la température durant l'entreposage ont un effet sur le développement des 

populations de microorganismes dans les ensilages ce qui modifient les profils fermentaires. 

Les ensilages fermentés à 20 oc pourraient être plus à risque lors de leur ouverture en raison 

d'une meilleure survie des levures et entérobactéries_ 
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4.2 Abstract 

This study was carried out to evaluate the effects of gradually increasing temperatures, from 

5 to 25 oc on corn silage which was previously fermented at either 10 or 20 oc for 60 days 

and then stored at 5 oc for two months. After that storage period, results showed that 

temperature of 10 oc during fermentation restricted silage fermentation compared to 

fermentation temperature of 20 °C. After two months of storage at 5 °C, as storage 

temperature was increased from 5 to 25 oc, little changes occurred in silages fermented at 20 

°C, in terms of most biochemical parameters as well as bacterial and mould populations. 

However, in these si1ages, a fairly high number of enterobacteria and yeasts (4-5 log10 CFU g 

FM1
) were detected at 15 oc and above. PCR-DGGE profile showed that Candida humilis 

predominated the fungi flora in these silages. For silage where fermentation occurred at 10 oc, 
no significant changes were observed in most silage characteristics in si1ages when 

temperature was increased from 5 to 20 °C. However, above 20 oc, silage fermentation 

resumed as observed from the significantly increased number of LAB colonies, acetic acid 

content, and the rapid decline in pH and WSC concentration. In these si1ages, DGGE resu1ts 

showed that Lactobacillus buchneri started to dominate the bacterial flora as temperature 

increased from 20 to 25 oc. Therefore, temperature during fermentation as well as 

temperature during storage modu1ates microorganism population development and 

fermentation patterns. Silage fermented at 20 oc seems to be more at risk for aerobic stability 

at opening because ofbetter survival ofyeasts and enterobacteria. 
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4.3 Introduction 

Silage is produced by the fermentation of humid forages and crops by lactic acid bacteria 

(LAB). In term of ensilability, whole-plant corn can be regarded as an ideal crop, because of 

its relatively high dry matter content (DM), low buffering capacity and adequate level of 

water soluble carbohydrates (WSC) (Allen, et al., 2003). However, compared to other forage 

crops, corn silage is found to be more prone to aerobic spoilage when exposed to air (Ashbell 

and Weinberg, 1992; Filya and Sucu, 2010; Kung, et al., 1998; Li and Nishino, 20llb). 

Aerobic spoilage of silage is associated with the penetration of oxygen into silos during 

storage or feed-out periods (McDonald, et al., 1991). Lactate-assirnilating yeasts, and 

occasionally acetic acid bacteria (Spoelstra, et al., 1988), are believed to be the primary 

spoilage initiators (Wilkinson and Davies, 2013). Silages with yeast counts of more than 

100,000 per gram are generally at a higher risk of aerobic spoilage at feed-out (Wilkinson 

and Davies, 2013). Also, silages with high levels of residual sugars (Ruxton, et al., 1975), 

high concentrations of lactic acid (Sebastian, et al., 1996), and low levels of volatile fatty 

acids (VF As) ( e.g., acetic and propionic acid) (Moon, 1983) are more susceptible to aerobic 

deterioration at feeding. This is because sugars and lactate can be readily utilized by yeasts, 

and VFAs inhibit yeast growth (Weinberg, et al., 1993). 

Temperature affects silage fermentation (Muck, et al., 2003). In most of the studies 

investigating the effects of temperature on ensilage, the majority of the ensiling experiments 

were conducted at a moderate temperature (from 20 to 30 oq (Kim and Adesogan, 2006; 

McDonald, et al., 1966; Weinberg, et al., 1998; 2001), and 1 or a ftxed elevated temperature 

(> 37 °C). High temperatures are well-known for their detrirnental effects on silage 

fermentation, resulting in poor quality and low aerobic stability silages (Kim and Adesogan, 

2006; Weinberg, et al., 1998; 2001), inducing clostridial fermentation (McDonald, et al., 

1966), and heat damage (Garcia, et al., 1989; Goering, et al., 1973). Very little information is 

available concerning the effects of temperatures lower than 20 oc on silage fermentation. 

Moreover, in all previous studies, evaluation has been conducted after moderately short 

lengths of ensiling (=:; 82 da ys). However, on many farms, silages may remain stored for 
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longer periods of time. To our knowledge, there are no long-term studies on the effects of 

temperature on silage fermentation. 

In the last decades, breeding has expanded corn cultivation further north by developing 

hybrids adapted to cool climates. In climates similar to Eastern Canada, corn is harvested for 

silage in autumn when mean temperature is around 10 °C. Ensiled corn will be stored and 

consumed during winter and spring seasons when other green forages are still not available. 

In spring, as temperature warms up, corn silage, particularly the outer layers of the silo will 

be confronted to the rising temperatures. 

In our previous study, it was found that, during 60 days of incubation, different fermentation 

temperatures induced distinct LAB populations during corn ensiling process (Chapter II), and 

resulted in very different biochemical and microbiological profiles (Chapter III). We venture 

the hypothesis that similar changes in silage profiles will also be observed with rising 

temperatures after an additional two months of storage at 5 °C, which should simulate the 

temperature increase observed in spring. In this study, we simulated the fermentation and 

storage conditions of corn silage in Eastern Canada, and our purpose was to determine the 

effect of an increase of incubation temperature, from 5 to 25 °C, on who le-plant corn silage 

which was previously ensiled at either 10 or 20 oc for 60 days and then stored at 5 oc for an 

additional period of two months. Biochemical properties and microbiological populations 

including the bacterial and fungal population diversity were determined. 

4.4 Materials and Methods 

4.4.1 Silage preparation 

Corn hybrid (Dekalb D26-78) was seeded in the Témiscamingue region of Québec, Canada, 

at a density of 74074 plants ha·1
. A total of 150 kg Nha·\ 70 kg P ha·1 and 40 kg K ha"1 were 

applied during the growing season. After 129 days of growth, corn plants were harvested at 

113 milk line and chopped (average particle size of 1.0 cm) with a forage harvester (New 

Holland 900, USA) on 20 September 2010. No silage inoculants were added. The fresh 

material was immediately transported to the laboratory where experimental silos were 
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prepared. About 350 g of chopped corn were filledinto plastic pouches (10 x 16 x 6 mil). Air 

was removed using a commercial vacuum sealer (Nel216/219M, Hi-Tech Vacull111. Canada) 

according to the protocol described by Johnson et al. (2005). 

A factorial expetiment with Fetmentation Temperature (10 and 20 °C) x Stomge 

Temperature (5, 10, 15, 20 and 25 °C) was canied out. A tetai of 40 e.h'Perimental silos were 

prepared. They were split into two groups with 20 silos each. and incubated at 10 and 20 °C, 

respectively, for two months, and then stored at 5 oc for another two months. Afterwards, 

storage temperature was increased progressively from 5 to 25 oc following a weekly 

increment of 2.5 °C. Four repetitions were made for each treatment. It took two weeks for 

storage temperatme increased fi:om 5 to 10 oc, 10 to 15 oc and etc. Four silos from each 

storage temperature treatment (5, 10, 15, 20 and 25 °C) wet·e sampled at the end of each 

incubation period. Thus, silos which were sampled at 5 oc had been stored for four months 

and silos which were sampled at 25 oc had been stored for six months. This represents what 

is going on commercial fanns. 

4.4.2 Sampling 

Fennented .lt 

10 °C for 60 d.ly$ 

Fennented .1t 

20 °C for 60 day;; 

Two moutl1$ 

Storagt> tt>mperaturt' WM iucrt'<~iit'd progres~iwly from 
5 °C ~o 2 5 °C foUoWiuQ a weeklr incrt'~neut of l . 5 °C 

"' . 

Figure 4.1 The workflow ofsilage treatments 

For each experimental silo, 20 g of silage were sampled for pH measurement whereas 1 00 g 

of silage wet·e sampled for the determination of DM content, WSC, total N, ammonia, lactic 
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acid, ethanol and VF As (i.e., acetic acid, propionic acid, n-butyric acid and iso-butyric acid). 

Finally, 20 g of silage were used to perform microbial enumeration and another 20 g were 

used for molecular microbial diversity analyses. Fresh chopped corn samples prior to ensiling 

were submitted to similar biochemical analyses (i.e., pH, DM, WSC and total N) and 

microbial enumeration. 

4.4.3 Biochemical analyses 

The pH was measured with a pH meter (Accumet® AB15, Fisher Scientific, Canada), where 

duplicate samples (10.0 g) of silage were macerated with 100 ml distilled water for 24 hand 

spun at 200 rpm for 60 min. The DM content was determined by oven-drying for 72 h at 50 ± 

2 °C. Total N was determined according to the method 7.022 of AOAC (1990), and WSC 

were extracted using water (100 mg : 25 mL distilled water) and measured by the phenol 

sulphuric acid colorimetrie method according to Dubois et al. (1956). Ethanol and VF As 

were determined on silage water extract according to Fussell and McCalley (1987). Analyses 

were conducted with a gas chromatograph (Model 6850, Agilent, Mississauga, Ont. Canada) 

equipped with a 25 rn capillary column (i.d. 0.319 mm; film thickness, 0.50 J.11ll ; DB-FFAP, 

J & W 123-3223) and a flame ionization detector. At the moment of sample inj ection of 

O. 5 ~' the column temperature was set to 60 oc for 1 min, then oven temperature increased 

to 120 oc at a rate of 20 oc min·1
, to 150 oc at a rate of 15 oc min·1

, and then to 220 oc at a 

rate of 35 °C min·1 and maintained for 5 min. Inlet and detector temperature were 220 and 

300 oc respectively. The split ratio was 25: 1. The flow rate of hydrogen which was used as 

carrier gas was 30 mL min·1
. The detector gases and their flow rate were: 30 mL min·1 for 

hydrogen, 400 mL min·1 for air. Peaks were identified and quantified by comparison with 

pure standards of acetic acid (Fisher A38), propionic acid (Anachemia 75992-320), iso­

butyric acid (Sigma 1754), n-butyric acid (Aldrich 109959) and ethanol (Alcools de 

Commerce Ltd. ). 

In addition, 20.0 g of silage was macerated in 200 ml of 0.1N HCl for 60 min on a reciprocal 

shaker set at 200 rpm and then filtered through a Whatman #541 paper. The filtrate was used 

for the analyses of lactic acid and ammonia. Lactic acid was determined by a 
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spectrophotometric method according to Taylor (1996). Ammonia was determined as 

described by Flipot et al. (1976) on an automated Kjeltec 1030 (Foss, Eden Prairie, USA). 

4.4.4 Microbial enumeration 

Each silage samples (20.0 g) were blended in a Stomacher (Seward, UK) for 2 min with 180 

mL of peptone water (0.2% Bacto peptone (w/v) with 0.01% Tween 80 (w/v)), and seriai 

dilutions were prepared with the same peptone water. Total colony forming units (CFUs) of 

LAB, enterobacteria and fungi (i.e., yeasts and moulds) were measured after incubation at 

28 oc for three da ys on plates of Rogosa Agar (Oxoid), Violet Red Bile Agar (Oxoid) and 

Malt Extract Agar (Difco ), respectively; Clostridial spores were counted on Reinforced 

Clostridial Agar (Oxoid) according to Jons son ( 1990). Triplicates of each dilution series were 

made. 

4.4.5 Analyses of bacterial and fun gal diversity 

PCR-DGGE fmgerprinting was used to analyze the bacterial and fungal diversity in corn 

silage. Total DNA was extracted from silage samples using the PowerFoodTM Microbial 

DNA Isolation Kit (MoBio Laboratories, Carlsbad, CA, USA). 

For bacterial diversity, we tested four primer sets including 357F (5 '-CCT ACG GGA GGC 

AGC AG-3 ') 1 517R (5 '-ATT ACC GCG GCT GCT GG-3 ') (Gao, et al., 2008), F984 (5'­

AAC GCG AAG AAC CTT AC-3 ') 1 Rl378 (5'-CGG TGT GTA CAA GGC CCG GGA 

ACG-3') (Heuer, et al., 1997), 16F945 (5'-GGG CCC GCA CAA GCG GTG G-3 ') 1 

16R1401 (5 ' -CAC GGG GGG CGG TGT GTA CAA GAC CC-3 ') (Thanh, et al., 2008) and 

W01 (5'-AGA GTT TGA TC[AC] TGG CTC-3') 1 W012 (5'-TAC GCA TTT CAC C[GT]C 

TAC A-3')- HDA1 (5'-ACT CCT ACG GGA GGC AGC AGT-3') 1 HDA2 (5'-GTA TTA 

CCG CGG CTG CTG GCA-3') (a nested PCR) (Ogier, et al., 2004). A 40-bp GC clamp (5'­

CGC CCG GGG CGC GCC CCG GGC GGC CCG GGG GCA CCG GGG G-3') was 

attached to the 5' end of primer 357F, F984, 16R1401 and HDA1 for DGGE analyses (Walter, 

et al., 2001). PCR amplification failed with 16F945/16R1401GC. By comparing their DGGE 

profiles, primer set 357FGC/517R produced more distinct bands and therefore was selected 

to amplify the V3 regions of the 16S rDNA of bacteria in silages (see ANNEXE C.1 and 
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ANNEXE C.2). PCR was carried out in a volume of 15 )lL containing 1 )lL ofDNA template 

(50 ng), 1 X standard Taq reaction buffer, 200 )lM of each deoxynucleotide, 0.3 )lM of each 

primer and 0.025 U )lL-1 of Taq DNA polymerase (Taq PCR Kit, New England BioLabs, 

Canada). PCR cycles consisted of an initial DNA denaturation at 95 oc for 10 min, 30 cycles 

of denaturation at 93 oc for 1 min, annealing at 48 oc for 1 min, extension at 72 oc for 1 min, 

and a final elongation step at 72 oc for 5 min. DGGE was carried out using a DCodeTM 

Universal Mutation Detection System (Bio-Rad Laboratories, Hercules, CA, USA) according 

to Kebli et al. (2011) with a modification in the range of denaturing gradient. PCR products 

(15 )lL) were applied on 8% polyacrylamide gels (acrylamide: bis-acrylamide, 37.5:1) with 

a linear denaturing gradient range of 32% to 60% in lX T AE electrophoresis buffer. 

Electrophoresis was performed at a constant voltage of 75 V and a temperature of 60 oc for 

16 h. Then the gels were stained with SYBR Gold (Invitrogen, Carlsbad, CA, USA) and 

visualized under UV illumination using a Molecular Imager® ChemiDoc™ XRS System 

(Bio-Rad Laboratories, Hercules, CA, USA). DGGE profiles were analyzed using software 

GelCompar II version 6.5 (Applied Maths, Sint-Martens-Latem, Belgium). One matrix of 

band relative intensity was obtained. And the relative intensity of each band was calculated 

by dividing the intensity of the band by the sum of the intensity of all the bands within the 

lane. 

As for the fungal diversity (i.e., yeasts and moulds), we tested five primer sets including NSl 

(5'-GTA GTC ATA TGC TTG TCT C-3') 1 Fung (5'-ATT CCC CGT TAC CCG TTG-3') 

(May, et al., 2001), NLl (5'-GCC ATA TCA ATA AGC GGA GGA AAA G-3') 1 LS2 (5'­

ATT CCC AAA CAA CTC GAC TC-3') (Stringini, et al., 2008), NL3A (5'-GAG ACC GAT 

AGC GAA CAA G -3') 1 NL4 (5'-GGT CCG TGT TTC AAG ACG G-3') (Thanh, et al., 

2008), ITS 1 (5'-TCC GTA GGT GAA CCT GCG G-3') 1 ITS4 (5'-TCC TCC GCT T AT TGA 

TAT GC-3') (Bonito, etal., 2010), and ITSlF (5'-TTG GTC ATT TAG AGG AAG TAA-3') 

1 ITS2 (5'-GCT GCG TTC TTC ATC GAT GC-3') (Kebli, et al., 2011). A same 40-bp GC 

clamp (Walter, et al., 2001) was attached to the 5' end of primer Fung, NLl, NL4, ITSl and 

ITSlF for DGGE analyses. PCR amplification failed with ITS1GC/ITS4. By comparing their 

DGGE profiles, primer set ITS lFGC 1 ITS2 produced more distinct bands and therefore was 

selected to amplify a fragment of 280 hp of the SSR region of fungi in silages (see ANNEXE 
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C.3 and ANNEXE C.4). PCR was carried out in a volume of 15 )lL containing 1 )lL ofDNA 

template (50 ng), 1 X standard Taq reaction buffer, 200 )lM of each deoxynucleotide, 0.3 )lM 

of each primer and 0.025 U )lL-1 of Taq DNA polymerase (Taq PCR Kit, New England 

BioLabs, Canada). PCR cycles consisted of an initial DNA denaturation at 95 oc for 3 min, 

30 cycles of denaturation at 94 oc for 45 sec, annealing at 55 oc for 45 sec, extension at 

72 oc for 1 min 15 sec, and a ftnal elongation step at 72 oc for 5 min. DGGE was performed 

according to the same protocol described above, with a linear denaturing gradient range of 20% 

to 50%. DGGE proftles were analyzed as described above. 

A protocol based on band excision-reamplify was initially used to identify DGGE bands. 

Despite the time-consuming and laborious procedures, results of the following check-up 

DGGE showed that this protocol failed to extract speciftc bands from DGGE gels. High 

bacterial diversity in the silage samples probably explains this failure. Similar difficulties has 

also been encountered by many other DGGE users (Green, et al., 2009). We thereafter tried 

to clone the PCR products of representative silage samples, and then identifted individual 

DGGE bands by aligning the PCR amplicons of the clones with the PCR products of silage 

samples on same DGGE gels. To be detailed, this procedure required that the DNAs of silage 

samples were amplifted with same selected primers as described above, the PCR products 

were purifted using the Wizard® SV Gel and PCR Clean-Up System (Promega, Madison, WI, 

USA) and subsequently cloned using the pGE~-T Easy Vector System II (Promega) 

according to the manufacturer's instruction. 80 bacterial and 80 fungal positive clones were 

screened and streaked twice. Their plasmids were isolated using the Wizard® Plus SV 

Minipreps DNA Puriftcation System (Promega). Sequence analysis was conducted with a 

BigDye® Terminator v3.1 Cycle Sequencing Kit on the genetic analyzer 3130XL (Applied 

Biosystems, Poster City, CA, USA) at the Plate-forme d'Analyses Biomoléculaires 

(Université Laval, Québec, Canada), where promoter primers Sp6 and T7 were used. The 

nucleotide sequences of clones were aligned using BioEdit software (version 7.1.3.0) and 

DNA sequence similarity searches were done via BLASTn against the GenBank database of 

the United States National Center for Biotechnology Information (NCBI). Finally, 

representative clones with different sequences were re-amplifted using same primers, and 

then aligned with the PCR ampli cons of silage samples on same DGGE gels. 
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4.4.6 Statistical analyses 

For this factorial experiment [Fermentation Temperature (10 and 20 oq x Storage 

Temperature (5, 10, 15, 20 and 25 °C)], frrstly, a two-way ANOVA with interaction was 

done with the biochemical and microbiological results. Interaction was found significant for 

several parameters (see ANNEXE C.5 and C.6). Thereafter, one-way analysis of variance 

(one-way ANOVA) was performed on the biochemical and microbiological compositions of 

corn silages. Normality of residual error was assessed using Shapiro-Wilk normality test and 

homogeneity of variance was verified with Fligner-Killeen test. Ifthese two criteria were met, 

the data were analyzed using one-way ANOV A Differences between treatment means were 

tested by Tukey HSD test in cases where statistical significance was observed (a = 0.05). 

Otherwise, mean value and standard error of the mean were presented in cases where either 

or both of the two assumptions were violated. Standard error of the mean (se or SE~ was 

calculated using the 'std.error' function of the 'plotrix' package (version 3.4-8). Shannon 

diversity index were calculated based on the matrix of band relative intensity. All statistical 

analyses were performed using R (version 3.0.0, http://www.r-project.org). 

4.5. Results 

4.5.1 Initial conditions of fresh corn forage 

Fresh corn forage contained 309.90 ± 2.72, 125.55 ± 2.59, 13.06 ± 0.03 g kg-1 DM, WSC and 

total N, respectively. Fresh corn forage pH was 5.85 ± 0.03. The numbers of LAB, yeasts, 

enterobacteria, and moulds were 4.43 ± 0.10, 4.95 ± 0.04, 7.04 ± 0.19 and 4.38 ± 0.05 log10 

CFU g-1 fresh materials (F~, respectively. The number of clostridial spores was 3.18 ± 0.20 

log10 CFU g-1 FM_ Overall, the biochemical and microbiological compositions of the fresh 

corn forage used in the present experiment was normal for who le-plant corn harvested at one­

third milk line_ 

4.5.2 Biochemical composition of corn silage 

Table 4.1 gives the results of the effects of fermentation temperature on the biochemical 

composition of corn silages after two months of fermentation (20 vs_ 10 oq and two months 
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of storage at 5 °C. All silages could be considered as well conserved (pH < pHw, pH of 

anaerobie stability) (Wieringa, 1969). Silages incubated at 10 oc were less fermented than 

those at 20 oc, and had significantly higher pH value ( 4.04 vs. 3. 74 ) and residual WSC 

(95.84 vs. 35.94 g kg-1 DM) (P < 0.01). Silages fermented at 20 oc also contained 

significantly (P < 0.01) higher contents of lactic acid (59.24 vs. 34.99 g kg-1 DM), ethanol 

(10.66 vs. 2.83 g kg-1 DM) and NHrN/Total-N (5.41% vs. 3.13%). In addition, no significant 

differences were found on DM and total N content, as well as single VF A concentration. 

Table 4.2 and Figure 4.2 present the biochemical changes in corn silages as storage 

temperature increased from 5 to 25 oc_ For corn silages initially fermented at 20 °C, no 

important changes were observed in pH and WSC content as storage temperature increased 

from 5 to 25 °C. No significant change (P > 0.05) was found in the content of DM, total N, 

lactic acid, or most VF As except acetic acid. The concentration of acetic acid, ethanol and 

ammonia (NHrN/Total-N) in these silages tended to increase as storage temperature rose up 

to 25 oc. On the other hand, the results from corn silages initially fermented at 10 oc differ 

from those from silages fermented at 20 oc. As storage temperature increased to 25 °C, silage 

fermentation resumed as demonstrated by a substantial decline in WSC content (from 108.65 

to 47.04 g kg-1 DM) and pH (from 4.02 to 3.80) (P < 0.05). Simultaneously, significant 

increases were observed in the production of acetic acid and ammonia at 25 oc (P < 0.001). 



Table 4.1 Effects of fermentation temperature (10 oc vs. 20 oq on the biochemical ( g kg-1 DM) and microbiological (Log10 CFU 

g FM1
) compositions of corn silage 

NH 3-

DM n- lSO- NI 
Fermentatio Total Lac ti Aceti Propionic Clostridia 

pH (gkg"' wsc Ethanol Butyric Butyric Total LAB 
n Temp N c acid c acid a cid spores 

FM) a cid ac id N 

(%) 

20°C 3.74 299.4 35.94 13_78 59.24 80.01 10.66 1.17 0.53 0.28 5.41 7.85 2.80 

l0°C 4.04 308.3 95.84 13.80 34.99 78.41 2.83 0.95 0.45 0.23 3.13 5.80 3.12 

0.05 
SEM 2.639 11.386 0.102 5.582 0.637 1.590 0.282 0.053 0.088 0.442 0.389 0.154 

6 

p *** NS *** NS ** NS *** NS NS NS *** *** NS 

Note: biochemical measurement and microbial enumeration were done after two months of fermentation at each temperature and 

another two months of storage at 5 °C. SEM: standard error of the mean; NS, not significant; ** and ***: significant at P :S 0.01 

and 0.001. Enterobacteria, yeasts and moulds counts were under the detection level (< 2log10 CFU g FM1)for both fermentation 

temperatures. 



Table 4.2 Effects of the increasing temperature during storage period on the chemical composition (g kg-1 DM) of corn silage 

initially fermented at two different temperatures 

DM 
Lactic Acetic 

NHrNI 
Propionic n-Butyric iso-Butyric Storage 

TotalN (g kg-1 Ethanol Total N 
temperature 

FM) 
a cid a cid 

(%) 
a cid a cid a cid 

Fermentation temperature= 20 °C 
soc 13.78 299.4 S9.24 80.01ab 10.66 S.41a 1.17 O.S3 0.28 
10 oc 13.87 307.9 SS.92 70.64a 7.SO S.3Sa 0.94 1.32 0.07 
1S oc 13.86 306.9 S9.01 93.22bc 8.10 S.42a 0.90 1.64 0.10 
20 oc 13.S3 303.9 S0.98 107.63c 13.4S S.63ab 0.76 1.02 0.13 
2S oc 13.S9 306.6 61.33 107.86c 1S.2S 6.16b 1.21 1.8S 0.28 

SEM 0.080 1.2S 1.912 4.081 0.89S 0.086 0.144 0.208 0.04S 
Effects of 
mcreasmg NS NS NS *** ** NS NS NS 

tem erature 
Fermentation temperature= 10 °C 

soc 13.80 308.3 34.99 78.41A 2.83 3.13A 0.9S 0.4S 0.23 
10 oc 13.63 314.0 40.49 80.96A 2.79 3.40A 1.10 0.22 0.19 
1S oc 13.70 311.3 36.08 80.17A 3.16 3.44A 1.07 0.21 0.17 
20 oc 13.68 304.8 44.39 81.16A 2.S2 3.SSA 1.41 O.S4 0.36 
2S oc 13.97 30S.2 4S.41 139.17B 4.08 S.34B 1.27 O.S6 0.30 

SEM 0.089 1.60 l.S31 S.S69 0.213 0.182 O.OS4 O.OS9 0.039 
Effects of 
mcreasmg NS NS NS *** NS *** 0.063 NS NS 

tem erature 
Note: For each fermentation temperature (20 and 10 °C), values with different letters within the same colurnn are statistically 

different (P ::; O.OS); SEM: standard error of the mean; NS, not significant; *,**and***: significant atP ::; O.OS, 0.01 and 0.001, 

respectively. The data of Ethanol and WSC were log transformed for the verification of the two assumptions before ANOVA 

analysis_ 
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Figure 4.2 Effects of the increasing temperature (from 5 to 25 °C) during storage period on the pH (a) and WSC content (b) in corn 

silage initially fermented at two temperatures (1 0 and 20 °C). For each fermentation temperature (20 and 10 °C), values labelled with 

different letters within same pane are statistically different (P:::; 0.05). 
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4.5.3 Microbial counts of corn silage 

Microbial enumeration was made on corn silage (Table 4.3). Regarding the effects of initial 

fermentation temperature (20 vs. 10 °C), significant higher LAB counts were detected at 

20 oc than at 10 °C (7.85 vs. 5.80 log 10 CFU g FM1
) (P < 0.001) (Table 4.1). For silages 

initially fermented at 20 oc, LAB counts tended to slightly increase as storage temperature 

increased from 20 to 25 °C. Undesirable microbes (i.e., enterobacteria and yeasts) started to 

appear at 15 oc and above. On the contrary, in silages initially fermented at 10 oc, LAB 

counts increased sharply as storage temperature reached 20 and 25 oc (P < 0.05), and neither 

enterobacteria nor yeasts were detected (< 2.00 log10 CFU g-1 FM). 

No moulds were detected in all silage samples (< 2.00 log10 CFU g-1 FM). Number of 

clostridial spores was not affected by neither initial fermentation temperatures (20 vs_ 10 °C) 

(Table 4.1) nor following temperature increases from 5 to 25 oc during the storage period. 

Moreover, the numbers of spores in corn silage were similar to those in corn forage prior to 

ensiling. These findings indicated that the growth of Clostridium was inhibited, and no 

germination of clostridial spores took place during the entire experimental period. 



Table 4.3 Effects of the increasing temperature during storage period on the 

microbiological composition (log10 CFU g FM1
) of corn silage initially fermented at two 

different temperatures 

Storage Clostridia 
LAB Entero bacteria Yeasts Moulds 

temperature spores 

Fermentation temperature= 20 °C 

soc 7.8S a ND ND ND 2.80 

10 oc 7.82 a ND ND ND 3.21 

1S oc 7.67 a 4.02 ± 0.07 3.93 ± 0.08 ND 3.S2 

20 oc 7.81 a 4.71 ± 0.47 4.8S ± 1.21 ND 3.43 

2S oc 8.19 b 4.78 ± 0.10 4.44 ± 1.11 ND 3.68 

SEM 0.049 O.S17 O.S04 0 0.108 

Effects of . . ** NS mcreasmg 
tem2erature 

Fermentation temperature= 10 °C 

soc S.80 A ND ND ND 3.12 

10 oc S.8S A ND ND ND 3.37 

1S oc S.8S A ND ND ND 3.28 

20 oc 7.43 B ND ND ND 3.S4 

2S oc 8.S4C ND ND ND 3.S8 

SEM 0.2SS 0 0 0 0.061 

Effects of 
. . NS mcreasmg 

*** temperature 
Note: For each fermentation temperature (20 and 10 °C), values with different letters 

within the same column are statistically different (P :; O. OS); Mean± se was presented for 

enterobacteria and yeast counts; ND, not detected (< 2.00 log10 CFU g FM1
); SEM: 

standard error of the mean; NS, not significant; ** and ***: significant at P :; 0.01 and 

0.00 1, respectively. 
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4.5.4 Bacterial diversity of corn silage 

We identified the main bacterial clones (Table 4.4). LAB specœs represented the major 

bacterial population, in particular sorne heterofermentative spec1es such as Lactobacillus 

buchneri, Lactobacillus brevis, Weissella koreensis and Leuconostoc citreum. Other LAB 

species such as Lactobacillus oryzae and Pediococcus p arvulus were also found 

Enterobacteria such as Pantoea agglomerans were detected. Our results indicated that, a 

clone identified as of the genus Chryseobacterium, was observed for the frrst time in corn 

silage in rather high occurrence as shown by its high relative intensity in Figure 4.3. F igure 

4.3 presents the DGGE profiles of universal bacteria in corn silages and the corresponding 

Shannon diversity index (H'). Higher diversity was observed in corn silages initially 

fermented at 10 oc compared to 20 °C. H' of silages initially fermented at 20 oc was not 

affected by storage temperatures (P > 0.05). However, in silages which were fermented at 

10 oc, a significant decrease in H' was observed as storage temperature increased to 25 oc 
(P < 0.05). At 25 °C, the H' value of both initial fermentation treatments reached the same 

value. In addition, six OTUs in the DGGE profiles were aligned to bacteria clones . It was 

noticed that the relative intensity of L. buchneri (OTU E) tended to increase at higher storage 

temperatures, particularly in silage samples which were initially fermented at 10 °C. 



Table 4.4 Sequence analysis of bacterial clones 

Number 
GenBank Environment from which 

clones 
Most clos ely related bacterial Accession No. Similarity related sequence 

sequenced 
sequence ofrelated % was isolated 

sequence 

20 li: Lactobacillus buchneri JQ249065.1 100 Fermented cucumber (USA) 

12f: Lactobacillus brevis KC713915.1 100 Fermented bamboo shoot (India) 

5Q Chryseobacterium sp. AB461706.1 
Stems offield-grown soybeans 

100 (Japan) 

4:1 Weissella koreensis NR075058.1 100 Kim chi (US A) 

1.!l. Leuconostoc citreum KC417025.1 99 Wheat flours (Italy) 

8 Uncultured bacterium isolate JX183833.1 98 Jejunum, ileum and cecum of 
weaned piglets (China) 

6 Pantoea agglomerans KC355300.1 99 Pepper (South Korea) 

2 Lactobacillus oryzae AB731661.1 99 Fermented rice grain (Japan) 

2 Pediococcus parvulus AB601176.1 100 Italian ryegrass silage (Japan) 

1 Stenotrophomonas maltophilia KC764984.1 100 Tobacco rhizosphere soils (China) 

Note: Clones labeled with superscripts "A" to "E" correspond to the marked out OTUs in Figure 4.3. Sequence 
analysis of 19 universal bacterial clones failed. 
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Figure 4.3 DGGE profiles ofuniversal bacteria in corn silage (a) and their corresponding Shannon diversity index (H') (b). Labeled 

bands with letter "A" to "E" were allotted to the following species: A: Weissella koreensis; B: Leuconostoc citreum; C: Lactobacillus 

brevis; D: Chryseobacterium sp.; E: Lactobacillus buchneri. Four repetitions of every experimental treatment are included. 
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4.5.5 Fungal diversity of corn silage 

As shown in Table 4.5, several species of mould flora were detected in corn silage samples 

using the cultural-independent approach. However, the microbial counts showed that moulds 

were under the detection level on the .MEA medium (Table 4.3). In addition, sorne mould 

spores may also be present in silages, but cannot germinate and grow on the .ME A plates due 

to the unsuitable lab conditions. This suggests that culturable fungi species on the .MEA 

medium accounts for only a small portion of whole fungal community in silages, and the 

method of enumeration of microbial colonies on this medium underestimates the true number 

of moulds present in silage. Following sequencing, several mould genera were detected, 

including Oidiodendron, Cladosporium, Fusarium, Davidiella, Basidiomycota, Tremellales, 

Alternaria. It was also observed that the yeast species, Candida humilis, initially named as 

Candida milleri (NCYC, 2013) were frequently detected in our samples. The DGGE profiles 

of silages fermented at 10 oc differed from those fermented at 20 oc (Figure 4.4). Higher 

diversity level offungi (i.e., yeasts and moulds) was observed in silages fermented at 10 oc 
compared to 20 °C. As storage temperature increased from 5 to 25 oc, no important changes 

were observed within neither of the two fermentation temperatures. This can also be seen 

with the trend ofH' (Figure 4.4). 



Table 4.5 Sequence analysis offungal clones 

Number of 
Most clos ely related fungal 

GenBank 
Similarity Environment from whichrelated sequence 

clones Accession No. of 
sequenced 

sequence 
related sequence 

% was isolated 

23.:! Candida humilis AY493349.1 98 Natural tequila fermentation 

8 Uncultured Oidiodendron JF796748.1 99 Oil pumpk:in flower (Austria) 

7 Uncultured fungus clone FJ757776.1 100 Quercus macrocarpa phyllosphere (USA) 

6 Uncultured Cladosporium KC143740.1 100 Human stool (France) 

6 Uncultured Fusarium HE977545.1 99 Soil (UK) 

sl!. Uncultured Davidiella JX448366.1 100 Agarwood (India) 

4 Uncultured fungus clone FJ757067.1 100 Quercus macrocarpa phyllosphere (USA) 

3f: Uncultured Basidiomycota HE977542.1 100 Soil (UK) 

2 Uncultured fungus clone JN906946.1 100 
European beech (Fagus sylvatica) 

phyllosphere (France) 

2 Uncultured fungus clone FJ758346.1 100 Quercus macrocarpa phyllosphere (USA) 

2 Uncultured A lternaria JQ346916.1 100 Roots ofherbs (endophyte) (China) 

Note: clones labeled with superscripts "A" to "C" correspond to the marked out OTUs in Figure 4.4. Five other single 

uncultured fungi were also detected, and cloning and/or sequence analysis of 7 fungus clones failed. 
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Figure 4.4: DGGE profiles of universal fungi in corn silage (a) and their corresponding Shannon divers ity index (H') (b). Labeled 

bands with letter "A" to ''C" were allotted to the following species : A: Candida humilis; B: Uncultured Davidiella; C: Uncultured 

Basidiomycota. Four repetitions of every experimental treatment are included. 
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4.6 Discussion 

4.6.1 Effects of fermentation temperature (10 vs. 20 °C) on the fermentation of whole­

plant corn silage 

The results from the current study are generally consistent with our earlier fmdings in chapter 

III that low fermentation temperature (10 vs. 20 °C) restricts silage fermentation, resulting in 

higher pH, more residual WSC, less lactic acid production, lower levels of ethanol and 

ammonia, as well as lower numbers ofLAB (P < 0.05) (Table 4.1). 

4.6.2 Corn silages initially fermented at 20 °C did not stabilize as storage temperature 

increased from 5 to 25 °C 

After an additional two months of storage at 5 oc, a highly acidic environment was reached 

(pH = 3.74) in corn silage initially fermented at 20 oc. Little changes occurred as storage 

temperature increased from 5 to 25 °C. Basically, the increasing storage temperature from 5 

to 25 oc did not affect much the fermentation profiles, in terms of most biochemical 

parameters (i.e., pH, WSC, DM, total-N, lactic acid and most VFAs) (Figure 4.2 and Table 

4.2), as well as for the bacterial and fungal populations (Figure 4.3 and Figure 4.4). The 

number of LAB colonies as determined from plate counts stayed rather stable, although a 

statistically significant increase was observed at 25 oc (Table 4.3). In addition, DGGE 

analysis results showed that the LAB flora in corn silage consisted of mainly 

heterofermentative species, such as L. buchneri, L. brevis, Leuconostoc citreum and 

Weissella koreensis (Figure 4.3). This is in agreement with our results from Chapter II as well 

as many previous studies that heterofermentative LAB species usually predominate in the 

latter stages of ensilage (McDonald, et al., 1991; Seale, et al., 1986; Yang, et al., 2006). 

It should be noticed that, as incubation temperatures rose up to 15 °C, a fairly high number of 

enterobacteria and yeasts (4-5 log10 CFU g FM1
) were detected. Enterobacteria and yeasts 

are facultative anaerobes. Under anaerobie conditions, enterobacteria ferment available 

sugars producing mainly acetic acid, with lesser quantities of ethanol, formic acid, 2,3-

butanediol and COz. Sorne enterobacteria can also deaminate amino acids to ammonia. 

Y easts ferment su gars to mainly ethanol and COz along with small amounts of other alcohols 
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and VF As (Pahlow, et al., 2003 ). In addition, the activity of plant proteases was reported to 

increase as temperature increases, which results in greater protein breakdown and ammonia 

accumulation in silages (Kim and Adesogan, 2006). This explained the significantly higher 

contents of acetic acid and ammonia (P < 0.05) at higher storage temperatures, as well as the 

trend for silages to contain more ethanol (Table 4.2). Furthermore, our DGGE results showed 

that the yeast C. humilis predominated the fungi flora in these silages (Figure 4.4). Candida 

spp. are commonly detected at ensiling, and C. humilis has been reported to predominate in 

whole-plant corn silage (Middelhoven and Franzen, 1986; Middelhoven and van Baalen, 

1988). Most Candida spp. can readily assimilate lactate for their metabolism under aerobic 

conditions (Pahlow, et al., 2003). Therefore, these corn silages which were initially ensiled at 

20 oc might be prone to aerobic deterioration, as it was reported that yeasts numbers higher 

than 105 CFUs per gram are considered a threshold level to induce aerobic deterioration at 

feed-out (Pitt, et al. , 1991). 

4.6.3 Corn silage init ially fermented at 10 °C resumed fermentation as storage 

temperature increased from 5 to 25 °C 

As storage temperature increased from 5 to 20 oc, no significant changes were observed in 

most silage characteristics, including pH, WSC content, lactic and acetic acid production, 

ethanol and most microbial counts (Table 4.2, Table 4.3 and Figure 4.2). But, a significant 

increase in the number of LAB colonies was observed at 20 and 25 oc (Table 4.3). Results of 

the bacterial diversity measurements further showed that, as temperatures reached 20 and 

25 oc, two heterofermentative species, L. buchneri and L. brevis, became the dominant 

species of the LAB flora in these silages (Figure 4.3 ). As a consequence, the content of acetic 

acid in these silages increased considerably (by 71.5%) at 25 °C, and this was in accordance 

with the rapid decline in pH and WSC concentration (Table 4.2 and Figure 4.2). In addition, 

ammonia concentration also incr eased as temperature rose up to 25 oc probably due to the 

increased plant proteolysis. All above changes clearly indicated that silage fermentation 

resumed as temperatures increased. Indeed, it has been observed in cool climates that silage 

fermentation could restart as weather warms up, in particular for the less fermented silages 

due to low temperature at ensiling (Pereira, et al. , 2009; Schroeder, 2009). 
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Y easts were under the detection level in these silages ( < 2.00 log10 CFU g·1 FM) (Table 4.3), 

and DGGE results showed that the lactate-assimilating species C. humilis represented only a 

small fraction of the fungi flora (Figure 4.4). As storage temperature increased to 20 and 

25 oc, L. buchneri, started to prevail (Figure 4.3). The metabolism of L. buchneri (Driehuis, 

et al., 1999; Krooneman, et al., 2002; Oude Elferink, et al., 2001) and the merits (Kung, et al., 

2007; Mari, et al. , 2009; Nkosi, et al., 2009; Reich and Kung, 2010; Schmidt, et al., 2009; 

Taylor, et al., 2002) of inoculating with L. buchneri to improve silage aerobic stability have 

been well studied. Hence, thanks to L. buchneri, more acetic acid was produced (P < 0.001) 

along with slightly increased contents of propionic acid (P = 0.063), ensuring the absence of 

undesirable yeasts in silage. 

4.6.4 Chryseobacterium sp. 

The occurrence of DGGE OTU (Figure 4.3) and clones (Table 4.4) belonging to 

Chryseobacterium sp. is puzzling since this bacterium is rarely mentioned in silage, neither 

do other members of this family. The only occurrence was very recent in a metagenome 

analysis of grass silage (Eikmeyer, et al., 2013). They reported that 3% of the diversity was 

related to Flavobacterium and Chryseobacterium, and nearly 10% for the Flavobacteria. 

Chryseobacterium is a ubiquitous bacterium belonging to the Flavobacteriaceae family. Sorne 

bacteria from this family are often used to produce extracellular enzymes as silage additives, 

but this does not explain their presence. Although they are frequently observed in soils, they 

were also be isolated from decayed plants (Behrendt, et al. , 2008). Since sorne of the corn 

tissues are in senescence, this bacterium could actively colonize leaves or flowers. By doing 

so, they would become part of the epiphytie micro flora of corn. Residual DN A would then 

have been amplified by PCR. Presence of the corresponding OTU on fresh material (see 

ANNEXE C. 7) confrrmed this hypothesis. It was also observed that the intensity of this OTU 

was higher following ensiling at 10 oc than at 20 oc, and it diminished as storage 

temperature increased. Degradation of ghost cells and residual DN A from this organism 

could possibly be more important as the temperature increased. The occurrence of this 

organism on corn plants prior to ensiling could possibly affect silage quality in relation with 

suboptimal fermentation parameters in early stages of ensilage. 
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To conclude, this experiment simulated what happens to commercial silages as storage 

temperature gradually increases in spring time. Temperature at ensiling greatly affects the 

fermentation characteristics of whole-plant corn silage during long-term storage if 

temperature variations occur. Previously, it has been concluded in many short-term silage 

studies that moderate temperatures (between 20 and 30 °C) are more favourable for ensilage 

and result in better quality silage. However, in this long-term study, we showed that it was 

true with many fermentation parameters, but might not be so in terms of the survival of 

spoilage microbes in silage (such as yeasts and enterobacteria). This partially explains why 

well-fermented silages are sometimes observed to be prone to aerobic deterioration. On the 

contrary, although low temperatures at ensiling restrict silage fermentation, fermentation 

could resume following warm-up weather. Moreover, the survival of yeasts in these silages is 

lower than in silages made at warmer temperature at ensiling. In practice, these observations 

allowed us to recommend that producers feed silages which were initially ensiled at warmer 

temperature earlier and quickly during winter or early spring time, in order to reduce aerobic 

spoilage. Moreover, for silages which were ensiled at low temperatures, it is suggested to add 

inoculants, such as L. buchneri, to ensure silage aerobic stability as ambient temperature 

warms up. 
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CHAPTER V 

GENERAL CONCLUSION 

5.1 Conclusions 

Whole-plant corn silage is a very important feed for ruminant animais. In the last decade, the 

cultivation of corn has expanded further north. Thus low temperature becomes a potential 

factor that may affect silage production. In Eastern Canada, whole-plant corn is usually 

harvested for silage from late September to early November when daily mean temperatures 

are between 0 and 10 °C. Ensiled corn will then be stored and consumed during the following 

winter and spring. Other countries or regions where cool temperatures prevail during ensiling 

might encounter similar issues. Thus, the purpose of this thesis was to study the effects of 

cool temperature on the fermentation and storage of who le-plant corn silage. 

Ensiling is a process of complex microbial and enzymatic activities. Temperature is one of 

the factors affecting silage fermentation. Many earlier studies have investigated the effects of 

moderate (between 20 and 30 oq or elevated temperatures (> 37 oq on ensilage. However, 

very little work has been done to understand the implications of fermentation at temperatures 

lower than 20 oc for silages prepared from any types of forages. Moreover, most previous 

studies were done after a moderately short period oftime, usually less than three months. 

In this study, we simulated the fermentation and storage conditions ofwhole-plant corn silage 

in Eastern Canada. The purpose was to determine the effects of temperature, ranging from 5 

to 25 oc, on the fermentation and storage of who le-plant corn silage. The hypothesis was that 

low temperatures affect silage fermentation not only by lowering enzymatic activities and 

microbial metabolism, but also by influencing the diversity of microbial populations, and in 

particular the lactic acid bacteria (LAB) involved at ensiling. Two ensiling trials were 

designed to study this hypothesis. In the frrst trial, the diversity of LAB population during 

corn ensiling process was monitored at five different temperatures (5, 10, 15, 20 and 25 °C) 
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(Chapter II), and biochemical and microbiological parameters of these silages were measured 

after fermentation period of 60 days (Chapter III). In the second trial, biochemical patterns 

and microbiological populations were determined while storage temperature was gradually 

increased from 5 to 25 oc. These silages were previously fermented at either 10 or 20 oc and 

stored at 5 oc for two months (Chapter IV). 

In chapter II, it was observed that temperature has a selective effect on epiphytie LAB 

species that are involved at ensiling. At warmer temperatures (20 and 25 °C), Lactobacillus 

plantatum, Pediococcus pentosaceus, Lactobacillus brevis and Lactobacillus buchneri were 

predominant species identified during the fermentation process. For the treatments incubated 

at low temperatures (5 and 10 °C), Lactobacillus sakei and Lactobacillus curvatus prevailed. 

In addition, a shift from homo- to hetero-fermentative LAB species during the ensiling 

process was observed at warmer temperatures (20 and 25 °C). Corn silage stored at 15 °C 

acted as a transition between higher and lower fermentation temperatures, in terms of both 

LAB diversity and their corresponding successions. 

In Chapter III, we studied the biochemical and microbiological parameters of the silage 

treatments from the first experiment (Chapter II). Results showed that lower temperatures 

contributed to hamper silage fermentation resulting in delayed acidification, low rates of pH 

decline, higher pH, low production of organic acids, and high concentration of residual WSC. 

At all temperatures, fermentation patterns demonstrated heterolactic fermentations after 60 

days. These fermentation patterns were explained by epiphytie LAB species as shown with 

LAB diversity analysis in Chapter II. 

In Chapter IV, whole-plant corn was previously fermented at 20 or 10 oc for 60 days and 

then stored at 5 oc for two months. After these treatments, highly acidic conditions were 

achieved at both fermentation temperatures (20 and 10 °C). When temperature was increased 

from 5 to 25 °C, rather little changes occurred in silages initially fermented at 20 oc for most 

biochemical parameters as well as bacterial and moulds populations. However, yeasts and 

enterobacteria were detected at a rather high level in these silages as temperature reached 15 

oc and above. On the other hand, for silages initially fermented at 10 °C, fermentation 
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resumed and L. buchneri started to dominate the bacterial flora as incubation temperature 

increased from 5 to 25 °C. 

5.2 Practical implications 

Many homofermentative bacteria such as L. plantarum and P. pentosaceus have been used as 

inoculants for decades to enhance silage fermentation (Kung, et al., 2003; Muck, 2010). 

However, results obtained with these inoculants were not always satisfactory. Muck and 

Kung (1997) summarized over 230 trial comparisons (inoculated versus untreated silage) 

published between 1990 and 1995, and found that inoculation with homofermentative LAB 

reduced pH in approximately 60% of the cases. Low temperature at ensiling could be a factor 

causing the failure of these inoculants (Weinberg and Muck, 1996). For instance, Tanaka et 

al. (2000) found that inoculation with L. plantarum had no effect on the fermentation of 

alfalfa stored at 4 oc. Our results confirmed these observations as homofermentative L. 

plantarum and P. pentosaceus were uncommon at temperatures lower than 15 °C. 

Also, our results clearly demonstrated that L. buchneri was not able to compete at 

temperatures lower than 15 °C. However, heterofermentative L. buchneri has been widely 

applied to improve the aerobic stability of silages (Combs and Hoffman, 2001; Driehuis, et 

al., 1999; Kung and Taylor). Thus, it would be important to test if silage inoculants presently 

sold on the market can work at low temperatures, and moreover, if these inoculants are able 

to compete with epiphytie LAB populations found on crops ensiled at low temperatures. This 

is particularly important for crops such as corn in Eastern Canada. 

5.3 Future research recommendations 

Overall, the investigation presented in this study has not only provided a better understanding 

of the effects of low temperatures on the fermentation and storage of who le-plant corn silage, 

but also demonstrated the effects of low temperature on the microbial flora in particular 

epiphytie LAB populations during the corn ensiling process. Our suggestions for further 

research include the following: 
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5.3.1 Possibility of developing silage inoculants with L. sakei or L. curvatus strains for 

cool climates 

Our results showed that L. sakei and L. curvatus, were able to grow at low temperatures. This 

fmding suggests the possibility of developing these species as LAB inoculants for cool 

climates. In fact, L. sakei proved to contain several transporters for cryo-protective substances 

and to have more cold stress proteins than other lactobacilli (Eijsink and Axelsson, 2005). 

One strain of L. curvatus was isolated from sorghum silage stored at 4 oc, and ensiling trials 

suggested that it could be used as a silage inoculant at low temperatures (Tanaka, et al., 

2000). In the present study, biochemical and microbiological results showed that, at 10 and 5 

oc where L. sakei and L. curvarus prevailed, forage acidification was delayed and the decline 

of pH was slower resulting in less fermented silage. And moreover, these LAB species are 

heterofermenters at such low temperature conditions. This is in contradiction with the 

common criteria to select homofermentative LAB strains for silage inoculants to assure a 

rapid acidification and to reduce dry matter losses (Saarisalo, et al., 2007; Weinberg and 

Muck, 1996). Effects of these two LAB species on aerobic stability should also be tested, as 

our results showed that low temperature during fermentation and storage prolonged the 

survival of spoilage microbes such as yeasts. However, ifthese species used as inoculant can 

lower pH more rapidly, this should help to inhibit spoilage microbial populations as they are 

pH dependant. 

5.3.2 Study ofthe mechanisms ofLAB succession during the ensiling process 

Lactic acid bacteria are essential microorganisms responsible for silage fermentation, and 

LAB populations involved at ensiling dictate silage fermentation and, accordingly, the quality 

of silage (Cai, et al., 1998; Lin, et al., 1992b). Our study clearly demonstrated that a shift in 

LAB population took place during the ensiling process. For instance, at 20 and 25 oc, the 

predominant homofermentative species L. plantarum and P. pentosaceus were replaced by 

heterofermentative species L. buchneri as ensiling proceeded. This phylogenetic change of 

LAB populations during ensiling has also been observed in other studies (Brusetti, et al., 

2006; Lin, et al., 1992b; McEniry, et al., 2008; Stevenson, et al., 2006). This might be a 

survival strategy dictated by pH but our results suggested that temperature might also be a 
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factor. Unfortunately, no study so far has been done to look into the biochemical mechanisms 

of this shift of LAB populations during the ensiling process. Therefore, in order to better 

understand the ensiling process, more research is needed to gain comprehensive knowledge 

ofthese underlying mechanisms. 

5.3.3 Aerobic stability study of the effects oflow temperature on silage fermentation 

Aerobic deterioration is a major issue in silage production, in particular for carbohydrate-rich 

silages such as whole-plant corn silage (Filya and Sucu, 2010; Li and Nishino, 2011b; 

Schmidt and Kung, 2010). It usually manifests itselfby heating ofthe silage (Pahlow, et al., 

2003). An aerobic stability test may be carried out to evaluate the susceptibility of silages to 

aerobic spoilage while exposed to air. It is usually done by exposing silage to air and 

determining the time before silage temperature rises 2 ac above ambient temperature (Kim 

and Adesogan, 2006; McEniry, et al., 2007). Other variables may be measured as 

microorganism metabolism linked to aerobic stability, such as change in pH, evolution of 

C02 , development of yeast and mould counts, and visual appraisal of moulds (Weinberg, et 

al., 2001). 

Unfortunately, due to practicallimitations, an aerobic stability test was not conducted in the 

present study. However, in both trials, restricted fermentation was observed at low 

temperature, which resulted in high residual WSC, low production of organic acids. 

Moreover, yeasts survived for a longer period in these silages. All these measures indicated 

higher susceptibility of silage to aerobic spoilage. However, this may differ from the real case 

when silages are exposed to oxygen. Thus, future work on the effects of low temperature on 

whole-plant corn silage should include the determination of silage aerobic stability, in order 

to gain knowledge of factors influencing aerobic stability under these particular conditions. 

5.3.4 Applying metagenomic approaches in future silage microbiology study 

Until about a decade ago, our knowledge of silage microbiology was restricted to the small 

fraction of species that would grow in the laboratory. Identification of species was done using 

microscopy and culture techniques. This work was tedious and laborious (Muck, 20 13). DNA 
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sequencing technology has revolutionized how we study microbes. Recently, a variety of 

culture-independent molecular techniques based on the amplification and sequencing of 

portions of DNA have been widely used to study the microbial community in silages. A 

portion of bacterial 16S rRNA gene (e.g., McEniry, et al. (2008), Naoki, et al. (2008)) and 

fungal 18S rRNA (e.g., Li and Nishino (201lb)) or ITS genes (e.g., Mansfield and Kuldau 

(2007)) have been most commonly used and other genes such as recA genes (e.g., Stevenson, 

et al. (2006)) have also been used. These techniques have largely expanded our view of silage 

microorganisms far beyond those that will grow on various selective media. PCR-DGGE is 

one of the most widely used techniques and proves to be an effective approach to study 

microbial community in silages (Naoki and Yuji, 2008; Wang, et al., 2006; Yang, et al., 

2006). In this study, PCR-DGGE was chosen on merit previously described. Recently, 

microbial diversity study has gained a step further because of the development of 

metagenomics. Researchers can now sequence a metagenome, i.e., the complete genome of 

every microbe directly from environmental samples. Metagenomics offers deeper sets of 

information from the microbial world. As analytical priees are going clown, metagenome 

analyses have only recently been applied in the agriculture domain (Fierer, et al., 2012; 

Zakrzewski, et al., 20 12). Eikmeyer, et al. (20 13) analyzed a grass ensiling process and 

corresponding microbial communities with a metagenomic approach. But, unfortunately, in 

the present study, it was not financially possible to use that approach because of the high 

number of samples in our experimental design. In the future, this approach should be a useful 

tool to study microbial ecology in silages. 
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Fermentation 
Temperature 

Migration 
Fennentation Time 

Od 

20 °C 

15 °C 

A.l Succession ofLAB population (OTUs) during the ensiling process of corn silage stored 
at different temperatures. tOTUs C 1 ~ 13 represents the same LAB-associated OTUs; Cl: L. 
plantarum, C2: Leuconostoc citreum, C3: Leuconostoc mesenteroides, C4: Urùdentified 
bacterium A. C5: L. brevis, C6: Leuconostoc lactis, C7: L. sakei, CS, L. coryniformis subsp. 
torquens, C9, L. curvatus, CIO, P. pentosaceus, Cll, Unidenti:fied bacteriumB, C12, 
U ncultured bacterium C, C 13, L. buchneri. Four repetitions of every experimental 
treatment are included, and a total of 140 silage samples were analysed in this DGGE 
profile. 
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A.2 Species richness of LAB population during ensiling of corn silage stored at different 

temperatures. Species Richness was described as mean value± sd. Four repetitions of every 

experimental treatment are included. 
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A.3 DGGE analysis of Lactococcus-group L AB in silages was performed using primer Lac3 1 

Lac2GC. A 8% acrylamide gel with a linear denatming range of 30-70% was used, and 

electrophoresis was performed at 75 V and 60 oc for 20 h. Each lane represents one specifie 

silage sample with different treatment, except the two ladders whlch are marked with '.'. 

Thls profile demonstrates that there was no apparent development in Lactococcus-group LAB 

dming the ensiling process. Additionally, the distinct band was successfully excised, cloned 

and sequenced, and further identified as Lactococcus lactis subsp. lactis. 
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B.l Curves of the predicted pH values based on a non-linear regression model developed by 
Jones et al. (1992) for whole-plant corn ensiled at different temperatures. This model was 
able to fit to the pH data at 1 0, 15, 20 and 25°C, but not at soc. The lag time (lag, time prior 
to the rapid decline, day) and the rate of pH decline (k, per day) were accordingly calculated. 
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Migration 

357FGC/517R PCR1 

357FGC/517R PCR1 

357FGC/517R PCR2 

357FGC/517R PCR2 

F984GCIR1378 PCR1 

F984GCIR1378 PCR1 

F984GCIR1378 PCR2 

F984GCIR1378 PCR2 

W01M/012, HDA1GC/HDA2 PCR1 

W01/W012, HDA1GC/HDA2 PCR1 

W01/W012, HDA1GC/HDA2 PCR2 

W01/W012, HDA1GC/HDA2 PCR2 

C.l To analysis the bacterial diversity in silage, we tested four primer sets including 357FGC 

1 517R (Gao, et al., 2008), F984GC 1 R1378 (Heuer, et al., 1997), 16F945 1 16R1401GC 

(Thanh, et al., 2008) and W01 1 W012- HDA1GC 1 HDA2 (a nested PCR) (Ogier, et al., 

2004), with same PCR nùxture [15 JlL containing 1 JlL of DNA template (50 ng), 1 X 

standard Taq reaction buffer, 200 J.1M of each deoxynucleotide, 0.3 J.1M of each primer and 

0.025 U JlL-1 of Taq DNA polymerase (Taq PCR Kit, New England BioLabs, Canada)], but 

two PCR programs for each primer set, i.e., PCR1 (according to the reference) and PCR2 

(recommended by the Taq PCR kit, with the annealing temperature from the reference). 

DGGE results showed that the amplification failed with 16F945/16R1401GC. Primer set 

357FGC 1 517R produced more distinct bands and therefore was selected for ftnther 

optimization. A 8% acrylamide gel with a linear denatming range of 20-80% was used, and 
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electrophoresis was performed at 75 V and 60 oc for 16 h. One silage sample was used for 

the test. For 357FGC 1 517R, PCR1 consists of an initial DN A denaturation at 95 oc for 10 

min, 30 cycles of 93 oc for 1 min, 48 oc for 1 min, 72 oc for 1 min, and a fmal elongation 

step at 72 oc for 5 min; PCR2 consists of an initial step at 95 oc for 4 min, 30 cycles of 95 oc 
for 30 sec, 48 oc for 1 min, 68 oc for 1 min, and a fmal step at 68 oc for 5 min. For 

F984GC/R1378, PCR1 consists of an initial step at 94 oc for 5 min, 35 cycles of 94 oc for 1 

min, 54 oc for 1 min, 72 oc for 1 min, and a fmal step at 72 oc for 10 min; PCR2 consists of 

an initial step at 95 oc for 4 min, 30 cycles of 95 oc for 30 sec, 54 oc for 1 min, 68 oc for 1 

min, and a fmal step at 68 oc for 5 min. For W01/W012-HDA1GC/HDA2, PCR1 consists of 

an initial 96 °C for 5 min, 30 cycles of 96 °C for 10 sec, 50 °C for 30 sec, 72 oc for 1 min, 

and a fmal step at 72 oc for 2 min for W01/W02, plus a program for HDA1GC/HAD2 of an 

initial94 oc for 4 min, 30 cycles of94 oc for 30 sec, 58 oc for 30 sec, 68 oc for 1 min, and a 

fmal step at 68 oc for 7 min. For W01/W012-HDA1GC/HDA2, PCR2 consists of an initial 

95 oc for 4 min, 30 cycles of 95 oc for 30 sec, 50 oc for 1 min, 68 oc for 1 min, and a fmal 

step at 68 oc for 5 min for W01/W02, plus a program for HDA1GC/HAD2 of an initial95 oc 
for 4 min, 30 cycles of 95 oc for 30 sec, 58 oc for 1 min, 68 oc for 1 min, and a final step at 

68 oc for 5 min. 
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H 

• 

C.2 A gradient PCR with an annealing temperature from 43 to 54°C was perf01med with 

357FGC 1 517R with two amplification programs, i.e., PCR1 and PCR2 as previously 

desctibed in C.1, respectively. Program PCR1 with an annealing temperatme of 48 oc was 

selected for wùversal bacteria analysis. A 8% actylamide gel with a linear denatming range 

of 35-60% was used, and electrophoresis was performed at 75 V and 60 oc for 16 h. One 

silage sample was used for the test. 
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PCR1 

PCRI 

PCR2 
PCR2 
PCRI 

PCR1 

PCR2 

PCR2 
Pal1 

PCRI 
PCR2 
PCR2 

C.3 To analysis the fungal diversity in silage, we tested :five ptimer sets including NS1 1 

FungGC (May, et al., 2001), NL1GC 1 LS2 (Stringini, et al., 2008), NL3A 1 NL4GC (Thanh, 

et al., 2008), ITS1GC 1 ITS4 (Bonito, et al., 2010), and ITS1FGC 1 ITS2 (Kebli, et al., 2011), 

with same PCR nùxtme [15 JlL containing 1 JlL ofDNA temp1ate (50 ng), 1 X standard Taq 

reaction buffer, 200 J1M of each deoxynucleotide, 0.3 J1M of each ptimer and 0.025 U JlL·' of 

Taq DNA polymerase (Taq PCR Kit, New England BioLabs, Canada)], but two amplification 

prcgrams for each primer set, i.e., PCR1 (recommended by the Taq PCR kit with the 

annealing temperature from the reference) and PCR2 (according to the reference). DGGE 

results showed that the amplification failed with ITS1GC/ITS4. Primer set NL3A 1 NL4GC 

and ITS1FGC 1 ITS2 with amplification program ofPCR2 produced more distinct bands and 

therefore were selected for ftuther optimization. A 8% acrylamide gel with a linear 

denatming range of 20-80% was used, and electrophoresis was perf01med at 7 5 V and 60 oc 
for 16 h. One silage sample was used for the test. For NSl/GCFung, PCR1 consists of an 
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initial DNA denaturation at 95 oc for 4 min, 30 cycles of 95 oc for 30 sec, 50 oc for 1 min, 

68 oc for 1 min, and a fmal elongation step at 68 oc for 5 min; PCR2 consists of an initial 

step at 94 oc for 3 min, 40 cycles of 94 oc for 1 min, 50 oc for 1 min, 72 °C for 3 min, and a 

fmal step at 68 oc for 10 min. For NL3AINL4GC, PCR1 consists of an initial step at 95 oc 
for 4 min, 30 cycles of 95 oc for 30 sec, 60 oc for 1 min, 68 oc for 1 min, and a final step at 

68 oc for 5 min; PCR2 consists of an initial step at 95 oc for 2 min, 30 cycles of 94 oc for 30 

sec, 60 oc for 40 sec, 72 oc for 1 min, and a fmal step at 72 oc for 7 min. For NL1GC/LS2, 

PCR1 consists of an initial step at 95 oc for 4 min, 30 cycles of 95 oc for 30 sec, 52 oc for 1 

min, 68 oc for 1 min, and a fmal step at 68 oc for 5 min; PCR2 consists of an initial step at 

95 °C for 5 min, 30 cycles of 95 oc for 1 sec, 52 oc for 45 sec, 72 oc for 1 min, and a final 

step at 72 oc for 7 min. For ITS 1FGC/ITS2, PCR1 consists of an initial step at 95 oc for 4 

min, 30 cycles of95 oc for 30 sec, 55 oc for 1 min, 68 oc for 1 min, and a final step at 68 oc 
for 5 min; PCR2 consists of an initial step at 95 oc for 3 min, 30 cycles of 94 oc for 45 sec, 

55 oc for 45 sec, 72 oc for 1 min 15 sec, and a fmal step at 72 oc for 8 min. 
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C.4 A gradient PCR with an armealing temperature from 54 to 66°C was performed with 

NL3A 1 NL4GC, as weil as a gradient PCR with an armealing temperature fi:om 50 to 60°C 

with ITS1FGC 1 ITS2, with amplification program of PCR2 as previously desclibed in C.3. 

Piimer set ITS1FGC 1 ITS2 with program PCR2 with an rumealing temperature of 54.0 oc 
were selected for uni.versal :ftmgal analysis. A 8% actylamide gel with a linear denaturing 

range of 15-70% was used, and electrophoresis was performed at 75 V and 60 oc for 16 h. 

One silage sample was used for the test. 



C.5 Effects of temperature on the chemical composition of corn silages (g kg-1 DM± se) 

Fermentation Total 
DM 

Lactic Acetic NH3-N/ Propionic nButyric Isobutyric nValeric Isovaleric 
temp-Storage 

N 
(g kg-1 

a cid ac id 
Ethanol Total N 

ac id a cid ac id a cid a cid temp FM) (%) 

20°C- S°C 13_78 299_4ab S9_24a 80_01 ab 10.66bcd S_41±0.18 1.17±0.60 O.S3±0.10 0.28±0.18 0.6S±0.33 0.84±0.08 

20°C-10°C 13.87 307.9b SS.92a 70.64a 7.Sob S.3S±0.11 1.81±0.87 1.32±0.2S 0_47±0_40 0.74±0.67 1.02±0_40 

20°C-1S°C 13.86 306.9b S9.01a 93.22bc 8.10bc SA2±0.09 0.90±0.28 1.64±0.68 0.10±0.04 0.12±0.02 0.61±0.10 

20°C-20°C 13.S3 303.9b S0.98a 107.63c 13_4Scd S.2S±0.38 0.76±0.28 1.02±2.87 0.13±0.06 0.08±0.03 0.64±0.06 

20°C-2S°C 13.S9 306.6b 61.33a 107.86c 1S.2Sd 6.16±0.10 1.21±0.16 1.8S±0_46 0.28±0.08 O.S6±0.23 0.98±0.18 

10°C- soc 13.80 308.3b 34.99b 78_41 ab 2.83a 3.13±0.11 0.9S±O.OS OAS±O.OS 0.23±0.04 0.24±0.04 0.63±0.02 

10°C-10°C 13.63 314.0b 40_49b 80.96ab 2.79a 3_40±0.14 1.10±0.0S 0.22±0.08 0.19±0.07 0.17±0.08 0.6S±0.04 

10°C-1S°C 13.70 314.8ab 36.08b 80.17ab 3.16a 3_44±0.09 1.07±0.07 0.21±0.06 0.17±0.03 0.17±0.03 O.S2±0.04 

10°C-20°C 13.68 304.8b 44.39b 81.16ab 2.S2a 3.SS±0.26 2_42±1.02 O.S4±0.21 0.76±0_41 0.93±0_44 0.79±0.13 

10°C-2S°C 13.97 30S.2b 4S_41b 139.17d 4.08a 4.9S±OAO 1.27±0.14 2.21±1.6S 0.30±0.12 0.78±0.17 l.S0±0_43 

SEM 0.60 11.14 1.822 3_46S 0.772 0.178 0.1SS 0.349 0.063 0.094 0.072 

Fermentation 
NS * *** NS *** 

temp 
Storage temp NS NS NS *** *** 

Interaction NS NS NS *** * 
Note: values with different letters within the same column are statistically different (P < O. OS); se: standard error; SEM: standard error 
of the mean; NS, not significant; *, ** and*** : significant at P < O. OS , 0.01 and 0.001. The data of Ethanol and WSC were log 
transformed for the verification of the two assumptions before ANOV A analysis. 



C.6 Effects of temperature on the microbiological composition of corn silages (log 10 CFU g 

FM-1± se) 

Fermentation temp- LAB Clostridia spores Entero bacteria Yeasts Moulds Storage tem~ 

20°C- soc 7.8Sa 2.80a ND ND ND 
20°C-10°C 7.82a 3.21ab ND ND ND 
20°C-1S°C 7.67ac 3.S2ab 4.02±0.07 3.93±0.08 ND 
20°C-20°C 7.81a 3.43ab 4.71±0.47 4.8S± l.21 ND 
20°C-2S°C 8.19d 3.68b 4.78±0.10 4.44±1.11 ND 
l0°C- soc S.80b 3.12ab ND ND ND 
10°C-10°C S.8Sb 3.37ab ND ND ND 
l0°C-1S°C S.8Sb 3.28ab ND ND ND 

10°C-20°C 7.43c 3.S4ab ND ND ND 
l0°C-2S°C 8.S4e 3.S8ab ND ND ND 

SEM 0.1S9 0.061 0.214 0.304 0 
Fermentation *** NS 

temp 
Storage temp *** ** 

Interaction *** NS 
Note: values with different letters within the same column are statistically different (P < O.OS); 
ND, not detected (< 2.00 log10 CFU g FM-1

); SEM: standard error ofthe mean; NS, not 
significant; * * and * * * : significant at P < 0. 0 1 and 0. 00 1. 
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C. 7 Occurrence of DGGE OTU corresponding to Chryseobacterium sp. in corn silage and 

fresh corn forage ptior to ensiling. Fom repetitions of every experimental treatment are 

included, and a total of 52 silage samples were analysed in this DGGE profile. 


