
ORIGINAL ARTICLE

Metabolism of select amino acids in bacteria from the pig small
intestine

Zhao-Lai Dai • Xi-Long Li • Peng-Bin Xi •

Jing Zhang • Guoyao Wu • Wei-Yun Zhu

Received: 8 November 2010 / Accepted: 8 February 2011 / Published online: 23 February 2011

� Springer-Verlag 2011

Abstract This study investigated the metabolism of

select amino acids (AA) in bacterial strains (Streptococcus

sp., Escherichia coli and Klebsiella sp.) and mixed bacte-

rial cultures derived from the jejunum and ileum of pigs.

Cells were incubated at 37�C for 3 h in anaerobic media

containing 0.5–5 mM select AA plus [U-14C]-labeled

tracers to determine their decarboxylation and incorpora-

tion into bacterial protein. Results showed that all types of

bacteria rapidly utilized glutamine, lysine, arginine and

threonine. However, rates of the utilization of AA by pure

cultures of E. coli and Klebsiella sp. were greater than

those for mixed bacterial cultures or Streptococcus sp. The

oxidation of lysine, threonine and arginine accounted for

10% of their utilization in these pure bacterial cultures, but

values were either higher or lower in mixed bacterial cul-

tures depending on AA, bacterial species and the gut seg-

ment (e.g., 15% for lysine in jejunal and ileal mixed

bacteria; 5.5 and 0.3% for threonine in jejunal mixed

bacteria and ileal mixed bacteria, respectively; and 20% for

arginine in ileal mixed bacteria). Percentages of AA used

for bacterial protein synthesis were 50–70% for leucine,

25% for threonine, proline and methionine, 15% for lysine

and arginine and 10% for glutamine. These results indicate

diverse metabolism of AA in small-intestinal bacteria in a

species- and gut compartment-dependent manner. This

diversity may contribute to AA homeostasis in the gut. The

findings have important implications for both animal and

human nutrition, as well as their health and well-beings.
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Abbreviations

AA Amino acids

EAA Nutritionally essential amino acids

CFU Colony forming unit

NEAA Nutritionally nonessential amino acids

SCFA Short-chain fatty acid

Introduction

Recent studies have identified that the first-pass metabo-

lism of amino acids (AA) in the small intestine plays an

important role in regulating AA and nitrogen homeostasis

in humans and animals (Bergen and Wu 2009; Fuller and

Reeds 1998; Stoll et al. 1998; Wu 1998). Catabolism of

some nutritionally nonessential AA (NEAA) by intestinal

mucosal cells is now well documented (Flynn et al. 2009;

Wu 1998). There is also evidence that nutritionally

essential AA (EAA) are extensively degraded by the small

intestine (Stoll et al. 1998), but the responsible cell type is

not the epithelial absorptive cell (Chen et al. 2007, 2009).

This raises the question that luminal bacteria may be pri-

marily responsible for EAA catabolism in the small intes-

tine (Bergen and Wu 2009; Libao-Mercado et al. 2009;

Stoll et al. 1998), as reported for the large intestine (Fuller

and Reeds 1998; Jensen 1988; Metges et al. 1999a;

Torrallardona et al. 2003).
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We recently demonstrated extensive utilization of

lysine, threonine, arginine and glutamate and, to a less

extent, histidine and branched-chain AA, in bacteria from

the pig small intestine (Dai et al. 2010). Interestingly, rates

of the AA utilization varied greatly with bacterial species

and the gut segment in that E. coli, Klebsiella sp. and ileal

mixed bacteria cultures were more active in utilizing

lysine, threonine, arginine and glutamate than other

bacterial cultures (Dai et al. 2010). Additionally, Libao-

Mercado et al. (2009) reported that more than 90% of

valine needed for protein synthesis in the small-intestinal

bacteria was derived from the diet and endogenous source

rather than from de novo synthesis. Based on these results,

we hypothesized that one important metabolic fate of

extracellular AA (including EAA) in small-intestinal bac-

teria may be protein synthesis. Therefore, the present study

aimed at investigating the possible metabolic fate of AA

in small-intestinal bacteria using pure bacterial strains

and mixed bacterial cultures derived from the pig small

intestine.

Materials and methods

Chemicals

The following L-[U-14C]-labeled AA were obtained from

American Radiolabeled Chemicals (St. Louis, MO, USA):

arginine, glutamine, leucine, lysine, methionine, phenylal-

anine, proline and threonine. These tracers were purified

before use, as described by Chen et al. (2009). HPLC-grade

water and methanol were purchased from Fisher Scientific

(Houston, TX, USA). NCS-II tissue solubilizer was pro-

cured from Amersham Biosciences (Piscataway, NJ, USA).

Hionic liquid scintillation cocktail was a product of Perkin

Elmer (Waltham, MA, USA). Unless otherwise stated, all

other chemicals were purchased from Sigma–Aldrich (St.

Louis, MO, USA).

Bacterial strains and maintenance

Three bacterial strains including Streptococcus sp., Esch-

erichia coli and Klebsiella sp. were previously isolated

from the small intestine of growing pigs as AA metabo-

lizing species (Zhang 2009; Dai et al. 2010). Two mixed

bacterial cultures derived from the fifth subculture of the

jejunal mixed bacteria or ileal mixed bacteria of growing

pigs (Dai et al. 2010) were also used for the present study.

Though incapable of reflecting the exact nature of the

microbial community (including culturable and uncultural

species) in the intestine, these mixed bacterial cultures

could to some extent represent the culturable microbial

communities that metabolize AA in the jejunum and ileum,

respectively. By comparing the differences in AA metab-

olism in different bacterial strains, jejunal microbiota and

ileal microbiota, we could estimate the potential contribu-

tions of these bacterial strains in AA utilization by the pig

small intestine. All strains and cultures were maintained at

37�C in an anaerobic semi-defined medium (Dai et al.

2010), and the medium was prepared anaerobically as

described previously (Dai et al. 2010). Basically, the

medium was under a stream of oxygen–free CO2 by butyl-

rubber gassing line, with resazurin as anaerobiosis indica-

tor, and when the medium became colorless reducing

agents (Na2S�9H2O and cysteine-HCl) were added, and

after half an hour the medium was dispensed into bottles or

tubes, which were then crimp sealed by butyl-rubber

stoppers. The pH of the medium was adjusted to 6.5 before

autoclave using 1 M HCl.

Subculture of bacteria

Stock cultures of Streptococcus sp., Escherichia coli,

Klebsiella sp., jejunal mixed bacteria or ileal mixed bac-

teria were subcultured in a semi-defined medium at 37�C

for 24 h (Dai et al. 2010). The composition of the anaer-

obic basal medium was similar to the semi-defined medium

described previously (Dai et al. 2010) except that casitone

and yeast extracts were replaced by AA mixtures (Table 1).

Concentrations of most of the AA varied from 0.4 to

2.6 mM based on their physiological levels in the jejunal

lumen of growing pigs at 2 h after consuming a corn- and

soybean meal-based diet (Wu et al. 1997). Concentrations

of the following chemicals were modified from those for

the semi-defined medium (Dai et al. 2010): glucose 1 g/L,

maltose 0.5 g/L, cellobiose 0.5 g/L, sodium lactate 2 g/L

and NH4Cl 0.02 g/L. The resulting 24-h cultures served as

inocula for the experiments of the present study.

Determination of AA oxidation in bacteria

Bacteria were incubated in anaerobic basal media (descri-

bed above) and contained one of the following L-[U-14C]-

labeled AA plus unlabeled tracees at 0.5, 1, 2 or 5 mM

(50 dpm/nmol): arginine, glutamine, leucine, lysine,

methionine, phenylalanine, proline and threonine. During

incubation, media containing AA and bacteria but no

labeled AA were run to enumerate bacteria, whereas media

containing labeled AA plus unlabeled tracees but no bac-

teria served as radioactivity blanks for 14CO2 production

(Flynn et al. 2010). All the tubes were sealed with rubber

stoppers that were fixed with center wells placed in 0.5 mL

centrifuge tubes, and incubated at 37�C for 3 h. After the

3-h incubation, tubes without labeled AA was removed

from the incubator and put on ice immediately for the

enumeration of bacteria. Meanwhile, 14CO2 produced from
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[U-14C]-labeled AA was collected in 0.2 mL NCS-II, and

its radioactivity was measured in 4.8 mL organic cocktail

using a Packard 1600 TR liquid scintillation counter

(Perkin Elmer, Waltham, MA, USA), as described by Chen

et al. (2009). Acidified culture media were neutralized by

addition of 0.1 mL of 2 M K2CO3. The 0-h samples con-

taining labeled AA were processed in the same way as for

the 3-h samples.

Determination of AA utilization by bacteria

The supernatant fluid and cell pellet obtained from the

above AA oxidation experiment were used to determine

AA utilization and protein synthesis in bacteria. Briefly,

the supernatant fluid was analyzed for AA using HPLC

(Wu et al. 1997, 2007). For determination of the incorpo-

ration of AA into bacterial cells, the deproteinized cell

pellets in the sediments were washed three times with 10%

trichloroacetic acid by centrifugation at 10,0009g for

5 min, with removal of the supernatant fluid after each

washing. Finally, the cell pellets were dried in room tem-

perature and solubilized in 0.5 mL of 1 M NaOH at 50�C.

The radioactivity of the solution was measured by liquid

scintillation counter (Dai et al. 2010).

In the aforementioned procedures, the free 14C-labeled

AA was completely removed after the incubation and the

amount of 14C-labeled AA in the protein pellet represented

protein synthesis. In our preliminary study, we found that

when the cells were incubated with 1 mM cycloheximide

(an inhibitor of protein synthesis), little 14C-labeled AA

was detected in the protein pellet. Additionally, the 0-h

samples with 14C-labeled AA were placed on ice after

sampling and processed in parallel with the 3-h samples.

However, little radioactivity was detected in the bacterial

protein pellet derived from the 0-h samples.

Enumeration of bacteria

Numbers of bacteria in pure or mixed cultures were

determined using the Hungate roll-tube method with the

semi-defined media described earlier (liquid media or

solidified media containing 1.5% agar) (Eller et al. 1971).

The tubes were incubated at 37�C for 24 h before counting

the colony. In experiments involving the enumeration of

bacteria in the pure culture, the A600 value of the culture

was converted to bacteria numbers using conversion factors

(Streptococcus sp., 3.7 9 109 CFU/mL per A600 unit;

Escherichia coli, 1.6 9 109 CFU/mL per A600 unit; Kleb-

siella sp., 2.0 9 109 CFU/mL per A600 unit, this study).

Calculations and statistic analysis

Rates of 14CO2 production from [U-14C]-labeled AA and

the incorporation of [U-14C]-labeled AA into bacteria cells

were calculated based on the intracellular specific radio-

activities (Dai et al. 2010; Wu 1997). The disappearance of

AA from the incubation medium was taken to indicate AA

utilization by bacteria (Dai et al. 2010). Rates of net uti-

lization of AA after a 3-h incubation period were calculated

on the basis of differences in AA concentrations between

initial (0 h) and final (3 h) incubation media. The propor-

tions of AA utilized via oxidation and protein synthesis

pathways were estimated on the basis of net 14CO2 pro-

duction and the incorporation of [U-14C]-labeled AA into

bacteria, respectively. Results were analyzed by one-way

ANOVA and the general linear model procedure using

SAS (SAS Institute, Cary, NC). P values B0.05 were taken

to indicate significance.

Table 1 Concentrations of amino acids and ammonia in the basal

medium for bacterial culture

Amino acids and ammonia mM

L-Alanine 1.8

L-Argininea 1.0

L-Asparagineb 0.7

L-Aspartate 1.5

L-Citrulline 0.1

L-Cystine 0.3

L-Glutamate 2.6

L-Glutaminea, b 1.5

Glycine 1.8

L-Histidine 0.5

L-Isoleucine 0.9

L-Leucineb 1.7

L-Lysineb 1.0

L-Methionineb 0.4

L-Ornithine 0.5

L-Phenylalanineb 0.8

L-Prolineb 1.7

L-Serine 1.4

L-Taurine 0.1

L-Threonineb 0.8

L-Tryptophan 0.2

L-Tyrosine 0.9

L-Valine 1.0

Ammonia (NH4Cl) 0.4

Based on physiological concentrations in the jejunal lumen of 60-day-

old pigs at 2 h after consuming a corn- and soybean meal-based diet

as determined by Wu et al. (1997). NH4Cl was used to provide

0.4 mM ammonia (NH3 plus NH4
?)

a Concentrations varied from 0 to 5 mM in some experiments
b Asparagine and glutamine were dissolved in anaerobic basal

medium to make a 209 solution, sterilized through a 0.22-lm filter,

and added to autoclaved asparagine- and glutamine-free media before

use
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Results

Catabolism of AA by bacteria from the pig small

intestine

Results of our preliminary studies indicated that production

of 14CO2 from L-[U-14C]-labeled lysine and other AA in

both pure and mixed bacteria was linear during a 3-h

incubation period (data not shown). Therefore, a 3-h

incubation period was adopted for all the experiments of

this study. At each concentration of the substrate used,

rates of 14CO2 production from [U-14C]-labeled lysine,

threonine, arginine and glutamine were higher than those

for other AA in both pure and mixed bacteria (Table 2).

Rates of lysine oxidation were low in E. coli but were

much higher (P \ 0.05) in Klebsiella sp., Streptococcus

sp., jejunal mixed bacteria, and ileal mixed bacteria. At

2 mM and lower concentrations, rates of lysine oxidation

Table 2 CO2 production from the catabolism of select amino acids by pig small-intestinal bacteria

AA (mM) CO2 production, nmol/(108 cells � 3 h)

Streptococcus sp. Escherichia coli Klebsiella sp. Jejunal bacteria Ileal bacteria

L-Arginine

0.5 1.21 ± 0.03eD 19.6 ± 0.61aB 8.30 ± 0.25bC 1.67 ± 0.08deD 2.44 ± 0.15cdC

1 1.50 ± 0.04eC 20.5 ± 0.67aB 9.00 ± 0.18bC 2.77 ± 0.14dC 4.50 ± 0.31cB

2 1.88 ± 0.06dB 20.9 ± 0.37aB 12.2 ± 0.56bB 4.66 ± 0.24cB 5.52 ± 0.38cA

5 2.11 ± 0.12dA 23.0 ± 0.89aA 15.5 ± 0.86bA 5.89 ± 0.23cA 5.26 ± 0.29cAB

L-Glutamine

0.5 0.64 ± 0.03cC 6.81 ± 0.60aB 4.32 ± 0.33bC 0.10 ± 0.01cB 0.11 ± 0.01cC

1 0.69 ± 0.02bC 8.38 ± 0.84aB 7.50 ± 0.51aB 0.13 ± 0.01bB 0.11 ± 0.01bC

2 0.94 ± 0.07bB 11.8 ± 0.60aA 11.2 ± 1.10aA 0.26 ± 0.03bA 0.34 ± 0.05bB

5 1.35 ± 0.14bA 13.8 ± 0.89aA 12.4 ± 1.12aA 0.27 ± 0.05bA 0.49 ± 0.06bA

L-Leucine

0.5 ND 0.02 ± 0.01B 0.02 ± 0.01B ND ND

1 0.02 ± 0.01bB 0.07 ± 0.02aB 0.02 ± 0.01bB ND ND

2 0.05 ± 0.01bB 0.12 ± 0.02aB 0.10 ± 0.03aA 0.02 ± 0.01b 0.03 ± 0.01bB

5 0.08 ± 0.01bA 0.39 ± 0.08aA 0.11 ± 0.04bA 0.03 ± 0.01b 0.06 ± 0.01bA

L-Lysine

0.5 4.82 ± 0.14bC 0.11 ± 0.03eB 18.2 ± 0.33aD 0.74 ± 0.04dD 1.54 ± 0.08cD

1 6.49 ± 0.37bB 0.10 ± 0.04eB 34.4 ± 0.78aC 2.84 ± 0.11dC 4.76 ± 0.27cC

2 6.82 ± 0.28cAB 0.15 ± 0.05dB 61.5 ± 1.72aB 5.58 ± 0.35cB 9.18 ± 0.26bB

5 7.66 ± 0.55cA 0.37 ± 0.08dA 72.2 ± 2.98aA 13.1 ± 1.02bA 15.7 ± 1.16bA

L-Methionine

2 0.23 ± 0.04b 0.51 ± 0.11a 0.47 ± 0.04a 0.05 ± 0.01c 0.05 ± 0.01c

L-Phenylalanine

2 0.17 ± 0.04bc 0.22 ± 0.04b 0.97 ± 0.10a 0.13 ± 0.03bc 0.04 ± 0.01c

L-Proline

0.5 0.02 ± 0.01cB 0.25 ± 0.05aD 0.16 ± 0.02bC 0.02 ± 0.01cC ND

1 0.08 ± 0.02bB 0.52 ± 0.07aC 0.56 ± 0.08aB 0.07 ± 0.01bBC 0.06 ± 0.01bB

2 0.09 ± 0.02cB 0.91 ± 0.11aB 0.62 ± 0.06bB 0.13 ± 0.02cB 0.06 ± 0.01cB

5 0.30 ± 0.05bA 1.48 ± 0.13aA 1.73 ± 0.18aA 0.29 ± 0.04bA 0.13 ± 0.03bA

L-Threonine

0.5 1.55 ± 0.06cC 12.4 ± 0.46aD 8.09 ± 0.31bC 0.32 ± 0.01dD 0.02 ± 0.01dB

1 3.03 ± 0.25cB 17.8 ± 0.54aC 11.0 ± 0.48bB 0.57 ± 0.03dC 0.06 ± 0.01dB

2 3.56 ± 0.22cB 27.8 ± 0.46aB 12.8 ± 0.82bB 1.14 ± 0.07dB 0.08 ± 0.02dB

5 6.20 ± 0.21cA 54.7 ± 1.44aA 30.9 ± 0.93bA 4.30 ± 0.14cdA 2.45 ± 0.07dA

Values are means ± SEM, n = 8. Means in a row with superscripts without a common small letter (a–e) differ, P \ 0.05; means in a column

with superscripts without a common capital letter (A–D) differ, P \ 0.05. Incubation media contained L-[U-14C] labeled AA

ND, not detectable
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were higher (P \ 0.05) in ileal mixed bacteria than in

jejunal mixed bacteria. Similar results were obtained for

arginine at 1 mM and lower concentrations. Rates of

threonine and proline oxidation in ileal mixed bacteria

were low when present at concentrations less than 2 mM,

compared with jejunal mixed bacteria. Interestingly, rates

of leucine oxidation were low in both pure and mixed

bacteria.

Incorporation of AA into bacterial proteins in bacteria

from the pig small intestine

Rates of the incorporation of AA into bacterial proteins

were higher (P \ 0.05) in E. coli and Klebsiella sp. than in

Streptococcus sp., jejunal mixed bacteria and ileal mixed

bacteria (Table 3). In both pure and mixed bacteria, rates of

the incorporation of leucine and glutamine were higher

than those for other AA. The rate of incorporation of

proline into bacterial proteins was higher (P \ 0.05) in

jejunal mixed bacteria compared with ileal mixed bacteria.

Similar results were obtained for threonine at 2 mM and

lower concentration. However, compared with that of

jejunal mixed bacteria, the incorporation rate of leucine

and glutamine into bacterial proteins were significantly

higher (P \ 0.05) in ileal mixed bacteria with the AA

concentration at concentrations of 2 mM and below. Sim-

ilar trend was also found in the 1-mM arginine group.

Meanwhile, the incorporation of methionine into bacterial

proteins was lower than other AA in both pure and mixed

bacteria after 3-h incubation.

Table 3 Incorporation of select amino acids into bacterial cell proteins in pig small-intestinal bacteria

AA (mM) nmol/(108 cells � 3 h)

Streptococcus sp. Escherichia coli Klebsiella sp. Jejunal bacteria Ileal bacteria

L-Arginine

1 9.48 ± 0.21cB 27.3 ± 0.82bB 30.7 ± 0.28aB 3.33 ± 0.21e 4.83 ± 0.12dB

2 10.7 ± 0.58cA 34.8 ± 1.36aA 32.4 ± 0.47bA 3.72 ± 0.44d 4.70 ± 0.17dB

5 10.4 ± 0.48cA 36.6 ± 1.84aA 33.9 ± 0.73bA 3.46 ± 0.38e 5.37 ± 0.32dA

L-Glutamine

1 10.5 ± 0.72cB 29.2 ± 1.20bC 36.5 ± 0.57aB 4.83 ± 0.30dB 10.8 ± 0.24c

2 10.1 ± 0.90cB 35.4 ± 2.20bB 38.6 ± 2.34aB 5.05 ± 0.39dB 11.0 ± 0.38c

5 15.9 ± 1.27cA 54.0 ± 3.14aA 43.5 ± 1.47bA 9.14 ± 0.63dA 11.1 ± 0.47d

L-Leucine

1 18.0 ± 0.17bC 54.6 ± 1.08aB 53.8 ± 0.41aB 9.23 ± 0.34d 11.6 ± 0.19c

2 25.1 ± 0.35cB 55.4 ± 0.80aB 53.0 ± 0.91bB 9.59 ± 0.30e 13.2 ± 0.87d

5 27.5 ± 0.35cA 67.4 ± 2.44aA 62.8 ± 0.83bA 10.2 ± 0.73d 12.1 ± 0.63d

L-Lysine

1 10.7 ± 0.37bB 29.6 ± 0.61aB 28.5 ± 0.28aC 7.00 ± 0.24c 6.26 ± 0.13cB

2 10.8 ± 0.43cB 35.8 ± 1.39aA 31.3 ± 0.98bB 7.06 ± 0.33d 6.07 ± 0.11dB

5 13.7 ± 0.82bA 37.5 ± 0.74aA 36.0 ± 0.32aA 7.27 ± 0.50c 8.41 ± 0.35cA

L-Methionine

2 3.32 ± 0.17c 13.0 ± 0.92a 11.0 ± 0.84b 1.87 ± 0.04c 1.62 ± 0.11c

L-Phenylalanine

2 8.13 ± 0.37c 30.9 ± 0.70a 24.1 ± 0.50b 5.27 ± 0.18d 6.12 ± 0.17d

L-Proline

1 7.49 ± 0.26cB 28.4 ± 0.39aB 19.6 ± 0.61bC 4.28 ± 0.12dB 0.70 ± 0.03eC

2 7.73 ± 0.17cB 28.2 ± 0.54aB 24.4 ± 0.43bB 4.04 ± 0.17dB 1.42 ± 0.06eB

5 10.1 ± 0.16cA 34.5 ± 0.80aA 28.2 ± 0.34bA 5.23 ± 0.14dA 3.46 ± 0.23eA

L-Threonine

1 14.1 ± 0.20c 39.8 ± 0.53aB 25.6 ± 0.28bB 6.62 ± 0.15dBC 5.36 ± 0.13eB

2 14.0 ± 1.09c 40.1 ± 0.79aB 25.5 ± 0.40bB 6.86 ± 0.35dAB 5.13 ± 0.31dB

5 15.6 ± 0.36c 51.8 ± 1.78aA 35.8 ± 1.25bA 8.31 ± 0.76dA 6.80 ± 0.52dA

Values are means ± SEM, n = 4. Means in a row with superscripts without a common small letter (a–e) differ, P \ 0.05; means in a column

with superscripts without a common capital letter (A–D) differ, P \ 0.05. Incubation media contained L-[U-14C] labeled AA
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Net utilization of AA by pig small-intestinal bacteria

Generally, the proportions of the utilization of glutamine

(22–53%), lysine (13–46%), arginine (10–25%) and thre-

onine (9–20%) to their respective AA pools in the culture

were relatively high after 3-h incubation (Table 4). The AA

utilization in the cultures of E. coli and Klebsiella sp. was

faster than in other cultures. In both pure and mixed bac-

teria cultures, the disappearance rates of glutamine, lysine,

arginine and threonine after 3-h incubation were higher

than those of other AA. Compared with that of ileal mixed

bacteria culture, the utilization of arginine in jejunal mixed

Table 4 Utilization of select amino acid in the media by pig small-intestinal bacteria

AA (mM) nmol/(108 cells � 3 h)

Streptococcus sp. Escherichia coli Klebsiella sp. Jejunal bacteria Ileal bacteria

L-Arginine

1 49.3 ± 5.4cB 214.7 ± 3.8aB 98.2 ± 1.9bC 23.6 ± 3.9dC 21.6 ± 1.6dB

2 54.9 ± 5.9cAB 228.1 ± 3.0aB 134.0 ± 6.8bB 51.5 ± 1.9cB 27.5 ± 2.1dB

5 71.7 ± 7.3dA 287.0 ± 1.5bA 331.0 ± 4.3aA 133.1 ± 1.8cA 58.8 ± 2.5dA

Net utilization (%)a 12.2 ± 1.3c 16.9 ± 0.2b 22.6 ± 1.1a 25.1 ± 0.9a 9.9 ± 0.8c

L-Glutamine

1 85.3 ± 5.9cB 397.1 ± 2.9aB 206.2 ± 0.4bC 33.8 ± 2.4dC 66.9 ± 1.3eB

2 83.7 ± 2.9dB 650.7 ± 7.6aA 329.5 ± 3.6bB 46.8 ± 3.8eB 109.2 ± 5.6cA

5 107.7 ± 2.5cA 667.6 ± 8.9aA 447.9 ± 6.2bA 104.4 ± 2.6cA 108.8 ± 4.6cA

Net utilization (%) 21.6 ± 0.7c 44.3 ± 0.5b 52.7 ± 0.6a 21.9 ± 1.8c 39.7 ± 2.0b

L-Leucine

1 30.8 ± 2.1c 98.8 ± 9.8aB 66.4 ± 3.7bC 22.6 ± 1.0c 16.3 ± 0.7c

2 34.2 ± 1.6c 111.4 ± 5.8aAB 78.8 ± 3.5bB 26.9 ± 2.0cd 22.0 ± 3.5d

5 34.4 ± 2.7c 130.2 ± 11.4aA 92.7 ± 3.6bA 27.2 ± 0.9c 21.7 ± 1.8c

Net utilization (%) 8.3 ± 0.4b 7.7 ± 0.4b 13.3 ± 0.6a 12.2 ± 0.9a 7.3 ± 1.2b

L-Lysine

1 44.4 ± 0.7cC 121.5 ± 2.4bC 190.1 ± 3.6aC 34.8 ± 1.5dC 39.1 ± 3.5cdC

2 56.2 ± 1.1dB 198.4 ± 4.2bB 297.0 ± 4.2aB 42.2 ± 2.1eB 64.4 ± 3.9cB

5 68.0 ± 1.6dA 275.3 ± 6.0bA 403.9 ± 4.8aA 49.6 ± 2.6eA 89.8 ± 4.3cA

Net utilization (%) 13.3 ± 0.2c 14.0 ± 0.2c 45.5 ± 0.6a 18.3 ± 0.8b 19.5 ± 0.9b

L-Methionine

2 17.3 ± 1.7c 70.0 ± 3.3a 36.0 ± 0.9b 7.20 ± 0.8d 5.50 ± 0.8d

Net utilization (%) 3.0 ± 0.2b 5.2 ± 0.2a 6.1 ± 0.1a 3.5 ± 0.4b 3.4 ± 0.3b

L-Phenylalanine

2 16.0 ± 1.6c 53.0 ± 4.0a 42.0 ± 2.3b 10.9 ± 1.3c 17.4 ± 0.8c

Net utilization (%) 3.7 ± 0.4b 3.9 ± 0.3b 4.4 ± 0.4b 5.8 ± 0.6a 6.5 ± 0.3a

L-Proline

1 20.8 ± 0.5cB 114.0 ± 8.5aB 53.7 ± 3.2bC 10.8 ± 0.72c 12.2 ± 0.8cB

2 25.9 ± 2.2cA 109.3 ± 4.3aB 68.8 ± 5.6bB 12.9 ± 1.7d 15.9 ± 1.5cdAB

5 27.9 ± 0.9cA 155.5 ± 5.0aA 98.9 ± 2.7bA 14.9 ± 1.7d 16.6 ± 1.2dA

Net utilization (%) 5.8 ± 0.1c 10.1 ± 0.1b 13.1 ± 0.3a 6.1 ± 0.5c 5.6 ± 0.1c

L-Threonine

1 51.8 ± 2.7b 245.6 ± 9.6aC 64.5 ± 2.6bC 19.5 ± 1.2c 18.6 ± 1.2cB

2 50.9 ± 4.7c 287.7 ± 8.9aB 116.3 ± 3.8bB 20.4 ± 2.3d 25.6 ± 1.8dA

5 49.9 ± 6.8c 329.8 ± 8.3aA 168.1 ± 5.1bA 21.4 ± 3.3d 32.7 ± 2.5dA

Net utilization (%) 13.8 ± 0.9b 19.4 ± 0.5a 18.8 ± 0.5a 8.6 ± 0.8c 9.2 ± 0.3c

Values are means ± SEM, n = 4. Means in a row with superscripts without a common small letter (a–e) differ, P \ 0.05; means in a column

with superscripts without a common capital letter (A–D) differ, P \ 0.05
a Data were calculated for bacteria incubated in the presence of 2 mM AA for 3 h. The percentage of the net AA utilization was calculated as

follows: [(AA concentration in the culture at 3 h-AA concentration in the culture at 0 h)/AA concentration in the culture at 0 h] 9 100%
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bacteria culture was significantly higher (P \ 0.05) at

concentrations of 2 mM and above. Similar results were

obtained for leucine utilization. Meanwhile, the utilization

of lysine in ileal mixed bacteria culture was higher

(P \ 0.05) than in jejunal mixed bacteria culture. Simi-

larly, compared with that of jejunal mixed bacteria culture,

the utilization of glutamine and proline were higher in ileal

mixed bacteria.

Metabolic fate of AA in pig small-intestinal bacteria

Details regarding proportions of the CO2 produced from

AA oxidation and the incorporation of AA into bacterial

proteins to the net AA utilization by pig small-intestinal

bacteria are summarized in Table 5. Proportions of AA

oxidation to the net AA utilization were higher for lysine,

threonine and arginine than other AA. Except for negligible

Table 5 Metabolic fate of select amino acids in pig small-intestinal bacteria

AA % of net utilization of corresponding AA in 3 h

Streptococcus sp. Escherichia coli Klebsiella sp. Jejunal bacteria Ileal bacteria

L-Arginine

Protein synthesis 19.4 ± 0.75bB 15.3 ± 0.43dB 24.2 ± 0.25aB 7.21 ± 0.60eB 17.1 ± 0.44cB

CO2 productiona 3.42 ± 0.11cC 9.17 ± 0.16bC 9.08 ± 0.42bC 9.04 ± 0.47bB 20.1 ± 1.38aB

Other metabolic routes 77.2 ± 0.76bA 75.6 ± 0.36bA 66.7 ± 0.48cA 83.7 ± 0.96aA 62.8 ± 1.68dA

L-Glutamine

Protein synthesis 12.1 ± 0.77aB 5.43 ± 0.24cB 11.7 ± 0.51aB 10.8 ± 0.59abB 10.1 ± 0.25bB

CO2 production 1.12 ± 0.08cC 1.81 ± 0.26bC 3.40 ± 0.33aC 0.56 ± 0.07dC 0.31 ± 0.14dC

Other metabolic routes 86.8 ± 0.78cA 92.8 ± 0.28aA 84.9 ± 0.51dA 88.6 ± 0.60bA 89.6 ± 0.26bA

L-Leucine

Protein synthesis 73.4 ± 1.04aA 49.8 ± 0.72dA 67.2 ± 1.15bA 35.7 ± 1.11eB 59.8 ± 3.97cA

CO2 production 0.85 ± 0.22C 0.62 ± 0.17B 0.69 ± 0.26C 0.33 ± 0.10C 0.76 ± 0.22C

Other metabolic routes 25.7 ± 1.04eB 49.6 ± 0.72bA 32.1 ± 1.15dB 64.0 ± 1.11aA 39.4 ± 3.97cB

L-Lysine

Protein synthesis 19.4 ± 0.78aB 18.6 ± 0.72abB 10.5 ± 0.33cC 17.5 ± 0.81bB 9.84 ± 0.18cC

CO2 production 12.3 ± 0.5bC 0.08 ± 0.03cC 20.6 ± 1.62aB 13.8 ± 0.87bC 14.9 ± 0.41bB

Other metabolic routes 68.3 ± 0.78cA 81.3 ± 0.72aA 68.9 ± 0.33cA 68.7 ± 0.81cA 75.3 ± 0.18bA

L-Methionine

Protein synthesis 21.3 ± 1.08bB 16.0 ± 1.14cB 27.1 ± 2.06aB 24.5 ± 0.47abB 28.2 ± 1.93aB

CO2 production 1.48 ± 0.27aC 0.64 ± 0.13bC 1.15 ± 0.09abC 0.72 ± 0.16bC 0.79 ± 0.19bC

Other metabolic routes 77.2 ± 1.08bA 83.3 ± 1.14aA 71.7 ± 2.06cA 74.8 ± 0.47bcA 71.0 ± 1.93cA

L-Phenylalanine

Protein synthesis 58.4 ± 2.64aA 55.6 ± 1.27aA 46.8 ± 0.97bB 47.2 ± 1.59bB 36.0 ± 0.99cB

CO2 production 1.19 ± 0.30aC 0.39 ± 0.06bC 1.89 ± 0.19aC 1.16 ± 0.25abC 0.22 ± 0.05bC

Other metabolic routes 40.4 ± 2.64cB 44.0 ± 1.27cB 51.3 ± 0.97bA 51.6 ± 1.59bA 63.8 ± 0.99aA

L-Proline

Protein synthesis 29.9 ± 0.66bB 25.8 ± 0.49cB 35.5 ± 0.62aB 31.4 ± 1.29bB 8.91 ± 0.35dB

CO2 production 0.35 ± 0.08bC 0.83 ± 0.10abC 0.90 ± 0.09abC 0.99 ± 0.15aC 0.41 ± 0.05bC

Other metabolic routes 69.7 ± 0.66cA 73.3 ± 0.49bA 63.6 ± 0.62dA 67.6 ± 1.29cA 90.7 ± 0.35aA

L-Threonine

Protein synthesis 28.4 ± 2.21bB 14.0 ± 0.28dB 23.2 ± 0.36cB 33.4 ± 1.71aB 20.4 ± 1.22cB

CO2 production 7.21 ± 0.44cC 9.74 ± 0.16bC 11.7 ± 0.75aC 5.54 ± 0.33dC 0.31 ± 0.10eC

Other metabolic routes 64.4 ± 2.21bA 76.2 ± 0.28aA 65.1 ± 0.36bA 61.0 ± 1.71bA 79.3 ± 1.22aA

Values are means ± SEM, n = 4, and were calculated for bacteria incubated in the presence of 2 mM AA. Means in a row with superscripts

without a common small letter (a–d) differ, P \ 0.05; means in a column with superscripts without a common capital letter (A–C) differ,

P \ 0.05
a Calculations are based on the assumption that the decarboxylation of selected AA was mainly from the elimination of the alpha-carboxyl group

(–COOH) of the corresponding amino acid
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oxidation of lysine in E. coli culture, about 20% of the

utilized lysine was oxidized in Klebsiella sp. culture, and

this rate was higher (P \ 0.05) than that in cultures of

Streptococcus sp., jejunal mixed bacteria and ileal mixed

bacteria where oxidation accounted for 12–15% of the

lysine utilization. The oxidation of threonine was higher

(P \ 0.05) in cultures of Klebsiella sp. and E. coli, which

accounted for 10% of the threonine utilization by the

bacteria. Meanwhile, the proportion of threonine oxidation

to threonine utilization was lower (P \ 0.05) in ileal mixed

bacteria culture than in the jejunal mixed bacteria culture

(Table 2). Proportion of arginine oxidation to arginine

utilization was higher (P \ 0.05) in ileal mixed bacteria

culture (20%) than in the cultures of jejunal mixed bacteria

and pure bacteria (Table 5). Interestingly, only 3% of

the arginine utilized by Streptococcus sp. was oxidized

to CO2.

The proportions of leucine and phenylalanine used for

bacterial protein synthesis relative to total utilization were

higher than those of other AA (Table 5). Leucine used

by Streptococcus sp. for protein synthesis was higher

(P \ 0.05) than by Klebsiella sp. and E. coli, which

comprised about 70% of leucine utilization. Meanwhile,

compared with total utilization, leucine used for bacterial

protein synthesis was higher (P \ 0.05) in ileal mixed

bacteria than in jejunal mixed bacteria. About 55% of the

phenylalanine utilized by Streptococcus sp. or E. coli was

accounted for protein synthesis, and this rate was higher

(P \ 0.05) than that accounted by Klebsiella sp. (47%).

Proportion of the leucine used for bacterial protein syn-

thesis to leucine utilization was higher in jejunal mixed

bacteria than ileal mixed bacteria.

Proportions of threonine, proline and methionine used

for protein synthesis to their total utilization were similar

among the pig small-intestinal bacteria with small vari-

ations (Table 5). About 15% of the threonine utilized by

E. coli was accounted for protein synthesis. Compared

with ileal mixed bacteria, proportion of the threonine

used for protein synthesis to total threonine utilization

was higher (P \ 0.05) in jejunal mixed bacteria. Simi-

larly, proportion of the proline used for protein synthesis

to total utilization was higher (P \ 0.05) in jejunal mixed

bacteria than ileal mixed bacteria. Protein synthesis rep-

resented 24% of the arginine utilized by Klebsiella sp.

and this rate was higher (P \ 0.05) than that in either

Streptococcus sp. or E. coli. In ileal mixed bacteria, 17%

of arginine utilization was accounted for protein synthe-

sis, which was higher (P \ 0.05) than that in jejunal

mixed bacteria. In contrast, proportion of the lysine used

for protein synthesis to total lysine utilization was higher

in jejunal mixed bacteria than in ileal mixed bacteria.

Proportions of glutamine used for protein synthesis to

total glutamine utilization were relatively low in both

pure and mixed bacteria.

Protein synthesis represented approximately 57% of

the leucine and 50% of the phenylalanine utilized by

small intestinal bacteria (Fig. 1). About 25% of the pro-

line, threonine and methionine utilized by these cells

were recovered in proteins, as compared with 15% for

lysine and arginine and 10% for glutamine (Fig. 1).

Oxidation to CO2 accounted for approximately 10% of

the utilization of lysine, threonine and arginine. For other

AA, oxidation was negligible compared with their net

utilization.

Fig. 1 Distribution of AA

metabolic routes and the

proportions to AA utilization for

protein synthesis and oxidation

in pig small-intestinal bacteria.

Values are the mean values

calculated from the data in

Table 5
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Discussion

The crucial role of AA in the nutrition and health of

humans and animals depends on their metabolism within

the body (Wu 2009). For example, the first-pass metabo-

lism of AA in the small intestine plays an important role in

maintaining gut function and health, but could result in a

decreased efficiency of nutrient utilization (Stoll et al.

1998; Wu 1998). Work with milk-protein fed pigs showed

that 30–60% of EAA were extracted by the portal drained

viscera in the first-pass metabolism, and only 10% of the

extracted AA was used for the synthesis of mucosal protein

(Stoll et al. 1998). It is now known that among EAA, only

branched-chain AA can be catabolized by gut mucosal

cells; the metabolic fate of other EAA in the small intestine

is not clear (Chen et al. 2007, 2009). Using microbial

subculture approach, we demonstrated that pig small

intestinal bacteria could extensively utilize arginine, glu-

tamate and EAA (e.g., lysine and threonine) and this result

could provide an alternative account for the first-pass

metabolism of both NEAA and EAA in the small intestine

(Dai et al. 2010). However, in the previous study (Dai et al.

2010), the incubation time was relatively long (24 h), the

concentrations of AA (10 mM each) were much higher

than their normal concentrations in the small intestine, and

rates of AA oxidation in bacteria were not determined.

Thus, the present study was conducted by employing a 3-h

incubation approach and using medium AA concentrations

similar to those in the lumen of the pig small intestine. The

results indicated high rates of utilization of glutamine,

lysine, arginine and threonine, with 36, 22, 17 and 15%

being extracted from the cultures after 3-h incubation

(Table 4). These results support the view that AA metab-

olism by bacteria in the small-intestinal lumen could con-

tribute greatly to the first-pass intestinal AA metabolism.

Results from this study indicate that protein synthesis, as

an important metabolic fate of AA in pig small-intestinal

bacteria, occurred in an AA-specific manner. For example,

protein synthesis represented half of the leucine and

phenylalanine or 25% of the threonine, proline and

methionine utilized by small-intestinal bacteria (Fig. 1).

This partially agreed with the findings of the previous

studies that the content of leucine, threonine and proline

was high, but the proportions of phenylalanine and

methionine were relatively low, in the proteins of both

gram-positive and gram-negative bacteria (Dai et al. 2010;

Sorimachi 1999). Low abundance of AA in protein can

explain the low rates of microbial utilization of phenylal-

anine and methionine compared with other AA (Tables 3,

4). These results suggest that the de novo synthesis of

branched chain AA (especially leucine), phenylalanine,

threonine, proline and methionine is limited in pig small-

intestinal bacteria. In other words, the availability of these

AA from the diet may greatly affect protein synthesis in

intestinal bacteria (Libao-Mercado et al. 2009). Mean-

while, relatively low proportions of lysine, arginine and

glutamine were used for protein synthesis compared with

total utilization by bacteria (Fig. 1). However, because the

rates of total utilization of these AA were high in the small-

intestinal bacteria (Tables 3, 4), relatively large amounts of

lysine, arginine and glutamine were used for protein syn-

thesis in these cells compared with phenylalanine and

methionine (Dai et al. 2010). These findings suggest that

AA requirements (type and amount) for the synthesis of

bacterial protein are well conserved during evolution, and

the variations in the proportions of protein synthesis to the

total AA utilization reflect the diversification of AA

metabolism in the intestinal bacteria.

An interesting finding of the present study is that

catabolism of AA in the small-intestinal bacteria might

dominate the first-pass metabolism of some AA (lysine,

arginine and threonine) in the gut. As one of the major

catabolic routes, oxidative decarboxylation eliminates the

carboxyl group (–COOH) from the carbon skeleton of AA

and thus plays an important role in modulating the pool of

precursors for biosynthesis in both small-intestinal bacteria

and mucosal cells. As the deamination and transamination

of AA are rapid and generally exist in both gut bacteria and

mucosal cells (Barker 1981; Metges et al. 1999b; Wu

1998), quantification of these biochemical events cannot be

simply measured by the net production of ammonia.

Compared with AA deamination, determination of [14C]-

AA oxidation may be better used for the estimation of AA

catabolism in the small-intestinal bacteria. Using this

approach, we found that a considerable amount of lysine

and threonine utilized by pig small-intestinal bacteria was

catabolized through oxidation to CO2 (Table 5). This result

supports the proposition that small-intestinal bacteria can

oxidize lysine and threonine, thereby playing an important

role in their first-pass intestinal metabolism (Chen et al.

2007, 2009; Stoll et al. 1998).

Results of the current work also indicate that metabolic

routes of AA other than protein synthesis and catabolism

(production of CO2) may be quantitatively important in the

bacteria of the small intestine (Table 5; Fig. 1). Although

we cannot identify the detailed metabolic pathways in each

of the small-intestinal bacteria studied herein, several

pathways for AA metabolism could be taken into consid-

eration in future investigation. For instance, as noted pre-

viously, the deamination of AA may occur for AA,

especially for glutamine. Additionally, studies with bacte-

ria in the rumen and the large intestine have demonstrated

that some bacterial species harbor the ability to catabolize

various AA and produce ammonia and short-chain fatty

acid (SCFA) as end products (Rychlik et al. 2002; Smith

and Macfarlane 1997, 1998; Wallace 1986, 1996). This
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might help to explain the elevation of ammonia in the

portal vein of animals (e.g., pigs) after feeding (Stoll et al.

1998). Moreover, predominant SCFA production from AA

catabolism varies markedly with the type of AA and the

species of gut bacteria (Smith and Macfarlane 1997;

Wallace 1986). These authors found that the predominant

SCFA produced from branched-chain AA by bacteria were

branched-chain fatty acids (e.g., isobutyrate and isovaler-

ate), while propionate and butyrate were the predominant

end products of the bacterial catabolism of threonine

(Smith and Macfarlane 1997; Wallace 1986). Furthermore,

amines and polyamines are generated in parallel with the

decarboxylation of AA in bacteria residing in the large

intestine (Blachier et al. 2007; Smith and Macfarlane

1996). For example, the decarboxylation of arginine and

ornithine form agmatine and putrescine, respectively (Dai

et al. 2011), and both products are precursors for the syn-

thesis of spermidine and spermine (Wu et al. 2009). Of

particular note, studies with E. coli revealed that the bac-

terial metabolism of AA and SCFA may closely relate to

each other, especially with the coordination of polyamine

production and the regulation of SCFA metabolism

(Jenkins and Nunn 1987; Lioliou and Kyriakidis 2004;

Lioliou et al. 2005). The metabolic versatility may reflect

the multiple functions of the intestinal bacteria in nutrition,

growth, and adaptation (Kyriakidis and Tiligada 2009). It

should be borne in mind that the microbial environment in

the small intestine is different from that in the rumen and

large intestine. Further studies are required to investigate

how AA metabolic pathways in small-intestinal bacteria

links to the homeostasis of the microbial ecosystem in the

gut.

Intestinal catabolism of AA has important implications

for nutrition. For example, adaptive lysine metabolism in

the small intestine in response to low intake of dietary

protein (van Goudoever et al. 2000) may partially result

from the action of its luminal bacteria. Also, the extensive

catabolism of arginine in small-intestinal bacteria may

serve as an alternative pathway for the synthesis of proline

and polyamines (putrescine, spermidine, and spermine). In

the large intestine, amines produced from the bacterial

decarboxylation of AA are known to regulate the physi-

ology of the gut mucosal cells (Blachier et al. 2007; Smith

and Macfarlane 1996). Similarly, arginine-derived poly-

amines in the small intestine play important roles in the

physiology of small intestinal mucosal cells and the post-

natal maturation of the gut immune system (Flynn et al.

2009; Pérez-Cano et al. 2010; Wu et al. 2000, 2009).

Furthermore, deamination was a major metabolic fate of

glutamine in enterocytes (Windmueller 1982; Windmueller

and Spaeth 1975) and bacteria (Dai et al. 2010). The

ammonia and glutamate produced from glutamine likely

participate in many pathways for the synthesis of multiple

AA which may enter the portal circulation for use by extra-

intestinal tissues. Collectively, the extensive catabolism of

lysine, arginine and glutamine by the bacteria in the lumen

of the small intestine not only affects AA and nitrogen

cycling in the gut but also plays an important role in the

modulation of intestinal physiology and function through

the production of important metabolites (Bergen and Wu

2009; Blachier et al. 2007; Burrin and Davis 2004; Fuller

and Reeds 1998; Wu 1998).

Another important finding of this study was that the

rates and pathways of AA metabolism in small-intestinal

bacteria are dependent on bacterial species and gut com-

partment. This might have important implications in AA

nutrition and gut health. First, AA absorption and metab-

olism in enterocytes may be differentially affected by the

composition and abundance of bacteria along the length of

the small intestine (Claus et al. 2008). For example, the

proportions of lysine, threonine and proline utilized for

protein synthesis were higher in jejunal mixed bacteria than

in ileal mixed bacteria. This may be due to the fast growth

of bacteria in the jejunum and the rapid incorporation of

these AA into bacteria (Dai et al. 2010; Sorimachi 1999).

Therefore, less amounts of AA will be available for the

absorption by jejunal mucosal cells. Furthermore, a higher

proportion of AA utilized for oxidation in ileal mixed

bacteria may result from the bacterial response to high

concentrations of acidic fermentation products (e.g., lactate

and volatile fatty acids) in the lower part of the small

intestine (Richard and Foster 2004). Meanwhile, shifts in

arginine metabolism and the formation of its products in

the lumen of small intestine might have potential impact on

the metabolic flux of the urea cycle and nitrogen recycling

in the small intestine, especially in the ileum (Bergen and

Wu 2009; Claus et al. 2008; Fuller and Reeds 1998).

Second, the present study may aid in explaining the health

and growth-promoting effects of dietary interventions by

inhibiting the growth of potential pathogenic gut bacteria,

thereby improving AA absorption in the small intestine

(Kong et al. 2009). Compared with Streptococcus sp.

(commensal bacteria in the pig small intestine, Konstanti-

nov et al. 2006), our current study revealed high require-

ments of AA and high metabolic activities in the two

potentially pathogenic bacteria E. coli and Klebsiella sp.

Therefore, reducing the numbers of the AA-fermenting

bacteria in the small intestine through strategies, such as

dietary interventions, could modulate the temporal and

spatial metabolic phenotypes of the small-intestinal mic-

robiota, leading to improvement in intestinal AA absorp-

tion and health (Martin et al. 2009). Third, understanding

the mechanisms responsible for the regulation of AA

metabolism in small-intestinal bacteria could help to

develop new methods to enhance the availability of dietary

AA to extraintestinal tissues in both humans and animals
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(Kyriakidis and Tiligada 2009). To some extent, entero-

cytes and the luminal bacteria contribute to the high met-

abolic costs for maintenance in the small intestine.

Therefore, variations in the compartmental AA metabolism

should not be ignored. Additionally, both intestinal and

microbial factors should be taken into consideration in

development of new means to modulate intestinal AA

metabolism.

Overall, our work supports the view that oxidation of

AA and protein synthesis in small-intestinal bacteria play

an important role in the first-pass metabolism of AA and

nitrogen recycling in the small intestine (Bergen and Wu

2009; Fuller and Reeds 1998; Metges 2000; Stoll et al.

1998). Diversification of AA metabolism in different bac-

terial species is partially dependent on the surrounding

environments (Richard and Foster 2004). The long-term

adaptation of the bacteria to the intestinal environment

during their co-evolution with eukaryotic neighbors shapes

their niches within the gut and at the same time exerts their

influences on host nutrition and physiology (Ley et al.

2006; Schaible and Kaufmann 2005). Furthermore, the

microbial community composition and the metabolic

interactions within the community along the small intestine

affect compartmental AA metabolism in the lumen of small

intestine. Appreciation of these characteristics of AA

metabolism in small-intestinal bacteria as well as the

metabolic interactions within the microbial community and

between microbes and gut mucosal cells may help better

understand the physiopathological ecology of the small

intestine (Blachier et al. 2007; Claus et al. 2008; Martin

et al. 2009). This will ultimately lead to successful devel-

opment of new strategies to improve the nutrition and

health of the host.

In conclusion, the results of the present study indicate

rapid and extensive utilization of glutamine, lysine, argi-

nine, threonine and leucine in the pig small-intestinal

bacteria. Protein synthesis was an important metabolic fate

for AA (particularly leucine and threonine) metabolism in

the bacteria. The catabolism of lysine, threonine, arginine

and glutamine by small-intestinal bacteria play important

role in the first-pass metabolism of AA in the small

intestine. The metabolic fates of AA varied among bacte-

rial species, with the rates of utilization being higher in

E. coli and Klebsiella sp. than in Streptococcus sp. These

results support the notion that bacterial AA metabolism in

the small intestine is highly compartmentalized and differs

between jejunal mixed bacteria and ileal mixed bacteria.

The findings provide fundamental knowledge necessary for

development of new strategies to improve AA nutrition and

gut health in humans and animals.
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