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Abstract 20 
Kale, a cultivar of Brassica oleracea, has attracted a great deal of attention because of 21 
its health-promoting effects, which are thought to be exerted through modulation of the 22 
intestinal microbiota. The present study was performed to investigate the effects of kale 23 
ingestion on the gastrointestinal (GI) microbial ecology of mice. Twenty-one male 24 
C57BL/6J mice were divided into three groups and housed in a specific pathogen-free 25 
facility. The animals were fed either a control diet or one of two experimental diets 26 
supplemented with different commercial kale products for 12 weeks. Contents of the 27 
cecum and colon sampled from the mice were processed for the determination of active 28 
bacterial populations by a bacterial rRNA-based quantification method and short-chain 29 
fatty acid analysis by HPLC. rRNAs of the Bacteroides-Prevotella, the Clostridium 30 
coccoides-Eubacterium rectale group, and the Clostridium leptum subgroup constituted 31 
the major fraction of microbiota regardless of the composition of the diet. The ratio of 32 
Firmicutes to Bacteroidetes was higher in the colon samples of one of the kale diet 33 
group than in the controls. Colonic butyrate level was also higher with the 34 
kale-amended diet. Overall, the ingestion of kale tend to either increase or decrease the 35 
activity of specific bacterial groups in mouse GI community, whereas the effect may 36 
vary depending on its composition. 37 
 38 
1. Introduction 39 
Vegetables from the Brassica genus (Brassicaceae family) are some of the most widely 40 
consumed vegetables in the world. Among Brassica vegetables, kale (Brassica oleracea 41 
L. convar. acephala) has been reported to exhibit the highest antioxidant capacity and 42 
high concentrations and varieties of vitamins, minerals, dietary fibre, glucoraphanin, 43 
carotenoids, and polyphenols (Nilsson et al., 2006; Williams et al., 2013). 44 
Glucoraphanin is a kind of glucosinolate, which are metabolized by certain bacteria in 45 
the gastrointestinal (GI) tract. This microbial processing may increase the amount of 46 
glucosinolates conversion into a bioactive compounds (isothiocyanates), which has been 47 
suggested to show health-promoting effects on the host (Mullaney et al., 2013). This 48 
includes an antibiotic-like effect, resulting in inhibiting the growth of harmful bacteria 49 
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(Aires et al., 2009). In this way, kale ingestion appears to be intimately involved in the 50 
change the intestinal flora, while any direct link between them has yet been elucidated. 51 
The present study was therefore performed to investigate the effects of kale ingestion 52 
upon the GI microbial ecology of mice, which may affect the metabolic potential of the 53 
GI tract. 54 
 55 
2. Materials and methods 56 
Animals and diets 57 
Mice were cared for according to the Guide for the Care and Use of Experimental 58 
Animals of Shinshu University. Twenty-one 5-week-old male C57BL/6 mice were 59 
housed in a specific-pathogen-free facility. A control diet (67% carbohydrate, 19% 60 
protein, 4% fat, and 4% ash) consisted mainly of casein (190 g/kg diet), corn starch 61 
(300 g/kg), sucrose (330 g/kg), cellulose (47 g/kg), soybean oil (22 g/kg) , lard (18 g/kg), 62 
vitamins, and minerals. After a one-week acclimatization period on the control diet, the 63 
animals were fed either the control diet or one of the two experimental diets 64 
supplemented with different commercial kale products (referred to as kale A and B) at 65 
0.1%. To make kale-incorporated feeds, the control diet and a designated amount of 66 
either of kale products were mixed, milled and pelletized. Kale A and B had similar 67 
nutritional contents (73% carbohydrate, 12% protein, 2% fat) and glucoraphanin was 68 
contained only in kale B (3.2 g/kg). Feed and water were supplied for ad libitum intake. 69 
All mice were healthy and completed the 12 weeks feeding experiment. Voluntary feed 70 
intake did not differ among groups. Intestinal samples were obtained from mice at 18 71 
weeks of age. Mice were sacrificed using CO2, and their cecal and colonic contents 72 
were removed, immediately cooled at 4°C, and then processed for RNA extraction 73 
within 1 h after collection. 74 
 75 
Sample treatment, RNA extraction, and microbial quantification 76 
Cooled samples (ca. 0.05 g) were suspended in 1 ml of PBS buffer (pH 7.4) and mixed 77 
thoroughly to equalize the distribution in the buffer. Total RNAs were extracted from 78 
the prokaryotic cells of the suspensions as described previously (Uyeno et al., 2013), 79 
followed by purification using an RNeasy mini kit (Qiagen, Valencia, CA) according to 80 
the manufacturer’s instructions. Solutions of the extracted RNA were stored at –80°C 81 
until use. An RNA-based, sequence-specific rRNA cleavage method was applied to 82 
monitor active bacterial populations of the intestinal samples (Uyeno et al., 2010). 83 
Briefly, a mixture comprised of the RNA solution, a hybridization buffer (375 mM 84 
Tris-HCl [pH 7.5], 15 mM EDTA, 375 mM NaCl), an oligonucleotide probe solution, a 85 
defined amount of formamide and an RNase-free H2O was subsequently heated at 95°C 86 
for 1 min to unfold the RNA molecules. Thereafter, an enzyme solution (25 mM 87 
Tris-HCl, 40 mM MgCl2, 25 mM NaCl, 4 mM dithiothreitol, 120 mg bovine serum 88 
albumin/ml, 20 U of cloned Ribonuclease H from Escherichia coli [TaKaRa, Kyoto, 89 
Japan]/ ml) was added to the mixture to initiate the cleavage reaction. After incubation 90 
at 50°C for 15 min, a stop solution contained EDTA and sodium acetate was added to 91 
the mixture to terminate the reaction. The RNA in the mixture was purified by ethanol 92 
precipitation and subjected to electrophoresis by a MultiNA Bioanalyzer (Shimadzu, 93 
Kyoto, Japan). The signal intensities of respective peaks in the electropherograms were 94 
determined and converted to peak areas to calculate the SSU rRNA population of the 95 
target group in total SSU rRNAs. For detection and quantification of respective 96 
bacterial groups, the following probes were used: Bac303m (Bacteroides and 97 
Prevotella); Erec482m (Clostridium coccoides-Eubacterium rectale group); Rfla1269 98 
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(Ruminococcus flavefaciens), Rbro730m (R. bromii), and Fprau645 (Faecalibacterium 99 
prausnitzii); Lab158m (Lactobacillus); Ralb196, Snm1418, Cvir432, URBI432, and 100 
URBII611 (other groups belonging to the phylum Firmicutes); and Bif164 101 
(Bifidobacterium). These probes were separately applied using the same reaction 102 
conditions in previous studies (Uyeno et al., 2013; Uyeno et al., 2010).  103 
 104 
Organic acid measurements 105 
Cooled samples (ca. 0.05 g) were weighed and dispersed in 1 ml of sterilized water. As 106 
the pH of the suspensions ranged from 6.2 to 6.9, most SCFA and lactic acid were 107 
recovered as salts of these organic acids. Suspensions were centrifuged at 1000 g at 4°C 108 
for 5 min. The supernatants were used to analyse the organic acids with an HPLC 109 
system equipped with an electroconductivity detector (LC-20 model; Shimadzu Corp., 110 
Kyoto, Japan) as described previously (Miyamoto et al., 2005). 111 
 112 
Statistical analyses 113 
Measurements were analysed by one-way ANOVA followed by Bonferroni test. All 114 
analyses were performed using Stat View 5.0J (SAS Institute, Cary, NC). In all analyses, 115 
P < 0.05 was taken to indicate statistical significance. 116 
 117 
3. Results 118 
Bacterial profiles in cecal and colonic contents of tested mice are shown in Figure 1. 119 
Bacterial groups by using six probes (Ralb196, Snm1418, Cvir432, URBI432,  120 
URBII611, and Bif164) were found at levels below the detection limit (0.2% of total 121 
16S rRNA) in all the samples (data not shown). rRNAs of Bacteroides-Prevotella, C. 122 
coccoides-E. rectale group, and C. leptum subgroup constituted the major fraction of the 123 
bacterial community (approximately 60% – 74% of the total 16S rRNA). The majority 124 
of change occurred in two major lineages within the phylum Firmicutes: C. coccoides-E. 125 
rectale group and C. leptum subgroup, as well as in the phylum Bacteroidetes: 126 
Bacteroides and Prevotella. With regard to cecal contents, the populations of R. 127 
flavefaciens, R. bromii, and F. prausnitzii (all of which are belonging to C. leptum 128 
subgroup) in the kale product B ingestion group was higher than those of the control 129 
group. Although not significant, the C. coccoides-E. rectale group also tended to be 130 
more prominent in both the kale product A and the kale product B groups than in the 131 
control group (P < 0.10). With regard to colonic contents, the populations of 132 
Bacteroides-Prevotella in the kale product B ingestion group were lower than one sixth 133 
that of the control group. Totally, the microbiota in mice that had ingested kale had an 134 
elevated proportion of Firmicutes and a reduced population of Bacteroidetes. As a 135 
consequence, the Bacteroidetes/Firmicutes ratio was lower in the kale product B 136 
ingestion group compared to the controls in colon samples. The 137 
Lactobacillus-Enterococcus group was shown to constitute approximately 1% each of 138 
the total rRNA of cecum and colon samples, and there were no differences between 139 
treatment groups. Organic acid profiles of the cecal and the colonic contents were also 140 
determined, and therefore the butyrate concentrations were higher in the kale product B 141 
ingestion group than in the control group (Figure 2). Lactate and valerate were minor 142 
constituents (< 0.5 mmol/kg sample) of the total organic acids of the cecal and the 143 
colonic contents and were not different among the three groups (data not shown). 144 
 145 
4. Discussion 146 
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With regard to flora composition, our observations are generally consistent with previous 147 
studies using molecular techniques for studying murine GI microbiota, indicating that 148 
Firmicutes and Bacteroidetes are the main bacterial phyla (Abnous et al., 2009). The rest 149 
of the bacterial populations in the contents other than the determined groups were not 150 
determined, but probably would be mainly comprised of bacteria belonging to the 151 
phylum Actinobacteria and the phylum Proteobacteria as suggested by the results of 152 
previous studies (Hildebrandt et al., 2009; Uyeno et al., 2008). Changes of active 153 
bacterial populations in the mouse GI tract by kale ingestion observed here may be a 154 
reflection of some phenolic compounds that act as antibiotics toward specific microbes 155 
(Selma et al., 2009). Quantitative and qualitative differences in such functional 156 
compounds may be responsible for the relatively greater degree of change in microbial 157 
ecology in the kale product B group, in which glucoraphanin was included. 158 
 We observed significant alterations associated with introduction of kale to the 159 
diet, including a decrease in Bacteroidetes and an increase in Firmicutes in GI contents. It 160 
has been reported that there is an altered ratio of the abundance of the two dominant 161 
bacterial phyla in the GI microbiota, i.e., an increase in the Bacteroidetes and a decrease 162 
in the Firmicutes, in obese humans compared to lean individuals (Flint, 2011; Ji et al., 163 
2012). However, as there have been conflicting reports regarding the abundance of 164 
Bacteroidetes and Firmicutes between lean and obese humans and experimental animals 165 
(Jumpertz et al., 2011; Schwiertz et al., 2010), the differences between the gut 166 
microbiota in lean and obese individuals remain incompletely understood (Shen et al., 167 
2013). Kale ingestion may induce topological changes in whole genetic functions of the 168 
gut microbiome, followed by switching energy harvest, storage, and expenditure 169 
mechanisms in the host. In relation to this, Firmicutes are known to produce butyrate as 170 
one of the fermentation products (Louis and Flint, 2009). Butyrate in the intestine is 171 
advantageous for the integrity of the mucosal barrier function of the colon and thereby 172 
benefits the host’s health. Indeed, the colonic samples from mice that had ingested kale 173 
B had an increased butyrate concentration (Figure 2). The predominant butyrate 174 
producer in this phylum is belonging to the genus F. prausnitzii (Duncan et al., 2002). 175 
Also in the present study, it appears there is a positive relevance between the population 176 
of F. prausnitzii and butyrate production in the GI tract.  177 
 The results of this study suggest that alterations of active populations of mouse 178 
GI microbiota may be possible by intake of a specific type of food, and improvements 179 
in health may be mediated by optimizing the GI microbial community. This represents 180 
an expansion of the already known nutritional functions of the microflora, although the 181 
detailed effects of dietary factors on gut microbiota and host metabolism, especially in 182 
humans, are largely unknown. It will be of interest to determine how microbial 183 
communities encode traits that markedly affect host biology, and what is responsible for 184 
mediating the linkage between the relative abundance of Bacteroidetes to Firmicutes 185 
and energy deposition and expenditure mechanisms. This study succeeded in 186 
quantitatively determining active bacterial groups within mouse GI microbiota affected 187 
by the ingestion of a specific food. Basic information provided by the present study 188 
benefits for future meta-omics-based studies, which will provide deeper insights into the 189 
effects of “health-improving” foods on metabolic functions and interactions between the 190 
GI microbiota and host. Further studies to determine the links between gut microbiota 191 
and host energy metabolism are warranted, as well as to determine which component of 192 
kale is effective to change the community structure. 193 
 194 
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 262 

Figure legends 263 
Figure 1. Bacterial populations in cecum and colon samples of mice in control (open 264 
bar), or fed kale product A (grey bar) or B (closed bar). (a) Bacterial populations 265 
detected by probes Bac303m (Bac, Bacteroides - Prevotella) and Erec482m (Erec, Cl. 266 
coccoides - Eu. rectale group). (b) Bacteroidetes/Firmicutes ratio. The population of 267 
Bacteroides - Prevotella was applied to Bacteroidetes, and the population of Firmicutes 268 
was calculated by summarizing the values C. coccoides-E. rectale group, F. prausnitzii, 269 
R. flavefaciens, R. bromii, and Lactobacillus. (c) Bacterial populations detected by 270 
probes Fprau645 (Fprau, F. prausnitzii), Rfla1269 (Rfla, R. flavefaciens), Rbro730m 271 
(Rbro, R. bromii), and Lab158m (Lab, Lactobacillus). Measurements of bacterial 272 
groups are expressed as % of total 16S rRNA in (a) and (c). Statistical significance for 273 
the same group is indicated as * (P < 0.05). 274 
 275 
Figure 2. Organic acid concentrations in cecum and colon samples of mice in control 276 
(open bar), or fed kale product A (grey bar) or B (closed bar). Measurements are 277 
expressed as mmol/kg sample. Statistical significance for the same group is indicated as 278 
* (P < 0.05). 279 
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