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Abstract 18 

Soils, paleosols and terrestrial sediments serve as archives for studying climate change, and 19 

represent important terrestrial carbon pools. Archive functioning relies on the chronological integrity of 20 

the respective units. Incorporation of younger organic matter e.g. by plant roots and associated 21 

microorganisms into deep subsoil and underlying soil parent material may reduce reliability of 22 

paleoenvironmental records and stability of buried organic matter. Long-term effects of sedimentary 23 

characteristics and deep rooting on deep subsoil microbial communities remain largely unknown. We 24 

characterized fossil and living microbial communities based on molecular markers in a Central 25 

European Late Pleistocene loess-paleosol sequence containing recent and ancient roots with ages of 26 

up to several millenia. The molecular approach, comprising free and phospholipid fatty acids (FAs), 27 

core and intact polar glycerol dialkyl glycerol tetraethers (GDGTs), as well as 16S rRNA genes from 28 

bacterial DNA, revealed the presence of living microorganisms along the complete sequence, with a 29 

bacterial community composition comparable to that of modern topsoils. Up to 88% redundancy was 30 

found between bacterial genetic fingerprint and molecular signature of fossil microorganisms, 31 

suggesting a time-integrated signal of the respective molecular markers accumulated over a time span 32 

potentially lasting from sedimentation over one or more rooting phases until today. Free FAs, core 33 

GDGTs and DNA, considered as remains of fossil microorganisms, corresponded with both ancient 34 

and recent root quantities, whereas phospholipid FAs and intact polar GDGTs, presumably derived 35 

from living microorganisms, correlated only with living roots. The biogeochemical and ecological 36 

disequilibrium induced by postsedimentary rooting of deep subsoil may entail long-term microbial 37 

processes like organic matter mineralization, which may continue even millenia after the lifetime of the 38 

root. Deep roots and their fossil remains have been observed in various terrestrial settings, and roots 39 

as well as associated microorganisms cause both, organic matter incorporation and mineralization. 40 

Therefore, these findings are crucial for improved understanding of organic matter dynamics and 41 

carbon sequestration potential in deep subsoils. 42 

 43 

Key words 44 
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1. Introduction 48 

The existence of microbial life in deeper parts of the unsaturated subsurface like e.g. in terrestrial 49 

sediments is well known (Holden and Fierer, 2005). Hotspots in the deep subsoil >> 1 m including soil 50 

parent material stimulating microbial thriving are e.g. paleosols (Brockman et al., 1992) or places of 51 

preferential flow with accumulated dissolved organic carbon (Corg; Bundt et al., 2001). In addition, deep 52 

roots entering the sediment during and after its deposition may provide such places of preferential 53 

water flow as well as Corg and nutrient accumulation (Kautz et al., 2013), as demonstrated by the 54 

positive correlation of Corg contents and root biomass distribution (Wang et al., 2010). The rhizosphere 55 

as potential microbial hotspot, however, has been largely ignored below 0.5 m depth, although the 56 

ability of roots to penetrate subsoil and underlying soil parent material to several meter depth is known 57 

for various plant groups (Canadell et al., 1996). Deep roots have been studied in various soils and 58 

unconsolidated terrestrial sediments including loess-(paleo)soil and sand-(paleo)soil sequences in 59 

Central and Southeast Europe (Gocke et al., 2014a, 2014b, 2015), where they were observed to occur 60 

with considerable abundances >> 2 m below the surface. The incorporation of root- and 61 

microorganism-derived organic matter (OM) in deep sedimentary subsoil does not only potentially 62 

cause an overprint of the paleoenvironmental signals recorded in such archives, followed by 63 

insecurities for the interpretation of biomarkers like e.g. n-alkanes or glycerol dialkyl glycerol 64 

tetraethers (GDGTs; Huguet et al., 2013a; Gocke et al., 2014c). It might also affect terrestrial carbon 65 

(C) stocks, of which considerable amounts are stored in paleosols (Marin-Spiotta et al., 2014). 66 

So far, it is unknown whether deep roots influence the microbial community in unconsolidated deep 67 

subsoil > 1 m. Especially their influence on long-term maintenance of microbial life after the lifetime of 68 

the root is difficult to study, but might be important in the context of C sequestration in buried soils and 69 

sediments (Fisher et al., 1994; Johnson, 2014). Ancient lithified roots – rhizoliths – which often form 70 

through calcification of the root during or shortly after its lifetime (Klappa, 1980; Gocke et al., 2011) 71 

give a time-integrated insight into root-related processes over the lifespan of the root and thereafter. 72 

Here we present a multi-proxy approach to characterize both the living and fossil microbial community 73 

in deep sedimentary subsoil based on abundance and composition of five biomarker classes. The 74 

molecular approach includes two compound classes with high potential for preservation in soils and 75 

sediments: Free-extractable fatty acids (FAs) give a broad overview over plant and microbial remains 76 

and degradation products (Harwood and Russell, 1984; Lichtfouse et al., 1995), whereas core lipids of 77 

GDGTs (CL-GDGTs), presumed to be of fossil origin, are solely produced by some microorganisms 78 
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(Suppl. Fig. 1). Thus, GDGTs with isoprenoid alkyl chains  (iGDGTs) are attributed to archaea, 79 

whereas those with branched alkyl chains (brGDGTs) are biosynthesized by not yet identified bacteria 80 

(Schouten et al., 2013) potentially feeding on root remains (Huguet et al., 2012). Some of these 81 

bacteria might belong to the phylum Acidobacteria (Sinninghe Damsté et al., 2011, 2014). Further, we 82 

included the respective intact polar counterparts of these compound classes, the phospholipid FAs 83 

(PLFAs) and intact polar lipid GDGTs (IPL-GDGTs), which are attributed to living or recently deceased 84 

microorganisms due to low stability of their polar headgroups (Kindler et al., 2009; Schouten et al., 85 

2010; Lengger et al., 2013; Suppl. Fig. 1). As third compound class, 16S ribosomal ribonucleic acid 86 

(rRNA) genes from bacterial deoxyribonucleic acid (DNA) provided an overview of the bacterial 87 

community. Depth distribution of these biomarkers was compared with that of several parameters of 88 

pedogenic, weathering and rooting processes, including C contents, alkane contents and composition, 89 

abundances of living roots and root remains, density, clay contents, color and magnetic properties of a 90 

Central European sediment-paleosol sequence. 91 

We aimed to elucidate i) which physical, chemical and biological factors influence microbial life in 92 

sedimentary deep subsoil, ii) if microbial community composition in deep subsoil is notably affected by 93 

root distribution, iii) if root effects on microbial community can be traced after lifetime of the root, and 94 

iv) whether roots maintain microbial life in terrestrial sediments for centuries or millenia. 95 

The multi-proxy approach was applied to the Late Pleistocene loess-paleosol sequence at Nussloch, 96 

Southwest Germany, which has been investigated intensely for paleoclimate and paleovegetation (e.g. 97 

Antoine et al., 2009). The current study was performed on the uppermost 9.5 m of the profile P2011 98 

(Gocke et al., 2014b; Fig. 1a), which is defined here as associated pair of Holocene soil (0–1.1/1.5 m; 99 

Fig. 1b) and Holocene deep subsoil (1.1/1.5–9.5 m) because rhizoliths (Fig. 1b–f) of Holocene ages 100 

occur continuously between 1.5 and 9 m depth (Gocke et al., 2011; Gocke et al., 2014b). Time lags 101 

between sedimentation, lasting from 35–17 ky on the one hand, and root growth on the other hand 102 

cover a wide range of 10
2
–10

3
 y. Abundant recent roots, rhizoliths between 3 and 10 ky in age, and 103 

root-derived biopores were observed along the profile, with ages of the latter likely between 104 

sedimentation and today (Gocke et al., 2014a). This provides the unique opportunity to assess short-105 

term and long-term effects of postsedimentary rooting on microbial community composition in deep 106 

subsoil. 107 

 108 
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2. Materials and methods 109 

2.1 Study site 110 

 111 

Figure 1. 112 

Overview pictures of the Nussloch profile (a–c) and detail pictures (d–f) of calcified root features (rhizoliths). a) 113 

Upper Pleniglacial part of the Nussloch loess-paleosol sequence with a maximum age of 35 ky (Antoine et al., 114 

2009). b) 0–1.8 m depth interval, including the Holocene soil (HS; Calcic Luvisol Siltic). c) 1.8–3.2 m depth 115 

interval, with in situ, almost vertically oriented rhizoliths. d) Rhizolith, view at profile wall. e) Rhizoliths indicated as 116 

circular white spots on a horizontal level. f) Microrhizoliths (diameter < 1 mm), difficult to observe at the profile 117 

wall. Picture shows one microrhizolith in longitudinal view (bottom right) and several microrhizoliths in cross 118 

section (e.g. top left). 119 

 120 
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Detailed description of the loess-paleosol sequence at Nussloch, Southwest Germany, and its 121 

paleoenvironmental record was provided by e.g. Antoine et al. (2009) and Gocke et al. (2014b). The 122 

13 m thick, 17–35 ky old sequence includes 16 weakly developed and three well developed paleosols, 123 

as well as the 1.1–1.5 m thick Holocene Calcic Luvisol Siltic (IUSS, 2014). The recent vegetation, 124 

which relates to living roots and likely formed an unknown portion of root-related biopores throughout 125 

the profile, comprises natural broad-leaf forest and non-native robinia, as well as smaller shrubs and 126 

herbaceous plants (Gocke et al., 2013). Rhizoliths at Nussloch and nearby sites are of Holocene age 127 

between 3 and 10 ky. They occur with diameters of up to 5 cm but mostly 1–2 cm (reviewed by Gocke 128 

et al., 2014a), and were formed by roots of unknown trees or shrubs, likely including hazel, oak, beech 129 

and alder (Gocke et al., 2013). Living roots, rhizoliths, microrhizoliths and biopores occurred with 130 

maximum frequencies of ca. 800 m
-2

, 200 m
-2

, 12,500 m
-2

 and 600 m
-2

, respectively (Suppl. Fig. 2; 131 

Gocke et al., 2014b). 132 

2.2 Profile preparation, field methods and sampling 133 

The profile was prepared by removing ≥ 1 m of material from the top and the side, respectively, 134 

followed by counting of roots, root-related biopores and rhizoliths on horizontal levels (Gocke et al., 135 

2014b, 2014c). Afterwards, 200 g of soil, sediment or paleosol material were collected distant from 136 

visible root remains, from topsoil down to 9.5 m depth in 0.5–1.0 m increments. After sample splitting 137 

into two aliquots, one aliquot was dried at 40 °C and used for free FA and DNA analyses, whereas the 138 

other half was immediately cooled and kept frozen at -18 °C until PLFA and GDGT analyses. The 139 

sample set for DNA analyses did not include the topsoil, because microbial diversity in topsoils is very 140 

high, which would produce a bias for the other parameters. It was further reduced to seven depth 141 

intervals between 2 m and 9.5 m due to sample loss. 142 

2.3 Analytical methods 143 

2.3.1 Free-extractable fatty acids 144 

Using an aliquot of dried material, free-extractable lipids were extracted and free FAs separated, 145 

derivatized and subsequently measured by GC-FID and GC-MS according to the protocol by 146 

Wiesenberg and Gocke (2015). Free FAs with a chain length of 12 to 32 carbons were quantified 147 

because they include microbial and plant tissues, as well as degradation products (Harwood and 148 

Russell, 1984). Dicarboxylic as well as unsaturated and branched free FAs were kept as separate 149 

groups of compounds, but not further assigned to specific sources, which was done for PLFAs, as 150 

multiple sources exist for most of these compounds. 151 
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 152 

 153 

2.3.2 Phospholipid fatty acids and glycerol dialkyl glycerol tetraethers 154 

An aliquot of each frozen sample was subjected to lipid extraction following a modified protocol of the 155 

Bligh-Dyer method (Bligh and Dyer, 1959; Apostel et al., 2013) with 0.15 M citric acid, chloroform and 156 

methanol 0.8:1:2 (v/v/v). Using one half of the splitted extract, the PLFA fraction was purified over an 157 

activated silica column by elution with acetone, and derivatized for GC-MS measurement as previously 158 

described (Apostel et al., 2013). Assignment of PLFAs with chain length of 14 to 20 carbons to the 159 

respective microbial groups was performed according to literature (Zelles et al., 1999; Fernandes et 160 

al., 2013). 161 

The second part of the extract was separated over an activated silica column into three fractions as 162 

described by Huguet et al. (2013b), with fraction F1 containing apolar lipids (eluted with 30 ml 163 

dichloromethane), fraction F2 containing CL-GDGTs [eluted with 30 ml dichloromethane/acetone (2:1, 164 

v/v) followed by 30 ml dichloromethane/acetone (1:1, v/v)], and fraction F3 containing IPL-GDGTs 165 

[eluted with 30 ml dichloromethane/methanol (1:1, v/v) followed by 30 ml methanol]. A small aliquot of 166 

the IPL fraction (F3) was analyzed directly using high performance liquid chromatography–167 

atmospheric pressure chemical ionization–mass spectrometry (HPLC–APCI–MS) to determine any 168 

carryover of CLs into the IPL fraction. The analysis showed nearly complete separation of the CL- and 169 

IPL-GDGTs. The rest of the fraction F3 was subjected to acid methanolysis (24 h at 100 °C in 1 M 170 

HCl/methanol) to cleave off the polar head groups of IPL-GDGTs. CL- and IPL-derived GDGTs were 171 

analysed by HPLC-MS using a procedure described by Huguet et al. (2013b). 172 

2.3.3 Bacterial 16S rRNA genes 173 

Prior to analysis of the bacterial genetic fingerprint, a sterility test was successfully performed. 174 

Metagenomic DNA was extracted in replicates from 0.5 g aliquots of dry sample material using the 175 

FastDNA ® SPIN Kit for Soil (MP Biomedicals). Bacterial 16S rRNA genes were amplified with primers 176 

27f/907mr (Schellenberger et al., 2010). Primer 27f was labeled with infrared dye 700 for t-RFLP 177 

(terminal restriction fragment length polymorphism) analyses. PCR (polymerase chain reaction) 178 

products were purified with a DNA Gel Extraction Kit (Millipore, MA) and single-stranded extensions at 179 

terminal ends were removed with mung bean endonuclease digest (Egert and Friedrich, 2003). 180 

Subsequent restriction digestion of PCR products was performed with MspI (Degelmann et al., 2009). 181 

DNA concentrations were determined with a DNA Quantification Kit (Invitrogen, Germany) and 182 
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adjusted to 2 ng µl
-1

. T-RFLP analyses were performed as previously described (Hamberger et al., 183 

2008). PCR products from all samples were pooled and used to construct one 16S rRNA gene library. 184 

Amplicons were cloned into Escherichia coli JM 109 competent cells using the pGEM-T Vector System 185 

II (Promega, WI). Inserted 16S rRNA gene fragments were re-amplified and sequenced (Messing, 186 

1983; MacroGen, South Korea). In total, 270 different inserts were sequenced. Identification of 187 

phylotypes was done by RDP classifier. Based on in silico digestion, terminal restriction fragments 188 

detected by software GelQuest (version 3.1.7, SequentiX GmbH, Germany) were manually affiliated to 189 

sequenced genotypes. Ribonucleic acid (RNA), representing viable microorganisms due to its 190 

presumably fast degradation, was not analysed, because i) very low DNA contents in Quaternary 191 

sediments like loess (Liu et al., 2007; current study) imply that RNA is likely too low for amplification 192 

and further analysis, and ii) rarefaction analysis (Suppl. Fig. 3) revealed that even DNA results are 193 

reliable solely at the phylum level. 194 

2.4 Statistic evaluation 195 

Variables within the individual datasets (free FAs, PLFAs, core GDGTs, intact polar GDGTs and DNA) 196 

were reduced by factor analysis. Factor values of most significant factors were compared between the 197 

datasets by canonical correlation analysis, and redundancy values for the datasets were computed. 198 

Further, environmental and profile parameters (EPP) significantly affecting the depth distribution of the 199 

biomarker groups were identified by regression analysis. The bulk elemental composition, measured 200 

via X-ray fluorescence analysis (Gocke et al., 2014b), did not reveal significant correlations with any of 201 

the biomarker sets and is therefore not shown. A significance level = 0.1 was chosen, because of i) 202 

small size of the sample set, ii) investigation of natural samples in contrast to samples from laboratory 203 

experiments performed under controlled conditions, and iii) heterogeneous nature of the sample set in 204 

terms of age and material. All statistical analyses were performed with Statistica 6.0 (StatSoft, Tulsa, 205 

USA). 206 

3. Results and Discussion 207 

3.1 Lipid distribution 208 

Lipids were more abundant in the topsoil than in subsoil collected at 1 m depth (Fig. 2a-d), and 209 

concentrations in deep subsoil reached max. 28% of the respective topsoil value. 210 

3.1.1 Distribution patterns of free-extractable and phospholipid fatty acids 211 
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Free FA distribution patterns were mostly dominated by short-chain homologues (Gocke et al., 2014c; 212 

C12–19; Fig. 2a). The ratio of short- vs. long-chain (C20–32) free FAs (RS:L) was mostly > 1.2 (Suppl. Tab. 213 

1), indicating the dominance of belowground OM including microbial remains, rhizodeposits and 214 

degradation products over higher plant aboveground biomass inputs (Harwood and Russell, 1984). 215 

Contents of unsaturated free FAs (C16,18,19) were low due to their high degradability. Branched free 216 

FAs (brC12–18), most likely originating from gram positive (Gram
+
) bacteria, and dicarboxylic acids (C9–217 

11,18,20), deriving mainly from plant above- and belowground tissues, contributed only to a minor extent 218 

to free FAs. 219 

 220 
Figure 2. 221 

Biomarker classes representing fossil microorganisms (free fatty acids [FAs], core lipid glycerol dialkyl glycerol 222 

tetraethers [CL-GDGTs] and bacterial genetic fingerprint) and living microorganism communities (phospholipid 223 

fatty acids [PLFAs] and intact polar lipid glycerol dialkyl glycerol tetraethers [IPL-GDGTs]). Diagrams a–d show 224 

concentrations of lipids, where in each diagram the upper x-axis refers to lipid contents in the Holocene soil (HS, 225 

0–1 m), and the lower x-axis refers to lipid contents in the deep subsoil 1–9.5 m. a) Free FA contents. The left 226 
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diagram contains contents of total (saturated, unsaturated and branched) short-chain (C12–19) and long-chain (C20–227 

32) monocarboxylic acids as well as dicarboxylic acids (C9–11,18,20) deriving from cutin and suberin biopolymers 228 

(Kolattukudy, 1984), whereas the right diagram displays contents of mainly microorganism-derived saturated 229 

short-chain free FAs (C12:0–19:0), plant-derived saturated long-chain (C20:0–26:0) and very long-chain free FAs (C27:0–230 

32:0; Kolattukudy et al., 1976), branched free FAs (brC12:0–18:0) from total Gram
+
 bacteria (Zelles et al., 1999; 231 

Fernandes et al., 2013), as well as microorganism- and plant-derived unsaturated free FAs (C16:1,18:1,18:2,19:1; 232 

Kolattukudy et al., 1976; Harwood and Russell 1984). Please note that branched free FAs did not enable 233 

distinction between Actinomycetaceae and other Gram
+
 bacteria. b) Concentrations of specific PLFAs attributed 234 

to Gram
+
 bacteria (excluding Gram

+
 family Actinomycetaceae [i- and ai-C15–17]), Actinomycetaceae (10Me-C16,18), 235 

Gram
-
 bacteria (C16:1ω7,18:1ω9,18:1ω7, cy-C17,19), fungi (C16:1ω5, C18:2ω6,9) and microeukaryotes (formerly called 236 

protozoa [C20:4ω6]; Zelles et al., 1999; Fernandes et al., 2013), as well as of non-specific PLFAs (saturated C14:0–237 

18:0). c) Concentrations of CL-GDGTs, divided into archaea-derived isoprenoid GDGTs (iGDGTs; m/z 1292–1302) 238 

and bacteria-derived branched GDGTs (brGDGTs; m/z 1018–1050; Schouten et al., 2013). d) Concentrations of 239 

IPL-GDGTs, divided into iGDGTs and brGDGTs. e) Distribution of phylogenetic groups, based on 16S rRNA 240 

genes from DNA. Phylogenetic groups accounting for ≤ 3% as well as portions of unclassified sequences and 241 

phylogenetic groups occurring solely in one depth are summarized in the artificial group ‘others‘. 242 

 243 
Specific PLFAs suggested a dominance of bacteria (methylated, cyclo- and most mono-unsaturated 244 

FAs) over fungi (C16:1ω5,18:2: Fig. 2b) in all depth intervals except for 9 m (Suppl. Tab. 1). At four 245 

sampling depths between 5.0 and 8.5 m, ratio of bacterial to fungal PLFAs (RB:F) exceeded the value 246 

of the topsoil by a factor ranging between 2 and 4. Higher relative portions of fungi occurred solely in 247 

the lowermost part of the profile (8.0, 9.0 and 9.5 m) and might be attributed either to pedogenic 248 

conditions in well-developed paleosols or to postsedimentary penetration by fossil and/or living roots, 249 

both of which coincide in these depths (Gocke et al., 2014b). The ratio of Gram
+
 (methylated FAs) to 250 

gram negative (Gram
–
) bacteria (cyclo- and most mono-unsaturated FAs) RP:N was approximately 251 

twice as high in deeper parts of the Holocene soil (1 m depth) compared to surface soil (Suppl. Tab. 252 

1). Between 5.5 and 9.5 m, very low RP:N resulted from high contents of Gram
–
 bacterial PFLAs. 253 

3.1.2 Distribution patterns of core and intact polar glycerol dialkyl glycerol tetraethers 254 

Bacterial and archaeal GDGTs were present in all samples (Fig. 2c, d), with the ratio of isoprenoid to 255 

branched GDGTs (Ri:b; Yang et al., 2014) ranging between 0.03 and 0.68 for core GDGTs and 256 

between 0.19 and 2.65 for intact polar GDGTs (Suppl. Tab. 1). Archaea predominated over bacteria 257 

only in topsoil and at the bottom of the sequence according to IPL-GDGT analyses. During recent 258 

years, studies emphasized the ubiquitous occurrence of archaea and especially one phylum, 259 
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Thaumarchaeota, in surface soils (uppermost 0.2 m; Harvey et al., 1986; Buckley et al., 1998). The 260 

current work thus provides extended knowledge on the occurrence of archaea in deep subsoil. The 261 

relative amounts of iGDGTs vs. brGDGTs decreased for both core and intact polar GDGTs from 0 to 1 262 

m and from 0 to 2 m, respectively (Suppl. Tab. 1). Below these depths, Ri:b was mostly higher for intact 263 

polar (25–65%) than for core GDGTs (3–33%; Suppl. Tab. 1), which might be due to the more labile 264 

nature of the predominantly phospho-headgroup of brGDGTs compared to the usually glyco-265 

headgroup of iGDGTs (Harvey et al., 1986). 266 

3.2 Bacterial genetic fingerprint 267 

Phylotypic composition of bacterial DNA in deep subsoil was dominated by Actinobacteria, Firmicutes, 268 

Chloroflexi and Proteobacteria, besides minor abundance of Acidobacteria, Bacteroidetes and 269 

candidate division OP11 (Fig. 2e). Throughout identified phylogenetic groups with abundances > 3%, 270 

the predominance of Gram
+
 bacterial phyla (Actinobacteria and Firmicutes) at 2, 3, 4 and 6.5 m 271 

matched well the absence of Gram
–
 bacterial PLFAs at 3 and 6 m, but not at 5 m (Suppl. Tab. 1). 272 

Further, the much lower RP:N in lower parts of the loess-paleosol sequence, excluding 9 m, agreed 273 

with higher portions of Gram
–
 bacteria (Chloroflexi and Proteobacteria). 274 

3.3 Fossil and living microbial communities in Holocene soil and deep subsoil 275 

The multi-proxy approach indicated the dominance of bacterial signatures over fungal, archaeal and 276 

microeukaryotic ones throughout the Holocene soil and deep subsoil, suggesting a microbial 277 

community typical for the vadose subsurface (Fierer et al., 2003). Also, bacterial DNA composition 278 

resembled that in modern soils (Janssen, 2006). However, as bacterial genes were already close to 279 

detection limit, the presumably less abundant archaeal or fungal genes were not investigated. The 280 

deep subsoil properties of the loess-paleosol sequence were strengthened by its increased ratio of 281 

bacterial to fungal PLFAs compared to topsoil (Suppl. Tab. 1), which matches previous studies 282 

showing an increase of the latter with soil depth (Holden and Fierer, 2005; Stone et al., 2014). Further, 283 

the high ratio of Gram
+
 to Gram

–
 PFLAs below the topsoil (Suppl. Tab. 1) was already described for 284 

the uppermost 2 m of agricultural and grassland soils (Blume et al., 2002; Fierer et al., 2003). 285 

Presence of PLFAs and intact polar GDGTs, though in amounts up to one order of magnitude lower 286 

compared to their free/core counterparts, revealed the presence of living microorganisms at any depth 287 

throughout the profile, including the deep subsoil of Late Pleistocene age. This contradicts the 288 

traditional assumption of organic compounds being incorporated solely during deposition of terrestrial 289 

sediments (Conte et al., 2003). Intact polar GDGTs contributed less than 15% to total GDGTs below 2 290 



12 
 

m (Suppl. Fig. 4b), similarly to brGDGT data from topsoils (Peterse et al., 2010), whereas the 291 

percentages of PLFAs from total FAs scattered between 24% and 88% (Suppl. Fig. 4a). 292 

 293 
Figure 3. 294 

Statistical factors (SF) of the biomarker groups obtained by factor analysis. Compounds with strong positive and 295 

negative loadings (min. > 0.6 or < -0.6, but mostly > 0.9 or < -0.9) on these factors are listed for free FAs (SF 1–296 

4), PLFAs (SF 5), CL-GDGTs (SF 6–8), IPL-GDGTs (SF 9, 10) and DNA (SF 11, 12), respectively. 297 

 298 
FAs, GDGTs and bacterial DNA are produced independently from each other and partially by different 299 

source organisms. To elucidate the degree of overlap between individual biomarker data sets, and 300 

consequently disentangle the time range represented by free/core lipids, redundancy values between 301 

the five biomarker classes (Tab. 1) were calculated after reduction of the respective data sets by factor 302 

analysis. Free/core lipids of FAs and GDGTs could be well explained by the respective other free/core 303 

lipid group with 65% and 52% conformity, whereas they were less well predictable by their intact polar 304 

counterpart and the respective intact polar lipid group of the other lipid category. Best predictor of free 305 

FAs and core GDGTs was DNA with 88% and 79% redundancy. Similarly, DNA was better explained 306 
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by free FAs and core GDGTs than by intact polar lipids. The high conformity of free FAs and core 307 

GDGTs with DNA, together with the potential of DNA to be preserved outside a cell in soils for 308 

centuries to millenia (Agnelli et al., 2007), support the assumption that these lipids represent a time-309 

integrated signal of microorganism remains accumulated since sedimentation until today. 310 

 311 
Table 1. 312 

Redundancies given in %, describing the portion, to which extent a predictor data set can explain the outcome 313 

data set. The data derives from canonical correlation analysis of the five microbial biomarker classes investigated. 314 

Outcome data set 

 

 

 

Predictor data set 

Free FAs PLFAs CL-GDGTs IPL-GDGTs Bacterial 

phylotypes 

Free FAs  31 52 31 80 

PLFAs 38  38 42 35 

CL-GDGTs 65 38  31 70 

IPL-GDGTs 51 56 41  31 

Bacterial phylotypes 88 45 79 65  

 315 
3.4 Influence of environmental setting on deep subsoil microorganisms 316 

We aimed to determine the linkage of living and fossil microorganisms to biological, physical or 317 

chemical conditions that prevailed during phases of sedimentation, pedogenesis, rooting or inbetween. 318 

Therefore, the twelve statistical factors (SF; Fig. 3), obtained after reduction of the individual 319 

compounds of each biomarker class by factor analysis, were tested for correlation with the following 320 

13 environmental and profile parameters (EPP; Tab. 2, Suppl. Fig. 2): (1) organic carbon (Corg) and (2) 321 

carbonatic carbon (Ccarb) contents; (3) contents of n-alkanes (n-C15–37), deriving from microorganisms 322 

and higher plants; (4) alkane carbon preference index (CPIalk) enabling the distinction between fresh 323 

plant aboveground biomass and microbial and degraded OM; frequencies of (5) living roots, (6) 324 

rhizoliths and (7) root-derived biopores; (8) dry bulk density; (9) clay contents; (10) color indices a* and 325 

(11) L*; (12) magnetic susceptibility measured at 0.3 kHz (κ), and (13) S-ratio of soil or sediment. All 326 

data except for alkane content and CPIalk (Gocke et al., unpublished data) were adopted from Gocke 327 

et al. (2014b). 328 

3.4.1 Free-extractable fatty acids 329 
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Positive correlation of long-chain (C22–32; SF 1) and dicarboxylic free FAs (C9–11; SF 3) with alkane 330 

contents (Fig. 2, Tab. 2) confirmed the higher plant origin of the former and suggested the same for 331 

the latter, because average chain length of long-chain alkanes (C25–37), which was mostly > 29 at the 332 

Nussloch deep subsoil (Gocke et al., 2013), indicated major contribution of higher plant leaf waxes 333 

(Eglinton et al., 1962). Gram
+
 bacteria-derived branched free FAs (C14,17; SF 2; C12,15,16; SF 3; C13,16; 334 

SF 4) positively correlated with indicators of advanced pedogenesis (high Corg and clay contents) and 335 

weathering (high a* and κ), low density, abundant living roots and high alkane contents. They 336 

negatively correlated with rhizolith abundances (SF 3, 4), suggesting that Gram
+
 bacteria in subsoil 337 

feed mainly on old bulk OM and not younger plant-derived OM (Kramer and Gleixner, 2006). 338 

Composition of higher plant-derived long-chain free FAs was probably hardly affected by microbial 339 

overprint, as implied by the absence of correlation between long-chain and dicarboxylic free FAs, and 340 

recent roots. Plant-derived free FAs can thus be used as (paleo)environmental tracer (Reiffarth et al., 341 

2016), as long as material free of root remains is collected. 342 

 343 
Table 2. 344 

Significance levels of the correlations between twelve statistical factors (SF) derived from the five investigated 345 

biomarker groups, and 13 environmental and profile parameters (EPP). All EPP were adapted from Gocke et al. 346 

(2014b) except for alkane contents and CPIalk. For depth diagrams see Suppl. Fig. 2. 347 

 Free FAs PLFAs CL-GDGTs IPL-

GDGTs 

DNA 

 1 2 3 4 5 6 7 8 9 10 11 12 

Corg [mg g
-1

]  - +  + ---    + +  

Ccarb [mg g
-1

]     --   +  -   

alkanes [µg g
-1

] 
a
 +  +     +     

CPIalk [ ] 
b
     -   +     

roots [m-2
] 

c
  --   +++ ---    - ++  - 

rhizoliths [m-2
] 

c
   - +   +     + 

biopores [m-2
] 

c
     +  + -     

dry bulk density [g cm
-3

]  ++           

clay [wt-%]  -  - +++ -  -  +   

color a* [ ] 
d
  -   ++   -  ++  + 



15 
 

color L* [ ] 
e
     -- +    -   

κ [m3
 kg

-1
] 

f
  -  -- ++   -    - 

S-ratio [ ] 
g
       -     - 

+/- significant positive/negative correlation (.01 < p < .1); ++/-- very significant positive/negative correlation (.001 < 348 

p < .01); +++/--- highly significant positive/negative correlation (p < .001). 349 

a
 Alkanes in terrestrial sediments like loess are traditionally assumed to originate from aboveground biomass of 350 

synsedimentary vegetation, incorporated via litterfall and abraded particulate organic matter (Conte et al., 2003). 351 

b
 CPIalk = [(Σn-C17-35 odd/Σn-C16-34 even)+(Σn-C17-35 odd/Σn-C18-36 even)]/2 352 

Carbon preference index of odd over even n-alkane homologues. High CPIalk indicates dominance of fresh plant 353 

aboveground biomass, whereas low values suggest predominantly microorganism-derived and degraded organic 354 

matter (Cranwell, 1981). 355 

c
 Frequencies of roots, rhizoliths and biopores were determined on horizontal areas using a grid with dimension 356 

0.5x0.5 m (Gocke et al., 2014b). 357 

d
 High a* values indicate reddish color and low values green color (CIE, 1931). Throughout the investigated 358 

profile, highest a* in the Holocene soil indicates pedogenic processes like formation of iron oxides, whereas in 359 

sedimentary deep subsoil, high a* (mostly loess > paleosol) likely result from hydromorphic bleaching. 360 

e
 High L* values characterize light color and low values dark color (CIE, 1931). Although organic matter content 361 

can strongly influence L*, Corg and L* do not correlate with each other at Nussloch. Rather, high L* may result 362 

from hydromorphic bleaching of paleosols (Gocke et al., 2014b). 363 

f
 Measure for concentration and magnetic grain size variation of ferrimagnetic minerals (Maher, 2011). Strong 364 

pedogenesis is represented by very high κ in the Holocene soil, but contrary to Eurasian loess deposits, high κ of 365 

the periglacial Nussloch loess-paleosol sequence represents seasonal waterlogging and subsequent in situ 366 

weathering rather than pedogenesis (Gocke et al., 2014b). 367 

g
 Parameter for the relative portions of ferrimagnetic vs. antiferromagnetic minerals (Wang et al., 2006). More 368 

intense pedogenesis caused lower S-ratio and weak pedogenesis higher S-ratio in the loess-paleosol sequence, 369 

whereas the opposite holds true for the Holocene soil. 370 

3.4.2 Phospholipid fatty acids 371 

The SF created from PLFA composition (SF 5) yielded factor loadings similarly high for all of the 372 

compounds with positive loading on this SF, i.e. Gram
+
 bacteria, Actinomycetaceae, Gram

–
 bacteria 373 

and fungi, and showed significant to highly significant correlations with nine EPP. Living bacteria and 374 

fungi were associated with depths characterized by strong pedogenesis and weathering. For eight out 375 

of nine EPP, the chronological context is ambiguous, as they might be of synsedimentary / 376 

synpedogenic nature or could partially be related to postsedimentary waterlogging effects (high a* and 377 
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κ) or later pedogenic (high Corg and low L* due to OM accumulation, low Ccarb due to carbonate 378 

dissolution, low CPIalk from degradation, high clay) and rooting phases (abundant biopores from 379 

recent/former roots). Root abundances, showing one of the highest significances throughout the 380 

sample set (p = .00001) with SF 5, emphasized the role of the recent vegetation for living microbial 381 

community in the deep subsoil. Large similarities of short-chain free FAs and PLFAs were found: Both 382 

showed that Gram
+
 bacteria and Actinomycetaceae prefer depths characterized by stronger 383 

pedogenesis and weathering as well as recent rooting (SF 2–5). This implies that notable parts of 384 

short-chain free FAs in terrestrial sediments might result from rhizodeposits and microorganisms 385 

stimulated by plant roots, and thus represent a mixed paleoenvironmental signal from a broad 386 

timespan. 387 

3.4.3 Core lipid glycerol dialkyl glycerol tetraethers 388 

In terms of core GDGTs, archaeal GDGT1292,1298,1300 (SF 6) were more abundant in depths that are 389 

influenced by both ancient/long-term pedogenic processes (high Corg and clay contents, low L*), and 390 

recent rooting. The correlation of archaeal iGDGTs and recent roots points to a similar direction as 391 

previous studies, which demonstrated the increased occurrence of bacterial brGDGTs in vicinity of 392 

roots (Huguet et al., 2013a). Analogously to brGDGT source organisms (Weijers et al., 2010; Ayari et 393 

al., 2013), our findings thus suggest that iGDGT source organisms might have a heterotrophic 394 

metabolism as well. However, the high significance of this relation as well as the correlation between 395 

core GDGTs, considered as fossil markers, and recent roots was unexpected. The latter might indicate 396 

low stability of archaeal intact polar GDGTs in soil, leading to a fast release of the respective core 397 

GDGTs. The assumed link of archaea mainly to recent and less to ancient rooting is enforced by the 398 

absence of correlations between any archaeal core and intact polar GDGTs (SF 6, 9, 10) and 399 

rhizoliths or biopores. Short residence times of archaeal intact polar GDGTs of few days to weeks 400 

were shown for marine sediments (Ingalls et al., 2012), and might be similar in soils. Among bacterial 401 

compounds, homologues with two cyclopentyl moieties (GDGT1018,1032,1046; SF 7) occurred mainly in 402 

depths strongly affected by ancient rooting (abundant rhizoliths, biopores) or by weathering (low S-403 

ratio). Homologues with one cyclopentyl moiety (GDGT1020,1034,1048; SF 8) were also more abundant in 404 

weathered depths (low Ccarb and alkane content, low CPIalk, abundant biopores, high clay content, a* 405 

and κ). 406 

3.4.4 Intact polar glycerol dialkyl glycerol tetraethers 407 
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Archaeal intact polar GDGTs (GDGT1292,1298,1300; SF 9; GDGT1292,1296; SF 10) were most abundant in 408 

depths affected by recent rooting, similar to their CL counterparts (SF 6), whereas the significance 409 

level was distinctly lower than for SF 6. In a Central Chinese soil profile, Ayari et al. (2013) observed 410 

enriched intact polar GDGTs in close vicinity of living roots. This suggests that the respective source 411 

organisms were strongly stimulated by postsedimentary penetrating roots, which is in agreement with 412 

our findings. The two bacterial intact polar GDGTs with commonly highest abundance in soil, 413 

GDGT1022 and GDGT1036, generally loaded opposite of archaeal GDGTs within SF 9 and SF 10, and 414 

thus also behaved contrary to homologues with one (GDGT1020,1034,1048) and two cyclopentyl moieties 415 

(GDGT1018,1032,1046; SF 7, 8). In summary, core and intact polar GDGTs revealed that source organisms 416 

prefer places of stronger reworking, except for GDGT1022 and GDGT1036, potentially deriving from a 417 

different group of microorganisms than other GDGTs. 418 

3.4.5 Bacterial genetic fingerprint 419 

Based on the 16S rRNA genetic fingerprint, positive correlation of Actinobacteria with high Corg 420 

contents (SF 11) supported free FA and PLFA results (SF 2, 3, 5). However, a direct comparison of 421 

DNA and PLFA-based community composition needs to be regarded with caution as both datasets 422 

have deviating taxonomic accuracy. Actinobacteria and Firmicutes (SF 12) preferred depths strongly 423 

affected by seasonal waterlogging (high a*, low κ), and were abundant in depths with rhizoliths, but 424 

not in recently rooted depths, which contradicts free FA and PLFA results (SF 2–5). This discrepancy 425 

may result either from the smaller size of the DNA sample set excluding the peak root abundances in 426 

the Holocene soil, or may demonstrate the time-integrated character of the DNA signal in terrestrial 427 

sediments, covering a wide range from potentially fossil to recent microbial communities. The latter 428 

hypothesis is supported by the DNA-based SF 12 which is the only statistical factor that correlates with 429 

both recent roots and rhizoliths (Tab. 2), corresponding to ancient and recent C input, whereas other 430 

statistical factors correlated solely with one of them. 431 

3.5 Root-related long-term alteration of deep subsoil microbial communities – consequences and open 432 

questions 433 

Generally, the microbial community composition in deep subsoil was affected by pedogenic and 434 

weathering factors, as shown by correlations with clay, a* and κ. Additionally, our results emphasize 435 

Corg as main driving factor. This supports the assumption that Corg is crucial for microbial abundance 436 

(Helgason et al., 2014), community (Hansel et al., 2008) or long-term survival of microorganisms in 437 

terrestrial sediments (Breuker et al., 2001), presumably due to close spatial association of 438 
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microorganisms and Corg (Holden and Fierer, 2005). As roots represent an important source of 439 

available Corg in Corg-poor eolian sediments, root distribution considerably affected microbial 440 

communities. At Nussloch, the main root effect was that intact polar lipids representing living 441 

microorganisms were affected solely by recent root features, which includes partially also biopores. In 442 

contrast, microbial remains reflecting an ancient or time-integrated signal, i.e. free/core lipids and 443 

DNA, correlated predominantly with ancient root features including rhizoliths and biopores but 444 

simultaneously also with living roots. 445 

These findings strongly suggest that microbial life in sedimentary deep subsoil is not only altered by 446 

postsedimentary rooting, but may thrive more or less continuously long after the lifetime of the root in 447 

remaining hotspots. This is potentially stimulated by successive generations of roots partially re-448 

utilizing existing root-derived biopores (Fig. 4), a mechanism well known for crops in shallow subsoil 449 

(Kautz et al., 2013). Analogously to deep sea sediments (Takano et al., 2010) or topsoils (Dippold and 450 

Kuzyakov, 2015), in ancient terrestrial sediments and root systems like at the Nussloch loess-paleosol 451 

sequence, microorganisms may thus feed on microbial degradation products and, in case of terrestrial 452 

settings, rhizodeposits even millenia after decay of the initial microorganisms and/or root. Likely, 453 

ongoing microbial dynamics in sedimentary deep subsoil is a widespread phenomenon. As shown by 454 

a survey of root and root feature distribution in sedimentary deep subsoils of various age and texture 455 

throughout Central and Southeast Europe (Gocke et al., 2014a), deep roots entering soil parent 456 

material are not an exception but likely abundant at many sites globally. 457 

 458 
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Figure 4. 459 

Conceptual figure of root-related microorganism distribution and associated processes over time for vegetation 460 

growing on terrestrial sediments like e.g. loess or dune sands. 1) Synsedimentary situation with scarce vegetation 461 

cover consisting of grasses and herbaceous plants, with shallow roots. 2) Roots of tree vegetation A enter the 462 

deep subsoil, stimulating microbial life in the rhizosphere adjecent to roots. 3) After death of the root, the ratio 463 

living : dead microorganisms and thus the ratio intact polar : free/core lipids decreases. 4) Millenia after root 464 

death, biopores and/or rhizoliths remain. Quantities of signature molecules of dead microorganisms are reduced 465 

by degradation. Process rates decrease with time, but proceed continuously over long time spans. Living 466 

microorganisms feed on dead microbial remains as well as on plant remains and sedimentary organic matter. In 467 

the figure, roots of the next tree vegetation (B) approach the ancient root systems, because the latter provide 468 

plant-available nutrients and old microorganism hotspots can be re-activated subsequently. New root effects may 469 

overprint old ones, e.g. if subsequent roots use old biopores. After phase 3, the cycle may thus continue with 470 

phase 2 and tree species B. 471 

 472 
Our results disprove the traditional assumption of organic remains being solely incorporated during 473 

sediment deposition (Conte et al., 2003). This implies uncertainties for paleoenvironmental records in 474 

Quaternary terrestrial archives with allegedly high chronological resolution like loess-paleosol 475 

sequences. Horizontal transects from rhizoliths via rhizosphere towards root-free sediment at various 476 

study sites revealed the postsedimentary overprint of free FAs and core GDGTs (Huguet et al., 2012, 477 

2013a; Gocke et al., 2014c), and similarly, PLFAs and intact polar GDGTs from microorganisms 478 

associated with living roots might have been incorporated (Fig. 4). The overprint of synsedimentary 479 

records and time-integrated character of free/core lipids are further enforced by the suspiciously 480 

similar depth diagrams of paleotemperature, reconstructed based on core and intact polar brGDGTs at 481 

Nussloch, which strongly disagree with Glacial conditions (Suppl. Fig. 5). This urges us to recommend 482 

the following cautions prior to sampling, i) at least 0.5 m of sediment should be removed from each 483 

side of the profile to avoid recent root effects, ii) the archive should be carefully regarded with respect 484 

to deep roots and iii) samples should be collected distant from visible root remains. 485 

Further, ongoing OM incorporation and turnover by root-related microorganisms in deep subsoil will 486 

not necessarily entail the sequestration of additional C as recently postulated (Kell, 2012), but might 487 

rather cause net loss of considerable amounts of C stored in paleosols (Marin-Spiotta et al., 2014) due 488 

to priming effects. Thus, the biogeochemical and ecological disequilibrium induced by fresh younger 489 

root and microbial biomass might even stimulate degradation of stabilized sedimentary OM (Fontaine 490 

et al., 2007). To assess this question, carbon stocks in the deep rhizosphere and in respective bulk 491 
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soil/sediment have to be determined and opposed to each other. Generally, studies on the terrestrial C 492 

cycle as well as soil microbial studies should be extended to greater depths, including the soil parent 493 

material which has been largely neglected so far (Richter and Markewitz, 1995; Harper and Tibbett, 494 

2013). 495 

4. Conclusions 496 

Signature molecules for both living and fossil microorganisms were found throughout a Central 497 

European 9.5 m thick soil-sediment profile, i.e. in the Holocene soil and in associated sedimentary 498 

deep subsoil of Pleistocene age. For the first time, we demonstrated significant correlations of 499 

microbial communities in sedimentary deep subsoil with frequencies of recent roots as well as fossil 500 

calcified roots, so-called rhizoliths, and root-derived biopores. Our unique multi-proxy approach 501 

revealed significant interrelationships of living microorganisms with recent root quantities, and of fossil 502 

microbial communities with frequencies of recent roots and ancient root remains. This indicated that i) 503 

the paleoenvironmental signal recorded in terrestrial sediments can be altered by postsedimentary 504 

rooting, and ii) roots may entail long-term maintenance of microbial life in deep subsoil. Plant roots 505 

entering deeper parts of the soil including the parent material up to several millenia after its deposition 506 

are thus an important source of carbon and nutrients, stimulating microbial life far beyond the lifetime 507 

of the root. The widespread occurrence of deep roots up to several meters below the topsoil not only 508 

at the current study site, but at several sites around the world, suggests that these root effects on deep 509 

subsoil microbial communities are not an exception. 510 
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