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Abstract 3-Methylindole, also referred to as ska-

tole, is a pollutant of environmental concern due to its

persistence, mobility and potential health impacts.

Petroleum refining, intensive livestock production and

application of biosolids to agricultural lands result in

releases of 3-methylindole to the environment. Even

so, little is known about the aerobic biodegradation of

3-methylindole and comprehensive biotransformation

pathways have not been established. Using glycerol as

feedstock, the soil bacterium Cupriavidus sp. strain

KK10 biodegraded 100 mg/L of 3-methylindole in

24 h. Cometabolic 3-methylindole biodegradation

was confirmed by the identification of biotransforma-

tion products through liquid chromatography electro-

spray ionization tandem mass spectrometry analyses.

In all, 14 3-methylindole biotransformation products

were identified which revealed that biotransformation

occurred through different pathways that included

carbocyclic aromatic ring-fission of 3-methylindole to

single-ring pyrrole carboxylic acids. This work pro-

vides first comprehensive evidence for the aerobic

biotransformation mechanisms of 3-methylindole by a

soil bacterium and expands our understanding of the

biodegradative capabilities of members of the genus

Cupriavidus towards heteroaromatic pollutants.

Keywords Cupriavidus � Skatole � 3-methylindole �
Glycerol � Biotransformation � LC/ESI–MS/MS

Introduction

Petroleum processing, intensive livestock production

and application of biosolids to agricultural lands result

in the release of nitrogen-containing organic pollu-

tants to water and soil ecosystems and there is much

interest to control and mitigate the effects of these

compounds (Beier et al. 2009; Trabue et al. 2011;

Cook et al. 2010; Ducey and Hunt 2013; Yan et al.

2013; Zhang et al. 2013). 3-Methylindole, also

referred to as skatole, is a malodorous N-heterocyclic

aromatic pollutant that occurs at mg/kg levels in

biosolids and solid manures and mg/L levels in liquid

manures (Yasuhara 1987; Schüssler and Nitschke

1999; Wu et al. 1999; De la Torre et al. 2000; Yager

et al. 2014). In impacted environments, concentrations

of 3-methylindole have been measured at 0.3 ug/L in

surface waters and in the parts per million range in

soils (Botalova and Schwarzbauer 2011; Yager et al.

2014). 3-Methylindole is considered to be a contam-

inant of emerging concern (CEC) partly due to its

application to farmland in biosolids, where, after
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biosolids application, it persists in soil even among

complex soil microbiota and is sufficiently mobile so

as to be vertically transported into the soil column

(Diamond, et al. 2011; Yager et al. 2014).

The biodegradation mechanisms of 3-methylindole

by bacteria are not well understood and this appears to

be due in part to the toxicity of this compound towards

microorganisms. 3-Methylindole is described as hav-

ing fairly broad bacteriostatic effects, has been shown

to disrupt bacterial biofilm development, has been

implicated as a potential inducer of bacterial oxidative

stress, and may be genotoxic through formation of

DNA adducts (Yokoyama and Carlson 1979; Deslan-

des et al. 2001; Regal et al. 2001; Choi et al. 2013).

Indeed, there are few reports of bacterial isolates with

the ability to biodegrade 3-methylindole (Fujioka and

Wada, 1968; Yin et al. 2006; Yin andGu 2006; Sharma

et al. 2014). At the same time, comprehensive

biotransformation pathways have not been established.

Two 3-methylindole metabolites, indoline-3-car-

boxylic acid and indoline-3-ol were proposed through

the pioneering work of Yin and Gu (2006) based upon

the values of two deprotonated molecules detected in

sample extracts after incubation of 3-methylindole

with a Pseudomonas sp. isolated from mangrove

sediments. Based upon these results a pathway through

oxidation of the methyl group of 3-methylindole was

proposed (Yin and Gu 2006). Anaerobic biodegrada-

tion of 3-methylindole by microbial consortia and

sediments to carbon dioxide has been reported to occur,

however downstream ring fission biotransformation

products were not directly identified and only one

metabolite, 3-methyloxindole has been reported (Gu

and Berry 1991, 1992; Gu et al. 2002).

Overall, there are knowledge gaps in understanding

what types of microorganisms may aerobically biode-

grade 3-methylindole, the conditions under which

3-methylindole may be biodegraded, and the biotrans-

formation pathway(s) that may be involved. In this

work, a recently isolated soil bacterium that grew on

glycerol as a sole source of carbon and energy was

investigated for its abilities to cometabolically degrade

3-methylindole. This organism belonged to the genus

Cupriavidus and rapidly depleted 3-methylindole from

culture media. 3-Methylindole biodegradation was

confirmed by identification of multiple biotransforma-

tion products that included aromatic ring-fission prod-

ucts and these results allowed for the construction of a

detailed aerobic biotransformation pathway for the first

time. Based upon these results, Cupriavidus sp. strain

KK10 may be a promising candidate for further study

in regard to understanding and optimizing 3-methylin-

dole biodegradation.

Methods

Chemicals

3-Methylindole (98 % purity) was purchased from

Sigma-Aldrich (St. Louis, MO, USA). Glycerol (99 %

purity), N,N-dimethylformamide (DMF, [99.5 %

purity), salicylic acid ([99 % purity), indigo (95 %

purity), pyrene (98 % purity) and organic solvents

methanol and ethyl acetate (HPLC grade or higher),

were purchased from Wako Chemical (Osaka, Japan).

Indirubin ([98 % purity) and isatin ([98 % purity)

were purchased from Tokyo Chemical Industries

(Tokyo, Japan).

Environmental isolate

Strain KK10 was isolated from a soil bacterial

consortium that grew on diesel fuel (Kanaly et al.

1997, 2000; Kanaly and Watanabe 2004). The 16S

rRNA gene sequence of strain KK10 showed that it

was a member of the genus Cupriavidus, Genbank

accession number KJ123723, and details of its isola-

tion are given in Fukuoka et al. (2015). The strain was

maintained on 100 mM glycerol in Stanier’s Basal

Medium (SBM; Atlas 1993) by continuous rotary

shaking at 28 �C in the dark.

Quantitative analysis of 3-methylindole

biodegradation and growth monitoring of strain

KK10

Strain KK10 was grown on 100 mM glycerol in

20 mL of SBM in a 100-mL size conical flask to mid-

log phase by rotary shaking at 28 �C in the dark, after

which cells were harvested by centrifugation

(87009g, 10 min, 4 �C). Cell pellets were resus-

pended in 30 mL of phosphate buffer (50 mM, pH 7)

and followed by four cell washing and centrifugation

steps at 57009g, 4 �C for 10 min, 8 min, 8 min and

8 min each. After the final washing step, cells were

resuspended in SBM and inoculated into 15-mL

volume glass culture tubes where the total volume of
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SBM was 5 mL. The optical density of strain KK10

cells in the culture tubes was adjusted to OD = 1.4

after determining absorbance at 620 nm by using a

V-530 UV/VIS spectrophotometer (Jasco, Tokyo,

Japan). Sterile glycerol was prepared in sterile SBM

at a ratio of 30:70 and aseptically transferred to culture

tubes to yield a concentration of 5 mM glycerol at the

start of the experiments. 3-Methylindole was solubi-

lized in DMF in a glass vial followed by rigorous

mixing until crystals were dissolved and was asepti-

cally transferred to culture tubes to achieve a final

concentration of 100 mg/L (DMF, 0.1 % v/v). Cul-

tures that consisted of 3-methylindole without cells

served as abiotic controls. Cultures were prepared in

duplicate and incubated by reciprocal shaking at 28 �C
at 150 rpm in the dark. Whole tube extractions were

conducted with ethyl acetate and pyrene in ethyl

acetate was utilized as the extraction standard.

Organic and aqueous phases were separated and

analyzed by LC with UV detection at 254 nm using

a Jasco system (Tokyo, Japan) that consisted of a PU-

2089 quaternary pump inline with a UV-2075 Plus UV

detector. Extracts were eluted isocratically in 77 %

methanol/water and separated on a Crestpak C18S

150 9 4.6 mm column (Jasco). The flow rate was

0.3 mL/min and sample injection was conducted by a

Jasco AS-2057 Plus autoinjector.

Growth monitoring of strain KK10 was conducted

when it was incubated with 100 mM glycerol or

100 mg/L 3-methylindole prepared in SBM as

described above. Biotic controls consisted of strain

KK10 cells without a carbon substrate. Culture volumes

were 20 mL in 100-mL size Erlenmyer flasks that were

prepared in triplicate. Cell densities in flasks were

adjusted to OD620 = 0.03. All cultures were incubated

by rotary shaking in the dark at 28 �C and sampling was

conducted every 24 h to determine mid-log phase. At

the time of sampling, culture fluids were transferred to a

quartz cuvette in 600 lL aliquots and analyzed by

spectrophotometer by monitoring absorbance at an

optical density of 620 nm as described above.

3-Methylindole biotransformation assays

Strain KK10 cells were grown on glycerol and

exposed to 100 mg/L 3-methylindole as described

above. Cultures that consisted of 3-methylindole

without strain KK10 cells and strain KK10 cells

without 3-methylindole served as abiotic and biotic

controls respectively. During incubation, cultures

were extracted at neutral and acidic pH with ethyl

acetate. Organic and aqueous phases were separated in

glass separatory funnels, passed through anhydrous

sodium sulfate that was prepared by overnight drying

at 50 �C and extracted a second time. Sample extracts

were gently heated in an aluminum heating block

(Taitec, Japan) at 28 �C, and ethyl acetate was

evaporated under nitrogen gas. Finally, residues were

resuspended in methanol and passed through 0.45 lm
PTFE syringe filters (Toyo Roshi, Tokyo) for LC–MS/

MS analyses.

Analyses of 3-methylindole biotransformation

products and authentic standards by LC–UV/

ESI(-)–MS/(MS)

Neutral and acidified sample extracts were analyzed

separately by LC–UV/ESI(-)–MS in full scan mode

using a Waters 2690 Separations Module delivery

system inline with a Shimadzu SPD-10A UV–VIS

detector that was interfaced with a Quattro Ultima

triple stage quadrupole mass spectrometer (Micro-

mass, Manchester, UK). Sample extracts were eluted

isocratically in 77 % methanol and 23 % water at a

flow rate of 0.3 mL/min through an XSelect CSH C18

column (4.6 mm I.D. 9 150 mm) that was in line

with a Security Guard Cartridge System pre-column

fitted with a widepore C18 cartridge (Phenomenex,

Torrance, CA, USA). Full scan analyses were con-

ducted over a range of 50 to 500 m/z in electrospray

negative ionization mode. Nitrogen was used as the

nebulizing gas, the ion source temperature was

130 �C, the desolvation temperature was 350 �C,
and the cone voltage was operated at 40 V. Nitrogen

gas was also used as the desolvation gas (600 L/h) and

the cone gas (60 L/h).

Results of the full scan analyses were examined to

determine putative mass ions of interest by comparing

the results from analyses of extracts from 3-methylin-

dole biotransformation cultures with the results from

analyses of extracts from abiotic and biotic controls.

After selection of putative mass ions of interest,

sample extract analyses were repeated by LC/ESI(-)–

MS/MS by using collision induced dissociation (CID)

product ion and precursor ion scan modes under mass

conditions similar to as described above. For tandem

mass analyses, argon gas was used as the collision cell

gas and collision cell energies were employed over a
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range of 3–40 eV depending upon the target analyte.

The mass spectral fragmentation patterns that resulted

from product ion and precursor ion scan analyses were

analyzed to aid in the determination of the molecular

structures of unknown 3-methylindole biotransforma-

tion products.

Authentic standards of isatin, salicylic acid, indiru-

bin and indigo were prepared in methanol and

analyzed by product ion scan analyses similarly to as

described above.

Analysis of 1H-pyrrole-2-carboxylic acid

biodegradation

1H-pyrrole-2-carboxylic acid ([98 % purity; Tokyo

Chemical Industries) biodegradation was investigated

in assays that were conducted under identical condi-

tions as described for 3-methylindole except that it

was applied at a concentration of 200 mg/L.

Results

Quantification of 3-methylindole biodegradation

by strain KK10 and growth assay

Strain KK10 cells that were growing on glycerol were

exposed to 3-methylindole in varying amounts up to a

relatively high concentration of 50 mg/L. Even so,

3-methylindole was completely depleted from culture

media within 15 h (data not shown). Doubling the

3-methylindole concentration to 100 mg/L also had

little effect on its rapid rate of biodegradation by strain

KK10 as shown in Fig. 1. Compared to abiotic

controls, approximately half of 100 mg/L 3-methylin-

dole was biodegraded in 6 h. By 24 h, greater than

99 % of 3-methylindole was biodegraded which

corresponded to less than 1 mg/L 3-methylindole

remaining in culture media.

Strain KK10 grew well on glycerol as a sole source

of carbon and energy. When incubated with 100 mM

glycerol, mid-log phase occurred within 36 h and

average absorbance values (OD620) for triplicate flasks

reached approximately 2.5 in 48 h when the starting

cell density was equal to 0.03 (Supplementary

Fig. S1). Strain KK10 was unable to utilize

3-methylindole as a carbon source for growth at this

concentration (Supplementary Fig. S1).

Initial oxidation of 3-methylindole reveals

multiple biotransformation pathways

UV254nm-detectable biotransformation products of

3-methylindole by strain KK10 were separated and

detected in organic extracts. The dynamics of bio-

transformation are shown in Fig. 2a–c. Within 6 h

(Fig. 2a) multiple biotransformation products were

detected and 3-methylindole was still present in the

culture medium. As shown in Fig. 2b, after 24 h of

exposure to 3-methylindole, at least fouteen products

were detected and they are labeled as I through XIV

based upon their retention times in the order that they

are discussed in this report. At the same time,

3-methylindole was degraded to undetectable levels.

By 48 h (Fig. 2c), biotransformation product peak size

and number had decreased. These analyses confirmed

rapid biotransformation of 3-methylindole and

showed transient production of biotransformation

products between 6 and 48 h. Because there did not

appear to be large accumulations of low molar mass

biotransformation products, such as IX, X and XI,

pyrrole ring fission may have occurred.

Numerous large and small peaks that represented

biotransformation products of 3-methylindole were
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Fig. 1 Recoveries of 3-methylindole from whole-flask extrac-

tion of cultures after 0, 6 and 24 h of incubation. Abiotic

controls that consisted of 3-methylindole without cells (white

bars); Strain KK10 cells plus 100 mg/L 3-methylindole (gray

bars). Results are average recoveries of duplicate cultures each

and the error bars represent the range
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detected by UV and mass analyses. The smallest

biotransformation products by molar mass all corre-

sponded to the deprotonated molecules,

[M-H]- = 146, and based upon this value they

appeared to be singly oxidized products of 3-methylin-

dole. Three products were detected at retention times

(tR) equal to 3.9, 5.8 and 6.3 min (products I, II and III

respectively). Product ion scan analyses of product I

revealed five fragmentation ions at m/z 131, m/z 128,

m/z 118, m/z 102, and m/z 87 which each indicated

losses of 15 Da (CH3), 18 Da (H2O), 28 Da (CO),

44 Da (CONH2), and 59 Da (CONH2 plus CH3)

respectively from the parent deprotonated molecule

(Fig. 3a). Loss of water and CO from the parent

deprotonated molecule supported that oxidation of the

3-methylindole molecule had occurred at an aromatic

carbon atom and not on the methyl group. This

conclusion was further supported by the detection of

m/z 131 which indicated that 15 Da were lost directly

from the parent deprotonated molecule as the methyl

group. Losses of 28 Da as CO from hydroxy-aromatic

compounds are typical when conducting ESI negative

ionization mass analyses (Xu et al. 2004). Direct loss

of 44 Da occurred from the parent deprotonated

molecule-represented by fragment m/z 102-and this

event provided strong evidence that the location of

3-methylindole molecule oxidation had occurred at

the 2-carbon position (Fig. 3a). This occurred through

ionization and collapse of the pyrrole ring through loss

of CONH2. This type of fragmentation has been

reported previously during ESI fragmentation of

indole oxidized at carbon position 2 (Fukuoka et al.

2015). Based upon these results, a molar mass of

147 Da and amolecular formula of C9H9NO, product I

was assigned an identity of 3-methyl-1H-indol-2-ol.

As shown in Fig. 3b, c, results of product ion analyses

of products II and III revealed mass spectra that were

similar to each other, indicating losses of 15 Da (m/z

131) as the methyl group and 28 Da (m/z 118) as CO

from each from the parent deprotonated molecules.

These results provided evidence for two more mono-

hydroxylated products of 3-methylindole where
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Fig. 2 Results of LC-UV254nm analyses of extracts from

cultures that consisted of strain KK10 cells plus 3-methylindole,

a after 6 h; b after 24 h; c and after 48 h. 3-Methylindole

biotransformation products discussed in the text are labeled

I–XIV
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Fig. 3 ESI(-)–MS/MS spectra acquired by product ion scan

analyses of three singly oxidized 3-methylindole biotransfor-

mation products that corresponded to [M-H]- = 146. a Pro-

duct I, tR = 3.9 min; b Product II, tR = 5.8 min; c Product III,
tR = 6.3 min. The chemical structures proposed for these

biotransformation products are also shown
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oxidation had occurred on the 6-membered aromatic

ring. Details of these and proceeding product ion scan

analyses are given in Table 1. Two deprotonated

molecules were revealed that corresponded to bio-

transformation products IV and V, [M-H]- = 162

each, that eluted at 6.0 and 6.6 min respectively. As

shown in Fig. 4a, b, results of product ion scan

analyses of these biotransformation products showed

loss of water (m/z 144), loss of CO (m/z 134), and loss

of water plus CO (or indole anion; m/z 116) from the

deprotonated molecule, in addition to aniline anion

(m/z 92). Taken together these data provided evidence

for a 3-methylindole molecule that was oxidized in

two positions. For both biotransformation products,

losses of 15 Da each (m/z 147) were also documented

from the parent deprotonated molecules and these

results indicated that the location of the oxidation

events on the 3-methylindole molecule had not

occurred at the methyl group. Analyses further

revealed a strong diagnostic fragment at m/z 118 for

biotransformation product V that was of similar

strength to m/z 116 (Fig. 4b). It resulted from a loss

of 44 Da from the parent deprotonated molecule and

provided strong evidence for the position of one of the

two hydroxyl groups on this biotransformation pro-

duct to be located at carbon position 2 on the N-

heterocyclic ring as shown in Fig. 4b. The second

hydroxyl group was located on the carbocyclic ring in

one of carbon positions 4 through 7. In the case of

product IV, both oxidations occurred on the carbo-

cyclic ring of 3-methylindole as shown in Fig. 4a.

Overall, consideration of these results, molar masses

of 163 Da each and molecular formulae of C9H9NO2,

these two biotransformation products represented

dihydroxylated 3-methylindole compounds.

Shown in Fig. 4c is the mass spectrum of the

deprotonated molecule that corresponded to product

VI, [M-H]- = 160, tR = 6.3 min which revealed a

loss of 44 Da as CO2 from the parent deprotonated

molecule and production of the indole anion (m/z 116).

Based upon these results, a molar mass of 161 Da and a

molecular formula of C9H7NO2, product VI was

assigned to be 1H-indole-3-carboxylic acid and this is

in agreement with previous work in regard to the mass

fragmentation of 1H-indole-3-carboxylic acid whereby

m/z 116 was a major product ion (Powers 1968).

Detection of 1H-indole-3-carboxylic acid in strain

KK10 extracts provided evidence for another pathway

of 3-methylindole biodegradation by this strain through

oxidation of the methyl group of 3-methylindole; most

likely through production of indole-3-carbinol. The

pathways of biotransformation of 3-methylindole by

strain KK10 through both the N-heteroaromatic and

carbocyclic rings is summarized as part of Fig. 5 and

includes results discussed in the proceeding sections.

Finally, product ion scan analyses of the deproto-

nated molecule [M-H]- = 144, also yielded indole

anion at m/z 116 as the sole fragmentation product

through a loss of 28 Da as CO (Table 1). By consid-

eration of a molar mass of 145 Da and a molecular

formula of C9H7NO, product VII was assigned to be

1H-indole-3-carbaldehyde which eluted at 6.6 min.

The detection of 1H-indole-3-carbaldehyde provided

further support for the indole-3-carbinol pathway by

strain KK10 as shown in Fig. 5.

Aromatic ring fission of 3-methylindole occurred

through the carbocyclic ring

Biotransformation product VIII eluted at tR = 5.7 -

min and corresponded to the deprotonated molecule,

[M-H]- = 194. Figure 6a shows the proposed

molecular structure and supporting fragmentation

pattern obtained from CID analyses whereby losses

of 44 Da (m/z 150), 70 Da (m/z 124) and 88 Da (m/z

106) each occurred from the parent deprotonated

molecule. Respectively these fragmentation ions

indicated losses of CO2, CO2 plus an ethyne group

(C2H2), and 2CO2 from biotransformation product

VIII. Not only did this pattern of fragmentation

provide strong support that this was an ortho-cleavage

product of carbocyclic aromatic ring fission of

3-methylindole (Fig. 6a), but through detection of

the loss of the ethyne moiety, it indicated that product

VIII was formed from either 3-methyl-1H-indole-4,5-

or -6,7-diol. Considering the fragmentation pattern, a

molar mass of 195 Da and a molecular formula of

C9H9NO4, this compound was assigned an identity of

2- or 3-[(E or Z)-2-carboxyvinyl]-4-methyl-1H-pyr-

role-3- or -2-carboxylic acid (Table 1). This biotrans-

formation product occurred through initial oxidative

attack by strain KK10 at the 4,5- or 6,7-carbon

positions of 3-methylindole to produce 3-methyl-4,5-

dihydro-1H-indole-4,5-diol and/or 3-methyl-6,7-dihy-

dro-1H-indole-6,7-diol followed by 3-methyl-1H-in-

dole-4,5- and/or -6,7-diol as described in Fig. 5

whereby structures for oxidation through 4,5 oxidation

are given.
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Shown in Fig. 6b is the mass spectrum that resulted

from CID analysis of product IX, [M-H]- = 168,

which eluted at 3.1 min. Two abundant fragmentation

ions at m/z 124 and m/z 80 were revealed and this

fragmentation pattern indicated double losses of CO2

from the parent deprotonated molecule which pro-

vided evidence for another ortho-type cleavage pro-

duct of 3-methylindole. Losses of 15 Da and 18 Da as

CH3 and H2O respectively from the parent deproto-

nated molecule were also detected (Table 1). Based

upon these data, a molar mass of 169 Da, and a

molecular formula of C7H7NO4, product IX was

proposed to be a dicarboxylic acid of 1H-pyrrole,

4-methyl-1H-pyrrole-2,3-dicarboxylic acid. Biotrans-

formation product X, [M-H]- = 198, tR = 4.2 min

was weakly detected, however product ion scan

analysis revealed a mass spectrum with clear product

ions at m/z 154 and m/z 110 which again indicated

double losses of CO2 from the parent deprotonated

molecule (Fig. 6c). This fragmentation pattern

matched identically to the fragmentation pattern

reported by Glass et al. (2012) during negative

ionization mass spectrometry analysis of 1H-pyrrole-

2,3,4-tricarboxylic acid. Considering a molar mass of

199 Da and molecular formula of C7H5NO6, it was

concluded that product X was 1H-pyrrole-2,3,4-

tricarboxylic acid and this compound represented a

third downstream ortho-cleavage product of carbo-

cyclic aromatic ring biotransformation of 3-methylin-

dole. Additionally, detection of this product provided

more evidence for an indole-3-carbinol pathway by

this strain. Product X was formed through either initial

oxidation events on the carbocyclic ring or through the

methyl group of 3-methylindole as summarized in

Fig. 5. The detection of biotransformation products

VIII, IX and X by LC/ESI–MS/MS provided direct

evidence of 3-methylindole biotransformation via ring

cleavage by this bacterium. In this case, results

supported a mechanism of lateral dioxygenation

followed by ortho-ring fission. Oxidation through

carbon positions 4 and 5 of 3-methylindole was

analogous to 1,2-carbon position dioxygenation by

bacteria of the structurally analogous N-heterocyclic

aromatic chemical, 9H-carbazole (Seo et al. 2006).

9H-carbazole is comprised of indole fused at the 2–3

positions to a 6-membered aromatic ring and this

6-membered ring is biotransformed through lateral

dioxygenation in an identical manner as shown for

3-methylindole by strain KK10. The mechanism

involved ring cleavage to produce the biotransforma-

tion products 4-(3-hydroxy-1H-indol-2-yl)-2-oxobut-

3-enoic acid and 2-(2-carboxy-vinyl)-1H-indole-3-

carboxylic acid (Seo et al. 2006). The latter product

of ortho-ring fission, 2-(2-carboxy-vinyl)-1H-indole-

3-carboxylic acid, was the structural analogue to

biotransformation product VIII from 3-methylindole

biodegradation by strain KK10. Detection of bacterial

biotransformation products that indicated lateral

dioxygenation and ortho-ring fission of the struc-

turally-related aromatic heterocycles: indole, diben-

zofuran and dibenzothiophene have recently been

reported for Cupriavidus, Pseudomonas, and

Arthrobacter spp. respectively (Seo et al. 2006; Li

et al. 2009; Fukuoka et al. 2015).

Finally, a product with a low molar mass of 113 Da

wasweakly detected at 2.7 min, productXI, and results

of CID analysis combined with consideration of a

molecular formula of C5H7NO2 supported that it was

4-methyl-1H-pyrrole-2,3-diol, a potential downstream

product of 4-methyl-1H-pyrrole-2,3-dicarboxylic acid
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Fig. 4 ESI(-)–MS/MS spectra acquired by product ion scan

analyses of three oxidized 3-methylindole biotransformation

products. a Product IV, tR = 6.0 min, corresponding to

[M-H]- = 162; b Product V, tR = 6.6 min, corresponding to

[M-H]- = 162; c Product VI, tR = 6.3 min, corresponding to

[M-H]- = 160. The chemical structures proposed for these

biotransformation products are also shown
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3-carboxylic acid

indole-3-carbinol
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Fig. 5 Pathways proposed

for the biotransformation of
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Cupriavidus sp. strain

KK10. Products in brackets

are hypothesized

intermediates
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(Table 1, Supplementary Fig. S2, Fig. 5). Detection of

this diol pointed towards potential pyrrole ring opening

even though direct detection of ring-fission products of

pyrrolic compounds was not possible. To test whether

strain KK10 was able to catalyze ring fission however,

the commercially available chemical standard, 1H-

pyrrole-2-carboxylic acid was investigated in a

biodegradation assay. It was rapidly depleted from

culture media within 24 h and the deprotonated

molecule [M-H]- = 129 was detected in culture

extracts. Results of CID analyses for this product were

consistent with its identity as the pyrrole ring fission

product, 2-oxoglutarate semialdehyde (Supplementary

Fig. S3). From these results that indicated a lack of

accumulation of low molar mass products during

3-methylindole biodegradation combined with the

detection of 4-methyl-1H-pyrrole-2,3-diol, it was

concluded that cometabolic fission of the 5-membered

ring had occurred. At the same time, direct evidence of

pyrrole ring fission by examination of a structurally

similar compound added support to this hypothesis.

Indole biotransformation pathway convergence

through decarboxylation of 1H-indole-3-

carboxylic acid did not occur

Oxidation of the methyl group of 3-methylindole was

shown to occur through 1H-indole-3-carboxylic acid.

If decarboxylation of this product to produce mono-

oxidized forms of indole resulted, production of indole

pathway biotransformation products such as isatin and

salicylic acid would be expected to have occurred

(Eaton and Chapman 1995; Fukuoka et al. 2015). At

the same time, if downstream biotransformation were

not possible, at least the formation of indigoids such as

indirubin and indigo would occur through dimeriza-

tion of oxidized indoles (Eaton and Chapman 1995).

Considering this, analyses of authentic standards of

isatin, salicyclic acid, indirubin and indigo were

conducted to determine their retention times and mass

fragmentation patterns with the purpose to search for

these products in 3-methylindole biodegradation

extracts (Supplementary Table S1). For example, the

value for the deprotonated molecule of isatin,

[M-H]- = 146, was identical to some products of

3-methylindole. Results of LC/ESI(-)-MS/MS analy-

ses showed however that mass spectra and retention

time data were different and indicated that these

compounds were not detected in culture fluid extracts

of 3-methylindole biodegradation by strain KK10. It

was concluded that indole-type biotransformation

pathways through the N-heterocyclic aromatic ring

of 3-methylindole were not utilized during its

biotransformation.

Identification of high molar mass products

confirms upper pathways

Precursor ion scan analyses of [M-H]- = 146

revealed relatively high molar mass biotransformation

products that eluted latest compared to other products

and corresponded to the deprotonated molecules

[M-H]- = 307, 309, and 293, products XII, XIII

and XIV, tR = 6.9, 7.8 and 8.9 min respectively
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Fig. 6 ESI(-)–MS/MS spectra acquired by product ion scan

analyses of ring cleavage products of 3-methylindole biotrans-

formation. a Product VIII, tR = 5.7 min, corresponding to

[M-H]- = 194; b Product IX, tR = 3.1 min, corresponding to

[M-H]- = 168; c Product X, tR = 4.2 min, corresponding to

[M-H]- = 198. Note the baseline of (c) is raised 20 %. The

chemical structures proposed for these biotransformation

products are also shown
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(Table 1). Results of product ion scan analysis of

product XII, [M-H]- = 307, revealed two fragments

at m/z 160 and m/z 146 which appeared to be oxidized

3-methylindole anions (Supplementary Fig. S4A) that

occurred through fragmentation of biotransformation

products that were formed through dimerization of

products VI, 1H-indole-3-carboxylic acid and mono-

hydroxylation products of 3-methylindole (e.g., prod-

ucts II and III). These results added further support to

the direct detection of 1H-indole-3-carboxylic acid

and the monohydroxylation products of 3-methylin-

dole in culture media as described above. Considering

a molecular formula of C18H16N2O3 and a molar mass

of 308 Da, it was concluded that this was a dimer

formed through carbon position 2 as shown in

Supplementary Fig. S4A. It is known that indoles

such as 3-methylindole that are substituted at the

3-carbon position may dimerize through electrophilic

substitution at the 2-carbon position (Nolan and

Hammer 1960; Smith and Walters 1961). Results of

product ion scan analyses of biotransformation prod-

ucts XIII and XIV, that corresponded to

[M-H]- = 309 and [M-H]- = 293, indicated that

these were also dimers. Analysis of the peak that

corresponded to product XIII yielded diagnostic

fragmentation ions at m/z 162, m/z 146, and m/z 134

and indicated that it represented dimers that consisted

of both a single- and double-oxidized 3-methylindole

molecule through carbon position 2 as described in

Table 1. A representative structure is shown in

Supplementary Fig. S4B. In the case of product XIV,

main diagnostic fragmentation ions were revealed at

m/z 162, m/z 146, and m/z 130 and corresponded to

anions of 3-methylindole, and hydroxylated and

dihydroxylated 3-methylindoles respectively (Supple-

mentary Fig. S4C; Table 1). Taken together, results of

fragmentation analyses of these high molar mass

dimerization products provided confirmation for the

production of mono- and dioxidized 3-methylindoles

that were proposed for the upper pathways of

3-methylindole biotransformation by strain KK10.

Discussion

There is interest to understand the environmental fate

of 3-methylindole due to its potentially deleterious

effects on human health and quality of life, in

combination with its mobility and potential to persist

(Yager et al. 2014). Its reported persistence may be

due in part to the location of the methyl substituent on

the N-heterocyclic ring, which hinders biotransforma-

tion of the molecule through a 2,3-carbon position

oxidation pathway and ring fission as has been

determined to occur during indole biotransformation

(Fujioka and Wada 1968). Overall, the aerobic

biodegradation pathways of 3-methylindole by bacte-

ria are unknown and this appears to be due in part to

the toxicity of this compound towards microorganisms

(Yokoyama and Carlson 1979; Deslandes et al. 2001;

Regal et al. 2001; Choi et al. 2013). In the investiga-

tion herein, results of experiments showed that when

growing on glycerol as the sole source of carbon and

energy, Cupriavidus sp. strain KK10 biodegraded a

high concentration of 3-methylindole in 24 h. Inter-

estingly, growth experiments showed that strain KK10

could not utilize 3-methylindole as a carbon source.

Cometabolism of PAHs by pure strains of bacteria is

known to occur mostly when cells are grown on

structurally similar substrates (Kanaly and Harayama

2000), however we are unaware of studies where

glycerol stimulated a bacterial isolate to biodegrade

PAHs in this capacity. Currently, unwanted large

quantities of glycerol are produced throughout the

world as the main by-product of biodiesel production

and this situation is posing disposal challenges to the

industry (Quispe et al. 2013). One proposed method of

glycerol disposal involves its utilization as a feedstock

for microorganisms to create blends with other waste

streams to mitigate multiple challenges (Samul et al.

2014). Results described in this work have established

that strain KK10 may be useful in this capacity.

Results of quantitative 3-methylindole biodegrada-

tion analyses were confirmed by the elucidation of

aerobic biotransformation pathways for the first time.

At least fourteen products, including aromatic ring-

fission products, were identified by LC/ESI(-)–MS/

MS analyses thusly demonstrating the complexity of

3-methylindole biotransformation. Results showed

that oxidation of 3-methylindole by strain KK10

occurred on multiple locations on the 3-methylindole

molecule, i.e., on the 6-membered ring, on the

2-carbon position of the N-heterocyclic ring, and on

the 3-carbon position methyl group. Three of these

biotransformation products, II, III and VI, occurred in

high relative abundances after 6 h and then rapidly
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decreased from culture media which confirmed the

transience of these products during transformation

(Fig. 2). By 24 h, biotransformation product IV

occurred in the greatest abundance and indicated that

dihydroxylation of the 6-membered aromatic ring was

occurring to a large extent. By 48 h, it was not

detected and this indicated that it was rapidly trans-

formed to downstream products.

Identification in culture media of 1H-indole-3-

carboxylic acid, [M-H- = 160], and 1H-indole-3-

carbaldehyde, [M-H- = 144], provided direct evi-

dence for oxidative attack at the methyl group. 1H-

Indole-3-carbaldehyde biotransformation product VII

coeluted with product V, and the amounts of both of

these products were reduced by 24 h and not detected

after 48 h (Fig. 2). Production of product V most

likely occurred through indole-3-carbinol—which

was not detected (Fig. 5). At the same time, although

1H-indole-3-carboxylic acid was detected (product

VI), isatin and indigoids were not. These results

indicated that decarboxylation of 1H-indole-3-car-

boxylic acid en route to the production of 3-indoxyl/3-

oxindole or 2,3-dihydroxy-indole had not occurred.

Indigo may be formed through hydroxylation of indole

at carbon position 3 for example (Mermod et al. 1986).

The potential downstream product, salicylic acid, was

also not detected. This result was in agreement with

growth results that showed that strain KK10 was

unable to use 3-methylindole as a source of carbon for

growth. Taken together, it was concluded that the

3-methylindole biotransformation pathways did not

converge with known indole biotransformation path-

ways (Eaton and Chapman 1995; Fukuoka et al. 2015).

Until now, the only aerobic biotransformation path-

way published for 3-methylindole biodegradation by a

bacterium, Pseudomonas aeruginosa Gs, involved

oxidation via themethyl groupwhereby itwas proposed

to proceed through anthranilic acid even though it was

not detected (Yin and Gu 2006). Two metabolites,

indoline-3-carboxylic acid and indoline-3-ol were

proposed based upon the detection of only deprotonated

molecules in culture extracts. Other metabolites may

have been present, however the authors reported that

their methods were limited by sensitivity. Biotransfor-

mation through anthranilic acid by strain Gs was

indicative of convergence of the 3-methylindole path-

waywith the known indole biotransformation pathways

(Fujioka and Wada 1968). As explained previously,

3-methylindole biotransformation by strain KK10 did

not converge with the indole pathways. Recently,

biodegradation of 3-methylindole by another Pro-

teobacterium, Rhodopseudomonas palustris was

reported (Sharma et al. 2014). R. palustris was isolated

from a swine waste lagoon and biodegraded near 50 %

of 0.1 mg/L 3-methylindole in 72 h, however metabo-

lites were not identified.

In regard to direct oxidation of the aromatic

ring(s) of 3-methylindole, oxidative attack at the 2-

and 3-carbon atoms by an aerobic soil bacterium to

produce 2-oxo-3-methyl-3-hydroxyindoline was pro-

posed by Fujioka and Wada (1968). Under anaerobic

conditions, 3-methylindole biotransformation by

methanogenic and sulfate-reducing consortia resulted

in the production of 3-methyloxindole, which also

occurs through oxidation of the 2-carbon position of

3-methylindole. It was the only metabolite reported in

all cases however (Gu and Berry 1991, 1992; Gu et al.

2002). Ring-opening by consortia was proposed to

occur through production of a-methyl-2-aminoben-

zene acetic acid en route to mineralization however it

was not detected (Gu et al. 2002). Contrastively,

evidence for oxidative attack on the aromatic rings of

3-methylindole by strainKK10was provided for by the

direct detection of monooxidized forms of 3-methylin-

dole: 2-hydroxy-3-methylindole via the 5-membered

ring, and singly-hydroxylated 3-methylindoles via the

6-membered ring. At the same time, direct detection of

dioxidized biotransformation products such as product

V, (Fig. 4), showed that two separate monooxygena-

tion events occurred on the 3-methylindole molecule

on both aromatic rings. Indeed, based upon the results

of previous studies (Fujioka and Wada 1968; Gu and

Berry 1991, 1992; Gu et al. 2002) and this study, the

carbon located at the 2-carbon position of 3-methylin-

dole appears amenable to oxidation by bacterial

enzymes. In the case of strain KK10 however, another

pathway for 3-methylindole biotransformation

through a 3-methylindole-dihydrodiol was proposed

based upon detection of product(s) IV (Fig. 4) and

detection of subsequent downstream ring-opened bio-

transformation products (Fig. 5).

Previous studies have only reported oxidation of

3-methylindole through the 5-membered ring, and even

so, ring cleavage products have not yet been shown. In this

study, identification of product VIII, the ring cleavage

product 2-(3-)[carboxyvinyl]-4-methyl-1H-pyrrole-3-(2-)

carboxylic acid, [M-H- = 194], (Fig. 6) provided

strong support for a 4,5- or 6,7- oxidative pathway of
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3-methylindole biotransformation. It also showed that

ortho-ring cleavage of the carbocyclic ring of 3-methylin-

dolehadoccurredby strainKK10.These results supported

previous work with this strain that indicated that dioxy-

genation and ring cleavage of the carbocyclic aromatic

ring of indole had occurred (Fukuoka et al. 2015).

Furthermore, two downstream products of intradiol ring

cleavage, 4-methyl-1H-pyrrole-2,3-dicarboxylic acid and

1H-pyrrole-2,3,4-tricarboxylic acidwere also identified in

culture media and their detection provided more support

for amechanism of biodegradation through 3-methyl-4,5-

(and/or -6,7-)dihydroxy-1H-indole as shown in Fig. 5.

Pyrrolic compounds may be considered to be toxic and in

this investigation, a small relative increase in product IX,

4-methyl-1H-pyrrole-2,3-dicarboxylic acid may have

occurred (Fig. 2c). However, large accumulation of these

dead-end products was not observed which indicated that

they occurred transiently during biotransformation.

Although pyrrole ring-fission products were not directly

detected during 3-methylindole biodegradation, a poten-

tial downstream product of 4-methyl-1H-pyrrole-2,3-

dicarboxylic acid was weakly detected and identified as

4-methyl-1H-pyrrole-2,3-diol—which may be expected

to be rapidly transformed to ring-opened products. In

separate experiments, strain KK10 was found to rapidly

biotransform the pyrrole carboxylic acid, 1H-pyrrole-2-

carboxylic acid, and the ring fission product, 2-oxoglu-

tarate semialdehyde was detected. Taken together, the

results of these experiments, combined with the observa-

tion that large accumulation of pyrrolic products did not

occur in culture media, indicated that strain KK10 was

most likely capable of pyrrole ring fission during

3-methylindole biodegradation. Further investigation

shall be necessary to add to the results in this study.

Interestingly, ring cleavage of 6-membered ring PAHs by

ortho-type mechanisms are still not much reported and

there is little known about the enzymes involved. The

proposed product(s) of carbocyclic intradiol ring cleavage

of 3-methylindole, 2-(3-)[carboxyvinyl]-4-methyl-1H-

pyrrole-3-(2-)carboxylic acid(s), that contained an aro-

matic carboxyvinyl substituent, are analogous to PAH

ortho-ring fission products detected fromMycobacterium

and Sphingobium spp. (Moody et al. 2001; Kunihiro et al.

2013; Maeda et al. 2014). However, compared to the

knownbiodegradative capabilities ofmembers from these

genera towards hazardous polyaromatic pollutants, mem-

bers of the genus Cupriavidus have not been studied.

Identification of high molar mass products that

were formed through dimerization reactions of

3-methylindole and 3-methylindole biotransformation

products provided further evidence to support the

structures of products proposed in the upper pathways,

i.e., the pre-ring fission pathways. Identification of

dimers showed that the production of mono- and di-

hydroxylated 3-methylindoles and 1H-indole-3-car-

boxylic acid in the culture medium had occurred and

taken together with direct identification of biotrans-

formation products described above, these results

allowed for the construction of upper and lower

pathways for biotransformation through the N-hetero-

cyclic and carbocyclic rings of 3-methylindole

(Fig. 5). Biotransformation products that corre-

sponded to relatively high molar mass compounds

also likely contributed to removal of some products

through polymerization reactions (data not shown). At

the same time, that indigoid compounds were not

detected provided another line of evidence that

biotransformation had not occurred through produc-

tion of oxindole compounds.

Conclusions

This work extended our understanding of 3-methylin-

dole biodegradation by bacteria; specifically for a

member of the genus Cupriavidus. Biotransformation

pathways for 3-methylindole were constructed that

included evidence for oxidation of both aromatic

rings, including ring cleavage. Further understanding

in regard to the manner by which glycerol stimulates

biodegradation is warranted. Worldwide, biodiesel

production results in large amounts of glycerol by-

product and there is interest in microorganisms that

utilize glycerol as a source of carbon and energy and

which at the same time may facilitate biodegradation

of pollutants in other waste streams. This research has

showed that strain KK10 is a promising candidate for

further evaluation in this regard.
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