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Short Communication

MICROBES AND
ENVIRONMENTS

D-Amino Acid Catabolism Is Common Among Soil-Dwelling Bacteria
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Soil and rhizosphere environments were examined in order to determine the identity and relative abundance of bacteria that
catabolize D- and L-amino acids as the sole source of carbon and nitrogen. All substrates were readily catabolized by bacteria
from both environments, with most D-amino acids giving similar CFU counts to their L-amino acid counterparts. CFU count
ratios between L- and D-amino acids typically ranged between 2 and 1. Isolates were phylogenetically typed in order to determine
the identity of D-amino acid catabolizers. Actinobacteria, specifically the Arthrobacter genus, were abundant along with

members of the a- and B-Proteobacteria classes.
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Each of the 19 chiral L-amino acids (L-AAs) used in protein
synthesis has a mirror image counterpart that is inverted
about the a-carbon. These non-proteinogenic AAs are collec-
tively known as D-amino acids (D-AAs). Recent studies have
demonstrated the abundance of D-AAs in microbe-rich envi-
ronments such as the animal rumen, fermented foods, and soil
(1,2, 8,19, 24). Their origin is typically attributed to bacteria,
which are known to employ D-AAs in the synthesis of pepti-
doglycans as well as other extracellular polymers such as
poly-y-glu and teichoic acids (18). However, it has not yet
been determined why diverse D-AAs are synthesized by bac-
teria. Nevertheless, D-AAs have been shown to affect certain
physiological processes in bacteria such as biofilm formation,
sporulation, and cell wall modification (10, 12, 20), all of
which are important for survival under highly variable physi-
cochemical conditions such as those found in soil.

The region of soil directly surrounding plant roots (the
rhizosphere) harbors a diverse chemical milieu owing to plant
root exudation, and is known as a hotspot for microbial
activity. Some of the available nutrients that attract high
numbers of bacteria to this environment are L-AAs, which are
prominent components of plant root exudates (14). L-AAs
serve not only as potential sources of carbon and nitrogen for
rhizobacteria, but also induce chemotaxis and affect root colo-
nization in model-rhizosphere bacteria including Pseudomonas
fluorescens (17) and P. putida KT2440 (13). D-AAs are syn-
thesized from their corresponding L-AAs through enzymatic
racemization. Racemization occurs for a number of different
reasons, including as part of the L-AA catabolic pathway
(18). While L-AA catabolism is an appreciated trait of soil-
and rhizosphere-dwelling bacteria, limited information is
available on the bacterial capacity for D-AA catabolism.

We herein conducted culture-dependent experiments in an
attempt to catalog and characterize bacteria with the ability to
catabolize either of 21 AA enantiomer pairs, which include
the D- and L-enantiomers of the 19 chiral proteinogenic AAs
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as well as hydroxyproline (hypro) and ornithine (orn). Soil
samples were obtained from the University of Kentucky
Horticulture Research Farm (Lexington, K'Y, USA). Soil was
taken from the roots of uprooted, mature sweet corn plants
(rhizosphere soil) and from a field left fallow (bulk soil), and
approximately 2 g of each was used to perform serial dilutions
in Basal Minimal Media (BMM) without any source of carbon
or nitrogen (22). L-AAs (one of 21 AAs, 1 mM final concen-
tration) or D-AAs (one of 21 AAs, 1 mM final concentration)
(Sigma-Aldrich) were added as the sole carbon and nitrogen
source to BMM media, and cycloheximide (250 pg mL™")
(Sigma-Aldrich) was added to prevent fungal growth. Agarose,
1.5% (GeneMate, BioExpress), was used as a gelling agent
instead of agar in order to minimize non-specific growth.
From the 10~ dilution of both samples, 100 uL was spread
evenly on each of 6 plates per AA (3 plates for the rhizosphere
and 3 for bulk soil) as well as dilute nutrient broth (DNB)
plates (0.08 g Difco nutrient broth per L of water [6]). BMM
plates without carbon and nitrogen were also prepared in
order to estimate non-specific bacterial growth. Plates were
incubated at 28°C for two weeks before colony enumeration.
Some non-specific growth was noted on nutrient-free BMM
plates as colonies that exhibited a starvation-induced pheno-
type (small, flat, and diffuse morphologies) and these colonies
were subsequently excluded from CFU counts on all plates.
Table 1 shows CFU counts for L-AAs and D-AAs from
both environments. Colonies were obtained on all D-AA
plates, and CFU counts in most cases were not significantly
different between the two enantiomers. Central metabolic
intermediates, such as the L-enantiomers of glu and asp (as
well as their amides gln and asn), and ala were the most
commonly utilized substrates. Furthermore, D-ala and D-glu
are typically the most abundant D-AAs in microbe-rich envi-
ronments due to their universal inclusion in peptidoglycans
(23), and may be routinely catabolized. Additionally, ala, glu,
gln, asn, and asp are the most abundant D-AAs in the tissues
of different plant species (3, 24), including maize, and, conse-
quently, may be available in the soil by virtue of exudation or
decomposition. Moreover, in cases in which the concentrations
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Table 1. Number of isolates at 10-° soil dilution on each AA enantiomer tested.
Rhizosphere soil Bulk soil

AA
L D L—D L/D L D L-D L/D
Ala 58+12 62+4 —4 1 42+5 26+2 17 2
Arg 50+ 11 43 +7 7 1 40+ 7 24+5 16 2
Asn 75+6 32+10 43 2 43+£3 28+4 15 2
Asp 80+5 50+ 10 30 2 64 +8 53+7 11 1
Cys 28+ 10 21+2 7 1 21+2 16+6 5 1
Gln 62+ 14 53+6 9 1 55+6 47+ 8 8 1
Glu 80+ 8 18+9 62 4 51+7 11+£1 40 5
His 43+10 11+£3 32 4 28 +£2 13£3 15 2
Hypro 64+9 27+9 36 2 26+5 19+£3 7 1
Ile 66 +5 35+£10 30 2 38+£3 22+11 16 2
Leu 57+5 39+8 18 1 31+£5 26+3 5 1
Lys 22+4 32+10 -9 1 20+4 17+4 3 1
Met 21+9 26+5 —4 1 39+9 40+ 6 -1 1
Orn 46+ 6 27+12 19 2 41+3 32+15 9 1
Phe 45+17 39+1 6 1 24 +7 21+9 3 1
Pro 67+3 712 -3 1 30+11 19+4 11 2
Ser 38+ 14 22+6 16 2 36+7 20+5 7 1
Thr 41+ 11 48 +13 -7 1 41+8 27+7 14 2
Trp 31+£3 25+5 6 1 27+7 20+3 8 1
Tyr 42+4 28+9 14 2 27+7 34+9 -7 1
Val 24 +7 30+ 6 -6 1 39+11 36+3 3 1

The average number of isolates is shown (L and D) with the standard deviation. The highlighted cells indicate the enantiomer
pairs that had significantly different average values (p<0.05). The relative abundance of isolates from rhizosphere soil, as
well as bulk soil, was calculated by subtracting the number of isolates counted on D-AA plates from those on L-AA plates
for each AA pair (shown in column “L — D”). The ratio of isolates counted on L-AA plates and D-AA plates is shown in

column “L/D”.

of D-AAs have been determined in agricultural soil samples,
D-ala, D-asp, and D-glu were the most abundant D-AAs (3).

We calculated two parameters in order to assess variations
in growth between AA enantiomer pairs for each soil sample.
The difference in (L — D) and ratio (L/D) between L-AAs and
D-AAs are shown in Table 1 and were used in order to iden-
tify AA enantiomer pairs with the greatest and smallest dif-
ferences in CFU counts. Significant differences (p<0.05)
between L-AA and D-AA counts are noted by shading in the
table. In both environments, L-glu, L-asn, and L-his conferred
a significantly higher number of CFUs and the number of
isolates was between two- and four-fold higher on these
L-AAs than on their D-AA counterparts (Table 1, shaded cells).
Additionally, trans-L-hypro, L-ile, and L-asp had the same
effect for rhizosphere soil only, while significantly more bulk
soil isolates were on plates containing L-ala and L-arg.
Differences in CFU counts between other AA enantiomers
were not significant, indicating that both enantiomers were
readily catabolized.

In order to assess the D-AA and L-AA catabolism poten-
tials of a subset of the cultured isolates, we performed a colony
restreak experiment. Colonies were selected from an L-AA
plate and were subsequently patched onto a D-AA plate
(corresponding to the L-AA plate from which the isolate was
taken), as well as onto a fresh L-AA plate. Plates were incu-
bated at 28°C for two weeks. Among each of the 21 AAs, 12
isolates that demonstrated growth on both enantiomers were
randomly selected and used to inoculate DNB liquid cultures
(2 mL) grown at 28°C with shaking at 220 rpm for two
weeks. At the end of the incubation period, glycerol stocks
were prepared (25% final glycerol concentration) and stored
at —80°C. Each of the glycerol stocks was used directly as a
substrate to conduct PCR that targeted the 16S ribosomal RNA
gene. PCRs contained DreamTaq 12.5 pLL (ThermoScientific),

primer 27F (0.5 uM final concentration; 5" AGAGTTTGA
TCMTGGCTCAG 3'), primer 1492R (0.5 pM final concen-
tration; 5" GGYTACCTTGTTACGACTT 3’) (11), DNase/
RNase free water 8 pl, and 2 pl of material from the individ-
ual glycerol stock. Cycling conditions were 95°C for 4 min,
95°C for 30 s, 55°C for 30 s, and 72°C for 90 s, repeated 35
times, and finally 72°C for 10 min. PCR products were puri-
fied using AMPure magnetic beads (Beckman Coulter) and
50-100 ng of amplicon DNA was used to perform Sanger
sequencing using a cycle sequencing kit (BigDye Terminator,
v3.1, cycle sequencing kit; Applied Biosystems). Sequencing
reactions were purified via AgenCourt CleanSeq magnetic
beads (Beckman Coulter) and submitted to the Advanced
Genetic Technologies Center at the University of Kentucky.
Sequencing data were analyzed through the Ez-Taxon 16S
rRNA database (9) in order to obtain the phylogenetic classi-
fication of each environmental isolate. Overall, 65% of the
collection of 252 isolates gave sequencing data of sufficient
quality to determine the taxonomy, and each showed greater
than 98% similarity to a known species. Of the 12 isolates for
each AA, between 5 and 11 isolates per AA provided sequencing
data of sufficient quality to obtain taxonomic information.
Sequences were grouped into four phyla (Actinobacteria,
Proteobacteria, Bacteroidetes, and Firmicutes; Table 2), 7
classes, 12 orders, 27 families, and 46 genera. Most (92%) of
the isolates fell within three classes: Actinobacteria (50%),
a-Proteobacteria (21%), and B-Proteobacteria (21%). The
most notable result from the taxonomic assignment of the
cultured isolates was the abundance of Arthrobacter species
(32% of all isolates). Isolates within this genus were able to
use 18 out of the 21 tested AA enantiomer pairs as the sole
source of carbon and nitrogen. Although information in gen-
eral on the Arthrobacter genus is limited, they are metaboli-
cally versatile (21) and have been identified as common
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inhabitants of soil as well as extreme environments (deep
subsurface, arctic ice, and sites contaminated with radioactivity ~ other genus that achieved this was Arthrobacter).
or hazardous chemicals) (15). Previous studies on 26 soil All of the 13 identified genera within the B-Proteobacteria
isolates from the genus Arthrobacter showed that 90% or  class belonged to the order Burkholderiales. Although most
more were able to catabolize D-ala in addition to other L-AAs  of the known plant-nodulating bacteria belonged to the
(7). Additionally, 4. protophormiae (DSM15035) catabolizes  a-Proteobacteria class, many isolates of the B-Proteobacteria
D-phe, D-leu, and D-met (5), and a D-AA oxidase enzyme class, specifically of the order Burkholderiales, have recently
from this organism was shown to exhibit the highest activity =~ been identified as symbionts of legumes (4, 16). The highest
with D-met, D-lys, D-arg, and D-phe. The metabolic versatility —number of genera within the B-Proteobacteria class was
previously noted among members of this genus appears to  identified on either enantiomer of phe, as well as gln and ala.
extend to D-AAs. While there were four genera in the B-Proteobacteria class,
Among the most frequently isolated genera in the there was only one other genus (Arthrobacter) capable of
a-Proteobacteria class, Ensifer and Rhizobium are very closely  using D-phe (Table 2).
related (family Rhizobiaceae) and belong to the diverse group Although a large proportion of the identified isolates were
of plant-nodulating nitrogen-fixing bacteria known as rhizo-  part of the three major taxonomic classes discussed above, we
bia. Several of the isolated rhizobia species used both enan-  identified several genera from the y-Proteobacteria class and
tiomers of pro, orn, trp, and val as the sole source of carbon  -Proteobacteria class, as well as the classes Sphingobacteria
and nitrogen. Three genera in the a-Proteobacteria class used  and Bacilli (Table 2). Based on the results presented here, a

D-pro as the sole source of carbon and nitrogen (the only

Table 2. Phylogenetic analysis of isolates that catabolized individual L- and D-AA enantiomer pairs as the sole source of carbon and nitrogen.

Phylum Class Genus No. of seq for that genus Amino acids from which isolates were recovered

ala, arg, asn, asp, cys, glu, gln, his, hypro,

Actinobacteria  Actinobacteria Arthrobacter 53 (32% of total) ;

ile, lys, orn, phe, pro, ser, thr, trp, tyr
Actinobacteria  Actinobacteria Microbacterium 9 (5% of total) cys, his, orn, ser, trp, tyr
Actinobacteria  Actinobacteria Terrabacter 3 (2% of total) asp, leu, tyr
Actinobacteria  Actinobacteria Cellulosimicrobium 2 (1% of total) met, trp
Actinobacteria  Actinobacteria Agromyces 2 (1% of total) his
Actinobacteria  Actinobacteria EU019987 s LAM 22 1 (1% of total) ser
Actinobacteria  Actinobacteria GQO396982 s AKIDEI 06H 1 (1% of total) val
Actinobacteria  Actinobacteria Nocardioides 1 (1% of total) orn
Actinobacteria  Actinobacteria Rhodococcus 2 (1% of total) thr
Actinobacteria  Actinobacteria Streptosporangium 1 (1% of total) cys
Actinobacteria  Actinobacteria Streptomyces 4 (3% of total) met
Actinobacteria  Actinobacteria Micromonospora 2 (1% of total) met
Actinobacteria  Actinobacteria Promicromonospora 1 (1% of total) thr
Proteobacteria  a-Proteobacteria  Ensifer 7 (4% of total) ala, glu, pro, trp, tyr, val
Proteobacteria  a-Proteobacteria  Rhizobium 6 (4% of total) gln, lys, orn, pro, val
Proteobacteria  a-Proteobacteria  Pseudaminobacter 4 (3% of total) orn, ser, trp
Proteobacteria  o-Proteobacteria  Sphingopyxis 3 (2% of total) his, leu, lys
Proteobacteria  o-Proteobacteria  Bosea 2 (1% of total) his, val
Proteobacteria  a-Proteobacteria  Candidatus Rhizobium 2 (1% of total) glu, ile
Proteobacteria  o-Proteobacteria ~ Mesorhizobium 2 (1% of total) his, hypro
Proteobacteria  a-Proteobacteria ~ Ochrobactrum 2 (1% of total) asn, pro
Proteobacteria  o-Proteobacteria  Ancylobacter 1 (1% of total) cys
Proteobacteria  o-Proteobacteria  Azospirillum 1 (1% of total) tyr
Proteobacteria  a-Proteobacteria  Devosia 1 (1% of total) asp
Proteobacteria  a-Proteobacteria  Shinella 1 (1% of total) asn
Proteobacteria  a-Proteobacteria  Sphingobium 1 (1% of total) ile
Proteobacteria  a-Proteobacteria  Sphingomonas 1 (1% of total) orn
Proteobacteria  o-Proteobacteria  Bradyrhizobium 1 (1% of total) thr
Proteobacteria  B-Proteobacteria  Pseudoduganella 7 (4% of total) ala, arg, asn, hypro, thr
Proteobacteria  B-Proteobacteria  Mitsuaria 4 (3% of total) ala, his, orn, phe, val
Proteobacteria  B-Proteobacteria  Cupriavidus 4 (3% of total) ala, gln, phe
Proteobacteria  B-Proteobacteria  Pelomonas 4 (3% of total) gln, met, val
Proteobacteria  B-Proteobacteria ~ AJ964894_s LF4-45 2 (1% of total) asp, phe
Proteobacteria  B-Proteobacteria  Rivibacter 2 (1% of total) asn, ser
Proteobacteria  B-Proteobacteria  Variovorax 3 (2% of total) phe, trp
Proteobacteria  B-Proteobacteria  Achromobacter 1 (1% of total) glu
Proteobacteria  B-Proteobacteria  Aquincola 1 (1% of total) cys
Proteobacteria  B-Proteobacteria DQ354711 s DR550SWSAEE7 1 (1% of total) gln
Proteobacteria  B-Proteobacteria  Ideonella 1 (1% of total) ser
Proteobacteria  B-Proteobacteria  Leptothrix 1 (1% of total) leu
Proteobacteria  B-Proteobacteria  Massilia 3 (2% of total) leu
Proteobacteria  y-Proteobacteria  Pseudomonas 3 (2% of total) lys, pro
Proteobacteria  y-Proteobacteria ~ Moraxella 1 (1% of total) cys
Proteobacteria  -Proteobacteria  Polyangium 2 (1% of total) ile, leu
Bacteroidetes Sphingobacteria  Chitinophaga 1 (1% of total) pro
Firmicutes Bacilli Bacillus 7 (4% of total) ala, asn, gln, pro
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number of soil-dwelling bacteria appear to have the capacity
to catabolize D-AAs as the sole source of carbon and nitro-
gen. Our study provides the basis for future work aimed at
understanding the impact of D-AAs on the bacterial commu-
nity in soil and rhizosphere environments.

Acknowledgements

This research was funded in part by a grant from the National
Institute of Food and Agriculture of the US Department of
Agriculture (grant 2011-67020-30195).

References

1. Briickner, H., and M. Hausch. 1989. Gas chromatographic detection
of D-amino acids as common constituents of fermented foods.
Chromatographia 28:487-492.

2. Briickner, H., and A. Schieber. 2001. Ascertainment of D-amino acids
in germ-free, gnotobiotic and normal laboratory rats. Biomed. Chromatogr.
15:257-262.

3. Briickner, H., and T. Westhauser. 2003. Chromatographic determination
of L- and D-amino acids in plants. Amino Acids 24:43-55.

4. Chen, W.-M., L. Moulin, C. Bontemps, P. Vandamme, G. Béna, and
C. Boivin-Masson. 2003. Legume symbiotic nitrogen fixation by
B-Proteobacteria is widespread in nature. J. Bacteriol. 185:7266—
7272.

5. Geueke, B., A. Weckbecker, and W. Hummel. 2007. Overproduction
and characterization of a recombinant D-amino acid oxidase from
Arthrobacter protophormiae. Appl. Microbiol. Biotechnol. 74:1240—
1247.

6. Janssen, P.H., P.S. Yates, B.E. Grinton, P.M. Taylor, and M. Sait.
2002. Improved culturability of soil bacteria and isolation in pure
culture of novel members of the divisions Acidobacteria, Actinobacteria,
Proteobacteria, and Verrucomicrobia. Appl. Environ. Microbiol.
68:2391-2396.

7. Jones, D., and R. Keddie. 2006. The genus Arthrobacter, p. 945-960.
In Prokaryotes. Springer.

8. Kato, S., T. Ishihara, H. Hemmi, H. Kobayashi, and T. Yoshimura.
2011. Alterations in D-amino acid concentrations and microbial com-
munity structures during the fermentation of red and white wines. J.
Biosci. Bioeng. 111:104-108.

9. Kim, O.-S., Y.-J. Cho, K. Lee, et al. 2012. Introducing EzTaxon-e: a
prokaryotic 16S rRNA gene sequence database with phylotypes that
represent uncultured species. Int. J. Syst. Evol. Microbiol. 62:716—
721.

10.

11.

13.

14.

15.

17.

18.

19.

20.

21.

22.

23.

24.

RADKOV et al.

Lam, H., D.-C. Oh, F. Cava, C.N. Takacs, J. Clardy, M.A. de Pedro,
and M.K. Waldor. 2009. D-amino acids govern stationary phase cell
wall remodeling in bacteria. Science 325:1552-1555.

Lane, D. 1991. 16S/23S rRNA sequencing, p. 115-175. In E.
Stackebrandt and M. Goodfellow (eds.), Nucleic Acid Techniques in
Bacterial Systematics. Wiley, New York.

. Leiman, S.A., J.M. May, M.D. Lebar, D. Kahne, R. Kolter, and R.

Losick. 2013. D-amino acids indirectly inhibit biofilm formation in
Bacillus subtilis by interfering with protein synthesis. J. Bacteriol.
195:5391-5395.

Manuel, E.-U., and J.-L. Ramos. 2001. Expression of a Pseudomonas
putida aminotransferase involved in lysine catabolism is induced in
the rhizosphere. Appl. Environ. Microbiol. 67:5219-5224.

Moe, L.A. 2013. Amino acids in the rhizosphere: from plants to
microbes. Am. J. Bot. 100:1692—1705.

Mongodin, E.F., N. Shapir, S.C. Daugherty, et al. 2006. Secrets of soil
survival revealed by the genome sequence of Arthrobacter aurescens
TCI. PLoS Genet. 2:2094-2106.

. Moulin, L., A. Munive, B. Dreyfus, and C. Boivin-Masson. 2001.

Nodulation of legumes by members of the -subclass of Proteobacteria.
Nature 411:948-950.

Oku, S., A. Komatsu, T. Tajima, Y. Nakashimada, and J. Kato. 2012.
Identification of chemotaxis sensory proteins for amino acids in
Pseudomonas fluorescens Pf0-1 and their involvement in chemotaxis
to tomato root exudate and root colonization. Microbes Environ.
27:462-469.

Radkov, A.D., and L.A. Moe. 2014. Bacterial synthesis of D-amino
acids. Appl. Microbiol. Biotechnol. 98:5363-5374.

Schieber, A., H. Briickner, and J.R. Ling. 1999. GC-MS analysis of
diaminopimelic acid stereoisomers and amino acid enantiomers in
rumen bacteria. Biomed. Chromatogr. 13:46-50.

Siranosian, K.J., K. Ireton, and A.D. Grossman. 1993. Alanine dehy-
drogenase (ald) is required for normal sporulation in Bacillus subtilis.
J. Bacteriol. 175:6789-6796.

Sutthiwong, N., M. Fouillaud, A. Valla, Y. Caro, and L. Dufossé.
2014. Bacteria belonging to the extremely versatile genus Arthrobacter
as novel source of natural pigments with extended hue range. Food
Res. Int. 65:156-162.

Tanner, R. 2002. Cultivation of bacteria and fungi, p. 62-71. In C.
Hurst, R. Crawford, G. Knudsen, M. Mclnerney, and L. Stetzenbach
(eds.), Manual of Environmental Microbiology, 2™ ed. American
Society for Microbiology Press, Washington DC.

Vollmer, W., D. Blanot, and M.A. de Pedro. 2008. Peptidoglycan
structure and architecture. FEMS Microbiol. Rev. 32:149-167.
Vranova, V., H. Zahradnickova, D. Janous, K.R. Skene, A.S. Matharu,
K. Rejsek, and P. Formanek. 2012. The significance of D-amino acids
in soil, fate and utilization by microbes and plants: review and identi-
fication of knowledge gaps. Plant Soil 354:21-39.



