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ABSTRACT 25 

Short chain fatty acids (SCFA) are produced by bacterial fermentation of non-digestible 26 

carbohydrates (NDC) and have many potential tissue and SCFA specific actions, from 27 

providing fuel for colonic cells to appetite regulation.  Many studies have described the 28 

fermentation of different carbohydrates, often using in vitro batch culture. As evidence-based 29 

critical evaluation of substrates selectively promoting production of individual SCFA is 30 

lacking, we performed a systematic scoping literature review. Databases were searched to 31 

identify relevant papers published between 1900 and 12/06/2016. Search terms included In 32 

vitro batch fermentation and In vitro short chain fatty acid production.  Articles were 33 

considered for essential criteria allowing equivalent comparison of SCFA between NDC. 34 

Seventy seven articles were included in the final analysis examining 29 different 35 

carbohydrates. After 24-hour fermentation, galacto-oligosaccharide ranked highest for 36 

butyrate and total SCFA production and second for acetate production.  Rhamnose ranked 37 

highest for propionate production. The lowest SCFA production was observed for kiwi fibre, 38 

polydextrose, and cellulose.  This review demonstrates that choosing a substrate to selectively 39 

enhance a specific SCFA is difficult, and the molar proportion of each SCFA produced by 40 

individual substrates may be misleading. Instead the rate and ratio of SCFA production 41 

should be evaluated in parallel.  42 

198 words 43 

 44 

Key Words: Short chain fatty acids, NDC, batch fermentation, colon model  45 
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INTRODUCTION 46 

Short chain fatty acids (SCFA), mainly acetate, propionate, and butyrate, are produced 47 

through bacterial fermentation of non-digestible carbohydrates (NDC), proteins, and other 48 

substrates that enter the colon. The composition of the diet, how it is prepared, and 49 

gastrointestinal transit time can all influence the type and quantity of fermentable substrate 50 

reaching the colon. Mucin and material sloughed off from the intestinal walls may also 51 

contribute to substrates for colonic fermentation (Cummings and Macfarlane, 1991). The 52 

physicochemical properties of each NDC, the colonic environment and host microbial 53 

activity together determine the rate and extent of NDC fermentation and SCFA production in 54 

the colon (Macfarlane and Macfarlane, 2003; Walker et al., 2005; Edwards, 2017). 55 

Observations of direct metabolic effects, in addition to receptor mediated effects on diverse 56 

cell-types and tissues, driven by SCFA have led to increased interest in recent years. SCFA 57 

are the natural ligands for free fatty acid receptors 2 and 3 (FFAR2 and 3), located on 58 

different cell types throughout the body, including colonic enteroendocrine L-cells (Le Poul 59 

et al., 2003) and adipocytes (Brown et al., 2003). Within the colon, SCFA activate an L-cell 60 

receptor mediated release of the anorexigenic gut hormones peptide YY (PYY) and glucagon 61 

like peptide 1 (GLP-1) (Lin et al., 2012). 62 

SCFA also act as metabolic substrates, however due to the inaccessibility of the colon, and 63 

rapid absorption of the SCFA, it is difficult to perform mechanistic human studies (McNeil, 64 

Cummings and James, 1978; Boets et al., 2015). Acetate can be sequestrated into hepatic 65 

lipogenesis and cholesterol production (den Besten et al., 2013), which may be inhibited by 66 

propionate (Wolever, Spadafora and Eshuis, 1991; Wolever et al., 1995). Propionate 67 

potentially has roles in gluconeogenesis, although direct evidence in humans is largely 68 

lacking (De Vadder and Mithieux, 2014; Boets et al., 2017). Propionate delivered directly to 69 
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the colon via an inulin propionate ester has been shown to supress appetite, prevent weight 70 

gain (Chambers et al., 2015), and improve insulin sensitivity in overweight individuals 71 

(Chambers et al., 2019), which is supported by improved -cell function in vitro (Pingitore et 72 

al., 2016).  Butyrate is largely utilised at the colonic epithelium as an energy source 73 

(Roediger, 1980). Butyrate has also been shown in vitro and in mice to have potentially 74 

beneficial roles in tumour development  (Hinnebusch et al., 2002; Bindels et al., 2012). The 75 

mechanisms are likely multifaceted involving histone deacetylase inhibition (Chriett et al., 76 

2019), FFAR (Chang et al., 2014), and inflammation through T-cell regulation (Furusawa et 77 

al., 2013).  78 

Assessing SCFA production in humans is problematical due to the inaccessibility of the 79 

proximal colon where the highest rates of fermentation occur. Faecal measurements of SCFA 80 

production have proven to be an unreliable proxy for production because 95% of SCFA are 81 

absorbed before excretion in the faeces (McNeil, Cummings and James, 1978). Therefore, in 82 

vitro batch or continuous culture fermentation models are often used to estimate SCFA 83 

production from NDC fermentation. The batch culture model is simple and low cost, with 84 

some limitations such as the build-up of metabolites. Continuous models do not have this 85 

limitation but are more challenging to establish, maintain, and are inherently low throughput. 86 

Due to their ease, cost effectiveness, and high throughput, batch culture fermentations are 87 

commonly used to screen NDC for their capacity to produce SCFA (Payne et al., 2012; 88 

Williams et al., 2014). Due to the lack of consensus within the research community for the 89 

batch fermentation system, differences in methodology makes comparing studies challenging. 90 

These differences include; inoculum size, carbohydrate dose, sampling times, and vessel size, 91 

which need to be ‘normalised’, making direct comparisons between studies difficult. 92 



5 
 

A clearer description of the evidence base from in vitro studies is required to allow selective 93 

manipulation of the production of individual SCFA in the colon, by choosing specific NDC. 94 

This led us to undertake a systematic scoping review of in vitro batch fermentations to 95 

determine whether the evidence supports selective SCFA production by fermentation of 96 

specific NDCs.  97 

 98 

METHODS  99 

Data collection  100 

The search engines included PubMed, Web of Science, SCOPUS, and Medline Ovid. 101 

Searches were performed from the earliest possible year (1900, 1864, 1960 and 1947 102 

respectively), to 12th June 2016.  Search terms were discussed and agreed by the authors and 103 

included in vitro colonic fermentation, in vitro batch fermentation, in vitro human 104 

fermentation, in vitro carbohydrate fermentation, human carbohydrate fermentation, faecal 105 

fibre fermentation, in vitro fibre fermentation, in vitro short chain fatty acid production, in 106 

vitro faecal fibre fermentation, short chain fatty acid fermentation and, in vitro volatile fatty 107 

acid production, all variations of spelling and word truncations were incorporated into the 108 

search. Boolean operators were used where appropriate. Journal articles were limited to those 109 

using human adults and in the English language. References listed in articles were screened 110 

to identify additional papers.  The quality of the studies was judged against pre-set inclusion 111 

and exclusion criteria (Table 1). 112 

Criteria for analysis 113 

Studies were excluded if methodological information regarding the substrate mass added to 114 

the fermentation vessel was absent, or if an experimental pre-digestion step was used without 115 
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declaring the remaining mass of substrate added for fermentation. Where the method was not 116 

clearly outlined (i.e. culture volumes and substrate quantities) the corresponding author was 117 

contacted. Lack of response led to the article being rejected from the analysis. 118 

Data Analysis 119 

Only studies with non-pooled faecal fermentations were included due to potential differences 120 

between pooled and non-pooled sample data (Aguirre, Ramiro-Garcia, Koenen, & Venema, 121 

2014).  Substrates were grouped based on substrate type. Many investigators presented their 122 

data using SCFA concentration in the culture supernatant, which is dependent on the mass of 123 

substrate and volume used, therefore data were harmonised for comparison.  For this, SCFA 124 

data provided were converted into a rate of production term defined as mmoles SCFA 125 

produced per gram of substrate per day (mmol/g carbohydrate/day or mmol/g 126 

carbohydrate/hour) which accounted for mass of substrate added and fermenter volume. 127 

SCFA data were also assessed as a molar fraction of total SCFA production (%).  Total 128 

SCFA production was calculated as the sum of acetate, propionate, and butyrate production. 129 

Once data were converted into a rate term, a Shapiro-Wilk test was conducted to assess data 130 

normality using IBM SPSS version 22. Due to non-normal distribution for some of the 131 

substrates at each time point, all data was treated as non-normally distributed. For each 132 

substrate the median and interquartile range (IQR) was calculated. 133 

For a substrate to undergo statistical analysis three separate median values from a minimum 134 

of two individual studies were required.  To account for the sigmoid pattern of SCFA 135 

production during fermentation, SCFA measurements at time points other than 24 hours were 136 

considered; 1-5 hours (early fermentation), 6-9 hours (mid fermentation) and, 10-23 hours 137 

(mid-late fermentation).   138 
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A selectivity index was devised to identify whether a substrate selectively led to the 139 

production of an individual SCFA.  To calculate this index, substrates were ranked for the top 140 

and bottom five for both rate and ratio for each of the SCFA.  Substrates in the top five for 141 

both rate and ratio of production were deemed highly selective. If a substrate ranked in the 142 

top five for acetate production, but did not rank in the top five for molar proportion it would 143 

not be considered highly selective. Substrates in the bottom five for both rate and ratio were 144 

deemed to have poor selectivity. Substrates ranking in the bottom five for production, but not 145 

for proportion would not be considered as having poor selectivity for a substrate. Only a 146 

small number of substrates with fermentation results at 0-5 hours were identified, therefore 147 

the selectivity index was not calculated.  148 

RESULTS 149 

Data Selection 150 

Search engine and reference list screening generated 18,599 articles for further analysis. Six 151 

authors were contacted regarding seven articles. Of these, one author responded regarding 152 

two articles. In total, 135 articles fulfilled the inclusion criteria (Table 1), 77 of which did not 153 

pool the stool samples and were included for further analysis (Figure 1).   154 

Rationale for combining substrate classes 155 

Substrates were grouped based on source as well as similarities in chemical and 156 

physicochemical properties. For example, sugars and disaccharides were grouped by their 157 

common name, e.g. glucoses in one group, and lactoses in another. For more complex 158 

polysaccharides and fibres, the grouping increased with complexity, initially being broadly 159 

grouped e.g. starch, pectin, cellulose. When sufficient replicate data were available, groups 160 

were further categorised e.g. raw (no experimental pre-digestion step or purchased in the raw 161 

form) and for resistant starch (underwent an experimental pre-digestion step, or purchased as 162 
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resistant starch), fructooligosaccharide (FOS) and inulin which were assessed independently. 163 

If multiple fibres were assessed in the same fermentation bottle, these were grouped as a 164 

separate mixed fibre group. Substrates which did not fit into any existing group were formed 165 

into a separate group. These groups were then required to fulfil the criteria for analysis to be 166 

considered in the final data analysis. 167 

SCFA produced from fermentation 168 

1-5 hours (early fermentation) 169 

There were sufficient data for six substrates fulfilling the inclusion criteria when SCFA were 170 

measured between 1 and 5 hours of fermentation. During this stage of fermentation, guar gum 171 

generated the highest rate and proportion of propionate and butyrate (see supplementary 172 

data). 173 

SCFA production between 6 and 9 hours (mid fermentation) 174 

There were sufficient data for 13 substrates where SCFA had been measured between 6 and 9 175 

hours of fermentation (Tables 2 and 3). 176 

Lactulose was highly selective for acetate resulting in the highest rate and proportion of 177 

acetate production (0.95 ± 0.90 mmol/g carbohydrate/hour, 81.97 ± 6.59%) (Table 2, and 3).  178 

Cellulose fermentation produced low concentrations of all SCFA tested ranking either 12th or 179 

13th (of 13) for each SCFA and total SCFA.  Of note however, cellulose fermentation resulted 180 

in highest proportion of propionate (Table 2, Table 3).  181 

Proportionally, starch led to highest percentage of butyrate produced with raw starch 182 

(purchased as raw or not pre-digested) ranking highest (25.00 ± 15.3 %), and resistant starch 183 

(purchased as resistant or pre-digested) ranking second (19.18 ± 5.02 %), this was also 184 

associated with a high selectivity index for butyrate. Resistant starch however ranked the 185 
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lowest for acetate (56.38 ± 12.6 %) percentage and had a low selectivity index for acetate 186 

(Table 2,3).  187 

SCFA production between 10 - 23 hours (mid - late fermentation) 188 

Data were available for 15 substrates with SCFA measured between 10-23 hours of 189 

fermentation (Tables 4 and 5).    190 

No substrates consistently resulted in the highest production of the SCFA. Guar gum ranked 191 

second for production for all the SCFA (Table 4).  Maize and pea fibre consistently ranked 192 

the lowest for production of all SCFA with the rate of total SCFA production for maize fibre 193 

being 0.15 ± 0.03 mmol/g carbohydrate/hour, and 0.046 ± 0.16 mmol/g carbohydrate/hour for 194 

pea fibre (Table 4).  195 

Pectic oligosaccharide led to the highest proportion of acetate (77.06 ± 4.54 %) and the 196 

lowest proportion of propionate (8.07 ± 6.08 %) (Table 4, Table 5).  Seaweed derivatives 197 

ranked second for propionate proportion (33.33 ± 12.53 %), which was 48.07 % lower than 198 

rice bran which ranked the highest (81.4 ± 22.25 %). In contrast, rice bran ranked 15th (of 15) 199 

for acetate (14.65 ± 16.41 %) and butyrate (4.17 ± 18.98 %) proportion.  Production and 200 

proportion however were linked for the propionate generated by guar gum. Guar gum ranked 201 

second for production (0.22 ± 0.02 mmol/g carbohydrate/hour) and third for proportion 202 

(31.42 ± 16.13 %) and was therefore considered a highly selective propiogenic substrate 203 

(Table 8).  204 

 205 

24 hour SCFA production  206 

A total of 29 substrates were evaluated for comparison after 24 hours of in vitro fermentation.  207 
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Galactooligosaccharide (GOS) ranked first for butyrate (2.36 ± 2.50 mmol/g 208 

carbohydrate/day) and total SCFA production (13.69 ± 16.18 mmol/g carbohydrate/day) 209 

(Table 6). Rhamnose was considered highly selective for propionate ranking the highest for 210 

production (4.75 ± 1.14 mmol/g carbohydrate /day) and second for percentage (34.28 ± 18.06 211 

%). Galactose was had high selectivity for acetate ranking the highest for acetate production 212 

(11.35 ± 7.25 mmol/g carbohydrate/day) and percentage (90.55 ± 16.14 %)(Table 6, 7 and 8). 213 

When comparing the rank order of rate and ratio of SCFA production at 24 hours, there was 214 

little similarity in the rank order of substrates (Table 6, 7, 8). This highlights the challenges in 215 

assessing SCFA production and/or yield from bacterial fermentation.  216 

 217 

DISCUSSION  218 

In this work we sought to gain insight into possible routes to selectively increase the 219 

production of individual SCFA in the colon through selection of particular NDC. Pulling 220 

together the literature on in vitro fermentation of NDCs highlighted the challenge of 221 

deciphering studies with differing methods and outcome units making it difficult to predict 222 

which NDCs promote individual SCFA. The frequent use of batch cultures to screen fibres 223 

for their fermentation characteristics highlights the need for standardisation of methods and 224 

or reporting of results to allow a valid overview of the evidence.   In this study, 225 

standardisation of the published data across these disparate studies allowed us to compare 226 

directly the SCFA produced by the fermentation of a wide range of NDCs. The results 227 

suggest that readily fermentable NDC have rather similar SCFA production profiles, but the 228 

fermentability of NDCs varies widely which does affect the SCFA yield.   229 
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There have been previous attempts to standardise in vitro batch fermentation experiments 230 

(Barry and Hoebler, 1995; Edwards et al., 1996; COST Action FA1005, 2015), yet large 231 

variations still exist between methodologies used by research teams. One of the main 232 

differences between studies is the decision to pool stool samples to provide a single inoculum 233 

or not.  234 

A previous study compared the effects of pooling stool samples vs non-pooled samples using 235 

the continuous culture TIM-2 model system. Within this study no differences in SCFA 236 

production profiles between individual, or pooled slurries were observed. In contrast, 237 

differences in the bacterial profiles were found.  It was found that the pooling the slurry led to 238 

the production of a dominant bacterial phenotype different to each of the individual samples, 239 

thus producing a bacterial profile not representative of any donor.  This was demonstrated for 240 

Roseburia (a starch utiliser) when compared to the pooled homogenate, two individuals had a 241 

fold change of 63.5 and 18.9 in population (Aguirre et al., 2014).   In addition to altering the 242 

bacterial populations, pooling samples does not take into account the range of colonic 243 

bacterial composition and / or activity of the individual donors, as a result of external factors, 244 

and the impact on SCFA production (Qin et al., 2010).  Due to the bias of pooling the stool 245 

samples on the bacteria within the sample slurry, only non-pooled sample data were included 246 

for analysis within this article. 247 

Methodological considerations 248 

In this review, we examined if harmonising the published data creating a single comparable 249 

unit describing the rate of SCFA production (mmol/g carbohydrate/day or mmol/g 250 

carbohydrate/hour) enabled direct comparison of studies. Thirty-four studies lacked the basic 251 

information on the fermentation methodology for the determination of absolute SCFA 252 

production. SCFA concentration in the medium is “fermenter dependent”, and can vary based 253 
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on mass of substrate, and volume of medium. Thus, we call on the research community to 254 

publish a basic set of information for all NDC fermentation studies that would allow a rate 255 

term comparison to be conducted, and studies to be compared transparently. The basic set of 256 

information required for generating the rate term is as follows: 257 

1. The mass of substrate added to the fermentation vessel 258 

2. The final volume of the fermentation vessel 259 

3. The amount of SCFA produced 260 

 261 

Observations from scoping review 262 

Some substrates were identified as being selective for the production of a specific SCFA, 263 

particularly where associations have been made in feeding trials.  This was demonstrated by 264 

rhamnose which led to the production of the highest rate of propionate production and ranked 265 

second for proportion after 24 hours of fermentation, indicating that it is highly specific for 266 

propionate, although not exclusively propiogenic. Human feeding studies have shown that 267 

consumption of a 25 g dose of rhamnose per day for four weeks increased serum propionate 268 

concentration and was also associated with a decrease in serum triglycerides (Vogt et al., 269 

2004, 2006). In contrast, a more recent study assessing 25 g of rhamnose supplementation 270 

(after a six day run in period), did not lead to any observed changes in feelings of satiety, or 271 

serum concentrations of SCFA, but did identify a reduction in plasma insulin (Darzi et al., 272 

2016).  273 

Substrates ranking highest for SCFA production – a measure of overall fermentability - and 274 

proportion of each SCFA produced were not always the same, thus caution must be used 275 

when interpreting SCFA data. This was demonstrated by GOS which was highly selective for 276 
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acetate, and yielded high butyrate and total SCFA production indicating that it is highly 277 

fermentable, however. GOS only ranked in the top 5 for acetate proportion. This suggests if 278 

only proportion is considered, the potential role of GOS in yielding high concentrations of 279 

butyrate would unlikely be acknowledged, as it did not rank within the top 5 for butyrate 280 

production(Table 6 -8).  281 

Polydextrose and cellulose consistently generated low rates of SCFA production. This has 282 

been supported by previous human feeding trials.  Consumption of 21 g/day of polydextrose 283 

by healthy adult men for 21 days led to a reduction in SCFA production versus no additional 284 

fibre control (Boler et al., 2011). This differs from in vitro assessment using continuous 285 

culture techniques which have identified polydextrose as a fermentable substrate, which 286 

increases SCFA production (particularly acetate) and has prebiotic potential (Probert et al., 287 

2004). These confounding results may be due to differences in methodology with the 288 

continuous culture being performed for a longer duration, compared to the batch culture, 289 

allowing potentially for microbial adaptation to the substrate.  Spiller et al., (1980), also 290 

identified that cellulose supplementation for three weeks (14 g/day) did not alter faecal SCFA 291 

concentrations (Spiller et al., 1980).  292 

There were a number of instances in which substrates produced low rates of SCFA 293 

production (Tables 2, 4, 6) but ranked high for SCFA proportion (Tables 3, 5, 7). Cellulose, 294 

ranked 12th (out of 13) for rate of propionate production between 6-9 hours, yet first for 295 

proportion of propionate. This highlights that both the absolute and relative production of 296 

SCFA are required to fully assess if a substrate is selective for an individual SCFA. This 297 

further demonstrates the need for authors to provide enough information in their published 298 

results to assess absolute production as well as molar SCFA proportions.  299 
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Ranking the rate of production showed that the top five producers, particularly for propionate 300 

and butyrate did not differ significantly, particularly at the ‘mid’ time points of the 301 

fermentation (6-9 hours). This indicates that total SCFA is more important than the molar 302 

proportion of SCFA produced in determining the final amount of an individual SCFA 303 

produced.  However, as this review demonstrates, there is a relatively small effect of the 304 

NDC type on selective SCFA production. This may go some way to explain why many 305 

dietary intervention studies using different NDC to target specific SCFA production are 306 

inconclusive.  307 

These results suggest that rather than using a specific carbohydrate source to increase SCFA 308 

production, it is beneficial to increase overall intake of fermentable carbohydrates. Animal 309 

studies, which often detect high levels of SCFA production have shown this where the test 310 

NDC comprises 5 – 20 % of the animal’s diet, equating to doses of approximately 20.9 – 83.7 311 

g/d for men and 16.3 – 65.3 g/d for women (Morrison and Preston, 2016). Considering 312 

current UK fibre (NSP) intake is approximately 13.8 g/d for individuals aged 19–64 313 

substantial increases in fibre intake (closer to current recommendations of 30g/d) may be 314 

required for the consistent beneficial effects observed within animal trials (Drew et al, 2018).  315 

In conclusion, fermentable substrates appear rather uniform in their capacity to change SCFA 316 

production, particularly during early fermentation.  This means that dietary NDC sources are 317 

unlikely to be helpful in studies of receptor physiology in vivo, where selective targeting with 318 

individual SCFA is required to unravel the physiological significance of each SCFA in 319 

human studies. Increasing SCFA by using targeted synthetic delivery approaches or direct 320 

instillation may be more suitable to human mechanistic studies but this may restrict our 321 

knowledge of effects at physiological doses. 322 

  323 
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 640 

Table 1: Inclusion and exclusion criteria for further analysis of articles identified based on abstracts 641 

Inclusion Criteria Exclusion criteria 

Batch fermentation Not a batch fermentation (i.e. continuous 

culture) 

Initial pH 6 ≤ 8  pH stat controlled experiment1 

24-hour time point Initial pH 6 > 8 

Use of a fresh faecal slurry  Additional bacteria added (i.e. use of bacterial 

pellet, probiotic) 

Samples from healthy adults  Samples from children, infants, disease states or 

animals 

Data on acetate, propionate and butyrate4 Gastrointestinal disorders 

Volume of fermentation system given4 Use of antibiotics (within the study or 

participants use within the previous fortnight) 

Mass of substrate fermented given4 Manipulation of the diet3 

1. Where the fermentation system is conducted with the continuous use of an acid or a base to maintain a constant pH 642 
2. If SCFA production was presented as a ratio only, total SCFA concentration must be provided 643 
3. Includes; supplements provided to the donor, exclusion or inclusion of foods from the diet of the sample donor 644 
4. To produce a rate term of SCFA production, the minimum information required was: mass of substrate fermented, final 645 

fermentation volume and amount of each SCFA produced  646 
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Table 2: The top and bottom five ranked producers of acetate, propionate, butyrate, and total production at 6-9 hours of fermentation (mmol/g carbohydrate/ 

hour) 

Top 5 Ranked on Acetate Ranked on Propionate   Ranked on Butyrate  Ranked on Total  
1 Lactulose (1-3)1

 
0.95 (0.90)

 
Sugarbeet fibre (12, 18 

22 - 24) 
0.17 (0.15) Guar gum (9-11) 0.11 (0.07) Lactulose (1-3) 1.09 (1.14) 

2 Glucose (1,3-8) 0.73 (0.66) Guar gum (9-11) 0.14 (0.16) Raw starch (6,14) 0.08 (0.07) Glucose (1,3-8) 0.94 (0.86) 
3 Guar gum (9-11) 0.54 (0.28) Glucose (1,3-8) 0.13 (0.15) Pectin (7,8,10,12,13) 0.08 (0.09) Guar gum (9-11) 0.81 (0.34) 
4 Pectin (7,8,10,12,13) 0.51 (0.42) Pectin (7,8,10,12,13) 0.11 (0.09) Resistant starch (7, 19 -  

21) 
0.08 (0.05) Pectin (7,8,10,12,13) 0.70 (0.56) 

5 Ispaghula (7,8,10) 0.37 (0.32) Ispaghula (7,8,10) 0.11 (0.08) Glucose (1,3-8) 0.08 (0.18) Sugarbeet fibre (12, 18 

22 - 24) 
0.64 (0.26) 

Bottom 5 
       

9 Raw starch (6,14) 0.25 (0.15) Lactulose (1-3) 0.08 (0.10) Ispaghula (7,8,10) 0.05 (0.09) FOS (4, 11, 13, 25 - 

27) 
0.44 (0.58) 

10 Wheat bran (7,8, 15 - 

17) 
0.24 (0.37) Heat-treated sugarbeet 

fibre (15, 18) 
0.07 (0.05) Wheat bran (7, 8, 15 - 

17) 
0.05 (0.09) Wheat bran (7, 8, 15 - 

17) 
0.33 (0.52) 

11 Heat-treated sugarbeet 

fibre (15, 18) 

0.20 (0.18) Wheat bran (7,8, 15 - 

17) 
0.07 (0.07) Oat bran (12, 16, 17) 0.04 (0.18) Heat-treated sugarbeet 

fibre (15, 18) 
0.32 (0.26) 

12 Resistant starch (7, 19 -

21) 
0.16 (0.21) Cellulose (2, 7, 8, 10) 0.04 (0.05) Heat-treated sugarbeet 

fibre (15, 18) 
0.03 (0.05) Resistant starch (7, 19 

-21) 
0.31 (0.27) 

13 Cellulose (2, 7, 8, 10) 0.12 (0.14) FOS (4, 11, 13, 25 - 27) 0.04 (0.13) Cellulose (2, 7, 8, 10) 0.02 (0.04) Cellulose (2, 7, 8, 10) 0.19 (0.22) 
1 Number corresponds to reference, 2 Median (IQR). FOS: Fructooligosaccharide. Top 1-5 = high to low, Bottom 9-13 = low to high. References 1. (Mortensen, Holtug and Rasmussen, 1988), 2. 

(Mortensen et al., 1990), 3. (Cardelle-Cobas et al., 2012), 4. (Olano-martin et al., 2000), 5. (Zhu et al., 2013), 6. (Weaver et al., 1989), 7. (Mortensen and Nordgaard-Andersen, 1993), 8. 

(Mortensen et al., 1991), 9. (McBurney and Thompson, 1989), 10. (McBURNEY and Thompson, 1989), 11. (Khan and Edwards, 2005), 12. (Titgemeyer et al., 1991), 13. (Min et al., 2015), 14. 

(McBurney and Thompson, 1990), 15. (Cherbut et al., 1991), 16. (McBurney and Thompson, 1990), 17. (Bourquin et al., 1992), 18. (Guillon, Barry and Thibault, 1992), 19. (Zhu and Zhao, 

2012), 20. (Zhao and Lin, 2009), 21. (Thompson et al., 2011), 22. (Oufir et al., 2000), 23. (Fardet et al., 1997), 24. (Barry and Hoebler, 1995), 25. (Zhang et al., 2013), 26. (P. Gullon et al., 

2015), 27. (Beatriz Gullon et al., 2015). 

 

  



25 
 

Table 3: Top and bottom five ranked producers of acetate, propionate, and butyrate production at 6-9 hours of fermentation based on molar proportion (%) 

Top 5 Ranked on Acetate Ranked on Propionate   Ranked on Butyrate  

1 Lactulose (1-3)1
 

81.97 (6.59)2
 

Cellulose (2, 7, 8, 10) 26.85 (10.37) Raw starch (6,14) 25.0 (15.3) 
2 Pectin (7,8,10,12,13) 77.59 (11.64) Resistant starch (7, 19 -21) 24.42 (9.65) Resistant starch (7, 19 -21) 19.18 (5.02) 

3 Glucose (1,3-8) 72.71 (16.3) 
Heat-treated sugarbeet fibre 

(15, 18) 22.71 (4.20) FOS (4, 11, 13, 25 - 27) 16.97 (9.00) 
4 Oat bran (9, 18, 12) 72.73 (31.8) Ispaghula (7,8,10) 21.86 (12.30) Wheat bran (7,8, 15 - 17) 15.00 (10.90) 

5 
Sugarbeet fibre (12, 18 22 

- 24) 69.39 (30.6) Guar gum (9-11) 21.05 (13.35) 
Sugarbeet fibre (12, 18 22 - 

24) 12.24 (17.10) 
Bottom 5       

9 
Heat-treated sugarbeet 

fibre (15, 18) 66.33 (3.02) Wheat bran (7,8, 15 - 17) 17.01 (4.15) Ispaghula (7,8,10) 9.53 (6.60) 

10 Ispaghula (7,8,10) 65.43 (11.35) FOS (4, 11, 13, 25 - 27) 15.03 (11.55) 
Heat-treated sugarbeet fibre 

(15, 18) 9.26 (5.80) 
11 Cellulose (2, 7, 8, 10) 63.29 (8.28) Glucose (9-11) 13.61 (7.77) Oat bran (12, 16, 17) 9.09 (19.53) 
12 Guar gum (9-11) 57.97 (20.4) Pectin (7,8,10,12,13) 13.37 (5.25) Glucose (9-11) 9.08 (11.03) 
13 Resistant starch (7, 19 -21) 56.38 (12.6) Lactulose (1-3) 9.85 (4.42) Lactulose (1-3) 6.27 (4.08) 
1 Number corresponds to reference, 2 Median (IQR). FOS: Fructooligosaccharide. Top 1-5 = high to low, Bottom 9-13 = low to high. Reference numbers correspond to those in the legend of 

table 2. 
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Table 4: Top and bottom five ranked producers of acetate, propionate, butyrate, and total production at 10-23 hours of fermentation (mmol/g carbohydrate/ 

hour) 

Top 5 Ranked on Acetate Ranked on Propionate   Ranked on Butyrate  Ranked on Total 

1 
Pectic oligosaccharide 

(28, 29)1
 

0.43 (0.22)2
 

Rice bran (16, 34) 0.88 (0.59) 
FOS (13, 25, 28, 29, 

32, 33) 0.13 (0.09) Rice bran (16, 34) 1.08 (0.63) 

2 Guar gum (9, 10, 30) 0.40 (0.28) Guar gum (9, 10, 30) 0.22 (0.02) Guar gum (9, 10, 30) 0.11 (0.03) Guar gum (9, 10, 30) 0.71 (0.28) 

3 
Sugarbeet fibre (12, 18, 

22 -24, 31) 0.32 (0.24) 
Sugarbeet fibre (12, 18, 

22 -24, 31) 0.10 (0.12) 
Resistant starch (20, 

21) 0.09 (0.04) 
Pectic oligosaccharide 

(28, 29) 0.56 (0.23) 

4 
FOS (13, 25, 28, 29, 32, 

33) 0.26 (0.21) Oat bran (12, 16, 17) 0.09 (0.10) 
Pectic oligosaccharide 

(28, 29) 0.08 (0.04) 
Sugarbeet fibre (12, 

18, 22 -24, 31) 0.46 (0.45) 
5 Oat bran (12, 16, 17) 0.26 (0.27) Resistant starch (20, 21) 0.08 (0.04) Oat bran (12, 16, 17)) 0.08 (0.10) Oat bran (12, 16, 17) 0.45 (0.44) 
Bottom 

5         

11 Rice bran (16, 34) 0.16 (0.14) 
Heat-treated sugarbeet 

fibre (15, 18) 0.05 (0.05) 
Pectin (10, 12, 13, 28, 

29) 0.04 (0.01) 
Wheat bran (15 – 17, 

31) 0.29 (0.14) 

12 
Heat-treated sugarbeet 

fibre (15, 18) 0.15 (0.17) 
Seaweed derivatives 

(35, 36) 0.05 (0.14) 
Heat-treated sugarbeet 

fibre (15, 18) 0.04 (0.03) 
Heat-treated sugarbeet 

fibre (15, 18) 0.23 (0.23) 

13 
Seaweed derivatives (35, 

36) 0.09 (0.15) 
FOS (13, 25, 28, 29, 32, 

33) 0.05 (0.03) 
Maize fibre (15, 31, 

37) 0.03 (0.00) 
Maize fibre (15, 31, 

37) 0.15 (0.03) 
14 Maize fibre (15, 31, 37) 0.08 (0.02) Maize fibre (15, 31, 37) 0.04 (0.01) Pea fibre (12, 15, 31) 0.02  (0.03) Pea fibre (12, 15, 31) 0.46 (0.16) 

15 Pea fibre (12, 15, 31) 0.08 (0.09) Pea fibre (12, 15, 31) 0.04 (0.04) 
Seaweed derivatives 

(35, 36) 0.00 (0.01) 
Seaweed derivatives 

(35, 36) 0.15 (0.38) 
1 Number corresponds to reference, 2 Median (IQR). FOS: Fructooligosaccharide. Seaweed derivatives: alginate, laminarin etc. Top 1-5 = high to low, Bottom 11-15 = low to high. References 

continued from Table 2 legend. 28. (Gomez et al., 2014), 29. (Gomez et al., 2016), 30. (Carlson et al., 2016), 31. (Salvador et al., 1993), 32. (Rycroft, Jones, Gibson and R. a Rastall, 2001), 33. 

(Gannasin et al., 2015), 34. (Daou et al., 2014), 35. (Kuda et al., 2005), 36. (Nakata et al., 2016), 37. (Cherbut et al., 1997). 
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Table 5: Top and bottom five ranked producers of acetate, propionate, and butyrate production at 10-23 hours of fermentation based on molar proportion (%) 

Top 5 Ranked on Acetate Ranked on Propionate   Ranked on Butyrate  

1 
Pectic oligosaccharide 

(28, 29)1
 

77.06 (4.54)2
 

Rice bran (16, 34) 81.4 (22.25) Resistant starch (20, 21) 29.21 (15.8) 

2 
Pectin (10, 12, 13, 28, 

29) 72.31 (7.13) 
Seaweed derivatives 

(35, 36) 33.33 (12.53) 
FOS (13, 25, 28, 29, 32, 

33) 19.96 (18.98) 

3 
FOS (13, 25, 28, 29, 32, 

33) 70.32 (14.5) Guar gum (9, 10, 30) 31.42 (16.13) 
Wheat bran (15 – 17, 

31) 19.48 (5.42) 

4 
Sugarbeet fibre (12, 18, 

22 -24, 31) 65.68 (22.15) Maize fibre (15, 31, 37) 27.03 (1.61) 
Raw starch (6, 14, 19, 

38) 18.44 (12.5) 

5 
Heat-treated sugarbeet 

fibre (15, 18) 64.1 (3.53) Resistant starch (20, 21) 23.27 (11.8) Oat bran (12, 16, 17) 17.31 (16.78) 

Bottom 5       

11 Guar gum (9, 10, 30) 56.49 (26.50) 
Wheat bran (15 – 17, 

31) 18.75 (8.45) 
Pectic oligosaccharide 

(28, 29) 12.95 (5.06) 

12 Maize fibre (15, 31, 37) 55.56 (5.53) 
Raw starch (6, 14, 19, 

38)  17.01 (12.05) 
Pectin (10, 12, 13, 28, 

29) 12.14 (6.35) 

13 
Seaweed derivatives 

(35, 36) 50 (16.73) 
Pectin (10, 12, 13, 28, 

29) 15.27 (4.2) 
Sugarbeet fibre (12, 18, 

22 - 24, 31) 11.79 (13.25) 

14 Resistant starch (20, 21) 48.24 (27.2) 
FOS (13, 25, 28, 29, 32, 

33) 11.62 (10.45) 
Seaweed derivatives 

(35, 36) 8.33 (20.83) 

15 Rice bran (16, 34) 14.65 (16.41) 
Pectic oligosaccharide 

(28, 29) 8.07 (6.08) Rice bran (16, 34) 4.17 (18.98) 
1 Number corresponds to reference, 2 Median (IQR). Median (IQR). FOS: Fructooligosaccharide, Seaweed derivatives: alginate, laminarin. Top 1-5 = high to 

low, Bottom 11-15 = low to high. References continue from Table 4 legend. 38. (Khalil et al., 2014) 
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Table 6: Top and bottom five ranked producers of acetate, propionate, butyrate, and total production at 24 hours of fermentation (mmol/g carbohydrate/ day) 

1 Number corresponds to reference, 2 Median (IQR).GOS: Galactooligosaccharide FOS: Fructooligosaccharide. Top 1-5 = high to low, Bottom 25-29 = low to 

high. References continue from legend of Table 5: 39. (Gietl et al., 2012), 40. (Wang and Gibson, 1993), 41. (Rycroft, Jones, Gibson and R. A. Rastall, 2001), 42. (Kim and White, 

2009), 43.(Fernandes, Rao and Wolever, 2000), 44. (Kedia et al., 2009), 45. (Bourquin, Titgemeyer and Fahey, 1993), 46. (Rosendale et al., 2012), 47. (Parkar et al., 2012), 47. (Wang, Shi and 

Le, 2014), 49. (Yu et al., 2013), 50. (Adiotomre et al., 1990), 51. (Bourquin, Titgemeyer and Fahey, 1996), 52. (Dongowski and Lorenz, 1998), 53. (Gulfi, Arrigoni and Amadò, 2007), 54. 

(Weaver et al., 1992), 55. (Christian et al., 2003) 

Top 5 Ranked on Acetate Ranked on Propionate   Ranked on Butyrate  Ranked on Total 

1 
Galactose (1, 39, 

40)1
 

11.35 (7.25)2
 Rhamnose (1, 

39, 43) 4.75 (1.14) 
GOS (3, 32, 39, 

41) 2.36 (2.50) 
GOS (3, 32, 39, 

41) 13.69 (16.18) 

2 
GOS (3, 32, 39, 

41) 8.47 (12.62) 
Arabinose (1, 

39, 40) 3.18 (2.49) 

Pectic 

oligosaccharide 

(28, 29) 1.55 (0.09) 
Galactose (1, 39, 

40) 12.32 (6.61) 

3 
Lactose (1, 3, 39, 

40) 7.81 (8.50) 

Guar gum (9 – 

11, 30, 43, 50, 

51) 2.90 (0.72) 

Raw starch (6, 

14, 19, 38, 40, 

43, 54, 55) 1.28 (1.34) 
Rhamnose 1, 39, 

43) 11.14 (5.63) 

4 

Pectic 

oligosaccharide 

(28, 29) 7.48 (1.31) Xylose (1, 39) 2.71 (2.81) 
Lactose (1, 3, 

39, 40) 1.18 (1.41) 

Pectic 

oligosaccharide 

(28, 29) 9.87 (1.51) 

5 
Lactulose (2, 3, 

39 – 43) 7.04 (16.91) 
GOS (3, 32, 39, 

41) 2.43 (1.76) 

Guar gum (9 – 

11, 30, 43, 50, 

51) 1.00 (0.63) 
Arabinose (1, 39, 

40) 9.76 (7.25) 
Bottom 5        

25 
Pea fibre (12, 15, 

31) 1.50 (2.04) 
Modified pectin 

(52, 53) 0.42 (1.27) 
Pea fibre (12, 

15, 31) 0.25 (0.63) 
Pea fibre (12, 15, 

31) 2.25 (3.29) 

26 
Oat bran (12, 16, 

17, 44, 45) 0.58 (3.71) 
Cellulose (7, 8, 

10, 33, 49) 0.35 (0.57) Xylose (1, 39) 0.19 (0.87) 
Oat bran (12, 16, 

17, 44, 45) 0.99 (6.20) 

27 
Kiwi fibre (46, 

47) 0.45 (0.22) 
Oat bran (12, 

16, 17, 44, 45) 0.25 (1.21) 
Oat bran (12, 16, 

17, 44, 45) 0.17 (1.25) 
Cellulose (7, 8, 10, 

33, 49) 0.93 (2.39) 

28 
Polydextrose (40, 

48) 0.43 (3.96) 
Kiwi fibre (46, 

47) 0.12 (0.05) 
Polydextrose 

(40, 48) 0.14 (0.86) Kiwi fibre (46, 47) 0.68 (0.32) 

29 
Cellulose (7, 8, 

10, 33, 49) 0.31 (1.42) 
Polydextrose 

(40, 48) 0.05 (1.74) 
Kiwi fibre (46, 

47) 0.13 (0.06) 
Polydextrose (40, 

48) 0.62 (6.55) 
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Table 7: The top and bottom five ranked producers of acetate, propionate, and butyrate, production at 24 hours of fermentation based on molar proportion (%) 

Top 5 Ranked on Acetate Ranked on Propionate   Ranked on Butyrate  
1 Galactose (1, 39, 40)1

 
90.55 (16.14)2

 
Modified pectin (52, 53) 37.39 (53.40) Polydextrose (40, 48) 22.58 (9.73) 

2 Xylose (1, 39) 83.41 (29.59) Rhamnose (1, 39, 43) 34.28 (18.06) 
Inulin (33, 40, 41, 47, 

56 – 60) 22.02 (9.51) 

3 
Lactulose (2, 3, 39 – 

43) 80.50 (16.48) 
Guar gum (9 – 11, 30, 43, 

50, 51) 34.28 (8.61) 
Oat bran (12, 16, 17, 

44, 45) 20.16 (9.73) 

4 Lactose (1, 3, 39, 40) 80.0 (22.58) Arabinose (1, 39, 40) 27.90 (1.13) 
Raw starch (6, 14, 19, 

38, 40, 43, 54, 55) 19.79 (8.35) 

5 GOS (3, 32, 39, 41) 77.89 (22.02) Cellulose (7, 8, 10, 33, 49) 25.00 (16.45) 
Corn bran (12, 16, 

17) 19.78 (15.69) 
Bottom 5      

25 
Oat bran (12, 16, 17, 

44, 45) 59.30 (5.02) Lactulose (2, 3, 39 – 43) 11.19 (7.98) Gum arabic 8.46 (2.93) 

26 
Cellulose (7, 8, 10, 

33, 49) 56.25 (24.24) Lactose (1, 3, 39, 40) 11.09 (6.23) Rhamnose (1, 39, 43) 5.41 (14.41) 

27 
Guar gum (9 – 11, 

30, 43, 50, 51) 54.77 (4.70) 
Pectic oligosaccharide (28, 

29) 8.54 (0.21) Xylose (1, 39) 3.40 (4.13) 

28 
Modified pectin (52, 

53) 54.16  (47.40) Polydextrose (40, 48) 8.48 (16.94) Arabinose (1, 39, 40) 3.56 (8.60) 
29 Rhamnose (1, 39, 43) 45.99 (18.15) Galactose (1, 39, 40) 7.13 (8.37) Galactose (1, 39, 40) 2.83 (8.27) 
1 Number corresponds to reference, 2 Median (IQR). GOS: Galactooligosaccharide Top 1-5 = high to low, Bottom 25-29 = low to high. References continued 

from Table 6: 56. (Parkar, Trower and Stevenson, 2013), 57. (Salazar et al., 2008), 58. (Hughes et al., 2007), 59. (B Gullon et al., 2015), 60. (Chambers et al., 2015), 61. (Gelissen and 

Eastwood, 1995) 
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Table 8: SCFA selectivity after 24 hours of fermentation. 

High selectivity        

Acetate Galactose GOS Lactose Lactulose 

Propionate Rhamnose Arabinose 

Guar 

gum  
Butyrate Raw Starch   

Low selectivity       

Acetate Oat bran Cellulose   

Propionate Polydextrose   

Butyrate Xylose    
Highly selective grouped as are top five for rate and ratio, low  selectivity grouped as are bottom five for rate and ratio 
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Table 9: The top and bottom 5 ranking substrates for the propionate: acetate and butyrate: acetate ratio after 24 hours of fermentation. 

 

Top 5 P:A 
 

 B:A 
 

1 Rhamnose 0.75 

(0.65) 

 Inulin 0.36 (0.27) 

2 Guar gum 0.64 

(0.22) 

 Oat bran 0.34 (0.14) 

3 Cellulose 0.44 

(0.67) 

 Polydextrose 0.33 (0.12) 

4 Arabinose 0.43 

(0.47) 

 Corn bran 0.32 (0.26) 

5 Sugarbeet fibre 0.40 

(0.22) 

 Raw starch 0.30 (0.50) 

Bottom 5      
   

 
  

25 Lactulose 0.14 

(0.16) 

 Lactulose 0.11 (0.18) 

26 Lactose 0.14 

(0.11) 

 Lactose 0.11 (0.31) 

27 Polydextrose 0.13 

(0.29) 

 Arabinose 0.06 (0.14) 

28 Pectic 

oligosaccharide 

0.11 

(0.01) 

 Xylose 0.05 (0.05) 

29 Galactose 0.08 

(0.12) 

 Galactose 0.03 (0.11) 

Median (IQR).  Ratio calculated by dividing the propionate or butyrate rate by the acetate rate. 
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Figure 1: Flow diagram based on PRISMA Scoping review guidelines outlining the process of 

elimination of articles investigated 

Two articles (Mortensen et al., 1991; Barry and Hoebler, 1995) reported  data using the pooled and 

non-pooled fermentation method.  

1. Articles which fulfil the exclusion criteria outlined in Table 1. 

2. Articles which fulfil the inclusion criteria and provide all the information required to form the rate unit 

 

Records identified through 

database searching 

(n = 32975) 

Additional records identified 

through other sources 

(n = 15) 

Records screened 

(n = 18599) 
Records meeting exclusion 

criteria 

(n =17176) 

Full-text articles assessed 

for eligibility 

(n = 1413) 

Full-text articles excluded, 

with reasons 

(n = 1244)1 

Studies further 

investigated 

(n = 169)  

Studies fulfilling inclusion 

criteria                              

(n = 135)2 

Studies pooling faecal 

samples 

(n = 60)  

Studies not pooling faecal 

samples 

(n = 77)  
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