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Abstract
Subacute rumen acidosis (SARA) is a common problem in dairy cattle. High-
concentrate rations lead to an accumulation of short-chain fatty acids (SCFA) in the 
rumen and a subsequent decrease in ruminal pH. As SARA impairs animal welfare 
and productivity, numerous in vivo studies are focusing on evaluation of prevention 
strategies. In vitro models can support this research and reduce animal numbers and 
experimental costs. We used different diets and buffer compositions to induce SARA 
in the rumen simulation technique (Rusitec) and investigated the recovery process. 
The experiment consisted of an equilibration period (7 days), a first control period, 
a SARA period and a second control period (5 days each). During the SARA period, 
SARA was induced by infusing SARA1 or SARA2 buffer with reduced bicarbonate 
(20 mmol/L and 25 mmol/L) and phosphate (both 10 mmol/L) contents compared to 
a modified McDougall's buffer (bicarbonate 97.9 mmol/L, phosphates 20 mmol/L). 
Additionally, we compared three feeding strategies, which differed in the concentrate-
to-roughage ratio (30:70, 70:30, changing ratio: 30% concentrate in control periods 
and 70% concentrate in SARA period). During the SARA period, the pH decreased 
to a constant value below the SARA thresholds of pH 5.8 and 5.6, whereas lactate 
concentrations remained low. The total SCFA production rate declined 3 days after 
SARA induction, and the molar proportion of acetate decreased. The decrease in pH 
and SCFA production was more pronounced for SARA1 buffer. The high-concentrate 
diet reduced the molar proportion of acetate and increased NH3-N concentrations. 
During the second control period, most parameters recovered. In conclusion, SARA 
conditions were successfully induced in the Rusitec. However, we observed a higher 
influence of buffer composition than of concentrate proportions on most biochemi-
cal parameters. Nearly all changes were reversible. This model can be applied to test 
acidosis prevention strategies prior to animal experiments.
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1  | INTRODUC TION

Subacute rumen acidosis (SARA) is a widespread problem in 
high-yielding dairy cattle. To maintain their elevated energy demand 
during lactation, high amounts of easily fermentable carbohydrates 
are fed, resulting in an increase in production of short-chain fatty 
acids (SCFA). When SCFA production exceeds the absorption and 
buffering capacity of the rumen, ruminal pH decreases below phys-
iological thresholds. Nowadays, SARA is commonly defined as a pH 
<5.6 for >3 hr/day (Plaizier, Krause, Gozho, & McBride, 2008), or a 
pH <5.8 for >5.24 hr/day (Zebeli et al., 2008). A decrease in ruminal 
pH causes changes in the microbial community and subsequent al-
terations in the fermentation pattern (Goto et al., 2016; Khafipour, 
Krause, & Plaizier, 2009b).

Due to the importance of SARA in modern farming, it is a topic 
of many current in vivo studies. Since SARA has a high impact on 
animal welfare, for example decrease in dry matter intake, rume-
nitis, liver abscesses and laminitis (Abdela, 2016), it is expedient to 
improve in vitro methods simulating SARA and reduce non-manda-
tory in vivo trials. In vitro models can be used for mechanistic in-
vestigations on fermentation pathway or for pre-testing prevention 
strategies such as the use of feed additives (Anele, Swift, McAllister, 
Galyean, & Yang, 2015; Cantalapiedra-Hijar, Yanez-Ruiz, Newbold, 
& Molina-Alcaide, 2011; Neubauer et al., 2019). Nevertheless, ex-
isting models often maintain pH values artificially by infusing HCl 
or NaOH (Cerrato-Sanchez, Calsamiglia, & Ferret, 2007) or anal-
yse only specific micro-organisms from the large rumen microbial 
community (Long et al., 2014). Moreover, in most studies, the ex-
perimental time span is relatively short, for example 18 hr (Long 
et al., 2014) or up to 144 hr (Yadeghari, Malecky, Dehghan Banadaky, 
& Navidshad, 2015). In contrast, in vivo experiments last several 
days (Krause & Oetzel, 2005) or even weeks (Keunen et al., 2002). 
The two previously mentioned in vitro models are limited in time 
span as they used a closed system, which did not permit addition 
of new substrate. To be able to mirror extended or repeated SARA 
episodes, which are more comparable to the in vivo situation and 
to in vivo studies, a model using a system with repeated feeding is 
needed.

The rumen simulation technique (Rusitec) was established by 
Czerkawski and Breckenridge (1977) and is a well-established model 
for long-term studies on fermentation patterns and complex mi-
crobial interactions. The Rusitec preserves a stable pH value with 
a buffer composition close to the saliva of ruminants. Although the 
protozoa population diminishes in the Rusitec (Moumen, Yáñez-Ruiz, 
Carro, & Molina-Alcaide, 2009), the bacterial community within 
the Rusitec system stabilises within a few days and is highly similar 
to in vivo conditions (Lengowski et al., 2016; Wetzels et al., 2018). 
The Rusitec can be used to study fermentation parameters over 
several weeks (Czerkawski & Breckenridge, 1977). Eger, Riede, 
and Breves (2018) induced severe acidosis in the Rusitec. Mickdam 
et al. (2016) used the Rusitec to investigate the impact of alkaloids 
during SARA in the Rusitec. However, no further observations of re-
generation processes have been made, even though in vivo SARA is 

characterised by repeated bouts of low pH for a continuing period of 
time (Gozho, Plaizier, Krause, Kennedy, & Wittenberg, 2005; Kleen, 
Hooijer, Rehage, & Noordhuizen, 2003; Plaizier et al., 2008).

The mentioned models used a high-concentrate feeding together 
with a reduced buffer capacity to induce acidotic conditions in the 
Rusitec system. Here, we investigated the effects of feeding (high- 
or low-concentrate level, sudden rise in concentrate level) and of 
buffering capacity (three buffer solutions differing in bicarbonate 
and phosphate concentrations) alone and in combination. This ap-
proach allows a mechanistic investigation of how these parameters 
influence SARA conditions in the Rusitec system. We hypothesised 
that elevated concentrate levels would result in enhanced SCFA con-
centrations, but a pH decrease would mainly be driven by reducing 
buffer capacity. Moreover, we hypothesised that the system would 
be able to recover from a SARA bout. This ability would be the basis 
for future studies with prolonged or repeated bouts of SARA, which 
mirror the pattern of SARA on farms.

2  | MATERIAL AND METHODS

2.1 | Experimental design

For this study, the semi-continuous rumen simulation technique 
(Rusitec) established by Czerkawski and Breckenridge (1977) was 
applied. Two Rusitec systems, one containing six fermentation 
vessels and one containing two fermentation vessels, equipped 
with a continuous pH measurement system were used. The ex-
periment was designed as a series of four experimental runs. The 
design of each individual run was equal, resulting in a total number 
of four replicates for eight treatments. For each run, the position 
of each treatment varied and each treatment was located in the 
two-vessel apparatus for one run to minimise potential environ-
mental influences. Each run lasted 22 days and was divided into an 
equilibration period (7 days), the first control period (CP1, 5 days), 
the SARA period (SARA, 5 days) and a second control period (CP2, 
5 days). The three different diets were combined with three dif-
ferent buffer treatments in an incomplete crossover design (eight 
treatment groups, Figure 1). The buffer treatments were designed 
as follows: during the equilibration period and both control pe-
riods, all groups were continuously supplied with a modified 
McDougall's buffer designed to maintain physiological pH values 
(standard buffer, ST, Table 1) (Oeztuerk, Schroeder, Beyerbach, & 
Breves, 2005). During the SARA period, two groups received the 
ST buffer, while three groups received the modified buffer SARA1 
and three groups the modified buffer SARA2. Both SARA buff-
ers contained lower concentrations of phosphate and bicarbonate 
compared to the ST buffer (Table 1). These buffer formulations 
were pre-tested by adding increasing amounts of acetic acid to 
reach SCFA concentrations comparable to previous Rusitec stud-
ies and by performing a Rusitec test run. Each of the three groups 
supplied with either SARA1 or SARA2 buffer received one of the 
following feed variations: firstly, a high-concentrate feeding with 
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70% (fresh matter) of concentrate and 30% of roughage (70); sec-
ondly, a low-concentrate ratio with 30% concentrate and 70% 
roughage (30); and thirdly, a changing ratio (CR). Crude nutrient 
composition of the used hay and concentrate (Deuka Schaffutter, 
Deutsche Tiernahrung Cremer) are presented in Table 2. Groups 
with a changing ratio received 30% concentrate during equilibration 
and both control periods. Exclusively during the SARA challenge, 
the concentrate proportion was raised to 70% in these groups. For 
ST buffer-treated groups, it proved impossible to include all three 
feed variations due to the upper limit of eight vessels per run. To 
avoid the increasing variance by using a third Rusitec system, the 
feeding group with the low-concentrate percentage was omitted 

for the ST buffer. This treatment resembled the roughage-to-con-
centrate ratio in previous Rusitec experiments with physiological 
pH conditions (Riede, Boguhn, & Breves, 2013) and control diets 
fed in in vivo experiments (Li et al., 2012; Wang, Zhang, Zhu, & 
Mao, 2013), therefore, this treatment was not expected to result 
in SARA conditions. Consequently, eight treatment groups were 
used: the SARA1 buffer with a high-concentrate ratio, a low-
concentrate ratio and a changing concentrate ratio (SARA1-70, 
SARA1-30, SARA1-CR), the SARA2 buffer with a high-concentrate 
ratio, a low-concentrate ratio and a changing concentrate ratio 
(SARA2-70, SARA2-30, SARA2-CR) and the ST buffer with a high-
concentrate ratio and a changing concentrate ratio (ST-70, ST-CR). 

F I G U R E  1   Concentrate levels and 
infused buffer for all treatments during 
first control period, the SARA period 
(grey shaded) and second control period. 
Treatments are labelled with the buffer 
type used during the SARA period 
(standard (ST), SARA1 or SARA2) and the 
amount of concentrate fed in the diet 
(30%, 70% or changing ratio (CR)). The 
combination standard buffer and 30% of 
concentrate were not used

TA B L E  1   Three different buffer compositions were used either 
to maintain the physiological pH value (Standard) or to induce 
subacute acidosis in the fermentation vessels (SARA 1 and 2)

Substance [mmol/L]

Type of buffer

Standard
SARA1 
buffer

SARA2 
buffer

NaCl 28 115.9 110.9

KCl 7.69 7.69 7.69

CaCl2∙2 H2O 0.216 0.216 0.216

MgCl2∙6 H2O 0.63 0.63 0.63

HCl (1 N) 0.5 0.5 0.5

NaH2PO4∙H2O 10 10 10

Na2HPO4∙12 H2O 10 - -

NH4Cl 5 5 5

NaHCO3 97.9 20 25

TA B L E  2   Nutrient content of the feed

Content Hay Concentratea 

DM [% of original substance] 91.6 90.6

Crude ash [% of DM] 8.0 6.7

Crude protein [% of DM] 7.2 19.8

Crude fat [% of DM] 1.2 3.8

Crude fibre [% of DM] 32.2 7.9

ADFom [% of organic matter] 33.9 n.d.

NDFom [% of organic matter] 57.7 n.d.

Starch [% of DM] n.d. 29.9

Abbreviation: DM, dry matter; n.d., not determined
aIngredients: rye, wheat gluten feed, rapeseed meal, palm kernels as 
expeller, beet vinasse, corn gluten feed, calcium carbonate, oat hulls, 
beet molasses, sodium chloride; vitamins and minerals per kg: 10,000 
I.U. Vitamin A, 800 I.E. Vitamin D3, 0.3 mg Se, 0.2 mg Co, 0.1 mg I, 
30 mg Zn, 20 mg Mg 
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Concentrate levels and infused buffers during CP1, SARA and CP2 
for all treatment groups are summarised in Figure 1.

2.2 | Rusitec experiment

The Rusitec experiment was started as described previously 
(Meibaum et al., 2012). For each run, the Rusitec fermentation ves-
sels (total volume approx. 800 ml) were loaded with fresh solid and 
liquid rumen contents. Rumen contents were collected 3 hr after 
feeding from two non-lactating, ruminally cannulated German 
Holstein cows. The donor cows were fed 7.5 kg of hay and 500 g of 
a rye- and wheat-based concentrate (Deuka Schaffutter, Deutsche 
Tiernahrung Cremer) daily. Nutrient composition of the feed is pre-
sented in Table 2. To separate rumen liquid from the solid phase, 
rumen content was filtered through two layers of gauze. The solid 
content from both cows, as well as their liquid content, was mixed be-
fore loading the fermentation vessels. For each fermentation vessel, 
the daily amount of hay and concentrate was weighed into nylon bags 
(R712 Forage Bags in situ, ANKOM Technology, 6.75 cm × 12 cm, 
pore size: 50 µm ± 10 µm, Gesellschaft für Analysetechnik HLS) 
and stored inside the inner vessel. Hay was cut into pieces less than 
1 cm long, and concentrate pellets were kept smaller than 0.5 cm. 
In contrast to previous experiments, we increased the total amount 
of feed per bag to from 10 to 12.5 g fresh matter to mirror the high 
substrate availability. On the first day of the experiment, one nylon 
bag was filled with mixed solid rumen content (70 g) and placed in 
the inner vessel together with a feed bag. Thereafter, the outer ves-
sel was filled with approximately 660 ml of mixed rumen liquid. The 
inner vessel was perforated and constantly moved up and down by a 
motor (six times per min) to ensure fluid movement in the fermenta-
tion vessel. On the following day, the inoculum bag was exchanged 
for a new feed bag. To ensure the transfer of loosely attached micro-
organisms, the rumen content bag was flushed with 40 ml of pre-
warmed buffer solution for 1 min, which was then poured back into 
the vessel. Subsequently, the bags were exchanged alternately every 
24 hr resulting in a particle retention time of 48 hr. A water bath pro-
vided a constant temperature of 39.0°C. The system was constantly 
supplied with buffer solution to simulate saliva flow and to maintain 
a daily turnover rate of 660–700 ml throughout the experiment. The 
buffer exchange for SARA groups was performed on days 12 and 17 
after daily sampling and exchange of the feed bag. The daily effluent 
was collected in nitrogen-infused glass flasks to maintain anaerobic 
conditions and stored on ice to prevent further fermentation. Daily 
effluent samples for the measurements of SCFA, NH3-N and lactate 
were stored at −20°C until further analysis. Fermentation gas was 
allowed to leave the system through fermentations locks.

2.3 | Measurements

The pH and the redox potentials (Polyplast pH Sensors, Polyplast 
ORP Sensors, Hamilton Bonaduz AG) were measured daily in all 

fermenters throughout the entire experiment immediately be-
fore exchange of the substrate bag. Additionally, two vessels were 
equipped with a system for the continuous measurement of pH on 
a 24-hr basis. Every treatment group was surveilled in these ves-
sels for the duration of one trial. From these data, the area under 
the curve was calculated, this indicates the time and depth below 
pH thresholds (min × pH/day). Concentrations of SCFA were de-
tected gas chromatographically (Hewlett Packard Enterprise GmbH, 
Böblingen, Gas Chromatograph 5890 II) as described by Koch 
et al. (2006). The production rates of SCFA were calculated by multi-
plying SCFA concentrations with effluent volume. Molar proportions 
were calculated. The concentration of NH3-N was measured photo-
metrically as previously done by Riede et al. (2013). D- and L-lactate 
concentrations were analysed photometrically using a commercial 
kit (D-Milchsäure (D-lactate)/ L-Milchsäure (L-lactate), R-Biopharm 
AG, Roche) according to the manufacturer's instructions, and the 
total amount of lactate was calculated. To be able to determine the 
degradation of roughage and concentrate separately, hay and con-
centrate rations of days 9, 14 and 19 were weighted into two sepa-
rate nylon bags and were collected 2 days later and stored at −20°C. 
In order to calculate the degradation of organic matter, the feed bags 
were dried for 48 hr at 65°C. The dry matter was weighed, contents 
were incinerated, and the resulting ash was weighed and compared 
to the original weight.

2.4 | Statistical analysis

The statistical analyses were performed using the Statistical 
Analysis System for Windows SAS, version 9.4 by using the SAS 
Enterprise Guide version 7.1 Client (SAS Institute Inc.). Four repli-
cates were used per treatment. As part of the descriptive statistics 
for all measured values arithmetic means, standard deviations, the 
minimum values and the maximum values were calculated. Model re-
siduals were checked for normal distribution using the Shapiro–Wilk 
test and visual assessment of QQ plots. Effects of three periods, 
five time points (days within each period) and eight combinations 
of rations with buffers (treatment) to the feature parameters were 
analysed by three-way analyses of variance for independent and re-
peated measurements, taking into account calculations of two- and 
three-way interactions. In case of significant interactions, the post 
hoc Tukey test for multiple pairwise comparisons was calculated for 
each level of the main effects stratified in the meaningful stages of 
the two other factors. This test holds the experiment-wise error rate 
of pre-determined 5%. For the linear model, the procedure “Mixed” 
was used. The correlated observations over time were considered 
using the REPEATED statement, and the covariance matrix at the 
subject level (SUBJECT = ID) was controlled using a compound sym-
metry correlation structure (TYPE = CS). The covariance structure 
was selected based on Akaike information criterion (AIC) among 
the correlation structures Compound Symmetry, Heterogenous CS, 
Autoregressive and Unstructured. For parameters measured once 
per period, the three periods and eight treatments were analysed 
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by two-way analyses of variance for independent and repeated 
measurements, taking into account calculations of interactions 
between both effects. In case of significant interactions, post hoc 
Tukey test for multiple comparisons for both factors was calculated 
at each level of the other factor. Error probabilities of p < .05 were 
considered significant. Graphs were created using GraphPad Prism 
7 (GraphPad Software).

3  | RESULTS

3.1 | Initial conditions

During CP1, fermenter pH values varied significantly in the SARA2-
30 and ST-70 groups (effect of time point p < .05). However, means 
merely differed between pH 6.64 and pH 6.69 or pH 6.69 and pH 
6.74, respectively, indicating that this effect was statistically signifi-
cant but of negligible biological relevance (Figure 2). All pH values 
were within the range of 6.6 to 6.9 representing physiological rumen 
pH conditions. Redox potential (Figure 3a), acetate proportion 
(Figure 4b), propionate proportion (Figure 4c) and NH3-N concen-
tration (Figure 3b) also varied slightly in one treatment group each 
(p < .05, Table S1), although several groups received the same buffer 
and diet during CP1. Therefore, these effects were probably also 
random. Total SCFA production (Figure 4a) and the molar propor-
tion of butyrate (Figure 4d) and valerate (Figure S2a) did not change 
significantly. Isovalerate was the only parameter decreasing signifi-
cantly over time in five treatment groups (all SARA2 buffer groups, 
SARA1-CR, ST-CR, Figure S2b). Due to the high stability of most fer-
mentation parameters in CP1, to evaluate recovery from the SARA 
challenge CP2 values were only compared to Day 12.

Some parameters differed among treatment groups during 
CP1. Ammonia-N concentration was affected by treatment groups 

(days 8–12, at least p < .01, Table S2), which were mainly based on 
higher ammonia-N concentrations in 70% concentrate groups com-
pared to the 30% concentrate and changing ratio groups (p < .05, 
Figure 3b). Additionally, the molar proportion of acetate was lower 
for treatments with 70% concentrate compared to all groups with 
a 30% concentrate or a CR diet (days 10–13, p < .05, Figure 4b). 
High-concentrate treated groups exhibited a higher molar propor-
tion of valerate throughout the first control period, compared to 
the changing ratio and 30% concentrate groups (p < .05 on Day 8, 
Figure S2a).

3.2 | Alterations in fermentation parameters during 
subacute rumen acidosis period

During the SARA period, all SARA buffer-treated groups exhibited 
significant time-dependent changes in pH (effect of time point 
for all SARA groups p < .001), while groups treated with ST buffer 
maintained a constant pH (Figure 2). Groups SARA1-70, SARA1-CR, 
SARA2-70 and SARA2-CR decreased in pH continuously until Day 
15 (p < .05). Group SARA1-30 also declined in pH (p < .001) and 
remained stable from Day 14 onwards, while pH values in SARA2-30 
vessels stabilised on Day 15 with a slight increase between Day 16 
and Day 17 (p < .05). At the end of SARA, pH means ranged from 
5.55 to 5.76 in SARA1 or 2 buffer-treated groups. On Day 17, all 
SARA1 buffer-treated groups were significantly lower in pH com-
pared to the SARA2 buffer groups (at least p < .05). Continuous 
measurement of pH (Table 3) revealed that applying the SARA1-70 
treatment feeding led to a decline in pH under the threshold of 5.6 
for 1,370 min/day with a minimum pH of 5.3 and a maximum pH of 
5.67 on Day 15. In contrast, when applying SARA2-70 treatment, 
pH values declined beneath pH 5.8 for 770 min/day with a maximal 
pH of 5.8 and a minimal pH of 5.5 (Day 15). During SARA, the area 

F I G U R E  2   Daily pH measured in the fermentation vessels for groups treated with 70% concentrate (left), treated with 30% concentrate 
(middle) or receiving a changing ratio diet (right). In control periods 1 (days 8–12) and 2 (days 18–22), all reaction vessels received standard 
buffer; only during SARA period (days 13–17, grey shaded) were SARA buffers applied. Error bars indicate SD, n = 4
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under the curve increased when SARA1 buffer was used compared 
with SARA2 treatments.

Total lactate concentration increased in all SARA1 and SARA2 
buffer-treated groups (p < .05, Figure S1). However, all lactate val-
ues remained at a low level (maximal values: SARA1-30 on Day 
17:0.39 ± 0.55 mmol/L, mean ± SD).

During SARA challenge, the NH3-N concentration in groups sup-
plied with 70% concentrate remained unchanged; even though on 
Day 14, a difference among buffers was detected (Figure 3b). Here, 
the concentration in the SARA2-70 group was elevated compared to 
SARA1-70 and ST-70 (p < .05). In contrast, the NH3-N concentration 
increased in all changing ratio-treated vessels (effect of time point 
p < .01) until they reached levels of the SARA1-70 and ST-70 group.

Redox potential tended to increase for SARA1-70 (effect of time 
point p = .05) and increased in all other SARA1 and SARA2 buf-
fer-treated groups (effect of time point p < .01), reaching its highest 
point on Day 17, while the redox potential remained unaltered for ST 
buffer-treated groups (Figure 3a).

Total SCFA production of the two ST buffer groups did not vary 
during the SARA period (Figure 4a). The production of SCFA started 
to decline on Day 15 in SARA1-30, SARA2-30 and SARA2-CR 
groups (effect of time point p < .01; p < .05 compared to Day 13). On 

Day 16, the production decreased in the SARA1-70 and SARA2-70 
groups (effect of time point p < .01; p < .05 compared with Day 13). 
The production rate of SARA1-70 was lower compared to SARA2-70 
on days 15 and 17 (p < .05). Furthermore, the proportion of ace-
tate decreased in all treatment groups (effect of time point p < .01). 
The proportions started to decline between days 14 and 15 for most 
groups (p < .05 compared with Day 13). The decline was also sig-
nificant for the ST-70 group (effect of time p = .007). However, the 
overall decline (−3.4%) was less pronounced compared to the other 
groups (−7.5% to −14.2%). Molar proportions of propionate remained 
unchanged throughout the period in most treatments (Figure 4c). 
Merely in ST-70 group (p = .009) did the propionate increase at the 
end of the SARA period (p < .05, days 16 and 17). Molar propor-
tions of butyrate increased in the SARA1-30, SARA2-30, SARA1-70 
and SARA2-CR groups (effect of time point p < .05), with higher val-
ues on days 16 and 17 (p < .05). Valerate proportions remained un-
changed for all groups treated with 70% concentrate. Nevertheless, 
valerate increased for groups with 30% concentrate or CR (effect of 
time point p < .05, Figure S2a) and reached highest levels on days 
16 and 17. Moreover, isovalerate proportions increased during the 
last two days of SARA in the SARA1-70 and SARA-CR groups, while 
decreasing for ST-CR (p < .05, Figure S2b).

F I G U R E  3   (a) Redox potential measured in the fermentation vessel and (b) NH3-N concentration in the effluent, for groups treated with 
70% concentrate (left), treated with 30% concentrate (middle) or receiving a changing ratio diet (right). In control periods 1 (days 8–12) and 
2 (days 18–22), all reaction vessels received standard buffer; only during SARA period (days 13–17, grey shaded) were SARA buffers applied. 
Error bars indicate SD, n = 4
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F I G U R E  4   Total SCFA production (a) and molar proportions of (b) acetate, (c) propionate and (d) butyrate, measured in the effluent, for 
groups treated with 70% concentrate (left), treated with 30% concentrate (middle) or receiving a changing diet (right). In control periods I 
(days 8–12) and II (days 18–22), all reaction vessels received standard buffer; only during SARA period (day 13–17, grey shaded) were SARA 
buffers applied. Error bars indicate SD, n = 4
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Neither for hay nor for concentrate the degradation of organic 
matter changed in the ST buffer groups (Table 4). During SARA, the 
degradation of organic matter for hay was reduced compared with 
CP1 in SARA1-70, SARA2-30, SARA1-CR and SARA2-CR (p < .05) 
and a difference between SARA1-30 and SARA1-70 was observed. 
In addition, SARA conditions reduced the degradation of organic 
matter for concentrate in the SARA1-30 and SARA2-30 groups 
(p < .05).

3.3 | Recovery after subacute rumen 
acidosis challenge

During CP2, the pH of SARA buffer-treated groups increased again 
(effect of time point p < .05, except SARA2-CR) and differences 
between SARA buffers disappeared (Figure 2). When compared 
with Day 12, values were re-established on Day 19 in SARA1-70, 
SARA2-70 and SARA1-CR and on Day 18 in all other groups. Lactate 

TA B L E  3   Daily variation in pH values in fermentation vessels assessed by continuous measurement in different treatment groups on Day 
15 (SARA period). Each treatment group was measured once during all four experimental runs. Standard buffer treatments are not displayed 
as their pH remained always above pH 5.6 and pH 5.8

Treatmenta 

SARA1−30 SARA1−70 SARA1-CR SARA2−30 SARA2−70 SARA2-CR

Time < pH 5.6 [min] 835 1,370 115 760 770 0

AUC‡ < 5.6 [min × pH/day] 32 327 1 17 43 0

Time < pH 5.8 [min] 1,425 1,430 1,410 1,425 1,400 795

AUC < 5.8 [min × pH/day] 290 611 217 287 283 25

pH min 5.54 5.30 5.58 5.54 5.50 5.73

pH max 5.69 5.67 5.72 5.73 5.80 5.87

Abbreviations: AUC, area under the curve.
aTreatment: SARA1-30, SARA1 buffer, 30% concentrate; SARA1-70, SARA1 buffer, 70% concentrate; SARA1-CR, SARA1 buffer, changing ratio; 
SARA2-30, SARA2 buffer, 30% concentrate; SARA2-70, SARA2 buffer, 70% concentrate; SARA2-CR, SARA2 buffer, changing ratio. 

TA B L E  4   Degradation of organic matter of hay and concentrate after 48 hr of incubation in the fermentation vessel measured in each 
experimental period: control period 1 (Day 11), SARA period (Day 16), and control period 2 (Day 21)

Treatment† 

SARA1−70 SARA1−30 SARA1-CR SARA2−70 SARA2−30 SARA2-CR ST−70 ST-CR SD‡ 
Group 
effect§ 

Degradability of hay [%]

Day

11 29.7abc 36.2ac 36.6ac 28.1bc 37.5a 36.1ac 23.9b 36.3ac 6.5 0.047

16 10.8d 24.1ab 14.6bd 13.0d 17.4bd 17.8bcd 27.9ac 31.1a 8.1 0.010

21 25.8 34.1 32.6 29.8 38.7 36.8 31.6 35.5 6.9 ns¶ 

Time effect 0.024 ns¶  0.005 ns¶  < 0.001 < 0.001 ns¶  ns¶ 

Degradability of concentrate [%]

Day

11 42.7c 63.5a 53.2b 42.8c 55.4ab 52.4b 49.0bc 48.9bc 7.2 0.003

16 32.1b 39.5b 32.0b 35.6b 39.5b 34.0b 42.9ab 44.0a 4.5 0.036

21 43.9 52.0 54.9 51.0 51.7 57.0 47.2 60.4 10.2 ns4

Time effect ns¶  0.049 ns¶  ns¶  0.042 ns¶  ns¶  ns¶ 

Note: Means with different superscripts within a row are different (p < .05).
Subacute acidosis buffers (SARA1 and SARA2) were only applied during SARA period (Day 16). In control periods 1 and 2, standard buffer (ST) was 
infused.
†Treatment: SARA1-30, SARA1 buffer, 30% concentrate; SARA1-70, SARA1 buffer, 70% concentrate; SARA1-CR, SARA1 buffer, changing ratio; 
SARA2-30 = SARA2 buffer, 30% concentrate; SARA2-70, SARA2 buffer, 70% concentrate; SARA2-CR, SARA2 buffer, changing ratio. 
‡SD = pooled standard deviations. 
§Group Effect: ration buffer combination. 
¶ns = p> .05. 
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concentrations decreased to their initial values in all SARA groups 
(Figure S1). Moreover, the redox potential became more negative 
again, and on Day 18 (SARA1-70; SARA2-30; SARA2-CR) and Day 
19 (SARA1-30; SARA1-CR; SARA2-70), respectively, it regained 
the values of Day 12 (Figure 3a). For CR groups, NH3-N concentra-
tions of Day 12 were re-established (Figure 3b). Both, the SARA1-
30 and SARA2-30 groups, experienced a sharp decrease in NH3-N 
concentration on days 19 and 20, afterwards NH3-N concentra-
tions increasing again, reaching CP1 values on Day 21. Total SCFA 
production increased immediately until reaching the values of Day 
12 (SARA1-70; SARA2-70, SARA1-CR, SARA2-CR: Day 19; SARA1-
30: Day 20; SARA2-30: Day 21, Figure 4a). For acetate, only three 
groups (SARA1-30, SARA2-30 and SARA2-CR) re-established previ-
ous values on Day 22 (Figure 4b). The ST-70 group was the only group 
which maintained an elevated propionate proportion compared to 
CP1 throughout CP2 (p < .05, Figure 4c). Butyrate proportions de-
clined again and regained values of day 12 for all groups (Figure 4d). 
Proportions of valerate also re-established during CP2 (Figure S2a). 
Isovalerate proportions already varied during CP1. During CP2, they 
stabilised at a lower level for ST buffer treatments, and 30% con-
centrate treatments (Figure S2b). Isovalerate proportions decreased 
from Day 19 until the last day of the experiment for SARA1-70 and 
SARA2-70 and peaked in SARA1-CR and SARA2-CR groups from 
Day 18 until Day 19. The degradation of hay and concentrate com-
plied with the CP1 values in all groups (Table 4).

4  | DISCUSSION

Subacute rumen acidosis is a common disorder in high-yielding 
dairy cattle (Nocek, 1997) and has a high impact on animal welfare 
(Abdela, 2016). Therefore, it is necessary to aim for a better un-
derstanding and prevention of this disorder. To reduce animal test-
ing for primary research, it is important to develop in vitro models 
that can provide us with results close to the in vivo situation. The 
Rusitec model is a well-established method for observing rumen 
fermentation processes over a long period of time (Czerkawski & 
Breckenridge, 1977). Mickdam et al. (2016) induced SARA in a Rusitec 
model and observed changes in the microbial population and the fer-
mentation pattern but did not investigate the ability of the system to 
recover after SARA. Therefore, we aimed to investigate the model's 
ability to regenerate in order to provide a basis for repeated acidosis 
periods in vitro. Moreover, we investigated the effects of combining 
different feed compositions with a reduced buffering capacity of the 
artificial saliva on manifestation of SARA in the Rusitec.

During the SARA period, infusion of SARA buffers led to a 
decrease in pH, culminating in stable pH values below the com-
monly used SARA thresholds of pH 5.8 and 5.6 (Khafipour, Krause, 
& Plaizier, 2009a; Zebeli et al., 2008) respectively. Recent in vivo 
studies aimed to mirror naturally occurring SARA better by induc-
ing SARA for several weeks or by using repeated bouts of SARA 
(Pourazad et al., 2016). The ability of the in vitro system to maintain 
a stable pH for SARA conditions without artificial supply of acids or 

alkaline is an important point to enable experiments with prolonged 
SARA periods in this system. The SARA thresholds which were used 
are derived from continuous pH assessment in vivo, while until now, 
pH measurement in the Rusitec has been restricted to selected time 
points. To overcome this discrepancy, we used two fermenters as 
prototype and tested a continuous pH measurement system. In in 
vivo, the period spend below pH 5.6 varies among induction pro-
tocols, for example from about 3 hr/day (Gozho et al., 2005) with 
60% of concentrate to more than 4 hr/day by adding 25% of ground 
wheat and barley (Keunen et al., 2002) or more than 8 hr/day (Krause 
& Oetzel, 2005) using previous feed reduction. In most of our treat-
ment groups, the period spent below the given thresholds was lon-
ger. However, the area under the curve has been highlighted as a 
more important parameter to evaluate severity of rumen acidosis 
in vivo (Dijkstra, Gastelen, Dieho, Nichols, & Bannink, 2019) as it 
both integrates the duration and extent of pH depression. Here, the 
area under the curve for pH <5.6 was comparable to or lower for 
most treatment groups than in in vivo studies (Gozho et al., 2005; 
Krause & Oetzel, 2005). In cows, lactate concentrations during 
SARA are commonly below 10 mmol/L (Krause & Oetzel, 2005). In 
the present experiment, the lactate concentration slightly increased 
in all SARA buffer-treated vessels during SARA, but never exceeded 
1.0 mmol/L. In summary, pH values and lactate concentrations in 
the SARA groups complied with values expected during a subacute 
rumen acidosis.

Most SARA studies report alterations in fermentation patterns 
(Danscher et al., 2015; Khafipour et al., 2009a). In the present study, 
the initial production of acetate was higher in vessels supplied with 
a low amount of concentrate and a high proportion of roughage. The 
higher initial acetate production is presumably linked to the micro-
bial degradation of cellulose in order to produce acetate (Dijkstra 
et al., 2012) when a higher percentage of roughage is provided. 
During SARA challenge, the molar proportion of acetate was re-
duced, while the proportion of butyrate increased and propionate 
remained stable. Generally, during low pH, the fermentation pat-
tern may shift towards propionate (Colman et al., 2013; Khafipour 
et al., 2009a) or butyrate (Brossard, Martin, Chaucheyras-Durand, 
& Michalet-Doreau, 2004). This shift is also dependent on the type 
of substrate (Colman et al., 2013; Khafipour et al., 2009a, 2009b). 
Cellulolytic bacteria are impaired under low ruminal pH (Russell, 
Muck, & Weimer, 2009) which may have caused the lower acetate 
production and the reduced degradation of organic matter of hay. 
For a further evaluation of the changes in cellulolytic activity, longer 
SARA periods are necessary to perform analyses of ADF and NDF 
degradation or to correct for the attached microbial mass (Boguhn, 
Kluth, & Rodehutscord, 2006), which might also differ due to SARA 
conditions. However, the observed differences in OM degradation 
between SARA samples and physiological conditions were much big-
ger compared to the expected amount of fermented organic matter 
derived from attached microbes (Boguhn et al., 2006).

When SARA was induced, the total production of SCFA was 
first stable and then declined after 3 to 4 days, contrarily to in vivo 
observations, where increased total SCFA concentrations generally 
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induce SARA (Khafipour et al., 2009a). The same effect was re-
ported by Mickdam et al. (2016) in their Rusitec experiment. Neither 
the higher concentrate supply in the 70% concentrate groups, nor 
the sudden increase in the CR groups increased total SCFA produc-
tion. With regard to the constant outflow of SCFA with the buffer 
compared to the adaptable absorption rate across the rumen epi-
thelium, we may even expect the SCFA concentration to increase 
more pronounced in the in vitro system. Even if an unadapted ep-
ithelium is exposed to high SCFA concentrations, the absorption 
rate may increase as the decrease in pH will enhance the percent-
age of undissociated SCFA and therefore increase passive absorp-
tion. In vivo lower rumen pH values are also not always linked to 
higher SCFA concentrations. Gao and Oba (2016) did not observe 
any differences in ruminal SCFA concentration between cows with 
high or low risk of SARA, although they differed considerably in pH. 
Moreover, the lack of diet-dependent influences might be related to 
the design of the Rusitec model. The volume ratio of the liquid and 
solid phase in the Rusitec fermentation vessel differs from the in 
vivo situation, as a reaction vessel contains approximately 700 ml 
liquid content and 25 g solid feedstuff. Therefore, with the liquid 
turnover of once per day, the feed/saliva ratio is much lower in the 
Rusitec compared to in vivo experiments (Carro, Ranilla, Martin-
Garcia, & Molina-Alcaide, 2009). This higher fluid percentage in the 
fermentation vessels may reduce the effects of an increased con-
centrate proportion on SCFA concentrations in the in vitro system 
due to the higher dilution effect. The standard buffer used here is 
a modified McDougall’ buffer (Oeztuerk et al., 2005) which is for-
mulated based on ruminant saliva composition (McDougall, 1948). 
With regard to the mentioned difference in the feed/saliva ratio in 
the Rusitec system, this results in a higher buffer capacity in the 
in vitro situation, which stabilises the pH. As the feed content in 
the fermenters is limited to ensure adequate fluid circulation in the 
fermenters, another possibility to induce SARA would be to reduce 
buffer flow. However, as this would also affect SCFA efflux it has to 
be tested whether it is possible to reduce buffer inflow towards an 
extend that results in SARA pH values without inhibiting microbial 
fermentation by accumulation of end products.

The dietary concentrate proportion influenced the concentra-
tion of NH3–N. Initially, the NH3–N concentration was higher in 
vessels with a high percentage of concentrate. Typically, the NH3–N 
concentration of animals fed with a high amount of concentrate or 
starch decreases (Belanche et al., 2012; Coe et al., 1999). As the 
ruminal NH3–N concentration is dependent on the degradation of 
crude protein from feed and the synthesis of microbial crude pro-
tein, the higher NH3-N concentration in 70% concentrate groups in 
the present study may either be based on the increasing amount of 
protein and peptides in the feed (Russell, O'Connor, Fox, Van Soest, 
& Sniffen, 1992) or on a reduced microbial protein synthesis due to 
energy spilling which occurs if too much energy is provided by easily 
fermentable carbohydrates (Hackmann & Firkins, 2015). In contrast, 
the induction of SARA did not alter NH3–N concentrations. In in vivo 
studies, effects of SARA on this parameter are inconsistent. Gao and 
Oba (2016) did not observe differences in NH3-N concentration in 

cows with different rumen pH values, while Neubauer et al. (2019) 
reported a decrease during a repeated SARA challenge. The differing 
results might be related to the extent of pH suppression.

With the infusion of ST buffer in CP2, the pH value and redox 
potential rapidly regained physiological conditions. The NH3–N con-
centration equalled values from CP1. Furthermore, the total SCFA 
production increased, which indicates the dependence of the SCFA 
production on ruminal pH. However, total SCFA production and 
molar proportions of individual SCFA re-established later compared 
to the pH and redox potential. Acetate was the only SCFA, which did 
not recover for most groups. The time span between the standard 
buffer application and the increase in SCFA is probably related to al-
terations in microbial population during the SARA challenge and the 
recovery afterwards. In vivo studies confirm the ability of the rumen 
microbial population to regenerate when the feed ration is changed 
back from a high-concentrate ratio to a high roughage ratio, and con-
sequently, the ruminal pH increases (Hook et al., 2011). In vivo, bio-
chemical parameters are able to recover within 1 week after a SARA 
challenge. However, the rumen appears to remain in unstable state 
where a following SARA challenge may either lead to more severe 
SARA conditions (Dohme, DeVries, & Beauchemin, 2008; Pourazad 
et al., 2016) or to an adaptation (Kroger et al., 2017; Neubauer 
et al., 2018). This indicates that although functional pathways are 
re-established early, the microbial community in the rumen might 
still be in a dynamic state. Whether this phenomenon also occurs in 
the Rusitec, SARA model has yet to be investigated.

The current experiment provides an in vitro SARA model, which 
proves that most fermentation patterns are able to recover within a 
few days after a SARA challenge in the Rusitec system. Nonetheless, 
it underlines that in contrast to in vivo, in vitro the buffer composi-
tion is a stronger factor on the establishment of SARA conditions 
than feed composition. This and the general loss of protozoa in the 
system have to be considered when planning studies. A long-term 
SARA and an experimental trial with repeated acidosis challenges 
would be possible using this Rusitec model. It may provide a method 
to identify strategies to detect and understand bacterial alter-
ations during repeated acidosis challenges and recovery periods. 
Furthermore, it may contribute to a reduction in animal testing as it 
can be effectively used in basic research.
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