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Abstract  8 

The potential of acidification and fermentation pattern of maize (M1, M2 and M3), barley (B1, B2 9 

and B3) and sorghum (S1, S2 and S3) varieties was studied in three 10 h in vitro incubation series 10 

with a low buffered medium using inoculum from rumen contents of sheep given a forage (FI) or a 11 

concentrate (CI) diet. From 2 to 10 h average pH with CI was lower than with FI (P<0.001), final pH 12 

being 5.25 and 5.76(SEM=0.013), respectively. With CI, incubation pH was lowest (P<0.001) with 13 

the three barley varieties from 2 to 6 h, and highest at 8 and 10 h with sorghum, maize recording 14 

intermediate values (average pH at 8 h of 5.63, 5.44 and 5.13, respectively). With FI, pH with 15 

barley was lowest than with maize or sorghum (average pH at 10 h of 5.52, 5.85 and 5.91, 16 

respectively). No pH differences among varieties within cereal species were detected (P>0.05). 17 

The average gas production with CI was always superior (P<0.001) to that with FI (673 vs. 36.8 18 

mL/g OM at 10 h, SEM = 1.02). Concentration of volatile fatty acids (VFA) with CI was higher than 19 

FI (31.0 vs. 19.9 mmol/L at 8 h; P<0.001), as well as proportions of butyrate and valerate 20 

(P<0.001), whereas proportions of acetate and branched chain VFA were lower (P<0.001), and 21 

propionate did not differ among inocula. Among substrates, the volume of gas produced from 22 

barley varieties with CI was similar to that from maize (P>0.05), except at 4 and 6 h, when M2 and 23 

M1 were lower. No differences among varieties of either barley or maize were detected at any 24 

time (P>0.05), but the tannin-free S1 was grouped with maize whereas gas production with S2 25 

and S3 was lower (P<005). After 10 h, barley and maize varieties produced on average 82.5 and 26 



73.0 mL/g OM, whereas S1, S2 and S3 rendered 68.4, 31.1 and 39.7 mL/g OM. With FI, differences 27 

between barley and maize were detected after 6 h, resulting in average values of 61.0, 35.3 and 28 

14.1 mL/g OM at 10 h for barley, maize and sorghum. Gas production results were supported by 29 

total VFA concentration. The fermentative activity for vitreous starch of a forage inoculum is 30 

lower than that promoted by a concentrate diet, thus affecting substrate utilization and rumen 31 

environment. Fermentation of starch-rich substrates in a low buffered medium gives a more 32 

realistic picture than conventionally buffered conditions. 33 

Keywords: cereal grains; pH; inoculum; in vitro fermentation.  34 

Abbreviations: ADF, acid detergent fibre; ADL, acid deterngent lignin; aNDFom, neutral detergent 35 

fibre; BCFA, branched chain fatty acids; CI, concentrate inoculum; DM, dry matter; EE, ether 36 

extract; FI, forage inoculum; OM, organic matter; SEM, standard error of means; VFA, volatile 37 

fatty acids. 38 

 39 

1. Introduction 40 

Cereal grains vary in their rate of starch rumen fermentation, which is higher in 41 

wheat, oats and barley than maize and sorghum (Herrera-Saldana et al., 1990; O´Brien, 1999). 42 

Besides, the presence of phenolic compounds in some varieties of sorghum grains markedly 43 

affects their microbial fermentation (Streeter et al., 1990; Kim et al., 2006). Nutritive values of 44 

cereal grains are often assumed as common for each vegetal species; however, notable 45 

differences reported among varieties (O´Brien, 1999) prevent for such generalisation.  46 

The study of potential rumen microbial fermentation of cereal grains and the comparison 47 

of different species and varieties has been approached by in situ incubation (Nocek and 48 

Tamminga, 1991; Offner et al., 2003). Since these studies are costly, laborious and time 49 

consuming, the in vitro gas production technique has been alternatively applied to study the 50 

pattern of fermentation of whole grains (Opatpatanakit et al., 1994; Chai et al., 2004; Lanzas 51 

et al., 2007) or their starch or fibre components (Chen et al., 1999; Tahir et al., 2013). 52 



However, this technique does not consider the range of rumen pH, below 6.0 and even under 53 

5.5, resulting from the high production of volatile fatty acids (VFA) and lactate by starch 54 

fermentation, together with the low salivation promoted by concentrate diets rich in cereal 55 

grains (Krause and Oetzel, 2006; Nagaraja and Titgemeyer, 2006). The acidification capacity of 56 

cereal grains is associated with their amount of starch, as well as with its chemical nature and its 57 

availability for rumen microbes (Van Barneveld, 1999; Offner et al., 2003). Therefore, the study 58 

of microbial fermentation of starch rich feeds should require the establishment of low 59 

incubation pH, whereas the procedures for the in vitro gas production technique are carried 60 

out on incubation under well buffered conditions (Mould et al., 2005a). By reducing the 61 

proportion of bicarbonate ion used as buffer in the incubation solution, our group 62 

(Amanzougarene and Fondevila, in evaluation) successively adjusted the incubation pH at a range 63 

level from 6.50 to 5.75. 64 

Different species of rumen bacteria are able to ferment starch in the rumen; further, their 65 

activity is also related to the nature of the starch source (McAllister et al., 1990; Klieve et al., 66 

2003). In practical situations, ruminant animals not adapted to high starch diets, such as cattle 67 

reared at pasture that are introduced to intensive feeding systems in Mediterranean countries, 68 

have a reduced capacity of VFA absorption through the rumen wall that, together with a high 69 

production of lactic acid, contributes to the appearance of acidosis. This in vitro work aimed to 70 

study the acidification capacity and the fermentation pattern of three varieties of each barley, 71 

maize and sorghum grains by using a poorly buffered medium, and to what extent such 72 

effects depend on the characteristics of the rumen inoculum, either from a forage or a 73 

concentrate diet. 74 

 75 

2. Material and methods 76 

2.1. Substrates and inocula 77 



Nine cereal feeds, consisting of three varieties of maize (Dekalb 6815, M1; Dekalb 78 

6667YG, M2; Pioneer 0725, M3), three of sorghum (one white sorghum, S1, and two brown 79 

sorghums, S2 and S3; unknown varieties) and three of barley (var. Gustav, B1; var. Signora, B2; 80 

var. Graphic, B3), were incubated. All substrates were milled through a sieve of 1 mm using a 81 

hammer mill (Retsch Gmbh/SK1/417449). Chemical composition of substrates is given in Table 1. 82 

 Four adult Rasa Aragonesa ewes (average weight 71.5 ± 1.7 kg) fitted with a rumen 83 

cannula, were used as donor of rumen inoculum. Animals were housed in the facilities of the 84 

Servicio de Apoyo a la Experimentación Animal of the Universidad de Zaragoza, Spain. Animal care 85 

and procedures for extraction of rumen inoculum were approved by the Ethics Committee for 86 

Animal Experimentation. Care and management of animals agreed with the Spanish Policy for 87 

Animal Protection RD 53/2013, which complies with EU Directive 2010/63 on the protection of 88 

animals used for experimental and other scientific purposes. At the beginning of the experiment, 89 

ewes were fed 600 g of alfalfa hay plus 300 g of straw for two weeks, in order to get a rumen 90 

environment characteristic of forage diets (forage inoculum, FI). Then, diet was changed to 500 g 91 

of concentrate (0.60 barley, 0.20 corn, and 0.20 soybean meal) plus 300 g of alfalfa hay for 92 

another two weeks, as a typical concentrate-fed animals (concentrate inoculum, CI). Rumen 93 

contents (approximately 300 ml) were extracted before the morning feeding, pooled, filtered 94 

through cheesecloth and transferred to the laboratory in thermos bottles preheated to 39° C. 95 

 96 

2.2 Incubation procedures 97 

 The in vitro incubation of substrates followed the procedure of Theodorou et al. (1994), in 98 

glass bottles (116 mL total volume) containing 500 mg of substrate. The bottles were filled with 80 99 

mL of incubation solution, which consisted of 0.10 rumen inoculum and 0.90 of an incubation 100 

mixture containing (mL/L): 474 mL distilled water; 238 mL of buffer solution made up with 1.9 g/L  101 

sodium bicarbonate (NaHCO3) and 0.1 g/L ammonium bicarbonate ((NH4)HCO3), calculated to 102 

establish a minimum pH of 5.50 (Kohn and Dunlap, 1998) and assumed as an almost pH-free 103 



medium (Amanzougarene and Fondevila, in evaluation); 238 mL of macro-minerals solution made 104 

up with 5.7 g disodium hydrogen phosphate (Na2HPO4), 6.2 g potassium di-hydrogen 105 

orthophosphate (KH2PO4), and 0.6 g magnesium sulphate (MgSO4.7H2O); and 50 mL of reducing 106 

solution made up with 47.5 mL distilled water, 2 mL 1N NaOH and 313 mg HCl-cysteine. Micro-107 

minerals solution and resazurin were not included in the incubation medium (Mould et al., 108 

2005a). Ingredients were mixed and allowed to be reduced under a CO2 atmosphere. Bottles were 109 

filled with the incubation solution under a CO2 stream, sealed with rubber caps and aluminium 110 

rings, and incubated at 39 ºC. Three 10 h runs of incubation with five bottles per treatment were 111 

carried out with each type of inoculum (FI and CI). On each incubation run, three additional 112 

bottles without substrate were also included as blanks, for subtracting the contribution of 113 

inoculum to overall gas production. Pressure was recorded every two hours of incubation, by 114 

means of an HD 2124.02 manometer fitted with a TP804 pressure gauge (Delta Ohm, Caselle di 115 

Selvazzano, Italy). Pressure readings were converted into volume by a pre-established linear 116 

regression equation between the pressure recorded in the same bottles under the same 117 

conditions and known air volumes (n= 103; R2= 0.996). The gas volume recorded for each 118 

incubation time was expressed per unit of incubated organic matter (OM). One bottle per 119 

treatment was opened every 2 h and at the end of each incubation run, for measuring incubation 120 

pH (CRISON micropH 2001, Barcelona, España). Incubation medium in the bottle opened after 4 121 

and 8 h was sampled and stored at -20ºC for volatile fatty acids (VFA) analysis (2 mL sample, 122 

collected over 0.5 mL of a deproteinizing mixture of 0.5M PO4H3 with 2 mg/mL 4-methyl valeric 123 

acid) and lactate (2 mL).  124 

 125 

2.3. Chemical analyses 126 

Substrates were analysed following the procedures of AOAC (2005) for dry matter (DM; ref. 127 

934.01), organic matter (OM; ref. 942.05), crude protein (CP; ref. 976.05) and ether extract (EE; 128 

ref. 2003.05) analysis. Concentration of neutral detergent fibre (aNDFom) was analysed as 129 



described by Mertens (2002) in an Ankom 200 Fibre Analyser (Ankom Technology, New York), 130 

using α–amylase and sodium sulphite, and results are expressed exclusive of residual ashes. The 131 

acid detergent fibre (ADF) and acid detergent lignin (ADL) were determined as described by AOAC 132 

(2005) and Robertson and Van Soest (1981), respectively. Total starch content was determined 133 

enzymatically from samples ground to 0.5 mm using a commercial kit (Total Starch Assay Kit K-134 

TSTA 07/11, Megazyme, Bray, Ireland). The total phenolic (TP) and tannin (TT) content was 135 

analysed following the colorimetric method of Makkar et al. (1993) using the Folin-Ciocalteau 136 

reagent and with tannic acid (MERCK Chemicals, Madrid, Spain) as the reference standard. The 137 

frozen samples of incubation media were thawed and centrifuged at 20,000 g for 15 minutes for 138 

their analysis of lactate and VFA. The VFA were determined by gas chromatography on an Agilent 139 

6890, apparatus equipped with a capillary column (HP-FFAP Polyethylene glycol TPA, 30 m x 530 140 

µm id). The lactate concentration was determined by the colorimetric method proposed by Barker 141 

and Summerson (1941). 142 

 143 

2.4. Statistical analysis 144 

Results were analysed by ANOVA using the Statistix 10 software package (Analytical 145 

Software, 2010). The effect of the type of inoculum, the cereal sources and their interaction on 146 

the gas production, pH, total VFA concentration, VFA profile and lactate were studied as factors 147 

for each time of sampling, considering the interaction inoculum x incubation run as block. The 148 

differences were considered significant when P<0.05, and a trend for significance was considered 149 

when 0.05≤P<0.10. The Tukey test (P<0.05) was used for the multiple comparison between 150 

means. The relationship among results from the different parameters was studied by linear or 151 

multiple regression analyses, at a level of significance of 0.05. 152 

 153 

3. Results 154 



 At the start of the incubation series, the mean inoculum pH was 6.35 ± 0.16 and 6.73 ± 155 

0.19 for the concentrate (CI) and forage (FI) inocula, respectively (n=3), and dropped to average 156 

values of 5.82 and 5.99, respectively, in the first two hours of incubation (SEM=0.005). During the 157 

whole incubation period, average pH with CI was lower than that of FI (P<0.001), differences 158 

increasing up to 0.51 pH units at 10 h incubation (pH of 5.25 and 5.76 for CI and FI; SEM=0.013). 159 

Since the interaction inoculum x substrate resulted significant at 2, 8 and 10 h of incubation 160 

(P<0.01), the pH pattern followed with each substrate is presented separately for each inoculum. 161 

Incubation pH from 2 to 6 h incubation with CI (Figure 1a) was lowest (P<0.001) with the three 162 

varieties of barley, but differences among sorghum and maize were not manifested until 8 and 10 163 

h, when pH was highest with sorghum and recording intermediate and minimum values with 164 

maize and barley varieties (average pH at 8 h of 5.63, 5.44 and 5.13 for sorghum, maize and 165 

barley, respectively). No differences in pH among varieties of each cereal species were detected 166 

with CI (P>0.05), except at the end of incubation (10 h), when  pH for sorghum S1 was lower than 167 

for S2, and that of M3 lower than for M1 (5.42 vs. 5.61 and 5.16 vs. 5.32, respectively; P<0.05), 168 

whereas the pH recorded at 10 h with M1 and S1 did not differ (P>0.05). When cereals were 169 

incubated using FI (Figure 1b), the pH from 2 to 10 h incubation was reduced at a lower extent 170 

than with CI. At 8 and 10 h incubation, pH with barley varieties (on average, 5.68 and 5.52, 171 

respectively) was lowest than with maize (5.93 and 5.85 at 8 and 10 h) or sorghum (5.96 and 172 

5.91). No differences in incubation pH were detected among varieties within cereals, nor between 173 

sorghum and corn varieties except with M1 at 6 and 8 h incubation (P>0.05). 174 

 Between inocula, once corrected for the gas production in blank bottles the average gas 175 

production recorded with CI was always superior (P<0.001) to the gas production recorded with FI 176 

(Figure 2), with differences increasing with time from 8 to 31 mL/g OM (average gas production of 177 

67.3 and 36.8 mL/g OM for CI and FI at 10 h incubation; SEM = 1.02. The pattern of gas production 178 

among cereal varieties of each cereal species differed for each inoculum (P= 0.001), and for an 179 

easier understanding results are reported separately for CI and FI. When CI was used (Figure 3a), 180 



the volume of gas produced from barley varieties was similar to that from maize (P>0.05), except 181 

at 4 and 6 h incubation, when M2 and M1 gave lower values than the barleys. No differences 182 

among varieties of either barley or maize were detected at any incubation time (P>0.05). In 183 

contrast, sorghum varieties showed a different behaviour (P<005): whereas S1 was grouped with 184 

maize varieties, S2 and S3 produced a lower amount of gas. As a result, after 10 h incubation, 185 

barley and maize varieties produced on average 82.5 and 73.0 mL/g OM, whereas S1, S2 and S3 186 

rendered 68.4, 31.1 and 39.7 mL/g OM),  respectively. However, with FI (Figure 3b) no differences 187 

between barley and maize substrates were detected up to 6 h, and afterwards substrates ranked 188 

as: B1, B3, B2 > M1, M2 > M3, S1, S3 > S2 (P<0.05), resulting in average values of 61.0, 38.9, 22.9 189 

and 1.5 mL/g OM at 10 h for each mentioned group. 190 

 At both sampling times CI showed a higher (P<0.001) concentration of VFA (22.8 vs. 14.8 191 

mmol/L at 4 h and 31.0 vs. 19.9 mmol/L at 8 h) than FI, as well as higher (P<0.001) proportions of 192 

butyrate (0.107 vs. 0.052 and 0.105 vs. 0.053) and valerate (0.009 vs. 0.006 at both 4 and 8 h) and 193 

lower (P<0.001) proportions of acetate (0.479 vs. 0.542 and 0.469 vs. 0.531) and branched chain 194 

VFA (sum of isobutyrate and isovalerate, BCFA; 0.013 vs. 0.020 and 0.012 vs. 0.019), whereas 195 

propionate did not differ among inocula (average proportion of 0.177 and 0.191 at 4 and 8 h).  196 

Since the inoculum x substrate interaction was significant only for butyrate proportion at 197 

4 h (P= 0.009) and for acetate and butyrate proportions at 8 h (P<0.001), only substrate means for 198 

total VFA and molar VFA are shown in Tables 2 and 3, and the implications of such interactions 199 

are explained in text. On average, the VFA concentration at 4 h (Table 2) was higher (P= 0.001) 200 

with the barley variety B3 than all maize and sorghum varieties, and propionate proportion was 201 

higher (P<0.001) for barley than sorghum varieties, with maize showing intermediate values. In 202 

contrast, acetate proportion was higher (P<0.001) in sorghum than barley varieties. Concerning 203 

butyrate proportion at 4 h (P= 0.009), S2 showed a higher proportion than B1, B2, M1 and M2 204 

when incubated with CI, but no substrate differences were recorded with FI. The BCFA proportion 205 

after 4h of incubation was higher (P= 0.004) in S3 than in B2, B3, M2 and M3, whereas no 206 



differences were recorded in valerate proportion. No differences were detected among varieties 207 

of the same cereal species for total VFA concentration or any VFA molar proportion. 208 

After 8 h, a higher (P>0.001) VFA concentration was detected with barley varieties 209 

compared with S2 and S3, and B2 was also higher than S1, whereas those of maize recorded 210 

intermediate values (Table 3). As for 4h, no differences were detected among varieties of the 211 

same cereal species. Propionate proportion in barley varieties and M1 was higher (P<0.001) than 212 

in sorghums, but M2 and M3 did not differ from S3. With FI as inoculum, fermentation of 213 

sorghum varieties rendered a higher proportion of acetate than the three barleys, those of maize 214 

recording intermediate values, whereas no substrate differences were detected with CI. 215 

Concerning butyrate, its proportion was lowest for barley when incubated with CI, but it did not 216 

differ among substrates with FI. 217 

No differences among inocula were detected in lactic acid concentration at 4 h but it was 218 

higher (P=0.001) with CI than FI at 8 h incubation (2.31 vs. 1.33 mM; SEM=0.225). Among 219 

substrates, lactate concentration at 4 h was higher in barley varieties than in those of sorghum 220 

and M2 and M3 (P<0.001, data not shown), whereas after 8 h lactate concentration in barley 221 

varieties were highest (average values of 3.92, 3.94, 3.97, 0.75, 0.96, 1.17, 0.35, 0.26 and 0.26 mM 222 

for B1, B2, B3, M1, M2, M3, S1, S2 and S3; SEM= 0.478; P<0.001). 223 

 224 

4. Discussion 225 

 When ruminants at pasture are introduced to intensive systems based on cereal-rich diets 226 

there is an acute drop of rumen pH associated to the higher extent of fermentation (Krause and 227 

Oetzel, 2006; Nagaraja and Titgemeyer, 2006). Our aim in the present work was to determine the 228 

magnitude of fermentation differences between concentrate- and forage-type environments, 229 

considering the potential application of results to practical situations of feeding transition. In such 230 

scenario, it is worth knowing the potential of acidification of the different substrates, since this 231 



may determine either an easier or a more difficult adaptation of the rumen, thus minimising at 232 

possible the risk of acidosis (Broudiscou et al., 2014).  233 

The amount of starch of the tested varieties of cereal species agrees with that 234 

reported by FEDNA (2010), being higher in both sorghum and corn than in barley. Rumen 235 

microbial fermentation of different cereal species and varieties within a certain species has been 236 

previously compared at a buffered pH (O´Brien, 1999; Chai et al., 2004; Lanzas et al., 2007). Since 237 

other factors such as the geographical site or the year of growth also affect the result 238 

(Opatpanatakit et al., 1994; O´Brien, 1999), this work was rather focused to the different potential 239 

of acidification of the rumen environment and its effect on microbial utilisation, in order to 240 

estimate which can be better suited to a gradual adaptation of a fibrolytic to an amylolytic 241 

microbiota. Most in vitro approaches to this had been limited because studies were mostly carried 242 

out on a well-buffered medium, and therefore results can hardly be extrapolated to practical 243 

situations. However, at the same time results from this experiment are difficult to compare with 244 

others in literature, since approaches to gas production allowing for a relatively free incubation 245 

pH are scarce (Opatpanatakit et al., 1994). In incubation conditions with buffered medium, Chai et 246 

al. (2004) observed that gas production from maize after 6 h was 0.36 that of barley, whereas 247 

such proportion increased to 1.06 after 12 h incubation. Lanzas et al. (2007) observed higher 248 

fractional rate of gas production with barley than maize and sorghum varieties (on average, 0.24, 249 

0.15 and 0.06 h-1), showing interspecies ranges between 0.22 and 0.29, 0.09 and 0.17, and 0.05 250 

and 0.08, respectively. Opatpanatakit et al. (1994) used the McDougall (1948) artificial saliva, 251 

which allows for a more acute drop of pH. They also observed highest gas production with barley, 252 

intermediate with maize and lowest with sorghum (on average, 222, 138 and 104 mL/g DM, 253 

respectively), under pH values after 7 h incubation ranging from 5.7 to 6.1 for barley, 6.5 to 6.9 for 254 

maize and 6.5 to 6.8 for sorghum.  255 

The effect of the source of rumen fluid on the in vitro fermentation has been recently 256 

demonstrated by Broudiscou et al. (2014), and it is widely accepted that forage based diets 257 



maintain higher incubation medium pH than diets including a major proportion of concentrate. 258 

Despite the magnitude of the drop of pH caused by fermentation was more pronounced, the 259 

incubation environment promoted by giving a concentrate diet to the donor animals was more 260 

favourable for cereal fermentation than that induced by a fibrous diet, as expected (Menke and 261 

Steingass, 1988; Mould et al., 2005b). Throughout the 10 h incubation period, pH was more stable 262 

with the forage inoculum, probably because of its lower capability to ferment starch and the 263 

lower extent of fermentation caused by the lack of adaptation of microbial communities to starch 264 

substrates (Trei et al., 1970; Nagadi et al., 2000). In any case, pH in maize and sorghum 265 

incubations with FI was around 6.0, considered as a threshold for viability of most non-amylolytic 266 

rumen bacterial species (Russell and Dombrowski, 1980), and even reached to 5.5 after 10 h 267 

incubation with barley. With inoculum from a concentrate diet, pH dropped at a higher extent as 268 

the incubation proceeded and reached lower values with all substrates, allowing for clearer 269 

differences among substrates. This was also manifested in a higher VFA concentration, as noted 270 

by Calsamiglia et al. (2008), but also in butyrate proportion at the expense of that of acetate and 271 

BCFA.  272 

The accumulated volume of gas recorded from the blanks of inocula (without substrate) 273 

after 10 h incubation with FI and CI were 20.7 and 31.0 mL (from 80 mL, data not shown), 274 

produced by fermentation of solubles suspended in the medium. Once this amount was 275 

subtracted from the total recorded volume, the volume of gas produced from substrates was also 276 

higher with CI than FI as inoculum, in 1.3 to 1.4-fold for the three barleys, from 1.8 to 2.0-fold for 277 

M1 and M2, and from 2.3 to 3.0 for M3, S1 and S3. It has to be considered that, despite the 278 

source of inoculum, the pH along all the 10 h incubation was below 6.0, being lowest with barley 279 

varieties, with which ranged from 5.9 to 5.5 with FI and from 5.7 to 5.0 with CI, seriously 280 

challenging microbial activity at the last part of incubation. In fact, the extent of fermentation in 281 

terms of gas production was lower than what has been reached in well-buffered media from 282 

cereal grains (Chai et al., 2004; Lanzas et al., 2007; Tahir et al., 2013). In vivo, Offner and Sauvant 283 



(2004) established a linear relationship between pH in the range from 6.4 to 5.7 and rumen 284 

digestion of starch; however, Shriver et al. (1986) did not observe differences in in vitro 285 

digestibility of non-structural carbohydrates of a concentrate feed between incubation pH of 5.8 286 

and 7.0. Further, the contribution of fermentation acids produced to the volume of gas is lower at 287 

low pH, because of the reduced contribution of the indirect gas from the buffer (Amanzougarene 288 

and Fondevila, in evaluation), and therefore the magnitude of differences among inocula are 289 

expected to be higher in the case of barleys.  290 

Compared with corn and sorghum, it is expected that the starch of barley was degraded 291 

more rapidly (Opatpanatakit et al., 1994; Lanzas et al., 2007). Whereas it is apparent that barley 292 

produced more gas and at a faster rate than maize and sorghum with FI, differences between 293 

barley and corn were lower when the inoculum came from a highly concentrate diet. In this 294 

sense, it is worth noting that fermentation of both corn and sorghum varieties is clearly low when 295 

FI was used, suggesting that the microbial population must be adapted to the more recalcitrant 296 

type of starch in these cereals. The different structure of starch among cereal species, or even 297 

among varieties (Van Barneveld, 1999), concretely the structure of the endosperm and the 298 

proportion of amylose (Huntington, 1997; Offner et al., 2003) may affect the rate and extent of 299 

starch fermentation, thus explaining differences in the volume of gas produced and VFA 300 

concentration between substrates. Besides, the protein matrix in maize and sorghum limits the 301 

access of rumen microbes to starch granules (McAllister et al., 1993; Rooney and Pflugfelder, 302 

1986). The white sorghum S1, with a low phenolic and tannin content, reached similar values than 303 

maize varieties when incubated with inoculum from a concentrate diet. However, with FI, the gas 304 

production from maize varieties, mainly M3, as well as that from S1, were reduced at a higher 305 

extent than those of barleys, indicating that such inoculum is less capable to ferment the vitreous 306 

starch and the protein matrix in the endosperm of the former cereals (Philippeau and Michalet-307 

Doreau, 1997; Ramos et al., 2009). Further, differences among varieties were apparent for 308 

sorghum, probably due to their different contents of phenolics and tannins (Table 1). With CI, gas 309 



production from S1 was higher than that from the two brown varieties S3 and S2, because of the 310 

lower content of tannins and other phenolics in the former (Hibberd et al., 1985; Streeter et al., 311 

1990; Opatpatanakit et al., 1994), but with FI differences between S1 and S3 were minimised. In 312 

the case of S2, the gas production was almost nil when incubated with FI. 313 

The higher total VFA and lactate production with barley varieties are the cause of their 314 

higher acidification capacity, as it has been previously reported by Russell and Hino (1985) and 315 

Broudiscou et al. (2014). In fact, a strong correlation was observed in this work between 316 

incubation pH and lactate concentration at 8 h incubation (R2 = 0.98). Differences in the molar 317 

proportion of VFA indicate that the fermentation profile of cereal grains differ according to the 318 

type and availability of starch, as well as with the phenolic and tannin content of sorghum 319 

varieties, in agreement with the gas production pattern. 320 

 321 

5. Conclusions 322 

 Among the studied cereal species, the extent and rate of fermentation of barley grains 323 

were higher than that of maize varieties, contributing to the magnitude of the drop of medium pH 324 

in the first hours of incubation, and there were no major variation among the studied varieties of 325 

each species. However, despite of the minor differences among varieties of barley and maize, care 326 

must be taken in generalising experimental results to a species level. The response of sorghum 327 

varieties is largely dependent of their content in tannins and phenolic compounds, and whereas 328 

sorghum S1 behaved similarly to the maize substrates, fermentation of brown sorghums S2 and 329 

S3 depended on their amount of these secondary compounds. Fermentation of barley and maize 330 

grains is increased when inoculum from a concentrate-based diet is used, which contributes to a 331 

faster drop of pH that a forage inoculum. However, the extent of differences is higher among 332 

maize varieties, supporting that microbial community of a forage inoculum is less able to ferment 333 

vitreous types of starch. Despite the origin of inoculum, incubation pH was more stable with 334 



sorghum substrates, but gas production from S2, with a higher proportion of phenolic compounds 335 

was almost nil with forage inoculum, indicating a higher sensibility of this microbial community. 336 

In any case, despite it seems clear that a rapid establishment of an acidic rumen 337 

environment is useful to maximise the rumen utilisation of cereals in ruminants given high 338 

concentrate diets, the impact of such situation in overall health status of the animals and 339 

consequently their productive performances were not evaluated with this experiment, and will 340 

deserve further consideration. 341 

 342 

Acknowledgements 343 

This work was supported by the Spanish Government through the MINECO project AGL 344 

2013-46820, with the participation of the Department of Industry and Innovation of the 345 

Government of Aragón, and the European Social Fund. Z. Amanzougarene and S. Yuste were 346 

granted by the Centre International de Hautes Études Agronomiques Méditerranéennes (CIHEAM) 347 

and the Gobierno de Aragón (DGA), respectively. There are no conflicts of interests. 348 

 349 

References 350 

Analytical Software, 2010. Statistix 10 for Windows. Analytical Software, Tallahasee, FL. 351 

AOAC, 2005. Official Methods of Analysis, 18th ed. Association of Official Analytical Chemists. 352 

Gaithersburg. MD. USA.  353 

Barker, S.B., Summerson, W.H., 1941. The colorimetric determination of lactic acid in biological 354 

material. J. Biol. Chem. 138, 535-54.  355 

Broudiscou, L.P., Offner, A., Sauvant, D., 2014. Effects of inoculum source, pH, redox potential and 356 

headspace di-hydrogen on rumen in vitro fermentation yields. Animal 8, 931-937. 357 

Calsamiglia, S., Cardozo, P.W., Ferret, A., Bach, A., 2008. Changes in rumen microbial fermentation 358 

are due to a combined effect of type of diet and pH. J. Anim. Sci. 86, 702-711.  359 



Chai, W.Z., van Gelder, A.H., Cone, J.W., 2004. Relationship between gas production and starch 360 

degradation in fed samples. Anim. Feed Sci. Technol. 114, 195-204. 361 

Chen, Y.K., Pell, A.N., Chase, L.E., Schofield, P., 1999. Rate and extent of digestion of the ethanol-362 

soluble and neutral detergent-insoluble fractions of corn grain. J. Anim. Sci. 77, 3077-3083. 363 

FEDNA, 2010. In: De Blas, C., Mateos, G.G. and García-Rebollar, P. (Eds.), Tablas de composición y 364 

valor nutritivo de alimentos para la fabricación de piensos compuestos, 3rd ed., Fundación 365 

Española para el Desarrollo de la Nutrición Animal, Madrid, Spain.  366 

Herrera-Saldana, R.E., Huber, J.T., Poore, M.H., 1990. Dry matter, crude protein and starch 367 

degradability of five cereal grains. J. Dairy Sci. 73, 2386-2393. 368 

Hibberd C.A., Wagner, D.G., Hintz, R.L., Griffin, D.D., 1985. Effect of sorghum grain variety and 369 

reconstitution on site and extent of starch and protein digestion in steers. J. Anim. Sci. 61, 702-370 

712. 371 

Huntington, G.B., 1997. Starch utilization by ruminants: from basics to the bunk. J. Anim. Sci. 75, 372 

852-867. 373 

Kim, K.H., Tsao, R., Yang, R., Cui, S.W., 2006. Phenolic acid profiles and antioxidant activities of 374 

wheat bran extracts and the effect of hydrolysis conditions. Food Chem. 95, 466-473. 375 

Klieve, A.V., Hennessy, D., Ouwerkerk, D., Forster, R.J., Mackie, R.I., Attwood, G.T., 2003. 376 

Establishing populations of Megasphaera elsdenii YE34 and Butyrivibrio fibrisolvens YE44 in the 377 

rumen of cattle fed high grain diets. J. Appl. Microbiol. 95, 621-630. 378 

Kohn, R.A., Dunlap, T.F., 1998. Calculation of the buffering capacity of bicarbonate in the rumen 379 

and in vitro. J. Anim. Sci. 76, 1702-1709. 380 

Krause, K.M., Oetzel, G. R., 2006. Understanding and preventing subacute ruminal acidosis in dairy 381 

herds: A review. Anim. Feed Sci. Technol. 126, 215-236.  382 

Lanzas, C., Fox, D.G., Pell, A.N., 2007. Digestion kinetics of dried cereal grains. Anim. Feed Sci. 383 

Technol. 136, 265-280. 384 



Makkar, H.P.S., Blummel, M., Borowy, N.K., Becker, K., 1993. Gravimetric determination of tannins 385 

and their correlations with chemical and protein precipitation methods. J. Sci. Food Agric. 61, 386 

161-165. 387 

McAllister, T.A., Cheng, K.J., Rode, L.M., Forsberg, C.W., 1990. Digestion of barley, maize, and 388 

wheat by selected species of ruminal bacteria. Appl. Environ. Microbiol. 56, 3146-3153. 389 

McAllister, T.A., Philippe, R.C., Rode, L.M., Cheng, K.J., 1993. Effect of the protein matrix on the 390 

digestion of cereal grains by rumianl microorganisms. J. Anim. Sci. 71, 205-212. 391 

McDougall, E.I., 1948. Studies on ruminant saliva. 1. The composition and output of sheep´s saliva. 392 

Biochem. J. 43, 99-109. 393 

Menke, K.H., Steingass, H., 1988. Estimation of the energy feed value obtained from chemical 394 

analysis and in vitro gas production using rumen fluid. Anim. Res. Dev. 28, 7-55. 395 

Mertens, D.R.,  2002. Gravimetric determination of amylase-treated neutral detergent fiber in 396 

feeds with refluxing in beakers or crucibles: collaborative study. J AOAC Int. 85, 1217–1240. 397 

Mould, F.L., Morgan, R., Kliem, K.E., Krystallidou, E., 2005a. A review and simplification of the in 398 

vitro incubation medium. Anim. Feed Sci. Technol. 123-124, 155-172. 399 

Mould, F.L., Kliem, K.E., Morgan, R., Mauricio, R.M., 2005b. In vitro microbial inoculum: a review 400 

of its function and properties. Anim. Feed Sci. Technol. 123-124, 31-50. 401 

Nagadi, S., Herrero M., Jessop, N.S., 2000. The influence of diet of the donor animal on the initial 402 

bacterial concentration of ruminal fluid and in vitro gas production degradability parameters. 403 

Anim. Feed Sci. Technol. 87, 231-239. 404 

Nagaraja, T.G., Titgemeyer, E.C., 2006. Ruminal acidosis in beef cattle: The current microbiological 405 

and nutritional outlook. J. Dairy Sci. 90, E17-E38.  406 

Nocek, J.E., Tamminga, S., 1991. Site of digestion of starch in the gastrointestinal tract of dairy 407 

cows and its effect on milk yield and composition. J. Dairy Sci. 74, 3598-3629.  408 

O´Brien, L., 1999. Genotype and environment effects on feed grain quality. Austr. J. Agric. Res. 50, 409 

703-719. 410 



Offner, A., Bach, A., Sauvant, D., 2003. Quantitative review of in situ starch degradation in the 411 

rumen. Anim. Feed Sci. Technol. 106, 81-93.  412 

Offner, A., Sauvant, D., 2004. Prediction of in vivo starch digestion in cattle from in situ data. 413 

Anim. Feed Sci. Technol. 111, 41-56. 414 

Opatpatanakit, Y., Kellaway, R.C., Lean, I.J., Annison, G., Kirby, A., 1994. Microbial fermentation of 415 

cereal grains in vitro. Austr. J. Agric. Res. 45, 1247-1263. 416 

Philippeau, C., Michalet-Doreau, B., 1997. Influence of genotype and stage of maturity of maize 417 

on rate of ruminal starch degradation. Anim. Feed Sci. Technol. 68, 25-35. 418 

Ramos, B.M.O., Champion, M., Poncet, C., Mizubuti, I.Y., Nozière, P., 2009. Effect of vitreousness 419 

and particle size of maize grain on ruminal and intestinal in sacco degradation of dry matter, 420 

starch and nitrogen. Anim. Feed Sci. Technol. 148, 253-266. 421 

Robertson, J.B., Van Soest, P.J., 1981. The detergent system of analysis and its application to 422 

human foods. In: The Analysis of Dietary Fiber in Foods, W.P.T. James, O. Theander (eds.), 423 

Marcel Dekke, New York, pp. 123–158. 424 

Rooney, L.W., Pflugfelder, R.L., 1986. Factors affecting starch digestibility with special emphasis 425 

on sorghum and corn. J. Anim. Sci. 63, 1607-1623. 426 

Russell, J.B., Dombrowski, D.B., 1980. Effect of pH on the efficiency of growth by pure cultures of 427 

rumen bacteria in continuous culture. Appl. Environ. Microbiol. 39, 604-610. 428 

Russell, J.B., Hino, T., 1985. Regulation of lactate production in streptococcus bovis – a spiraling 429 

effect that contributes to rumen acidosis. J. Dairy Sci. 68, 1712-1721 430 

Shriver, B.J., Hoover, W.H., Sargent, J.P., Crawford, R.J., Thayne, W.V., 1986. Fermentation of a 431 

high concentrate diet as affected by ruminal pH and digesta flow. J. Dairy Sci., 69, 413-419. 432 

Streeter, M.N., Wagner, D.G., Hibberd, C.A., Owens, F.N., 1990. Comparison of corn with four 433 

sorghum grain hybrids: site and extent of digestion in steers. J. Anim. Sci. 68, 3429-3440. 434 



Tahir, M.N., Hetta, M., Larsen, M., Lund, P., Huhtanen, P., 2013. In vitro estimations of the rate 435 

and extent of ruminal digestion of starch rich feed fractions compared to in vivo data. Anim. 436 

Feed Sci. Technol. 179, 36-45. 437 

Theodorou, M.K., Williams, B.A., Dhanoa, M.S., McAllan, A.B., France, J., 1994. A simple gas 438 

production method using a pressure transducer to determine the fermentation kinetics of 439 

ruminant feeds. Anim. Feed Sci. Technol. 48, 185-197.  440 

Trei, J., Hale, W.H., Theurer, B., 1970. Effect of grain processing on in vitro gas production. J. Anim. 441 

Sci. 30, 825-831. 442 

Van Barneveld, S.L., 1999. Chemical and physical characteristics of grains related to variability in 443 

energy and amino acid availability in ruminants: A review. Aust. J. Agric. Res. 50, 651-666. 444 



Table 1. Chemical composition (g/kg DM) of incubated substrates (varieties of maize, sorghum 445 

and barley). 446 

Code1 OM2 CP EE Starch aNDFom ADF ADL TP TT 

M1 987 85 38 693 88 28 5.2   

M2 986 75 34 706 91 25 2.0   

M3 986 73 41 707 93 27 5.2   

S1 984 109 40 689 98 47 14.4 1.5 0.2 

S2 985 106 41 638 93 60 16.7 19.3 8.1 

S3 979 113 11 647 97 60 5.2 2.6 1.3 

B1 978 105 24 672 173 56 17.5   

B2 978 112 18 635 152 44 9.3   

B3 977 91 18 651 189 55 9.1   

1: M1, M2 and M3 are varieties of maize; S1, S2 and S3 are varieties of sorghum; B1, B2 and B3 are 447 

varieties of barley 448 

2: OM: organic matter; CP: crude protein; EE: ether extract; aNDFom: neutral detergent fibre; ADF: 449 

acid detergent fibre; ADL: acid detergent lignin; TP: total phenolics; TT: total tannins 450 



Table 2. Average total volatile fatty acids concentration (VFA, mM) and molar VFA proportions 451 

(mmol/mmol) recorded at 4 h incubation of varieties of maize, sorghum and barley in a low 452 

buffered medium. 453 

 454 

Substrate1 VFA Acetate Propionate Butyrate BCFA2 Valerate 

M1 17.0bc 0.513abc 0.179abc 0.079ab 0.016ab 0.007 

M2 17.6bc 0.514ab 0.178bc 0.079ab 0.016b 0.007 

M3 17.8bc 0.510abc 0.180ab 0.080ab 0.015b 0.007 

S1 17.8bc 0.520a 0.164cd 0.082ab 0.018ab 0.008 

S2 16.3c 0.526a 0.159d 0.083a 0.019ab 0.009 

S3 17.5bc 0.519a 0.161d 0.082ab 0.021a 0.010 

B1 20.8abc 0.499bc 0.191ab 0.079ab 0.016ab 0.008 

B2 21.2ab 0.501bc 0.191ab 0.078b 0.016b 0.008 

B3 23.0a 0.496c 0.195a 0.080ab 0.015b 0.008 

SEM3 1.02 0.0036 0.0035 0.0010 0.0010 0.0007 

a, b, c  Different superscripts within a column indicate means differences (P<0.05) 455 

1: M1, M2 and M3 are varieties of maize; S1, S2 and S3 are varieties of sorghum; B1, B2 and B3 are 456 

varieties of barley 457 

2: BCFA: branched-chain fatty acids (sum of isobutyrate + isovalerate) 458 

3: SEM: standard error of the means    459 



Table 3. Average total volatile fatty acids concentration (VFA, mM) and molar VFA proportions 460 

(mmol/mmol) recorded at 8 h incubation of varieties of maize, sorghum and barley in a low 461 

buffered medium. 462 

 463 

Substrate1 VFA Acetate Propionate Butyrate BCFA2 Valerate 

M1 24.2bc 0.495cde 0.196ab 0.082abc 0.014 0.007 

M2 26.0abc 0.504bcd 0.188bcd 0.080abc 0.014 0.007 

M3 25.2abc 0.499bcde 0.193abc 0.081abc 0.014 0.007 

S1 23.8bc 0.510ab 0.177de 0.084a 0.015 0.007 

S2 21.6c 0.522a 0.164e 0.081abc 0.018 0.009 

S3 21.5c 0.506bc 0.178cde 0.083ab 0.018 0.008 

B1 28.3ab 0.487e 0.207a 0.077c 0.015 0.008 

B2 30.5a 0.486e 0.207a 0.078bc 0.015 0.008 

B3 27.4ab 0.492de 0.204ab 0.077c 0.014 0.008 

SEM3 1.18 0.0030 0.0035 0.0012 0.0009 0.0005 

a, b, c  Different superscripts within a column indicate means differences (P<0.05) 464 

1: M1, M2 and M3 are varieties of maize; S1, S2 and S3 are varieties of sorghum; B1, B2 and B3 are 465 

varieties of barley 466 

2: BCFA: branched-chain fatty acids (sum of isobutyrate + isovalerate) 467 

3: SEM: standard error of the means   468 



Figure 1. Pattern of incubation pH according to the different varieties of maize (M1 , M2 , M3 469 

, solid line), sorghum (S1 , S2 ,  S3 , dashed line) and barley  (B1     , B2      , B3     ; dotted 470 

line) when incubated in a low buffered medium with inoculum from a concentrate diet (CI, Fig. 471 

2a) or from a forage diet (FI, Fig. 2b). Upper bars show standard error of means. 472 
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Figure 2. Average pattern of gas production from the substrates incubated in a low buffered 478 

medium with inoculum from a concentrate diet (CI, ) or a forage diet (FI, ). Upper bars 479 

show standard error of means. 480 
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Figure 3. Pattern of gas production from the different varieties of maize (M1 , M2, M3, solid 484 

line), sorghum (S1 , S2 ,  S3 , dashed line) and barley  (B1     , B2       , B3      ; dotted line) 485 

when incubated in a low buffered medium with inoculum from a concentrate diet (CI, Fig. 3a) 486 

or from a forage diet (FI, Fig. 3b). Upper bars show standard error of means. 487 
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