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Abstract: Microorganisms in groundwater play an important role in aquifer biogeochemical 16 

cycles and water quality. However, the mechanisms linking the functional diversity of microbial 17 

populations and the groundwater physicochemistry are still not well understood due to the 18 

complexity of interactions between surface and subsurface. Within the framework of Hainich 19 

(north-western Thuringia, central Germany) Critical Zone Exploratory of the Collaborative 20 

Research Centre AquaDiva, we used phospholipid fatty acids (PLFAs) relative abundances to 21 

link specific biochemical markers within the microbial communities to the spatio-temporal 22 

changes of the groundwater physicochemistry. The functional diversities of the microbial 23 



 

communities were mainly correlated with groundwater chemistry, including dissolved O2, Fet and 24 

NH4
+
 concentrations. Abundances of PLFAs derived from eukaryotes and potential nitrite 25 

oxidizing bacteria (11Me16:0 as biomarker for Nitrospira moscoviensis) were high at sites with 26 

elevated O2 concentration where groundwater recharge supplies bioavailable substrates. In anoxic 27 

groundwaters more rich in Fet, PLFAs abundant in sulphate reducing bacteria (SRB), iron-28 

reducing bacteria and fungi increased with Fet and HCO3
-
 concentrations suggesting the 29 

occurrence of active iron-reduction and the possible role of fungi in meditating iron solubilisation 30 

and transport in those aquifer domains. In NH4
+
 richer anoxic groundwaters, anammox bacteria 31 

and SRB- derived PLFAs increased with NH4
+
 concentration further evidencing the dependence 32 

of the anammox process on ammonium concentration and potential links between SRB and 33 

anammox bacteria. Additional support of the PLFA-based bacterial communities was found in 34 

DNA and RNA-based Illumina MiSeq amplicon sequencing of bacterial 16S rRNA genes, which 35 

evidenced high predominance of nitrite-oxidizing bacteria Nitrospira e.g. Nitrospira 36 

moscoviensis in oxic aquifers zones and of anammox bacteria in NH4
+
 richer anoxic groundwater. 37 

Higher relative abundances of sequence reads in the RNA-based data sets affiliated with iron-38 

reducing bacteria in Fet richer groundwater supported the occurrence of active dissimilatory iron-39 

reduction. The functional diversity of the microbial communities in the biogeochemically distinct 40 

groundwater assemblages can be largely attributed to the redox conditions linked to changes in 41 

bioavailable substrates and input of substrates with the seepage. Our results demonstrate the 42 

power of complementary information derived from PLFA-based and sequencing-based 43 

approaches. 44 

1. Introduction 45 



 

Continental and marine subsurface environments represent the largest habitat on Earth for 46 

microbial life and therefore are of primary importance for energy fluxes on a global scale 47 

(Edwards et al., 2012). In terrestrial ecosystems, complex interactions between the surface and 48 

subsurface compartments, including aquifers, such as groundwater recharge and rainfall event-49 

driven flow, influence the availability of O2, and the nature and abundance of bioavailable 50 

organic matter (OM; Benner et al., 1995; Kalbus et al., 2006). Young and shallow groundwaters 51 

tend to maintain the chemical characteristics of surface, i.e. higher O2 levels and greater amounts 52 

of bioavailable substrates (e.g. labile OM) which support aerobic heterotrophic microbial activity 53 

(Landmeyer et al., 1996). In contrast, deep and especially fossil groundwaters tend to reflect the 54 

chemistry of the aquifer materials. They have typically lower concentrations of O2 and 55 

bioavailable substrates which cause facultative anaerobes to switch to terminal electron acceptors 56 

with lower energy yield such as NO3
-
, MnO2, FeOOH and SO4

2-
 (Chapelle and Lovley, 1992). In 57 

pristine aquifers low amount of OM typically results in a higher amount of terminal electron 58 

acceptors than electron donors (Chapelle, 2001). As many chemolithoautotrophs can use a variety 59 

of compounds to meet their energy needs in the dark subsurface, increasing numbers of studies 60 

report an important chemolithoautotrophy in groundwater (Stevens and McKinley, 1995; 61 

Emerson et al., 2015; Herrmann et al., 2015). However, it is still not well understood how the 62 

composition and function of microbial communities in groundwater depend on hydrology, 63 

chemistry and the relationship to groundwater recharge dynamics.  64 

There are a number of ways to assess the composition and function of microbial 65 

communities in groundwaters. Phospholipid fatty acids (PLFAs) are important constituents of 66 

microbial cell membranes. Because various PLFA structures are indicative of specific types or 67 

groups of bacteria in soil (e.g., Frostegård and Bååth, 1996; Frostegård et al., 2011) and aquifers 68 

(Green and Scow, 2000), PLFA-based studies are recognised as a valuable approach to infer the 69 



 

presence of specific microbial groups and to show trends in the spatial distribution of active 70 

microbial populations related to specific substrate utilization patterns in environments (e.g., 71 

Torsvik and Øvreås, 2002; Schneider et al., 2012). PLFAs that are commonly associated to a 72 

group or genus of bacteria are listed in Table 1. Additionally, the stable carbon isotope ratios 73 

(δ
13

C values) of PLFAs reflect a combination of the source of microbial carbon and kinetic 74 

isotope fractionation effects associated with the carbon assimilation pathway (e.g., heterotrophy, 75 

autotrophy, methanotrophy;  Teece et al., 1999; Zhang et al., 2003; Londry et al., 2004). 76 

Although a wide range of carbon isotope effects have been measured, in general autotrophs are 77 

expected to have PLFA δ
13

C values more negative than heterotrophs (Blair et al., 1985; Teece et 78 

al., 1999; van der Meer et al., 2001; Zhang et al., 2003; Londry et al., 2004; Schouten et al., 79 

2004). In particular, large isotope effects have been associated with anammox bacteria that have 80 

PLFA δ
13

C values as much as 47‰ more negative than the dissolved inorganic carbon (DIC) 81 

source (Schouten et al., 2004).  82 

Despite PLFAs are widely used in microbial ecology, their potential to assess changes in 83 

microbial community still remains the topic of much research efforts. One of the major 84 

limitations of a PLFA-based study is the definitive identification of the lipid sources, since many 85 

PLFAs commonly associated to a group or genus of bacteria (Table 1) may also be found, albeit 86 

in smaller amounts, in cell membranes of other organisms (Frostegård et al., 2011).  A few 87 

PLFAs are highly specific, for example ladderanes are characteristic membrane constituents of 88 

anammox bacteria (Sinninghe Damsté et al., 2002; 2005) and have commonly been used to infer 89 

the presence of active anammox bacteria in diverse environments (Kuypers et al., 2003; Jaeschke 90 

et al., 2009). As these organisms are capable of anaerobically oxidizing ammonium with nitrite to 91 

molecular N2, they play an essential role in N removal from marine (Dalsgaard et al., 2003; 92 

Burgin and Hamilton, 2007) and lacustrine environments (Yoshinaga et al., 2011). Yet, their role 93 



 

in aquifer environments is only starting to be considered (Humbert et al., 2009). Another 94 

important limitation may reside in the PLFA extraction technique. Heinzelmann et al. (2014) 95 

showed that the proposed method to separate the glycolipids and phospholipids is incomplete and 96 

results in a significant proportion of glycolipids, betaine lipids and 97 

sulfoquinovosyldiacylglycerols (SQDGs) in the phospholipids fraction. Therefore, PLFAs 98 

fractions might also contain fatty acids derived from glycolipids, betaine lipids, and to some 99 

extent SQDGs, and thus might not only reflect the active biomass.  100 

In attempt to overcome some of these limitations, we combined a detailed multivariate 101 

statistical analysis of PLFAs with PLFA δ
13

C values, and DNA and RNA-based Illumina MiSeq 102 

amplicon sequencing of bacterial 16S rRNA genes in groundwaters with very different redox 103 

conditions and water chemistry (Kohlhepp et al., 2016). This approach allows parallel study of 104 

microbial community composition and specific substrate consumption by evidencing specific 105 

PLFAs that respond significantly to changes in the groundwater chemistry. Microbial community 106 

structure and potential function assessed by PLFAs were confirmed by Illumina MiSeq amplicon 107 

sequencing targeting 16S rRNA genes and transcripts, providing a more detailed insight into 108 

bacterial community structure and taxonomic affiliation (Kozich et al., 2013). We showed that 109 

such PLFA-based study has particular relevance and importance when trying to understand how 110 

micro-organisms in groundwater interact with their environment. This study provides baselines 111 

for future studies investigating the impact of changes in surface conditions on microorganism in 112 

carbonate-rock aquifer ecosystems. 113 

2. Sampling and methods 114 



 

2.1. Study site 115 

The sampled groundwater wells are part of the monitoring well transect of the Hainich 116 

Critical Zone Exploratory (CZE: north-western Thuringia, central Germany) of the Collaborative 117 

Research Centre (CRC) AquaDiva. AquaDiva aims to determine how deep can signals of surface 118 

environmental conditions be traced into the Critical Zone (Küsel et al., 2016). The wells access 119 

two distinct aquifer assemblages in marine sediments of the Upper Muschelkalk (mo) 120 

lithostratigraphic subgroup (Germanic Triassic, Middle Triassic epoch) at different depths and 121 

locations (Figure 1).  Wells in the hilltop recharge areas (H1, H2) were not sampled, due to very 122 

low groundwater levels or desaturation. Aquifers predominantly receive surface recharge in their 123 

outcrop areas at the eastern Hainich hillslope. The lower aquifer assemblage (subsequently 124 

referred to as HTL) represents one aquifer hosted in the Trochitenkalk formation (moTK), 125 

whereas the upper aquifer assemblage (referred to as HTU) comprises several aquifers and 126 

aquitards of the Meissner formation.  The HTL, sampled at depths ranging from 41 m to 88 m 127 

below the surface, is rich in O2, whereas the upper aquifer found at depths from 12 m to 50 m 128 

below surface, is anoxic to sub-oxic. Both aquifer assemblages are found in alternating sequences 129 

of limestones and marlstones that are partly karstified (Kohlhepp et al., 2016). More details on 130 

the CZE and well constructions can be found in Küsel et al. (2016) and Kohlhepp et al. (2016).  131 

 132 

2.2. Groundwater sampling 133 

Groundwater was sampled for chemical analyses and colloidal/particulate organic matter 134 

(POM) in June, September and December of 2014 (Table 2) during regular sampling campaigns 135 

within the coordinated joint monitoring program of the CRC. Groundwater samples were 136 

collected at locations H3, H4, and H5 (i.e. the lower topographic positions of the well transect, 137 



 

Figure 1). Wells H3.2, H4.2, H4.3, H5.2 and H5.3 reach into the HTU, while wells H3.1, H4.1 138 

and H5.1 access the HTL aquifers (Figure 1). The wells were originally drilled between 2009 and 139 

2011, and were specifically designed sampling groundwater (micro)-organisms and particles. 140 

Prior to sampling, stagnant water (at least three well volumes) was pumped out and discarded 141 

until the physicochemical parameters pH, dissolved O2 concentration, redox potential and 142 

specific electrical conductivity remained constant. Subsequently, ~1000 L of groundwater were 143 

filtered on site using a submersible pump (Grundfos SQE 5-70, Grundfos, Denmark) connected 144 

to a stainless steel filter device (diameter 293mm, Millipore USA) equipped with a removable 145 

pre-combusted (5 h at 500 °C) glass fiber filter (Sterlitech, USA) of fine porosity (0.3 µm) 146 

allowing a water flow of ca. 20 Lmin
-1

. Filters with the collected particulates were carefully 147 

removed and immediately stored at -80°C until analysis. Groundwater extraction temperature, 148 

redox potential, specific electrical conductivity, pH and dissolved O2 concentration were 149 

monitored continuously during pumping in a flow-through cell equipped with the probes 150 

TetraCon 925, FDO 925, Sentix 980, ORP 900 (WTW GmbH, Germany) and meter (Multi 3430 151 

IDS, WTW GmbH, Germany). 152 

During the sampling campaign of June 2014, groundwater was additionally sampled for 153 

nucleic acid extraction. The groundwater was transferred to sterile glass bottles and kept at 4°C. 154 

Within a few hours after sampling, five to six litres of groundwater were filtered through 0.2 µm 155 

pore size polyethersulfone (PES) filters (Pall Corporation, USA), and 2 litres were filtered 156 

through 0.2 µm pore size polycarbonate filters (Nuclepore, Whatman, United Kingdom) for 157 

extraction of DNA and RNA, respectively. Filters were immediately transferred to dry ice and 158 

stored at -80°C until nucleic acid extraction. 159 



 

2.3. Groundwater chemistry analyses 160 

Concentration of the major anions (SO4
2-

, Cl
-
, NO3

-
, PO4

3-
; PES filter <0.45 μm) were 161 

determined according to DIN EN ISO 10304-1 (2009a) using an ion chromatograph (DX-120, 162 

DIONEX, USA; equipped with an IonPac AS11-HC column and an IonPac AG11-HC pre-163 

column). The redox sensitive parameters (Fe
2+

, NO2
-
, NH4

+
) were determined by colorimetry (DR 164 

890, Hach Company, USA) according to manufacturer’s protocol following APHA (1981) and 165 

Reardon et al. (1966). The concentration of DOC and DIC (filter <0.45 μm) were determined by 166 

high temperature catalytic oxidation (multi 18 N/C 2100S, Analytik Jena, Germany) according to 167 

DIN EN 1484 (1997). Total S (St), Mn (Mnt) and iron (Fet) were analysed by ICP-OES (725 ES, 168 

Varian/Agilent, USA) according to DIN EN ISO 11885 (2009b). The acid and base neutralizing 169 

capacity (ANC, BNC) by acid/base endpoint-titration was determined according to DIN 38409-7 170 

(2005). The approximated concentrations of HCO3
-
 and CO2

-
 were converted from ANC4.3 and 171 

BNC8.2 by simple replacement (cCO2
-
 (mmol L

-1
)=BNC8.2(mmol L

-1
); cHCO3

-
 (mmol L

-
172 

1
)=BNC4.3 (mmol L

-1
)), assuming that other buffering species than those are negligible, in the 173 

nearly pH-neutral waters (Wisotzky, 2011).  174 

2.4. PLFA extraction and pre-treatment  175 

To minimize external contamination, all material (including filters) and glass in contact 176 

with the samples during extraction and purification were baked at 500 °C for 5h to remove 177 

organic contaminants. Only trace level of 16:0 FAME has been detected in blank extracts. PLFAs 178 

were extracted from filters using a method slightly modified from Bligh and Dyer (1959) and 179 

Seifert et al. (2013). The filters were cut into small pieces and extracted in a phase solution of 180 

chloroform-methanol (2:1; v/v) with 0.005 M phosphate buffer. The solution was rotated and 181 



 

shaken for 4 h. Chloroform and water (1:1; v/v) were then added to the mixture. After shaking, 182 

the chloroform phase, containing the Bligh-Dyer-extract (BDE), was separated from the water-183 

MeOH phase and, concentrated by a rotary evaporator. The BDE was then partitioned into the 184 

conventionally defined neutral lipids (NL), glycolipid (GL) and phospholipid (PL) fractions by 185 

chromatography (SPE 6 mL column) on pre-activated silica gel (Merck silica mesh 230-400, 2 g 186 

pre-activated 1h et 100 °C) using chloroform (12 mL), acetone (12 mL) and methanol (48 mL), 187 

respectively. The phospholipids were converted to fatty acid methyl esters (FAME) using mild-188 

alkaline hydrolysis and methylation (White et al., 1979). The different fatty acids were then 189 

separated using NH2 column (Chromabond 3mL, 500 mg) with 3 mL of hexane/DCM (3:1; v/v) 190 

for eluting the unsubstituted FAMEs; 3 mL of DCM/ ethylacetate (9:1; v/v) for the hydroxy 191 

FAME and 6 mL of 2% acetic acid in methanol for unsaponifiable lipids. To quantify the 192 

recovery, the standard, 1,2-dinonadecanoyl-sn-glycero-3-phosphatidyl-choline (Avanti Polar 193 

Lipids, Inc. USA), was added on clean pre-combusted glass filters that were treated exactly as the 194 

samples following the above protocol. The formed C17:0 FAME was quantified to calculate a 195 

mean recovery of 82%. To test the efficiency of the separation between the glycolipids and the 196 

phospholipids, the glycolipid standard digalactosyl diglyceride (Sigma Aldrich) and the 197 

phospholipid standard 1,2-dinonadecanoyl-sn-glycero-3-phosphatidyl-choline were run through 198 

the SPE column using the above protocol. The absence of phospholipid derived FA (C17:0) in 199 

the glycolipid fraction and glycolipid derived FA (C17:2) in the phospholipid fractions points to 200 

an efficient separation and thus a major origin of the studied FAME from phospholipid head 201 

groups.  202 



 

2.5. Nucleic acid extraction, amplicon sequencing, and sequence analysis 203 

DNA was extracted from the PES filters using the Power Soil DNA extraction kit (Mo 204 

Bio, CA, USA) following the manufacturer's instructions. RNA was extracted from 205 

polycarbonate filters using the Power Water RNA Isolation Kit (Mo Bio, CA, USA). Traces of 206 

co-extracted genomic DNA were removed using Turbo DNA free (Thermo Fisher Scientific, 207 

Germany), and reverse transcription to cDNA was performed using ArrayScript Reverse 208 

Transcriptase (Thermo Fisher Scientific) as described previously (Herrmann et al., 2012). DNA 209 

and cDNA obtained from the groundwater samples from PNK51 were shipped to LGC Genomic 210 

GmbH (Berlin, Germany) for Illumina MiSeq amplicon sequencing of the V3-V5 region of 16S 211 

rRNA genes and transcripts, using the primer combination Bakt_341F/Bakt_805R (Herlemann et 212 

al., 2011). Sequence analysis was performed using Mothur v. 1.36 (Schloss et al., 2009), 213 

following the MiSeq SOP (http://www.mothur.org/wiki/MiSeq_SOP; Kozich et al., 2013). 214 

Quality-trimmed sequence reads were aligned to the SILVA reference database (v 119; Quast et 215 

al., 2013). Potential chimeric sequences were detected and removed using the uchime algorithm 216 

implemented in Mothur. Taxonomic classification of sequence reads was based on the SILVA 217 

reference database (v 119). To facilitate comparisons across samples, sequence read numbers per 218 

sample were normalized to the smallest number of sequence reads obtained across all samples 219 

using the subsample command implemented in Mothur. Raw data from 16S rRNA amplicon 220 

Illumina sequencing were submitted to the European Nucleotide Archive database under the 221 

study accession number PRJEB14968 and sample accession numbers ERS1270616 to 222 

ERS1270631. 223 



 

2.6. Gas chromatography and gas chromatography-mass spectrometry  224 

Ten percent of the PLFA extracts were used for peak identification and relative 225 

quantification using a gas chromatograph (Trace 1310 GC) coupled to a triple quadrupole mass 226 

spectrometer (TSQ-8000; Thermo-Fisher, Bremen, Germany) at the Friedrich Schiller University 227 

Jena, Institute of Inorganic and Analytical Chemistry (Germany). The GC was equipped with a 228 

TG 5silms capillary column (60 m, 0.25 mm, 0.25-μm film thickness). Helium was used as 229 

carrier gas at a constant flow of 1.2 mL min
-1

, and the GC oven was programmed to have an 230 

initial temperature of 70 °C (hold 2 min), a heating rate of 11°C min
–1

, and a final temperature of 231 

320 °C, held for 21 min. The PTV injector was operated in splitless mode at an initial 232 

temperature of 70 °C. Upon injection, the injector was heated to 300 °C at a programmed rate of 233 

720 °C min
–1

 and held at this temperature for 2.5 minutes. FAMEs were quantified relative to an 234 

internal standard nonadecanoic acid-methyl ester (19:0) added prior to GC analysis. FAMEs were 235 

identified based on the mass spectra and on retention time of standards. Standard nomenclature is 236 

used to describe PLFAs. The number before the colon refers to the total number of C atoms; the 237 

number(s) following the colon refers to the number of double bonds and their location (after the 238 

′ω') in the fatty acid molecule. The prefixes “me,” “cy,” “i” and “a” refer to the methyl group, 239 

cyclopropane groups, and iso- and anteiso-branched fatty acids, respectively. 240 

2.7. PLFA distribution and statistical analyses 241 

The forty-seven PLFAs, expressed in %, were investigated in the different wells (Supplement 242 

Table S1). The sum of the PLFAs considered to be predominantly of bacterial origin (BactPLFA; 243 

i15:0, a15:0, 15:0, 16:17, 16:0, cy17:0, 18:17, 18:0 and cy19:0) was used as an index of the 244 

bacterial biomass (Bossio and Scow, 1998; Frostegård and Bååth, 1996). The fungal biomass 245 



 

(FunPLFA) was estimated from the sum of the relative abundance of the 18:26c (Bååth et al., 246 

1995), 18:36c (Hamman et al., 2007) and 18:19c (Myers et al., 2001); these were all 247 

significantly correlated with each other. Gram-positive (G+) bacteria were represented by the 248 

sum of PLFAs: i12:0, i13:0, a15:0, i15:0 (Kaur et al., 2005). Gram-negative (G-) bacteria 249 

included 16:17c, cy17:0, 18:17c and cy19:0 (Kaur et al., 2005). The ratios of 250 

FunPLFA/BactPLFA and G+/G- were calculated from the above PLFAs. 251 

The PLFA data and twenty-nine environmental parameters were used for principal 252 

component analysis (PCA) and redundancy analyses (RDA) using CANOCO for Windows, 253 

version 5 (Microcomputer Power, Ithaca, New York, United States). Before regression, the data 254 

were centered and standardized. We used PCA to emphasise strong variations and similarities of 255 

the PLFA distributions between the wells and identify patterns in the dataset. RDA is used to 256 

determine PLFA variations and similarities (response variables) that can be significantly 257 

explained by different environmental parameters (explanatory variables). This technique helps to 258 

identify the environmental parameters that have the highest effects on the PLFA distribution, i.e. 259 

on the microbial communities in the different wells.  260 

Additionally, we used variation partitioning analyses with conditional effects to determine 261 

the variations in PLFA composition between the different wells that can be explained 262 

significantly by the preselected environmental variables. To visualise the PLFAs acting 263 

significantly with the environmental variables (predictor), we used PLFA-environmental 264 

variables t-value biplots (Šmilauer and Lepš, 2014). These plots can be used to approximate the t-265 

values of the regression between a particular PLFA and an environmental variable. The PLFAs 266 

are represented by arrows projecting from the origin. Those with a preference for higher values of 267 

the environmental variable are enclosed by a red (indicating positive relationship) circle. 268 



 

Inversely, those with preference for low values of the corresponding environmental variable have 269 

their arrow-tips enclosed by a blue (indicating negative relationship) circle.  270 

2.8. Compound-specific stable isotope carbon measurements 271 

The carbon stable isotope composition of pre-purified PLFAs were determined using a 272 

GC-C-IRMS system (Deltaplus XL, Finnigan MAT, Bremen, Germany) at the Max-Planck-273 

Institute (MPI) for Biogeochemistry, Jena. Analyses were performed using 50% of the total 274 

amount of PLFA extracts. The gas chromatograph (HP5890 GC, Agilent Technologies, Palo Alto 275 

USA) was equipped with a DB1-ms column (60 m, 0.25 mm ID, 0.52 um film thickness, 276 

Agilent). The injector at 280 °C was operated in splitless mode with a constant flow of 1 mL min
-

277 

1
. The oven temperature was maintained for 1 min at 70 °C, heated with 5 °C min

-1
 to 300 °C and 278 

held for 15 min, then heated with 30 °C min
-1

 to 330 °C and hold 3 min. Isotope values, 279 

expressed in the delta notation (‰), were calculated with ISODAT version software relative to 280 

the reference CO2. Offset correction factor was determined on a daily basis using a reference 281 

mixture of n-alkanes (n-C17 to n-C33) of known isotopic composition. The carbon isotopic 282 

composition of the reference n-alkanes was determined off-line using a thermal conversion 283 

elemental analyser (TC/EA) (Thermo-Fisher, Bremen, Germany) interfaced to the DELTA V 284 

PLUS irMS system via a Conflo III combustion interface (Thermo-Fisher, Bremen, Germany; 285 

Werner and Brand, 2001). The contribution of the methyl carbon derived from the methanol after 286 

mild- alkaline hydrolysis and methylation of the PLFAs to the FAME was removed by isotopic 287 

mass balance, with δ
13

CPLFA = [(NPLFA + 1) x δ
13

CFAME –δ
13

CMeOH] / NPLFA where N is the number 288 

of carbon atoms in the PLFA and δ
13

CFAME stands for the measured values of the methylated 289 

PLFAs (Kramer and Gleixner, 2006). The carbon isotope composition of MeOH used for 290 

derivatisation (δ
13

C value = -31.13 ± 0.03) was determined off-line using a thermal conversion 291 



 

elemental analyzer (TC/EA) (Thermo-Fisher, Bremen, Germany) interfaced to the DELTA V 292 

PLUS irMS system via a Conflo III combustion interface (Thermo-Fisher, Bremen, Germany). 293 

3. Results  294 

3.1. Groundwater physicochemistry 295 

The deeper aquifer assemblage, HTL (wells H3.1, H4.1 and H5.1), had higher mean 296 

concentration of O2 (3.7 ± 1.0 mgL
-1

) than the shallow aquifer assemblage, HTU (wells H4.2, 297 

H4.3, H5.2 and H5.3). Groundwater extracted from HTU wells were anoxic with O2 < 0.02 mgL
-

298 

1
 (Supplement Table S2 and Figure 2) except for well H3.2 that had mean O2 = 2.4 ± 0.7 mgL

-1
. 299 

No significant differences in the content of dissolved organic carbon (DOC: mean = 2.3 ± 1.0 300 

mgL
-1

) were measured between the different aquifers. The HTL had higher mean concentration 301 

of sulphate (183.5 ± 110.9 mgL
-1

) than the anoxic HTU (76.4 ± 3.1 mgL
-1

). The highest 302 

concentrations of nitrate were measured in the well H3.2 (30.0 ± 3.3 mgL
-1

) of the HTU.  Higher 303 

mean concentrations of total iron (Fet = 0.1 ± 0.08 mgL
-1

), TIC (86.6 ± 7.0 mgL
-1

) and HCO3
-
 304 

(4.69 ± 0.07 mgL
-1

), the latter measured as acid neutralizing capacity (Wisotzky, 2011), were 305 

found in the anoxic groundwater of the wells H4.2 and H4.3 than of the wells H5.2 and H5.3 that 306 

had mean Fet = 0.01 ± 0.00 mgL
-1

, TIC = 75.6 ± 5.4 mgL
-1

 and HCO3
-
 = 4.02 ± 0.2 mgL

-1
 (Figure 307 

2). Inversely, mean concentrations of total sulphur (St = 26.1 ± 4.9 mgL
-1

), sulphate (76.7 ± 14.8 308 

mgL
-1

) and ammonium (0.62 ± 0.16 mgL
-1

) were higher in the anoxic groundwater of the wells 309 

H5.2 and H5.3 than of the wells H4.2 and H4.3 that had mean St = 12.3 ± 0.5 mgL
-1

, SO4
2-

 = 37.6 310 

± 2.0 mgL
-1

 and NH4
+
 = 0.13 ± 0.06 mgL

-1
 (Figure 2 and Supplement Table S2). 311 



 

The PCA analyses using the physicochemical parameters of the groundwater separate the 312 

wells in three main groups (Figure 3) with 73.6% of the variability explained by the first three 313 

principal components (PC): PC1, 32.8%; PC2, 23.8% and PC3, 16.9%. The conductivity, redox 314 

potential and the concentrations of Ca
2+

, SO4
2-

, St and O2 positively correlated (response > 0.5) 315 

with PC1 separating the oxic to sub-oxic wells H5.1, H4.1, H3.1 and H3.2 from the anoxic wells 316 

H4.2/3 and H5.2/3. The concentrations of NH4
+
, K

+
 and Mg

2+
 inversely correlated (response < 317 

0.5) with PC1, separating wells H5.2/3 from the others. The Fet, TIC and HCO3
-
 positively 318 

correlated along PC2 and mainly separated the anoxic wells between location H4 and H5. 319 

Groundwaters in location H5 have lower Fet, TIC and HCO3
-
 concentrations but higher NH4

+
and 320 

K
+
 concentrations, whereas higher Fet, TIC and HCO3

-
 concentrations but lower NH4

+
 and K

+
 321 

concentrations were measured at location H4.  322 

 323 

3.2. PLFA distribution and statistical analyses 324 

The 16:17c (mean 22.2 ± 8.9%), 16:0 (mean 13.4 ± 2.3%) and 18:17c (mean 5.2 ± 325 

2.6%), common in most bacteria, were the most abundant PLFAs in both aquifer assemblages 326 

(Supplement Table S1). The PLFAs 10Me16:0 (mean 7.8 ± 5.6%), 17:16c (mean 1.2 ± 1.0%) 327 

and i17:1 (mean 0.8 ± 0.7%) derived from Deltaproteobacteria mainly encompassing SRB, iron-328 

reducing or iron-oxidizing bacteria were dominant only in the anoxic groundwater, whereas the 329 

11Me16:0 (mean 4.2 ± 4.7%) were found in high relative abundance in the oxic groundwaters. 330 

The [3]- and [5]- ladderane PLFAs specific to anammox bacteria were found in the anoxic wells 331 

H5.2 and H5.3 and the sub-oxic well H3.2 in a relative abundance of up to 5.0%. The highest 332 

fungal biomass, based on the FunPLFA ratios (Table 3), was observed in the anoxic wells H4.2 333 

and H4.3 (mean 19.0 ± 7.8), whereas the lowest in the anoxic wells H5.2 and H5.3 (mean 1.9 ± 334 



 

2). The Gram negative (G-) bacteria were more abundant than Gram positive bacteria (G+) in 335 

both HTU and HTL (Table 3: mean G+/G- ratio = 0.4 ± 0.2). The highest values of the G+/G- 336 

ratios were in the anoxic wells H4.2 and H4.3 (mean 0.7 ± 0.1).  337 

A PCA analysis explained 56.5% of the PLFA variation with PC1 explaining 29.1%; 338 

PC2, 15.9% and PC3, 11.5% of overall variability (Figure 4). It separated the wells into the same 339 

groups evidenced by the PCA analysis of the groundwater chemistry (Figure 3). The wells of the 340 

HTU assemblage were separated along PC1; wells from sites H4.2/H4.3 separated from those of 341 

the sites H5.2/H5.3 Along PC2, the wells were separated between the oxic (well H3.1, H4.1 and 342 

H5.1), sub-oxic (well H3.2) and anoxic groundwaters (H4.2, H4.3, H5.2, H.5.3). The RDA 343 

analyses showed that O2, Fet and NH4
+
 concentrations or O2, HCO3

-
 and NH4

+
 concentrations 344 

explained the greatest proportion (39.9%) of the PLFA variability (Figure 5). Well grouping 345 

obtained using the RDA analysis was consistent with the results of the PCA. The first RDA axis 346 

(21.5%) separated the anoxic wells of the upper aquifer according to Fet or HCO3
-
 (wells H4.2 347 

and H4.3) and NH4
+
 (wells H5.2 and H5.3) concentration. The second RDA axis (14.6%) 348 

separated suboxic to oxic (mainly lower aquifer) from anoxic groundwater (upper aquifer 349 

assemblage). In the following discussion, the wells are separated according the PCA and RDA 350 

analyses into these three main groups.   351 

To identify the individual effects of O2, Fet and NH4
+
 on the explained PLFA variation, 352 

we used variation partitioning with conditional effects implemented in Canoco 5 (Heikkinen et 353 

al., 2004; Roth et al., 2015). Because these environmental variables were the most significant 354 

factors, their combined variation was set to explain 100% of total PLFA variation in each RDA 355 

plot. In our case, the following eight fractions explained the PLFA distribution by effect of O2 356 

alone; a = 19.7%, effect of NH4
+
 alone; b = 22.0%, effect of Fet alone; c = 13.4%, and by 357 

combined effects of O2 and NH4
+
; d = 22.3%, by combined effects of Fet and NH4

+
; e = 29.2%, 358 



 

and by combined effect of O2 and Fet; f = 25.9%. The fraction g (-32.4%) explained the 359 

combined effect of the three environmental variables (Figure 6). The PLFA-environmental 360 

variable O2 t-plot (Figure 6A) showed that the % relative abundance of Me15:0, 16:111c, 361 

cy17:0, 11Me16:0, 18:1, 22:5 and 22:6 increased significantly with O2 concentration whereas 362 

10Me12:0, i13:0, a15:0, 17:1 and [5]-ladderane % relative abundance decreased with O2 363 

concentration. The PLFA-environmental variable Fet t-values biplot (Figure 6B) showed that 364 

10Me12:0, 17:1, 18:19c, 18:17c and 12:0 % relative abundance increased with Fet 365 

concentration, whereas 10Me16:0, i17:1, [3]-ladderane and [5]-ladderane % relative abundance 366 

decreased. Inversely, the PLFA-environmental variable NH4
+
 t-values biplot (Figure 6C) showed 367 

that 10Me16:0, 17:1, [3]-ladderane and [5]-ladderane % relative abundance increased with NH4
+
 368 

concentration, whereas 10Me12:0, 12:0, 18:19c, 18:17c and 17:1 % relative abundance 369 

decreased. 370 

3.3. PLFA δ
13

C values 371 

The PLFA δ
13

C values for individual compounds ranged from -26 to - 68.8‰ (Supplement 372 

Table S3 and Figure 7). The most negative mean δ
13

C values were found in the anoxic 373 

groundwater from location H5.2 and H 5.3 (-48.0 ± 10.5‰ and -45.9 ± 11.7‰, respectively) and 374 

in the suboxic groundwater at the location H3.2 (-45.4‰ ± 9.0) and coincided with the presence 375 

of the [5]- and [3]-ladderane. In those wells, the i13:0 (-52.4 ± 2.0‰), i15:0 (-55.6 ± 2.0‰), 376 

10Me16:0 (-56.1 ±2.1‰) and i17:1 (-44.3 ± 2.0‰) were slightly 
13

C-depleted compared to both 377 

[5]- and [3]-ladderane (-65.6 ± 2.0‰). More positive mean PLFA δ
13

C values were measured in 378 

the anoxic wells H4.2 and H4.3 (-36.8‰ ± 2.1) and in the oxic wells H5.1, H4.1 and H3.1 (-379 

35.3‰ ± 1.1). In those wells, the δ
13

C values of the i13:0, i15:0 and 10Me16:0 were in the same 380 

range as the other PLFA (Figure 7). The most positive δ
13

C values were measured for 16:111c 381 



 

and 11Me16:0 in the oxic wells H5.1 and H4.1 (mean -28.2‰ ± 2.5) and for 18:19c (mean -382 

30.2‰ ± 2.3) in the anoxic wells H4.2 and H4.3.  383 

3.4. Bacterial community composition based on 16S rRNA gene sequences  384 

Based on Illumina sequencing of DNA-based 16S rRNA gene amplicons, bacterial 385 

communities were largely dominated by members of the phylum Nitrospirae and of Candidate 386 

Division OD1, followed by Delta- and Betaproteobacteria, Planctomycetes, Alpha- and 387 

Gammaproteobacteria (Figure 8A). Members of the Nitrospirae were especially abundant in the 388 

groundwater of the anoxic wells H5.2 and H5.3 as well as the oxic wells H4.1 and H5.1, while 389 

this phylum only contributed a minor fraction in the groundwater of the anoxic wells H4.2 and 390 

H4.3 and the oxic wells H3.1 and H3.2 (Figure 8A). In addition, we performed sequencing of 16S 391 

rRNA amplicons derived from the extracted RNA to get insight into which taxonomic groups 392 

harbor protein synthesis potential as proposed by Blazewicz et al. (2013). RNA-based community 393 

analysis targeting 16S rRNA sequences has traditionally been used as an approximation of the 394 

currently active fraction of the microbial community. However, this interpretation is critical since 395 

many cells may retain high ribosome contents even in a dormant state (Filion et al., 2009; 396 

Sukenik et al., 2012) and thus, rRNA content of cells does not necessarily indicate current 397 

metabolic activity, especially in low-nutrient environments such as groundwater (reviewed in 398 

Blazewicz et al., 2013). Here, we used this approach to investigate whether key microbial groups 399 

identified by PLFA-based analysis were supported to be metabolically active or have the 400 

potential to resume metabolic activities based on the detection of the corresponding 16S rRNA 401 

gene sequences on the RNA level. In general, members of the Candidate Division OD1 formed 402 

only a minor part of the community obtained by RNA-based amplicon sequencing while 403 

members of the phyla Nitrospirae, Planctomycetes, and Proteobacteria showed the largest relative 404 



 

abundances (Figure 8B). Members of the phylum Nitrospirae were especially highly represented 405 

in the RNA-based analyses of wells H3.2, H4.1, and H5.2 and H5.3. Among the Proteobacteria, 406 

Deltaproteobacteria were more frequently represented in the RNA-based analysis of communities 407 

of wells H3.1, H3.2, H5.2, and H5.3 while Alphaproteobacteria showed a higher relative 408 

abundance in the groundwater of wells H4.2, H4.3 and H5.1 (Figure 8B).  409 

Bacterial phyla and classes may harbor organisms with a high diversity of different 410 

metabolisms. Therefore, as some source specific PLFA displayed strong relationships with the 411 

environmental variables O2, NH4
+
, and Fet, we specifically focused on groups potentially 412 

involved in iron oxdiation and reduction, sulphate reduction, anammox, and nitrite oxidation. 413 

Here, relative fractions of reads assigned to bacterial genera known to be involved in either of 414 

these processes were summed up to get an estimation of the potential for these processes within 415 

the microbial community with both DNA- and RNA-based analyses. On the level of DNA-based 416 

sequencing, bacteria involved in iron oxidation accounted for 0.25 to 6.2% of the sequence reads 417 

across sites (Figure 9A) while they accounted for 0.24 to 2.8% on the level of the RNA-based 418 

analyses with the highest relative fraction of bacteria potentially involved in iron oxidation at 419 

wells H5.1 and H5.3 (Figure 9B). Differences across sites and aquifers were more pronounced for 420 

bacteria involved in iron reduction, which were accounted for by 0.16 to 3.7% of the sequence 421 

reads on the DNA level but for 0.15 to 20.4% on the RNA level with the highest number of 422 

sequence reads affiliated with known iron reducers in the groundwater of well H4.3 (Figure 9B). 423 

Bacteria related to the genera Acidiferrobacter, Gallionella, and Sideroxydans were the most 424 

frequent genera among the known iron oxidizers while members of the genera Albidiferax and 425 

Ferribacterium dominated the iron reducing groups. Bacterial groups potentially involved in 426 

sulphur reduction included the genera Desulfacinum, Desulfovibrio, Desulfosporosinus, 427 

Desulfatiferula as the most frequent groups and accounted for 0.2 to 2.8% of the sequence reads 428 



 

on the DNA level and 0.4 to 10.4% on the RNA level with the maximum in the anoxic well H4.2 429 

(Figure 9). Anammox bacteria mostly represented by the Candidatus genera Brocadia and 430 

Kuenenia accounted for 0.6 to 3.0% of the sequence reads on the DNA level and for 1.1 to 16.8% 431 

on the RNA level with the highest fractions in the groundwater of the wells H3.1, H5.1, H5.2 and 432 

H5.3 (Figure 9). Finally, we observed large fractions of potential nitrite oxidizers mostly related 433 

to the genus Nitrospira with the vast majority of the Nitrospira-affiliated reads especially in the 434 

lower aquifer assemblage showing a high sequence similarity to the 16S rRNA gene sequence of 435 

Nitrospira moscoviensis (96 - 99%). Moreover, reads associated with the genus Nitrospira may 436 

also include potential comammox organisms (Pinto et al., 2016). Relative fractions of sequence 437 

reads affiliated with this genus on the DNA and RNA level were highest in the oxic groundwater 438 

as the well H4.1 and lowest in the anoxic groundwater of wells H4.2 and H5.2 (Figure 9). Since 439 

nitrifiers such as Nitrospira are known to retain a high ribosome content even if cells are not 440 

active (Morgenroth et al., 2000), these results do not necessarily indicate high nitrite oxidation 441 

activity at the time point of sampling but point to nitrite oxidizers forming a large fraction of the 442 

microbial community with protein synthesis potential. 443 

4. Discussion  444 

4.1. PLFAs distribution 445 

The PCA of PLFAs indicated that the oxic/suboxic and anoxic groundwaters had distinct 446 

bacterial communities, with the anoxic groundwater additionally differentiated into two distinct 447 

bacterial communities (Figure 4). Of the environmental variables tested, the variation partitioning 448 

showed that NH4
+
, O2 and Fet concentration explained 22.0%, 19.7% and 13.4% of the PLFA 449 

variations, respectively (Figure 6), and differentiated those three bacterial communities. Variation 450 



 

partitioning analyses revealed, along those environmental variables, clusters of covarying PLFAs 451 

that may originate from the same functional group of organisms or closely affiliated organisms 452 

that react similarly to certain environmental conditions. While the ladderanes are unequivocally 453 

attributed to anammox bacteria (Sinninghe Damsté et al., 2002; 2005), the other PLFAs are not 454 

exclusive to a phylogenetic or functional microbial group which complicates their use to 455 

understand the role of microbes in environments. The t-value biplots of variation partitioning 456 

analyses evidenced the PLFAs that significantly correlated with the environmental variables O2 457 

(Figure 6A) Fet (Figure 6B) and NH4
+
 (Figure 6C), and provided better insights into the 458 

functional diversity of active microorganisms in the subdivided groundwaters. Additional 459 

supports of the bacterial community structure, assessed by the PLFA patterns, were found in the 460 

16S rRNA-based results. Although a large fraction of the microbial community remains poorly 461 

classified and thus precludes the knowledge of the metabolic capacities, high sequence similarity 462 

to genera known to be involved in iron oxidation or reduction, sulphate reduction, anammox and 463 

nitrite oxidation allowed an estimation of the fraction of the microbial population potentially 464 

involved in these processes. By combining the PLFA-based and sequencing-based approaches, 465 

we aimed, here, to compensate for biases introduced by PCR as well as for the limited 466 

phylogenetic resolution of PLFA-based analysis. This combined approach resulted in highly 467 

supported evidences of some key microbial players and associated biogeochemical processes in 468 

physicochemical distinct aquifer assemblages of the aquifer transect.  469 

4.1.1. PLFA cluster in oxic to suboxic groundwater (wells 5.1, 4.1, 3.1 and (3.2)) 470 

A cluster of the covarying 20:4, 20:5, 22:5 and 22:6 PLFAs has to our knowledge heretofore 471 

never been observed in groundwater. Associations of those PLFAs have been commonly found in 472 

eukaryotes as microalgae (Volkman et al., 1989), fungi (Kennedy et al., 1993; Olsson, 1999), 473 

particularly ectomycorrhizal fungi (Shinmen et al., 1989), higher plants (Qi et al., 2004) and 474 



 

protozoans (White, 1988). Protozoa act as detritivores and are expected to be key predators in the 475 

microbial loop feeding on different subsets of the bacterial communities and other protozoa (Brad 476 

et al., 2008; Akob and Küsel, 2011). Consistently, sessile and free swimming suspension feeding 477 

flagellates, e.g., Spumella sp., mobile naked amoebae and ciliates could be detected in this 478 

aquifer with a cultivable protist abundance of up to 8.000 cells L
-1

 (Risse‐Buhl et al., 2013). 18S 479 

rRNA gene sequences also revealed high relative fractions of Spumella-like Stramenopiles, and 480 

sequences affiliated with fungi and metazoan grazers. DNA based pyro-tag sequencing of fungal 481 

internal transcribed spacer (ITS) sequences revealed a fungi community structure dominated by 482 

Ascomycota and Basidiomycota (Nawaz et al., 2016) with the majority of the observed fungal 483 

groups being involved in ectomycorrhizal symbioses. In general, the abundance of micro-484 

eukaryotes in pristine groundwater is estimated to be low, because they are limited in nutrients, 485 

space, and are unable to cope with oxygen limitations (Akob and Küsel, 2011). Consistently, they 486 

are commonly found in higher concentrations in OM-rich contaminated groundwaters (Ludvigsen 487 

et al., 1997). In pristine aquifers, the origin of those eukaryotic organisms is difficult to determine 488 

as they may be autochthonous, allochthonous or both. In the studied sites, the close relation of 489 

eukaryotic PLFA biomarkers with O2 concentrations (Figure 6A) suggests their association with 490 

recharging groundwater within larger conduits prone to faster water flow. Freshly introduced 491 

surface OC and O2 could fuel the heterotrophic bacterial growth in groundwater. This may 492 

subsequently stimulate protists that selectively graze on the prokaryotic biomass and result in the 493 

observed relationship between the eukaryotic PLFAs and the O2 concentration. It is possible to 494 

speculate that some surface microorganisms would also survive the transport from surface to the 495 

aquifer (Dibbern et al., 2014), especially if the transport is fast. In this case, high cy17:0 to 496 

16:17c ratios (Table 3) may evidence physiological stress due to change of the environmental 497 

conditions within the gram negative communities (Balkwill et al., 1998).  498 



 

The 16:111c and particularly the 11Me16:0 are major components of Nitrospira 499 

moscoviensis (Lipski et al., 2001) cell membranes, an obligatory chemolithoautotrophic nitrite-500 

oxidizing bacterium (NOB: Ehrich et al., 1995). In the oxic groundwater, the occurrence of 16S 501 

rRNA gene sequence reads closely related to Nitrospira moscoviensis (Herrmann et al., 2015) 502 

further supports the potential of 11Me16:0 as biomarker for Nitrospira moscoviensis and 503 

confirms previous assumptions about an important role of nitrite oxidizers within the autotrophic 504 

community of the lower aquifers (Herrmann et al., 2015). The correlation of 11Me16:0 and 505 

16:111c with O2 (Figure 6A) indicated the occurrence of active nitrification in oxic zones of the 506 

aquifers in agreement with observation of experiments (Satoh et al., 2003). Nitrospira use the 507 

reverse tricarboxylic acid cycle as the pathway for CO2 fixation (Lücker et al., 2010) which leads 508 

to small 
13

C fractionation (2 - 6‰) between biomass and CO2 (van der Meer et al., 1998). The 509 

13
C-enrichment of 11Me16:0 and 16:111c relative to the other PLFAs (up to 18‰ in well H4.1) 510 

supports thus major Nitrospira contribution to those PLFAs found in oxic groundwaters (Figure 511 

7). 512 

4.1.2. PLFA cluster in anoxic Fet richer groundwater (wells H4.2 and H4.3) 513 

In groundwater the concentration of dissolved iron is often inversely related to oxygen as O2 514 

in water will chemically oxidize iron that will precipitate as insoluble iron-hydroxides at neutral 515 

pH. In the wells H4.2/4.3, the increase of the PLFAs 10Me12:0, 12:0, 17:1, 18:1ω7c and 516 

18:1ω9c with concentrations of Fet, Fe2
+
 and HCO3

-
 (Figure 5 and 6B) and the DNA- and RNA-517 

based analyses  (Figure 9) suggested degradation of OM by anaerobic iron-reducing bacteria. 518 

Because many iron-reducing bacteria are highly versatile, i.e. they can use different metal 519 

substrates as electron acceptors coupled to the oxidation of the OM (Coleman et al., 1993; 520 

Lovley et al., 1993; Holmes et al., 2004), specific PLFAs linked to the reduction of iron in 521 

anoxic environments are poorly described. The two most studied genera of IRB are Geobacter 522 



 

and Shewanella which contain most of those PLFAs (Coleman et al., 1993; Lovley et al., 1993; 523 

Hedrick et al., 2009). However none of these PLFAs are specific to a certain genus or species. 524 

The 17:1 is generally related to anaerobic SRB (Dowling et al., 1986) as Desulfobulbus (Parkes 525 

and Calder, 1985; Macalady et al., 2000) but also occur in dissimilatory iron-reducing bacteria 526 

as Shewanella (Coleman et al., 1993). The ability of some sulphate reducers to reduce iron 527 

rather than sulphate has long been recognized in groundwater (Coleman et al., 1993). 528 

The 18:19c is common and abundant in fungi (Frostegård and Bååth, 1996; Kaiser et al., 529 

2010), but may also occur in micro-algae (Arts et al., 2001) and gram-negative bacteria 530 

(Kandeler, 2007). The 18:19c, 18:26,9 and 18:36 are typically used as fungi biomarkers in 531 

soil (Frostegård and Bååth, 1996; Bååth and Anderson, 2003; Ruzicka et al., 2000) and more 532 

particularly for saprotrophs (Etingoff, 2014). The correlations between 18:19c, 18:26,9 and 533 

18:36 suggested a major fungal origin of those PLFAs in the studied groundwaters. In soil, 534 

fungi are well known for their role in accelerating weathering and solubilisation of iron-535 

containing minerals by excreting organic acids including phenolic compounds, siderophores, 536 

and protons (Arrieta and Grez, 1971; Landeweert et al., 2001). By forming dense hyphae 537 

tunnelling in soils and shallow rocks, fungi mediate and facilitate iron transport in plants and 538 

increase iron availability in the environment (van Schöll et al., 2008). Therefore, several studies 539 

have linked enhanced rates of iron cycling to the presence of fungal biomass (Gadd, 2010). 540 

Moreover, in a recent study, it is been shown that rhizoplanes are important root channels for 541 

preferential vertical transport from soil to seepage area of soil colloids including microbes 542 

(Dibbern et al., 2014). Limitation of ferric iron may restrain the growth and activity of IRB in 543 

subsurface (O'Neil et al., 2008). In the groundwater of wells H4.2 and H4.3, the close relation of 544 

18:19c and 18:26,9 with Fet concentration (Figure 6B) suggested that fungal biomass may, 545 



 

by mediating and facilitating the transport of different types of organic/inorganic particles and 546 

colloids, play a key role in iron bioavailability and thus sustain IRB growth and activity.  547 

4.1.3. PLFA cluster in anoxic NH4
+
 richer groundwater (wells H5.2 and H5.3 and (3.2)) 548 

To our knowledge, this is the first time phospholipid [3]-ladderane and [5]-ladderane, 549 

which attest the presence of viable or recently degraded anammox bacteria (Jaeschke et al., 550 

2009), have been identified in groundwater. The occurrence of anammox bacteria in those 551 

groundwaters is consistent with the DNA- and RNA-based analyses (Figure 9) and coincided 552 

with higher concentrations of ammonium (Figure 2). The difference between DIC and ladderanes 553 

δ
13

C values of 55‰ was within the range previously reported for anammox in Black Sea 554 

(Schouten et al., 2004), further suggesting that autotrophic carbon fixation pathways within the 555 

diverse group of anaerobic ammonium-oxidizing bacteria are similar (Schouten et al., 2004). In 556 

the sub-oxic (well H3.2) and anoxic groundwaters (well H5.2 and H5.3), the increasing 557 

concentration of ladderane lipids derived from anammox bacteria with decreasing O2 558 

concentration (Figure 6A) agrees well with the reported high sensitivity of the anammox process 559 

to O2 (Kalvelage et al., 2011). Denitrification and anammox are the dominant nitrogen loss 560 

pathways in aquatic ecosystems (Burgin and Hamilton, 2008; Koeve and Kähler, 2010). The 561 

occurrence of lipids derived from anammox bacteria in those groundwaters indicates that the 562 

anammox process may be critically important in the nitrogen loss from this part of the aquifer 563 

assemblage.  564 

High amounts of 10Me16:0 are typically found in SRB (Dowling et al., 1986; Vainshtein et 565 

al., 1992; Kohring et al., 1994) but also occur in anammox bacteria (Sinninghe Damsté et al., 566 

2002). Anammox bacteria strongly fractionate against 
13

C, producing ladderane lipids which are 567 

13
C-depleted by 47‰ compared to the inorganic carbon source (Schouten et al., 2004). Relative 568 

to ladderanes, SRB-derived lipids are expected to be 
13

C-enriched as cultured SRB under 569 



 

heterotrophic and autotrophic growth fractionated against 
13

C by up 27‰ (Londry et al., 2004). 570 

Therefore, the 
13

C-enrichment of 10Me16:0 (up to 19‰) relative to the ladderanes supported 571 

major SRB contribution to the 10Me16:0 found in these groundwaters. The i13:0, i15:0 and i17:1 572 

are typically, as 10Me16:0, associated with SRB (Edlund et al., 1985; Kohring et al., 1994). In 573 

those groundwaters, similar δ
13

C values, in the -44 to -56‰ range, also supported a common 574 

SRB origin of those PLFAs (Londry et al., 2004).  575 

Variation partitioning analyses showed that the concentrations of [3]-ladderane, [5]-576 

ladderane, 10Me16:0 and i17:1 correlated with NH4
+ 

concentration (Figure 6C). Many studies in 577 

other aquatic environments showed that the relative importance of the anammox process is 578 

directly related to the availability of NH4
+
 (Dalsgaard and Thamdrup, 2002; Kuypers et al., 579 

2003). Commonly, the breakdown of OM via ammonification or dissimilatory nitrate reduction to 580 

ammonia (DNRA) is presumed the major sources of NH4
+ 

for anammox (Kartal et al., 2007). 581 

However, the recent discovery of comammox organisms capable of complete nitrification 582 

underlines the complexity of the nitrogen cycle and the variability of ammonium sources for 583 

anammox (van Kessel et al., 2015). The availability of OM is known as an additional important 584 

factor influencing the anammox process. Higher anammox activity has been observed in OM-585 

poor environments and interpreted as a decrease in competition for NO2
-
 by heterotrophic 586 

denitrifiers (Hu et al., 2011). Consistently, high anammox activity was observed in redox zones 587 

associated to sulphate reduction or sulphur oxidation (Mills et al., 2006; Canfield et al., 2010; 588 

Prokopenko et al., 2013; Wenk et al., 2013). In the groundwater of the wells H5.2 and H5.3, the 589 

occurrence of anammox bacteria and SRB supported low groundwater-surface interactions which 590 

likely threatened the availability of generically favourable electron acceptors and labile OM.   591 

5.  Conclusion  592 



 

In this study, we used constrained ordination to evidence environmental variables that 593 

significantly correlated with PLFA relative abundances in groundwater of distinct carbonate-rock 594 

aquifer assemblages. This technique shows that the active subsurface microbial communities 595 

were mainly affected by variations in dissolved O2, Fet and NH4
+
 concentrations. Variation 596 

portioning identified PLFA-based microbial functional groups that were directly supported by 597 

results of DNA- and RNA-based amplicon sequencing targeting bacterial 16S rRNA genes. 598 

Higher O2 concentration resulted in increased eukaryotic biomass and higher relative fractions of 599 

nitrite oxidizing bacteria (e.g. Nitrospira moscoviensis) but impeded anammox bacteria, sulphate-600 

reducing bacteria and iron reducing bacteria. In anoxic groundwater, concomitant increase of 601 

total iron (Fet), HCO3
-
 and PLFAs abundant in gram-negative bacteria and fungi suggested the 602 

occurrence of active dissimilatory iron-reduction and a possible role of fungi in meditating iron 603 

solubilisation and transport in those aquifer assemblages. The relative abundance of PLFA 604 

derived from anammox bacteria correlated with NH4
+
 concentrations, showing the dependence of 605 

the anammox process on the availability of NH4
+
. Our study shows that different relationships 606 

among the microbial community structures, estimated based on both the PLFA patterns and 16S 607 

rRNA gene-targeted next generation sequencing, reflected changes in the physiological strategies 608 

of microorganisms related to a decrease in substrate bioavailability and redox potential of the 609 

groundwater. 610 

 611 

ACKNOWLEDGMENT 612 

The work has been funded by the Deutsche Forschungsgemeinschaft (DFG) CRC 1076 613 

"AquaDiva". Field work permits were issued by the responsible state environmental offices of 614 

Thüringen. We thank Heiko Minkmar and Falko Gutmann for sampling and on-site measurements, 615 

Christine Hess for scientific coordination and the Hainich National Park administration for help 616 



 

and support. Patricia Geesink is acknowledged for assistance in DNA and RNA extractions.  617 

Illumina MiSeq amplicon sequencing was financially supported by the German Center for 618 

Integrative Biodiversity Research (iDiv) Halle-Jena-Leipzig funded by the Deutsche 619 

Forschungsgemeinschaft (FZT 118). 620 

 621 

REFERENCES 622 

 623 

Akob, D.M. and Küsel, K.: Where microorganisms meet rocks in the Earth's Critical Zone. 624 

Biogeosciences, 8, 3531-3543, doi: 10.5194/bg-8-3531-2011, 2011. 625 

Arrieta, L. and Grez, R.: Solubilization of iron-containing minerals by soil microorganisms. 626 

Appl. Microbiol., 22, 487-490, 1971. 627 

Arts, M.T., Ackman, R.G. and Holub, B.J.: "Essential fatty acids" in aquatic ecosystems: a 628 

crucial link between diet and human health and evolution. Can. J. Fish. Aqu. Sci., 58, 122-629 

137, doi: 10.1139/f00-224, 2001. 630 

American Public Health Association, Standard methods for the examination of water and 631 

wastewater: selected analytical methods approved and cited by the United States 632 

Environmental Protection Agency, 1981. 633 

Bååth, E.and Anderson, T.-H.: Comparison of soil fungal/bacterial ratios in a pH gradient using 634 

physiological and PLFA-based techniques. Soil Biol. Biochem., 35, 955-963, doi: 635 

10.1016/S0038-0717(03)00154-8, 2003. 636 

Bååth, E., Frostegård, Å., Pennanen, T.and Fritze, H.: Microbial community structure and pH 637 

response in relation to soil organic matter quality in wood-ash fertilized, clear-cut or burned 638 

coniferous forest soils. Soil Biol. Biochem., 27, 229-240, doi: 0.1016/0038-0717(94)00140-639 

V, 1995. 640 

Balkwill, D.L., Murphy, E.M., Fair, D.M., Ringelberg, D.B. and White, D.C.: Microbial 641 

communities in high and low recharge environments:implications for microbial transport in 642 

the vadose zone. Micro. Eco., 35, 156-171, doi: 10.1007/s002489900070, 1998. 643 

Benner, S.G., Smart, E.W. and Moore, J.N.: Metal behavior during surface-groundwater 644 

interaction, Silver Bow Creek, Montana. Environ. Sci.Technol., 29, 1789-1795, doi: 645 

10.1021/es00007a015, 1995. 646 

Blair, N., Leu, A., Muñoz, E., Olsen, J., Kwong, E. and Des Marais, D.: Carbon isotopic 647 

fractionation in heterotrophic microbial metabolism. Appl. Environ. Microbiol, 50, 996-648 

1001, 1985. 649 

Blazewicz, S.J., Barnard, R.L., Daly, R.A. and Firestone, M.K.: Evaluating rRNA as an indicator 650 

of microbial activity in environmental communities: limitations and uses. ISME J., 7, 2061-651 

2068, doi: 10.1038/ismej.2013.102, 2013. 652 

Bligh, E.G. and Dyer, W.J.: A rapid method of total lipid extraction and purification. Can. J. 653 

Biochem. Physiol., 37, 911-917, doi: 10.1139/o59-099, 1959. 654 

Bossio, D.A. and Scow, K.M.: Impacts of carbon and flooding on soil microbial communities: 655 

phospholipid fatty acid profiles and substrate utilization patterns. Microb. Eco., 35, 265-656 

278, doi: 10.1007/s002489900082, 1998. 657 



 

Brad, T., Braster, M., van Breukelen, B.M., van Straalen, N.M. and Röling, W.F.M.: Eukaryotic 658 

diversity in an anaerobic aquifer polluted with landfill leachate. Appl. Environ. Microbiol, 659 

74, 3959-3968, doi: 10.1128/AEM.02820-07, 2008. 660 

Burgin, A. and Hamilton, S.K.: NO3
 −

-driven SO4
2−

 production in freshwater ecosystems: 661 

implications for N and S cycling. Ecosystems, 11, 908-922, doi: 10.1007/s10021-008-9169-662 

5, 2008. 663 

Burgin, A.J. and Hamilton, S.K.: Have we overemphasized the role of denitrification in aquatic 664 

ecosystems? A review of nitrate removal pathways. Front. Ecol. Environ., 5, 89-96, doi: 665 

10.1890/1540-9295(2007)5[89:HWOTRO]2.0.CO;2,  2007. 666 

Canfield, D.E., Stewart, F.J., Thamdrup, B., Brabandere, L.D., Dalsgaard, T., Delong, E.F., 667 

Revsbech, N.P. and Ulloa, O.: A cryptic sulfur cycle in oxygen-minimum-zone waters of 668 

the chilean coast. Science, 330, 1375-1378, doi: 10.1126/science.1196889, 2010. 669 

Chapelle, F.H.: Ground-water microbiology and geochemistry. John Wiley & Sons, 2001. 670 

Chapelle, F.H. and Lovley, D.R.: Competitive exclusion of sulfate reduction by Fe(lll)-reducing 671 

bacteria: A mechanism for producing discrete zones of high-iron ground water. 672 

Groundwater, 30, 29-36, doi: 10.1111/j.1745-6584.1992.tb00808.x, 1992. 673 

Coleman, M.L., Hedrick, D.B., Lovley, D.R., White, D.C. and Pye, K.: Reduction of Fe(III) in 674 

sediments by sulphate-reducing bacteria. Nature, 361, 436-438, doi: 10.1038/361436a0,  675 

1993. 676 

Dalsgaard, T., Canfield, D.E., Petersen, J., Thamdrup, B. and Acuña-González, J.: N2 production 677 

by the anammox reaction in the anoxic water column of Golfo Dulce, Costa Rica. Nature, 678 

422, 606-608, doi: 10.1038/nature01526, 2003. 679 

Dalsgaard, T. and Thamdrup, B.: Factors controlling anaerobic ammonium oxidation with nitrite 680 

in marine sediments. Appl. Environ. Microbiol, 68, 3802-3808, doi: 681 

10.1128/AEM.68.8.3802-3808.2002, 2002. 682 

Dibbern, D., Schmalwasser, A., Lueders, T. and Totsche, K.U.: Selective transport of plant root-683 

associated bacterial populations in agricultural soils upon snowmelt. Soil Biol. Biochem., 684 

69, 187-196, doi: 10.1016/j.soilbio.2013.10.040, 2014. 685 

Dowling, N.J.E., Widdel, F. and White, D.C.: Phospholipid ester-linked fatty acid biomarkers of 686 

acetate-oxidizing sulphate-reducers and other sulphide-forming bacteria. Microbiol., 132, 687 

1815-1825, doi: 10.1099/00221287-132-7-1815, 1986. 688 

Edlund, A., Nichols, P.D., Roffey, R. and White, D.C.: Extractable and lipopolysaccharide fatty 689 

acid and hydroxy acid profiles from Desulfovibrio species. J. Lipid Res., 26, 982-988, 1985. 690 

Edwards, K.J., Becker, K. and Colwell, F.: The deep, dark energy biosphere: intraterrestrial lfe on 691 

earth. Annu. Rev. Earth Pl. Sc., 40, 551-568, doi: 10.1146/annurev-earth-042711-105500, 692 

2012. 693 

Ehrich, S., Behrens, D., Lebedeva, E., Ludwig, W. and Bock, E.: A new obligately 694 

chemolithoautotrophic, nitrite-oxidizing bacterium, Nitrospira moscoviensis sp. nov. and its 695 

phylogenetic relationship. Arch. Microbiol., 164, 16-23, doi: 10.1007/BF02568729, 1995. 696 

Emerson, J.B., Thomas, B.C., Alvarez, W. and Banfield, J.F.: Metagenomic analysis of a high 697 

carbon dioxide subsurface microbial community populated by chemolithoautotrophs and 698 

bacteria and archaea from candidate phyla. Environ. Microbiol., 18, 1462-2920, doi: 699 

10.1111/1462-2920.12817, 2015. 700 

Etingoff, K.: Organic agricultural practices: Alternatives to conventional agricultural systems. 701 

CRC Press, 2014. 702 

Filion, G., Laflamme, C., Turgeon, N., Ho, J. and Duchaine, C.: Permeabilization and 703 

hybridization protocols for rapid detection of Bacillus spores using fluorescence in situ 704 

hybridization. J. Microbiol. Methods, 77, 29-36, doi: 10.1016/j.mimet.2008, 2009. 705 



 

Frostegård, A. and Bååth, E.: The use of phospholipid fatty acid analysis to estimate bacterial and 706 

fungal biomass in soil. Biol.Fertil. Soils, 22, 59-65, doi: 10.1007/BF00384433, 1996. 707 

Frostegård, Å., Tunlid, A. and Bååth, E.: Use and misuse of PLFA measurements in soils. Soil 708 

Biol. Biochem., 43, 1621-1625,doi: 10.1016/j.soilbio.2010.11.021, 2011. 709 

Gadd, G.M.: Metals, minerals and microbes: geomicrobiology and bioremediation. Microbiology, 710 

156, 609-643, doi: 10.1099/mic.0.037143-0, 2010. 711 

Green, C.T. and Scow, K.M.: Analysis of phospholipid fatty acids (PLFA) to characterize 712 

microbial communities in aquifers. Hydrogeol. J., 8, 126-141, doi: 713 

10.1007/s100400050013, 2000. 714 

Hamman, S.T., Burke, I.C. and Stromberger, M.E.: Relationships between microbial community 715 

structure and soil environmental conditions in a recently burned system. Soil Biol. 716 

Biochem., 39, 1703-1711, doi: 10.1016/j.soilbio.2007.01.018, 2007. 717 

Harwood, D.L., and Russell, N.J.: Lipids in plants and microbes.George Allen and Unwin, 718 

London. 1984 719 

Hedrick, D.B., Peacock, A.D., Lovley, D.R., Woodard, T.L., Nevin, K.P., Long, P.E. and White, 720 

D.C.: Polar lipid fatty acids, LPS-hydroxy fatty acids, and respiratory quinones of three 721 

Geobacter strains, and variation with electron acceptor. J. Ind. Microbiol. Biot., 36, 205-722 

209, doi: 10.1007/s10295-008-0486-7, 2009. 723 

Heikkinen, R.K., Luoto, M., Virkkala, R. and Rainio, K.: Effects of habitat cover, landscape 724 

structure and spatial variables on the abundance of birds in an agricultural–forest mosaic. J. 725 

Appl. Ecol., 41, 824-835, doi: 10.1111/j.0021-8901.2004.00938.x, 2004. 726 

Herlemann, D.P., Labrenz, M., Jürgens, K., Bertilsson, S., Waniek, J.J. and Andersson, A.F.: 727 

Transitions in bacterial communities along the 2000 km salinity gradient of the Baltic Sea. 728 

ISME J., 5, 1571-1579, doi: 10.1038/ismej.2011.41, 2011. 729 

Herrmann, M., Hädrich, A. and Küsel, K.: Predominance of thaumarchaeal ammonia oxidizer 730 

abundance and transcriptional activity in an acidic fen. Environ. Microbiol., 14, 3013-3025, 731 

doi: 10.1111/j.1462-2920.2012.02882.x, 2012. 732 

Herrmann, M., Rusznyák, A., Akob, D.M., Schulze, I., Opitz, S., Totsche, K.U. and Küsel, K.: 733 

Large Fractions of CO2-fixing microorganisms in pristine limestone aquifers appear to be 734 

involved in the oxidation of reduced sulfur and nitrogen compounds. Appl. Environ. 735 

Microbiol., 81, 2384-2394, doi: 10.1128/AEM.03269-14, 2015. 736 

Heinzelmann, S. M., Bale, N. J., Hopmans, E. C., Sinninghe Damsté, J. S., Schouten, S. and van 737 

der Meer, M. T. J.: Critical Assessment of glyco- and phospholipid separation by using 738 

silica chromatography. Appl. Environ. Microbiol., 80, 360-365, doi: 10.1128/AEM.02817-739 

13, 2014. 740 

Holmes, D.E., Bond, D.R. and Lovley, D.R.: Electron Transfer by Desulfobulbus propionicus to 741 

Fe(III) and Graphite Electrodes. Appl. Environ. Microbiol., 70, 1234-1237, doi: 742 

10.1128/AEM.70.2.1234-1237.2004, 2004. 743 

Hu, B.L.., Shen, L.D., Xu, X.Y. and Zheng, P.: Anaerobic ammonium oxidation (anammox) in 744 

different natural ecosystems. Biochem. Soc. Trans., 39, 1811-1816, doi: 745 

10.1042/BST20110711, 2011.  746 

Humbert, S., Tarnawski, S., Fromin, N., Mallet, M.-P., Aragno, M. and Zopfi, J.: Molecular 747 

detection of anammox bacteria in terrestrial ecosystems: distribution and diversity. ISME J, 748 

4, 450-454, doi: 10.1038/ismej.2009.125, 2009. 749 

Jaeschke, A., Rooks, C., Trimmer, M., Nicholls, J.C., Hopmans, E.C., Schouten, S. and 750 

Sinninghe Damsté, J.S.: Comparison of ladderane phospholipid and core lipids as indicators 751 

for anaerobic ammonium oxidation (anammox) in marine sediments. Geochim. 752 

Cosmochim. Acta, 73, 2077-2088, doi: 10.1016/j.gca.2009.01.013, 2009. 753 



 

Kaiser, C., Frank, A., Wild, B., Koranda, M. and Richter, A.: Negligible contribution from roots 754 

to soil-borne phospholipid fatty acid fungal biomarkers 18:2ω6,9 and 18:1ω9. Soil Biol. 755 

Biochem., 42, 1650-1652, doi: 10.1016/j.soilbio.2010.05.019, 2010.. 756 

Kalbus, E., Reinstorf, F. and Schirmer, M.: Measuring methods for groundwater? surface water 757 

interactions: a review. HESS, 10, 873-887, doi: 10.5194/hess-10-873-2006, 2006. 758 

Kalvelage, T., Jensen, M.M., Contreras, S., Revsbech, N.P., Lam, P., Günter, M., LaRoche, J., 759 

Lavik, G. and Kuypers, M.M.M.: Oxygen sensitivity of anammox and coupled N-cycle 760 

processes in oxygen minimum zones. PLos ONE 6, e29299, doi: 761 

10.1371/journal.pone.0029299, 2011. 762 

Kandeler, E.: Physiological and biochemical methods for studying soil biota and their function, 763 

in: Soil Microbiology, Ecology, and Biochemistry, edited by Eldor A. P., Academic Press 764 

Elesvier, 53-83, 2007. 765 

Kartal, B., Kuypers, M.M.M., Lavik, G., Schalk, J., Op den Camp, H.J.M., Jetten, M.S.M. and 766 

Strous, M.: Anammox bacteria disguised as denitrifiers: nitrate reduction to dinitrogen gas 767 

via nitrite and ammonium. Environ. Microbiol., 9, 635-642, doi: 10.1111/j.1462-768 

2920.2006.01183.x, 2007. 769 

Kaur, A., Chaudhary, A., Kaur, A., Choudhary, R. and Kaushik, R.: Phospholipid fatty acid-A 770 

bioindicator of environment monitoring and assessment in soil ecosystem. Curr. Sci., 89, 771 

1103-1112, 2005. 772 

Kennedy, M., Reader, S. and Davies, R.: Fatty acid production characteristics of fungi with 773 

particular emphasis on gamma linolenic acid production.: Biotechnol. and Bioeng., 42, 625-774 

634, doi: 10.1002/bit.260420511, 1993. 775 

Kerger, B.D., Nichols, P.D., Antworth, C.P., Sand, W., Bock, E., Cox, J.C., Langworthy, T.A., 776 

White, D.C.: Signature fatty acids in the polar lipids of acid-producing Thiobacillus spp.: 777 

methoxy, cyclopropyl, alpha-hydroxycyclopropyl and branched and normal monoenoic 778 

fatty acids. FEMS Microbiol. Ecol., 38, 67–78, doi: 10.1016/0378-1097(86)90144-8, 1986. 779 

Kerger, B.D., Nichols, P.D., Sand, W., Bock, E., White, D.C.: Association of acid-producing 780 

thiobacilli with degradation of concrete: analysis by “signature” fatty acids from the polar 781 

lipids and lipopolysaccharide. J. Ind. Microbiol., 2, 63–70, doi: 10.1007/BF01569504, 782 

1987. 783 

Koeve, W. and Kähler, P.: Heterotrophic denitrification vs. autotrophic anammox – quantifying 784 

collateral effects on the oceanic carbon cycle. Biogeosciences, 7, 2327-2337, doi: 785 

10.5194/bg-7-2327-2010, 2010. 786 

Kohlhepp, B., Lehmann, R., Seeber, P., Küsel, K., Trumbore, S.E. and Totsche, K.U.: 787 

Pedological and hydrogeological setting and subsurface flow structure of the carbonate-rock 788 

CZE Hainich in western Thuringia, Germany. HESSD, doi: 10.5194/hess-2016-374, 2016. 789 

Kohring, L.L., Ringelberg, D.B., Devereux, R., Stahl, D.A., Mittelman, M.W. and White, D.C.: 790 

Comparison of phylogenetic relationships based on phospholipid fatty acid profiles and 791 

ribosomal RNA sequence similarities among dissimilatory sulfate-reducing bacteria. FEMS 792 

Microbiol. Lett., 119, 303-308, doi: 10.1111/j.1574-6968.1994.tb06905.x, 1994. 793 

Kozich, J.J., Westcott, S.L., Baxter, N.T., Highlander, S.K. and Schloss, P.D.:  Development of a 794 

dual-index sequencing strategy and curation pipeline for analyzing amplicon sequence data 795 

on the MiSeq Illumina sequencing platform. Appl. Environ. Microbiol., 79, 5112-5120, doi: 796 

10.1128/AEM.01043-13, 2013. 797 

Kramer, C. and Gleixner, G.: Variable use of plant- and soil-derived carbon by microorganisms 798 

in agricultural soils. Soil Biol. Biochem., 38, 3267-3278, doi: 799 

10.1016/j.soilbio.2006.04.006, 2006. 800 



 

Küsel, K., Totsche, K.U., Trumbore, S.E., Lehmann, R., Steinhäuser, C. and Herrmann, M.: How 801 

deep can surface signals be traced in the critical zone? Merging biodiversity with 802 

biogeochemistry research in a central German Muschelkalk landscape. Front. Earth Sci., 4, 803 

id. 32, doi: 10.3389/feart.2016.00032, 2016. 804 

Kuypers, M.M.M., Sliekers, A.O., Lavik, G., Schmid, M., Jorgensen, B.B., Kuenen, J.G., 805 

Sinninghe Damsté, J.S., Strous, M. and Jetten, M.S.M.: Anaerobic ammonium oxidation by 806 

anammox bacteria in the Black Sea. Nature, 422, 608-611, doi: 10.1038/nature01472, 2003. 807 

Landeweert, R., Hoffland, E., Finlay, R.D., Kuyper, T.W. and van Breemen, N.: Linking plants to 808 

rocks: ectomycorrhizal fungi mobilize nutrients from minerals. Trends Ecol. Evol., 16, 248-809 

254, doi: 10.1016/S0169-5347(01)02122-X, 2001. 810 

Landmeyer, J.E., Vroblesky, D.A. and Chapelle, F.H.: Stable carbon isotope evidence of 811 

biodegradation zonation in a shallow jet-fuel contaminated aquifer. Environ. Sci.Technol., 812 

30, 1120-1128, doi: 10.1021/es950325t, 1996. 813 

Lipski, A., Spieck, E., Makolla, A. and Altendorf, K.: Fatty acid profiles of nitrite-oxidizing 814 

bacteria reflect their phylogenetic heterogeneity. Syst.Appl. Microbiol., 24, 377-384, doi: 815 

10.1078/0723-2020-00049, 2001. 816 

Londry, K.L., Jahnke, L.L. and Des Marais, D.J.: Stable carbon isotope ratios of lipid biomarkers 817 

of sulfate-reducing bacteria. Appl. Environ. Microbiol., 70, 745-751, doi: 818 

10.1128/AEM.70.2.745-751.2004, 2004. 819 

Lovley, D.R., Giovannoni, S.J., White, D.C., Champine, J.E., Phillips, E., Gorby, Y.A. and 820 

Goodwin, S.: Geobacter metallireducens gen. nov. sp. nov., a microorganism capable of 821 

coupling the complete oxidation of organic compounds to the reduction of iron and other 822 

metals. Arch. Microbiol., 159, 336-344, doi: 10.1007/BF00290916, 1993. 823 

Lücker, S., Wagner, M., Maixner, F., Pelletier, E., Koch, H., Vacherie, B., Rattei, T., Sinninghe 824 

Damsté, J.S., Spieck, E., Le Paslier, D. and Daims, H.: A Nitrospira metagenome 825 

illuminates the physiology and evolution of globally important nitrite-oxidizing bacteria. P. 826 

Natl. Acad. Sci. USA., 107, 13479-13484, doi: 10.1073/pnas.1003860107, 2010.. 827 

Ludvigsen, L., Albrechtsen, H.J., Holst, H. and Christensen, T.H.: Correlating phospholipid fatty 828 

acids (PLFA) in a landfill leachate polluted aquifer with biogeochemical factors by 829 

multivariate statistical methods. FEMS Microbiol. Rev., 20, 447-460, doi: 10.1111/j.1574-830 

6976.1997.tb00329.x, 1997. 831 

Macalady, J., Mack, E., Nelson, D. and Scow, K.: Sediment microbial community structure and 832 

mercury methylation in mercury-polluted Clear Lake, California. Appl. Environ. 833 

Microbiol., 66, 1479-1488, doi: 10.1128/AEM.66.4.1479-1488.2000, 2000. 834 

Mills, C.T., Dias, R.F., Graham, D. and Mandernack, K.W.: Determination of phospholipid fatty 835 

acid structures and stable carbon isotope compositions of deep-sea sediments of the 836 

Northwest Pacific, ODP site 1179. Mar. chem., 98, 197-209, doi: 837 

10.1016/j.marchem.2005.10.001, 2006. 838 

Morgenroth, E., Obermayer, A., Arnold, E., Brühl, A., Wagner, M. and Wilderer, P.: Effect of 839 

long-term idle periods on the performance of sequencing batch reactors. Water Sci. 840 

Technol., 41, 105-113, 2000. 841 

Myers, R.T., Zak, D.R., White, D.C. and Peacock, A.: Landscape-level patterns of microbial 842 

community composition and substrate use in upland forest ecosystems. Soil Sci. Soc. Am. 843 

J., 65, 359-367,doi: 10.2136/sssaj2001.652359x, 2001. 844 

Nawaz, A., Purahong, W., Lehmann, R., Herrmann, M., Küsel, K., Totsche, K.U., Buscot, F. and 845 

Wubet, T.:  Superimposed pristine limestone aquifers with marked hydrochemical 846 

differences exhibit distinct fungal communities. Front. Microbiol., 7, doi: 847 

10.3389/fmicb.2016.00666, 2016. 848 



 

DIN EN 1484: Wasseranalytik - Anleitungen zur Bestimmung des gesamten organischen 849 

Kohlenstoffs (TOC) und des gelösten organischen Kohlenstoffs (DOC), in: Normung, 850 

D.D.I.f. (Ed.). Beuth Verlag GmbH, Berlin, 1997. 851 

IN 38409-7: Deutsche Einheitsverfahren zur Wasser-, Abwasser- und Schlammuntersuchung - 852 

Summarische Wirkungs- und Stoffkenngrößen (Gruppe H) - Teil 7: Bestimmung der Säure- 853 

und Basekapazität (H 7), in: Normung, D.D.I.f. (Ed.). Beuth Verlag GmbH, Berlin, 2005. 854 

DIN EN ISO 10304-1: Wasserbeschaffenheit - Bestimmung von gelösten Anionen mittels 855 

Flüssigkeits-Ionenchromatographie - Teil 1: Bestimmung von Bromid, Chlorid, Fluorid, 856 

Nitrat, Nitrit, Phosphat und Sulfat, in: Normung, D.D.I.f. (Ed.). Beuth Verlag GmbH, 857 

Berlin, p. 24, 2009. 858 

DIN EN ISO 11885: Wasserbeschaffenheit - Bestimmung von ausgewählten Elementen durch 859 

induktiv gekoppelte Plasma-Atom-Emissionsspektrometrie (ICP-OES), in: Normung, 860 

D.D.I.f. (Ed.). Beuth Verlag GmbH, Berlin, 2009. 861 

O'Neil, R.A., Holmes, D.E., Coppi, M.V., Adams, L.A., Larrahondo, M.J., Ward, J.E., Nevin, 862 

K.P., Woodard, T.L., Vrionis, H.A., N'Guessan, A.L. and Lovley, D.R.: Gene transcript 863 

analysis of assimilatory iron limitation in Geobacteraceae during groundwater 864 

bioremediation. Environ. Microbiol., 10, 1218-1230, doi:10.1111/j.1462-920.2007.01537.x, 865 

2008. 866 

Olsson, P.: Signature fatty acids provide tools for determination of the distribution and 867 

interactions of mycorrhizal fungi in soil. FEMS Microbiol. Ecol., 29, 303-310, doi: 868 

10.1016/S0168-6496(99)00021-5, 1999. 869 

Parkes, R.J. and Graham Calder, A.: The cellular fatty acids of three strains of Desulfobulbus, a 870 

propionate-utilising sulphate-reducing bacterium. FEMS Microbiol. Lett., 31, 361-363, doi: 871 

0.1016/0378-1097(85)90032-1, 1985. 872 

Pinto, A.J., Marcus, D.N., Ijaz, U.Z., Bautista-de lose Santos, Q.M., Dick, G.J. and Raskin, L.: 873 

Metagenomic evidence for the presence of Comammox Nitrospira-like bacteria in a 874 

drinking water system. mSphere, 1, doi: 10.1128/mSphere.00054-15, 2016. 875 

Prokopenko, M.G., Hirst, M.B., De Brabandere, L., Lawrence, D.J.P., Berelson, W.M., Granger, 876 

J., Chang, B.X., Dawson, S., Crane Iii, E.J., Chong, L., Thamdrup, B., Townsend-Small, A., 877 

and Sigman, D.M.: Nitrogen losses in anoxic marine sediments driven by Thioploca-878 

anammox bacterial consortia. Nature, 500, 194-198, doi: 10.1038/nature12365, 2013. 879 

Qi, B., Fraser, T., Mugford, S., Dobson, G., Sayanova, O., Butler, J., Napier, J.A., Stobart, A.K. 880 

and Lazarus, C.M.: Production of very long chain polyunsaturated omega-3 and omega-6 881 

fatty acids in plants. Nat. Biotech., 22, 739-745, doi: 10.1038/nbt972, 2004. 882 

Quast, C., Pruesse, E., Yilmaz, P., Gerken, J., Schweer, T., Yarza, P., Peplies, J. and Glöckner, 883 

F.O.: The SILVA ribosomal RNA gene database project: improved data processing and 884 

web-based tools. Nucleic acids res., 41, D590-D596, doi: 10.1093/nar/gks1219, 2013. 885 

Reardon, J., Foreman, J. and Searcy, R.: New reactants for the colorimetric determination of 886 

ammonia. Clin. Chim. Acta, 14, 203-205, doi: 10.1016/0009-8981(66)90120-3, 1966. 887 

Risse‐Buhl, U., Herrmann, M., Lange, P., Akob, D.M., Pizani, N., Schönborn, W., Totsche, K.U. 888 

and Küsel, K.: Phagotrophic protist diversity in the groundwater of a karstified aquifer–889 

morphological and molecular analysis. J.Eukaryot. Microbiol., 60, 467-479, doi: 890 

10.1111/jeu.12054, 2013. 891 

Roth, V.-N., Dittmar, T., Gaupp, R. and Gleixner, G.: The molecular composition of dissolved 892 

organic matter in forest soils as a function of pH and temperature. PLos ONE 10, e0119188, 893 

doi: 10.1371/journal.pone.0119188, 2015. 894 



 

Ruzicka, S., Edgerton, D., Norman, M. and Hill, T.: The utility of ergosterol as a bioindicator of 895 

fungi in temperate soils. Soil Biol.Biochem., 32, 989-1005,doi: 10.1016/S0038-896 

0717(00)00009-2, 2000. 897 

Satoh, H., Nakamura, Y., Ono, H. and Okabe, S.: Effect of oxygen concentration on nitrification 898 

and denitrification in single activated sludge flocs. Biotechnol. Bioeng., 83, 604-607, doi: 899 

10.1002/bit.10717, 2003. 900 

Schloss, P.D., Westcott, S.L., Ryabin, T., Hall, J.R., Hartmann, M., Hollister, E.B., Lesniewski, 901 

R.A., Oakley, B.B., Parks, D.H., Robinson, C.J., Sahl, J.W., Stres, B., Thallinger, G.G., 902 

Van Horn, D.J. and Weber, C.F.: Introducing mothur: Open-source, platform-independent, 903 

community-supported software for describing and comparing microbial communities. Appl. 904 

Environ. Microbiol., 75, 7537-7541, doi: 10.1128/AEM.01541-09, 2009. 905 

Schneider, T., Keiblinger, K.M., Schmid, E., Sterflinger-Gleixner, K., Ellersdorfer, G., 906 

Roschitzki, B., Richter, A., Eberl, L., Zechmeister-Boltenstern, S. and Riedel, K.: Who is 907 

who in litter decomposition and quest; metaproteomics reveals major microbial players and 908 

their biogeochemical functions. ISME J., 6, 1749-1762, doi: 10.1038/ismej.2012.1, 2012. 909 

Schouten, S., Strous, M., Kuypers, M.M.M., Rijpstra, W.I.C., Baas, M., Schubert, C.J., Jetten, 910 

M.S.M. and Sinninghe Damsté, J.S.: Stable carbon isotopic fractionations associated with 911 

inorganic carbon fixation by anaerobic ammonium-oxidizing bacteria. Appl. Environ. 912 

Microbiol., 70, 3785-3788, doi: 10.1128/AEM.70.6.3785-3788.2004, 2004.  913 

Seifert, A.-G., Trumbore, S., Xu, X., Zhang, D. and Gleixner, G.: Variable effects of plant 914 

colonization on black slate uptake into microbial PLFAs. Geochim.Cosmochim. Acta, 106, 915 

391-403, doi: 10.1016/j.gca.2012.12.011, 2013. 916 

Shinmen, Y., Shimizu, S., Akimoto, K., Kawashima, H. and Yamada, H.: Production of 917 

arachidonic acid by Mortierella fungi. App. Microbiol.Biotechnol., 31, 11-16, doi: 918 

10.1007/BF02932833, 1989. 919 

Sinninghe Damsté, J.S., Rijpstra, W.I.C., Geenevasen, J.A.J., Strous, M. and Jetten, M.S.M.: 920 

Structural identification of ladderane and other membrane lipids of planctomycetes capable 921 

of anaerobic ammonium oxidation (anammox). FEBS J., 272, 4270-4283, doi: 922 

10.1111/j.1742-4658.2005.04842.x, 2005. 923 

Sinninghe Damsté, J.S., Strous, M., Rijpstra, W.I.C., Hopmans, E.C., Geenevasen, J.A.J., van 924 

Duin, A.C.T., van Niftrik, L.A. and Jetten, M.S.M.: Linearly concatenated cyclobutane 925 

lipids form a dense bacterial membrane. Nature, 419, 708-712, doi: 10.1038/nature01128, 926 

2002. 927 

Šmilauer, P. and Lepš, J.: Multivariate analysis of ecological data using CANOCO 5. Cambridge 928 

university press, 2014. 929 

Stevens, T.O. and McKinley, J.P.: Lithoautotrophic microbial ecosystems in deep basalt aquifers. 930 

Science, 270, 450, doi: 10.1126/science.270.5235.450, 1995. 931 

Sukenik, A., Kaplan-Levy, R.N., Welch, J.M. and Post, A.F.: Massive multiplication of genome 932 

and ribosomes in dormant cells (akinetes) of Aphanizomenon ovalisporum (Cyanobacteria). 933 

ISME J., 6, 670-679, doi: 10.1038/ismej.2011, 2012. 934 

Teece, M.A., Fogel, M.L., Dollhopf, M.E. and Nealson, K.H.: Isotopic fractionation associated 935 

with biosynthesis of fatty acids by a marine bacterium under oxic and anoxic conditions. 936 

Org. Geochem., 30, 1571-1579,doi: 10.1016/S0146-6380(99)00108-4, 1999. 937 

Torsvik, V. and Øvreås, L.: Microbial diversity and function in soil: from genes to ecosystems. 938 

Curr. Opin.Microbiol., 5, 240-245, doi: 0.1016/S1369-5274(02)00324-7, 2002. 939 

Vainshtein, M., Hippe, H. and Kroppenstedt, R.M.: Cellular fatty acid composition of 940 

Desulfovibrio species and its use in classification of sulfate-reducing bacteria. Syst. Appl. 941 

Microbiol., 15, 554-566, doi: 10.1016/S0723-2020(11)80115-3, 992. 942 



 

van der Meer, M.T.J., Schouten, S. and Sinninghe Damsté, J.S.: The effect of the reversed 943 

tricarboxylic acid cycle on the 
13

C contents of bacterial lipids. Org. Geochem., 28, 527-944 

533,doi: 10.1016/S0146-6380(98)00024-2, 1998. 945 

van der Meer, M.T.J., Schouten, S., van Dongen, B.E., Rijpstra, W.I.C., Fuchs, G., Sinninghe 946 

Damsté, J.S., de Leeuw, J.W. and Ward, D.M.: Biosynthetic  controls on the 
13

C contents of 947 

organic components in the photoautotrophic bacterium chloroflexus aurantiacus. J. Biol. 948 

Chem., 276, 10971-10976, doi: 10.1074/jbc.M009701200, 2001. 949 

van Kessel, M.A.H.J., Speth, D.R., Albertsen, M., Nielsen, P.H., Op den Camp, H.J.M., Kartal, 950 

B., Jetten, M.S.M. and Lücker, S.: Complete nitrification by a single microorganism. 951 

Nature, 528, 555-559, doi: 10.1038/nature16459, 2015. 952 

van Schöll, L., Kuyper, T., Smits, M., Landeweert, R., Hoffland, E. and Breemen, N.: Rock-953 

eating mycorrhizas: their role in plant nutrition and biogeochemical cycles. Plant Soil, 303, 954 

35-47, doi: 10.1007/s11104-007-9513-0, 2008. 955 

Volkman, J.K., Jeffrey, S.W., Nichols, P.D., Rogers, G.I. and Garland, C.D.: Fatty acid and lipid 956 

composition of 10 species of microalgae used in mariculture. J. Exp. Mar. Biol. Ecol., 128, 957 

219-240, doi: 10.1016/0022-0981(89)90029-4, 1989. 958 

Wenk, C.B., Blees, J., Zopfi, J., Veronesi, M., Bourbonnais, A., Schubert, C.J., Niemann, H. and 959 

Lehmann, M.F.: Anaerobic ammonium oxidation (anammox) bacteria and sulfide-960 

dependent denitrifiers coexist in the water column of a meromictic south-alpine lake. 961 

ASLO, 58, 1-12, doi: 10.4319/lo.2013.58.1.0001, 2013. 962 

White, D.C., Davis, W.M., Nickels, J.S., King, J.D. and Robbie, R.J.: Determination of the 963 

seddimentary microbial biomass by extractible lipid phosphate. Oecologia 40, 51-52, doi: 964 

10.1007/BF00388810, 1979. 965 

White, D.C.: Validation of quantitative analysis for microbial biomass, community structure, and 966 

metabolic activity. Adv. Limnol., 31, 1-18, 1988. 967 

Wilkinson, S.G.: Gram-negative bacteria. In: Ratledge C, Wilkinson SG (eds) Microbial lipids, 968 

vol 1. Academic Press, London, pp 299–488, 1988. 969 

Wisotzky, F.: Angewandte Grundwasserchemie, Hydrogeologie und hydrogeochemische 970 

Modellierung. Springer, Berlin, 2011. 971 

Yoshinaga, I., Amano, T., Yamagishi, T., Okada, K., Ueda, S., Sako, Y. and Suwa, Y.: 972 

Distribution and diversity of anaerobic ammonium oxidation (Anammox) bacteria in the 973 

sediment of a eutrophic freshwater lake, Lake Kitaura, Japan. Microb. Environ., 26, 189-974 

197, doi: 10.1264/jsme2.ME10184, 2011. 975 

Zelles, L., Palojärvi, A., Kandeler, E., von Lützow, M., Winter, K. and Bai, Q.Y.: Changes in soil 976 

microbial properties and phospholipid fatty acid fractions after chloroform fumigation. Soil 977 

Biol. Biochem, 29, 1325-1336, doi:10.1016/S0038-0717(97)00062-X, 1997. 978 

Zhang, C.L., Li, Y., Ye, Q., Fong, J., Peacock, A.D., Blunt, E., Fang, J., Lovley, D.R. and White, 979 

D.C.: Carbon isotope signatures of fatty acids in Geobacter metallireducens and 980 

Shewanella algae. Chem. Geol., 195, 17-28, doi: 10.1016/S0009-2541(02)00386-8, 2003. 981 

Zogg, G.P., Zak, D.R., Ringelberg, D.B., White, D.C., MacDonald, N.W. and Pregitzer, K.S.: 982 

Compositional and functional shifts in microbial communities due to soil warming. Soil Sci.  983 

Soc.  Am.  J.,61,  475–481,  doi:10.2136/sssaj1997.03615995006100020015x, 1997. 984 



Lipid marker Interpretation references
branched PLFAs Gram-positive bacteria Harwood and Russell (1984)
mono-saturated PLFAs Gram-negative bacteria Wilkinson (1988)
10Me18:0 Actinomycetes Zogg et al. (1997); Zelles (1999)
18:1ω9c. 18:2ω6c, 18:3ω6c, 18:3ω3c Fungi Frostegard and Bååth (1996)
10Me16:0, cy18:0(ω7,8) Desulfobacter Dowling et al. (1986)
11Me16:0. 16:1ω11 Nitrospira moscoviensis Lipski et al. (2001)
i17 :1ω7c, i15 :1ω7c, i19:1ω7c Desulfovibrio Edlung et al. (1985), Kohring et al. (1994)
17:1ω6, 15:1 Desulfobulbus Parkes and Calder (1985), Macalady et al. (2000)
i17 :1ω5, 10Me18:1ω6, 11Me18:1ω6 Thiobacillus Kerger et al. (1986, 1987)
20:2ω6, 20:3ω6, 20:4ω6, 22:5, 22:6 Fungi, Protozoa,  Algea Kennedy et al.(1993), Olsson (1999), White (1988); Volkman et al. (1989)
[3]-ladderane, [5]-ladderane anammox Sinninghe Damsté et al. (2002, 2005)

Table 1. Lipid markers proposed to represent a group or genus of microorganisms



Table 2: Well depths, sampling dates and stratigraphic units of the studied monitoring wells. 

well 
name

aquifer 
assemblage

well 
depth* (m) Sampling dates Stratigraphic 

unit Notes

H3.1 HTL 42.7-46.7 June 14 moTK well almost dry. Pumped only 100L
H3.2 HTU 15-22 June, September 14 moM well dry in December 14
H4.1 HTL 44.5-47.5 June, September 14 moTK well not accessible in December 14
H4.2 HTU 8.5-11.5 June, September 14 moM well not accessible in December 14
H4.3 HTU 8.5-12.5 June, September 14 moM well not accessible in December 14
H5.1 HTL 84-88 June, September, December 14 moTK
H5.2 HTU 65-69 June, September, December 14 moM
H5.3 HTU 47-50 June, September, December 14 moM

*depth of well screen section below surface;  HTL: Hainich transect lower aquifer assemblage; HTU:  Hainich transect upper 
aquifer assemblage; moTK: Upper Muschelkalk, Trochitenkalk formation; moM: Upper Muschelkalk, Meissner formation



FunPLFA std G- std G+ std
FunPLFA 

/BactPLFA 
std G+/G- std cy17:0/16ω7c std

HTL 7.8 3.3 27.2 7.1 8.9 2.6 0.2 0.1 0.4 0.2 0.2 0.1
HTU 8.2 9.2 29.4 8.0 11.4 4.4 0.2 0.2 0.4 0.2 0.0 0.0
H4.2/H4.3 19.0 7.8 25.5 4.5 16.3 1.5 0.5 0.2 0.7 0.1 0.0 0.0
H5.2/H5.3 1.9 2.0 34.0 8.4 9.5 3.2 0.1 0.1 0.3 0.1 0.0 0.0

Table 3: FunPLFA/BactPLFA, G-/G+ and cy17:0/16:1ω7c ratios averaged in the upper aquifer (HTU) and lower aquifer (HTL) 
and in the anoxic groundwater at location H4 and H5. 



Table 4: PLFA δ13C values averaged for the sampled month in the different wells
PLFA H3.2 std H4.2 std H4.3 std H5.2 std H5.3 std H3.1 std H4.1 std H5.1 std
i 13:0 -39.2 3.5 -42.9 -37.7 0.8 -53.6 1.6 -51.2 10.3 -38.8 -40.7 1.8 -40.4 3.4
a 15:0 -40.3 0.7 -40.8 -35.9 0.3 -45.4 1.4 -43.0 2.8 -40.5 0.8 -37.1 1.5
i 15:0 -43.7 0.0 -47.4 -36.3 0.8 -55.0 3.3 -56.8 12.7 -46.0 0.8 -42.1 2.5
16:17ωc -47.4 0.6 -37.9 1.6 -36.0 2.3 -44.9 2.3 -44.3 1.3 -42.1 -40.0 3.8 -40.2 2.1
16:1ω11c -44.4 2.4 -40.5 1.8 -36.0 4.0 -36.0 1.7 -34.6 4.1 -39.4 -27.8 2.4 -28.1 0.7
C16:0 -45.2 3.0 -34.8 2.6 -34.4 1.2 -45.3 2.4 -42.9 3.4 -36.4 -34.3 1.0 -35.4 2.2
10Me16:0 -49.9 0.9 -42.7 -57.6 3.3 -54.6 7.4 -42.2 -40.0 2.2
11Me16:0 -30.5 -28.3 -26.5 0.6 -25.7 2.5
cy17:0 -33.2 -26.3 1.6
i17:1 -45.1 -42.6 2.0 -46.1
18:1ω9c -34.0 0.5 -30.2 0.1 -30.9 3.5 -36.7 1.8 -33.4 0.0 -32.1 -31.4 0.0 -31.0 1.4
18:1ω7c -42.5 0.3 -32.5 0.3 -32.2 1.8 -39.6 2.3 -40.2 2.1 -32.4 -34.9 2.5 -34.6 1.2
18:1ω5c -33.5 -30.0 -31.7 -35.1 -31.6
18:0 -35.5 4.4 -42.1 1.0 -36.7 1.3 -36.1 -33.5 -32.9 -32.9 -31.5 1.7
cy19:0 -45.2
20:4 -42.3 -33.1 1.0 -34.7 0.9
20:5 -41.0 -33.4 0.0
[3]-lad -62.9 -64.0 0.3 -63.7 0.8
[5]-lad -68.8 -67.0 0.9 -67.7 1.5
mean -44.6 -38.3 1.2 -35.4 -48.0 -46.0 -35.7 -34.9 -34.4
std 9.4 5.4 1.0 3.5 10.5 11.4 4.5 5.5 5.5



Figure. 1: Schematic geological cross section of the Hainich monitoring well transect 
(without karst features). The wells sampled for this study are numbered in black. The 
black colors in the wells indicate screen sections and accessed depths of the aquifer 
assemblages. Abbreviations: mm: Middle Muschelkalk; mo: Upper Muschelkalk; moTK: 
Trochitenkalk formation; moM & CB: Meissner formation with Cycloides-Bank; moW: 
Warburg formation; ku: Lower Keuper. 
 



Figure 2: Variations of the 
chemical compositions of 
the groundwaters relevant 
for the discussion. HTL 
and HTU refer to the wells 
of the lower and upper 
aquifer assemblage, 
respectively. 
 Chemical compositions of 
the groundwater of the 
wells H4.2/4.3 and 
H5.2/5.3 of the HTU are 
given separately for 
comparison.  
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Figure 3: Principal component analysis (PCA) of the groundwater 
physicochemical compositions. Vectors indicate the steepest increase of the 
respective physicochemical parameter. The different wells are represented by 
dots with different colours: blue for oxic groundwater, yellow for sub-oxic 
groundwater, dark red and violet for anoxic groundwater richer in Fet and NH4

+. 
Note the separation between the lower and upper aquifer (HTL and HTU, 
respectively) and the anoxic wells at location H4.2/4.3 and H5.2/5.3.  
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Figure 4: Principal component analysis (PCA) of PLFAs composition. The different wells are 
represented by dots with different colours: blue for oxic groundwater, yellow for sub-oxic/oxic 
groundwater, dark red and violet for anoxic groundwater richer in Fet and NH4

+. Note the separation 
between the lower and upper aquifer (HTL and HTU, respectively) and the anoxic wells at location 
H4.2/4.3 and H5.2/5.3.  
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Figure 5: Redundancy analysis (RDA) of 
PLFAs, used as species, and the most 
significant environmental parameters O2, NH4

+ 
and Fet that explained 39.9% of the variability. 
The different wells are represented by dots 
with different colours: blue for oxic 
groundwater, yellow for sub-oxic groundwater, 
dark red and violet for anoxic groundwater 
richer in Fet and NH4

+.  
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Significance test for variation partitioning  

Tested Fraction 
% of explained 

variation F P 

a+b+c+d+e+f+g 100 3.1 0.002 
a 19.7 2.2 0.008 
b 22.0 2.1 0.034 
c 13.4 1.9 0.016 
d 22.3 3.1 0.001 
e 29.2 3.6 0.004 
f 25.9 3.5 0.002 
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Figure 6: Variation partitioning t-value biplots showing the PLFAs significantly correlated with the environmental variables (A) O2, (B) Fet 
and (C) NH4

+. Results of the significance test of the variation partitioning are shown in the associated table. The PLFAs are represented by 
arrows projecting from the origin. Concentration changes, between sampling data, of a particular PLFA is significantly related to 
concentration changes of the environmental variables, when the arrow-tip of those PLFA is enclosed within circles. The arrow-tip is 
enclosed within the red circle for positive correlation and inversely within the blue circle for negative correlation.  
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Figure 7: PLFA δ13C values averaged in the different wells for June, September and December. The 
dotted and full lines represent the δ13C values of 11Me16:0 and ladderanes associated with nitrite 
oxidizing bacteria (e.g. Nitrospira moscoviensis) and anammox bacteria, respectively.  
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Figure 8: Taxonomic classification (phylum level) of 
the bacterial communities in the groundwater of the 
eight different wells from the upper aquifer 
assemblages (HTU) or the lower aquifer (HTL). (A) 
Bacterial communities based on sequencing of 16S 
rRNA genes from extracted genomic DNA. (B) 
Bacterial communities based on sequencing of 
RNA-derived 16S rRNA amplicons. 
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Figure 9: Fractions of sequence 
reads affiliated with iron oxidizing 
or iron reducing bacteria, sulfate-
reducing bacteria, anammox 
bacteria, and nitrite oxidizers 
(Nitrospira moscoviensis-related 
and others) within the bacterial 
community (A) DNA-based 
analysis,  (B) RNA-based analysis. 
Only those sequence reads were 
considered which were 
unambiguously classified to 
described taxa on the genus level. 
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