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Abstract: During recent archeological excavations in the Roman city of Carnuntum three spots with residues
of streets, houses and side buildings from the time span between 1% and 4" century have been investigated. 40
soil samples taken from different layers gave the possibility to investigate the local soil bacterial communities
by Next Generation Sequencing (NGS) of 16S rRNA. The background of this study was to check similarities
and differences in the composition of microbial communities and to check of special types of proved bacteria
or groups of them could be related to the archaeological findings. In result, the 165 rRNA data shows
similarities between some samples, but also important differences in the compositions of soil bacterial
communities of single samples. On the one hand, some samples are distinguished by the dominance of single
major components from other samples. On the other hand, specific differences between soil samples are
reflected by the patterns of mediate and less abundant bacterial groups. This supports the hypothesis, that
differences in soil bacteria composition are strongly influenced by differences of the deposed soil material and,
therefore, dependent on ancient human activities which created the deposits and local ancient environmental
conditions many hundred years ago. This “echo” of ancient human impact on local soil bacteria composition
is reflected, for example, by manure- and oil-related OTUs originating from two different street surfaces as
well as by contaminated and mixed soil fills and ancient hearths and fire places. The findings support the
concept of “ecological memory of soil” meaning that early impacts impress traces in the composition of soil
bacterial communities which are detectable up to the present.

Keywords: soil bacteria; bacterial communities; NGS; archaeology; excavation; Roman Empire;
archaeo-ecology

1. Introduction

Molecular sources are increasingly considered relevant in archaeological research. Besides the
classical typology of human artefacts — pottery, tools, weapons and so on — organic residues and
biomolecular markers are able to supply important information about early human populations or
on the history or prehistory of ancient settlements or other places related to former human activities.
Among other molecular markers, ancient DNA is particularly well suited for the identification and
characterization of ancient human residues or residues of plants and animals [1-4]. The analysis of
ancient DNA made it possible, for example, to reconstruct prehistoric migration processes [5], to
identify the ancient cultivation of plants [6], or to detect the role of parasites in medieval cities [7].

In addition to the analysis of DNA originating from multicellular organisms, the characteristic
DNA of microorganisms can help to illuminate ancient life conditions and the effect of diseases on
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the development of human populations. Thus, the importance of pathogenic bacteria as the Yersinia
pestis which is known for the dramatic role they played during the middle ages could be understood
for prehistoric populations, too [8].

Besides genetic data originating from humans or from pathogens, the genetic composition of soil
bacterial communities can have been affected by human activities and, therefore, carry information
on the ancient situation of a prehistoric or historic settlement or work place [9, 10]. This information
is of high interest for archaeologists, for reconstruction of use of places and ancient local
environmental conditions and the interactions between human activities as land use, settlements,
handcraft and livestock farming with soil, on the one hand. On the other hand, the understanding of
ancient human impact on soil bacterial community could open new insights into long-term ecological
processes in soils as well as into the possible consequences of human activities on local ecological
situations after centuries and millennia.

The composition of communities of soil bacteria can vary very strongly and is often marked by
a very high diversity [11]. It depends on the soil pH, salt content, humidity, nutrients and other
chemical conditions and is influenced by the fate of a place in the past [12]. Changing environmental
conditions mean, in general, a change in the dominance of growing bacteria in soil. But, such changes
do not mean a total and immediate disappearing of all bacteria growing before the environment
changes. In opposite, some of the formerly growing bacteria might switch into a dormant state, to
form spores and are reduced in their concentration, but can remain be present to a certain extend for
a long time. Therefore, the composition of soil bacteria has not only to be understood as a mirror of
the recent ecological situation of a place, but can also be interpreted as an “ecological memory”
conserving information on former local ecological conditions [13, 14]. This point of view makes
analyses of local soil bacteria communities interesting for archaeology. Recent studies suggest the
effect of former local human impact on soil bacteria situation [15, 16], for example, for an iron age
settlement [17] and iron age burials [18], for prehistoric hillforts [19], for pre-industrial mining
activities [20] and a historical tannery site [21]. From an archaeological point of view, a “biological
memory of soil” was recognized in 2008 during the investigation of mycobiota in cultural layers of a
medieval urban city and the term “soil mycological memory” was proposed [22]. The concept of
ecological memory was applied for describing [23] and understanding the dynamics of interactions
in communities over longer timescales [24]. Paleoecological investigations suggest ecological
memory effects at millennial time scales [25]. By means of memory effects in simulations it seems to
be possible to estimate the effect of perturbations on ecosystems and their resilence [26]. Memory
effects in soil are in the focus of interest due to their practical consequences for agriculture [27].
Therefore, the composition of soil bacterial communities is particular important [28]. Thus, short-
term memory effects in top soil related to ecological dynamics in humus and soil fertility [29, 30] as
well as long-term biogeocenotic functions of microorganisms and the response behavior of soil
microbiota on perturbations are important factors reflecting the role of ecological memory effects on
different time scales which is interesting for archaeology, but also important for future measures in
response to changing ecosystems and under climate and other anthropogenically caused stress [31].

Beside the above mentioned recent investigations, published results of investigations on soil
bacteria of archaeological soil samples are comparatively rare. But, data of soil bacteria compositions
can include a lot of information concerning the state and the history of soil. This concerns recent
chemical and nutritional conditions which are still influenced by changing composition of non-
biological soil components in the past, on the one hand. They can include considerable effects as salt
content, soil pH, gas permeability and oxygen availability, organic residues or presence of different
nitrogen and sulfur species. On the other hand, it has to be taken in mind that formerly active bacteria
could be conserved in soil pores in a less active or completely dormant state. This way, genetic
information of soil bacteria components which had been active hundreds or thousands years ago
could be stored in the covered soil and mirroring aspects of formerly local environmental conditions.
This idea is based on the fact that changing environmental conditions cause changes of bacterial
growth and shift the compositions of soil bacterial communities, but does not have to be responsible
for an immediate disappearing of bacteria disadvantaged by change. In contrast, it is assumed, that
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dormant states of bacteria are stabilized and stored after re-locations of soil material and after
covering of surface soil layers by other soil material, residues of buildings or deposition of other
material on top during the changing use of a place in the past.

The present study is based on 165 rRNA analyses and shows considerable differences in soil
bacteria composition at minor spatial distances. The series of soil samples from an archaeological
excavation in the ancient city of Carnuntum (Austria) [32] offered the possibility to investigate soil
bacteria communities from different functional and temporal archaeological contexts from one place.
40 samples taken from different horizons and well-defined specific locations with different ancient
functions gave the unique opportunity to compare soil bacterial communities, to analyzing them for
similarities and searching for specific types. These samples seemed to be very interesting for looking
for indications contradicting or confirming the concept of “ecological memory of soil”. In addition,
such an analysis was motivated by the idea of a model study for checking the potential of the genetic
data of soil bacteria for supplementing of archaeological findings and conclusions. Here, the results
of the analysis of the 16S rRNA of this sample set are reported.

2. Experimental

2.1. Archaeological Setting

In 2021 a 110 kV high voltage powerline was constructed which follows a trace from Bad Deutsch
Altenburg (province of Lower Austria) northwards across the river Danube. It traverses the
archaeological site of Carnuntum, which is situated at the southern bank of the Danube, at the site
wherein antiquity the amber road forded the river. Ancient Carnuntum, the capital city of the Roman
province of Upper Pannonia, consisted of a fortified legionary camp, the canabae legionis (the typical
civilian settlement in the immediate vicinity of a Roman military installation) around it, a fortified
cavalry camp and a separate civilian town of considerable size [33-35]. In its heydays, the
agglomeration accommodated close to 20.000 inhabitants and occupied an area of several square
kilometers. Although near to nothing of the ancient settlement and its buildings is preserved above
the current surface, the complete extent of its known vestiges below ground is protected heritage.
Nevertheless, it was unavoidable that three of the powerline’s pylons were situated in the known
area of the canabae, east of the legionary fortress proper. To make the best out of this situation, the
pits for the pylons’ concrete fundations were not dug by machine but in the course of regular
archaeological excavations. With the aim of minimizing the inevitable damage to the monument, the
resulting trenches M 06, M 07 and M 08 had been purposefully situated in places, for which previous
geophysical research had provided evidence that the ancient build-up was less dense than in other
areas of the canabae. An overview of the archaeological excavation sites is given by combined
georadar plot - aerial image in Figure 1.
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Figure 1. The canabae legionis east and southeast of the legionary camp of Carnuntum. Georadar plot
with sites of the pylons M 06, M 07 and M 08 (Konecny - Kulturabteilung des Landes
Niederosterreich— LBI ArchPro).

In all three trenches ancient stratigraphy and architecture were exposed. Excavations followed
a context oriented/stratigraphical protocol in which every discernible component of the excavated
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ground was treated as a distinctive and separated context (also called a stratigraphical unit), isolating
it during excavation in order not to mix up different contexts and their materials. The surface layer
of a road was, for instance, treated as a context, the fill-stratum underneath this surface as a separate
context, the fill of a ditch dug along the road was treated as a third, separate context, the fill of a pit
was yet another context, as was, for instance, a hearth, a wall, a foundation trench and its content and
so on. Finds and samples collected and taken from each context were processed and archived
separately, strictly avoiding any co-processual or post-processual mixing/contamination [36, 37]. Soil
sampling, whereas, had not been part of the original excavation strategy and was taken up only while
work was proceeding. Nevertheless, even while not every single context was soil-sampled separately,
every main horizon was sampled at least once, and most often twice, thrice or more often.

Due to limitation in the analysis capacity it was only possible to include a restricted numbers of
samples in the investigation program. We decided to renounce of duplicates or triplicates in the
investigations, but instead include 40 single separate samples in order to integrate the largest possible
size of set of archaeologically well-characterized samples from the same area but originating from
different horizons and different functional situations. These samples are partially taken in close
neighborhood to each other. This strategy means that the reported result has a preliminary
character, on the one hand. On the other hand, there was the hope to become able to demonstrate
that the analysis of bacterial communities can supply variable information for supporting the
interpretation of archaeological findings and to give indications to the increase of bacterial diversity
due to different specific ancient human impacts.

A detailed description of the three excavation sites is given in the supplementary material. An
overview on all investigated samples is given in supplementary Table S1.

All soil samples (water-dispersed soil material) show rather similar pH values in the range
between about 8.4 and 9.1, which represents a weak alkaline character of soil, in general. The values
of the electric conductivities the of water-dispersed soil samples are in the range between 63 and 150
puS/cm which mean moderate electrical conductivity and moderate differences between the single
samples as well. The slightly enhanced conductivity values of the samples C178, C231, C232 and C266
might be caused by residual enhanced ion strength due to antique salt residues from fire-related
activities. The highest conductivity was observed in the soil sample of the earth quake collapse
horizon sample C295 (horizon A). This finds its most obvious cause in modern fertilizing practiced
during the last six or seven decades.

2.2. Isolation of DNA, DNA Amplification, Molecular Labelling

The kits DNeasy® PowerSoil® Pro kits (Qiagen, Hilden (GE)) were applied in order to extract
DNA from the single soil samples. For the procedures the suppliers’ instructions were strictly
followed. For DNA amplification by PCR, a commercial laboratory thermocycler Edvocycler
(Edvotek, Washington D.C.) was used. The result of each PCR process was evaluated by gel
electrophoresis applying agarose gels with a solid content of 1%. Both the primary obtained PCR
products and the final DNA libraries after pooling of labelled samples were treated in a pro ProNex®
Size-Selective Purification System (Promega, Madison (USA)) for purification following the protocol
supplied by the manufacturer.

The adapator primers have been obtained from Eurofins Genomics (Ebersberg, Germany;
Amplicon PCR A519F-Ad & TCGTCGG-
CAGCGTCAGATGTGTATAAGAGACAGCAGCMGCCGCGGTAA 3) and Bact_805R-Ad (5'-
GTCTCGTGGGCTCGGAGATGTGTATAAGAGACAGGACTACHVGGGTATCTAATC 3')). They
were applied in the PCR with a concentration of 100 pmol/pl.

The PCR mixtures (25 ul in total per reaction) were composed as following: 0,5 pl of DNA iso-
lation eluate, 2 mM MgCl2, 200 uM dNTP mix, 0,65 Units GoTaq® G2 Hot Start DNA Polymerase,
nuclease-free water (all reagents from Promega, Madison (USA)) and 1 uM of each primer. The PCR
process consisted of the following steps: first denaturation for 5 minutes at 94 °C, followed by 30
amplification cycles involving 30 s denaturation at 94 °C, 30 s primer annealing at 50 °C and 30 s
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extension at 72 °C. The temperature cycles were finished with a final extension reaction at 72 °C for
5 min.

For molecular labelling an index primer PCR was applied. The required forward and reverse
indexing primers were supplied by Eurofins Genomics (Ebersberg, Germany), too. These primers
were used at a concentration of 1.25 pmol/ul. For index PCR with a total volume of 25 ul per reaction,
the following composition was applied: 2.5 pl amplicon PCR product, 2.5 mM MgClz, 300 uM dNTP
mix, 0.5 units GoTaq® Mdx Hot Start DNA Polymerase, nuclease-free water (all reagents from
Promega, Madison (USA)), and 125 nM of each of the two primers of the respective indexing primer
pair.

Following process steps were applied for the DNA amplification with index primers: initial
denaturation for 3 minutes at 95 °C; eight amplification cycles involving 30 s denaturation at 95 °C,
30 s primer annealing at 55 °C and 30 s extension at 72 °C. The temperature cycles were finished with
a final extension at 72 °C for 5 min.

Blank samples have been processed for the DNA extraction as well as in both PCR steps. For the
control experiments the complete mastermix (buffer, nucleoties, primers, polymerase) was applied.
In all steps the quality of sample DNA was checked in parallel with the amplificates of blanks in a
common gel electrophoresis using ethidiumbromide as double strand DNA indicator.

2.3. Next-Generation Sequencing (NGS): Data Processing

The amplified and labelled 16S rRNA-related sample DNA was sequenced by an Illumina
process by Eurofins Genomics (Ebersberg, Germany).

The NGS supplied fastq files of forward and reverse aligned 165 rRNA. In the first step of digital
processing, these data were converted to fasta format including contig files and quality files (mothur
(version 1.39.5)). For this, the open source platform Galaxy was used (https://usegalaxy.org/). The
quality of all investigated datasets was checked by a median quality score. The value was always
found to be high, indicating a very high quality of data.

In the next step, the contig files were aligned to rRNA databases based on the NCBI cloud using
the SILVAngs data analysis service (https://ngs.arb-silva.de/silvangs). This procedure allowed a
detailed analysis on the basis of the previously obtained sequencing data, supplying information
about the bacterial community of the related sample [38-40]. For all analyses, the preset parameter
configurations of the SILVAngs database version 138.1 were applied [40]. For identification of OTUs
an identity index of 0.98 (threshold of 98%) was used. For the taxonomical alignment of NGS data, a
classification similarity index of 0.93 was applied. In the overwhelming part of classifications, this
index is about 0.99.

The alignment of sequencing data supplies a taxonomic assignment on phylum, class, order,
family and genus level. In most cases, identification down to the genus level is feasible. In some other
cases, the assignment is only possible for higher taxonomic levels. The lowest identified level for each
distinguished bacterial type is referred as the Operational Taxonomic Unit (OTU). In the following,
the compositions of soil bacterial communities are always related to these OTUs, that means on the
genera level as far as possible.

2.4. Data Analyses

The data analyses are based on three main approaches: At first, the composition of soil bacterial
community of each single sample could be described, discussed and compared with each other. At
second, data of groups of samples should be regarded in order to identify possible patterns in the
appearance of selected bacterial types. At third, it should be tried to find specific bacterial types or
patterns with the potential to support the interpretation of archaeological findings and to give hints
for checking the concept of “archaeological memory of soil.

Different methods are applied to evaluate the taxonomic data and sample-specific abundances
of OTUs. First, the percentages of the most abundant phyla are simply compared in a bar chart. The
associated plot includes an automatic normalization of the read counts. Bar charts are also used to
plot absolute read counts reflecting the different abundances of specific OTUs in various samples.

d0i:10.20944/preprints202409.2333.v1


https://doi.org/10.20944/preprints202409.2333.v1

Preprints.org (www.preprints.org) | NOT PEER-REVIEWED | Posted: 29 September 2024 d0i:10.20944/preprints202409.2333.v1

On the one hand, the correlation of abundances when considering the complete data sets was
represented by binary logarithmic correlation plots. They allow comparison of sample pairs based on
the individual abundances of all detected OTUs by plotting these abundances with one sample as the
x-axis and the other as the y-axis. On the other hand, correlation coefficients were calculated for all
sample pairs.

The operational tools of Microsoft Excel was applied for simple quantitative analysis of soil
bacteria abundances in the communities of single samples, as well as for looking for sample-specific
bacterial types and characteristic pattern in abundances of small groups of bacteria. The same
program was used for calculation of correlation coefficients and for graphical plots of abundance
data.

Since double logarithmic correlation plots give a better impression of the relationship between
pairs of samples than linear plots, normalized logarithmic abundance values were included in some
analyses. These normalized abundance r-values are expressed as: the ratio of the individual read
counts N to the total read count of a sample Nsum:

r=10g10 (1+10° * N / Nsum) (1)

The idea behind this log transformation was the intention to enhance the awareness against less
abundant OTUs and to include them with a similar weight into comparisons between OTU patterns
of different samples. This strategy seems to be interesting under the assumption that slowly growing
or dormant bacteria in lower concentrations might represent the long-term microbial memory of soil,
in particular. In graphs based on the r-values, the complete populations in the bacterial communities
are compared according to the magnitude of abundances. In this way, the correlations between
higher and lower abundant OTUs are presented in a common picture.

The distribution of OTUs in the different samples can also be investigated by principle
component analyses (PCA). This analysis was performed by the PCA function of Mathlab. The
corresponding two- dimensional plots illustrate similarities and dissimilarities between samples and
groups of them very clearly.

The motivation for this study was to get an idea how information on local soil bacterial
communities can be used for supporting interpretations of archaeological findings. Therefore the
sample set from Carnuntum gave us an excellent opportunity because it consists of 40 samples from
different sampling points and eight different temporal horizons spanning a time frame of about 4
centuries and are related to different local human impact as substreet construction, street surface,
building, courts, different fillings, hearths and fire places. Due to the relative high number of samples
and limited resources we decide to process all samples instead of making duplicates or triplicates of
only a part of them. Besides an overview about the presence of phyla in the single samples, we add
data and graphs illustrating the Alpha diversities in single samples as well as the Beta diversity of
soil bacterial community. In addition, the manuscript and the supplementary material contain beam
diagrams reflecting specificities of samples and relations between them.

3. Results and Discussions

3.1. Composition of Soil Bacteria Communities by Phyla

The sample set is generally characterized by high abundances of Proteobacteria, Actinobacteria and
Firmicutes, in most cases (Figure 2). The strongest dominance of Proteobacteria was found in samples
C137, C150 and C299. These samples were taken from horizons of a 2nd century building and
adjacent courtyard. In sample C232 — taken from the ashlayer on a hearth dating to the late 1st century
- more than 60% of reads belong to Firmicutes. A particularly high content of Firmicutes was also
found in sample C300, which originates from the floor of a 3rd century courtyard. Sample C165 —
taken from the fill underneath the surface of a 2nd century street — is dominated by more than 60%
of reads of Actinobacteria. The samples show the abundance of Archaea, too, among them Nanoarchaea
and - in most cases in comparatively high abundances — Crenarchaea.
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Figure 2. Composition of bacterial communities of all samples by phyla (165 rRNA data); trench 6:
samples C303-C347; trench 7: C248, C263, C266, trench 8: all other samples; sample names and short
description of the data of their soil bacterial communities are given in Section 3.2.2. A short overview
on sample numbers, soil pH and electrical conductivity data is given in supplementary Table S1.

3.2. Composition of Soil Bacterial Communities by OTUs

3.2.1. Alpha Diversity Characterized by Logarithmic Rank Functions

The NGS of the investigated samples supplied between about 20,000 and 80,000 reads per
sample (with exception of samples C282, which showed very low read numbers). The number of
OTUs with at least 1 read per sample was in the range between 142 and 791. The number of OTUs
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with at least 10 reads per sample was in the range between 39 and 382. This means that the sample
group is marked by a comparatively large spectrum of alpha diversities.

The differences in the alpha diversities are well reflected by logarithmic rank order functions
(Figure 3). Each sample is marked by a characteristic line reflecting the distribution of read numbers
on OTUs. The logarithmic plot illustrates particular well the differences in the distribution of reads
for OTUs with low and mediate abundances.
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Figure 3. Rank functions illustrating the differences in the alpha diversity for the different sampling
points: a) samples C111 — C263, b) samples C266-C341.

It is remarkable that a part of samples shows rather similar rank functions with a simple
exponential character (approximately linear range in the logarithmic plot) for lower and mediate
abundant OTUs (up to about 100 reads per OUT). In contrast, the other part of samples is marked by
lacks of lower abundant OTUs which results in strong shoulders in the logarithmic rank functions.
This concerns particular strong the samples C119, C150, C169, C298, C299 and C300 which are
marked by low total numbers of proved OTUs. It seems that the shoulder in the rank function of
these samples are preferred related to samples from filling material. In contrast, some samples from
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inside buildings, from hearth places and street surfaces are marked by a high number of proved OTUs
resulting in straight lines in the lower parts of logarithmic rank orders.

3.2.2. Highly Abundant Special Bacteria

A great part of samples is marked by relatively high abundances of single OTUs. 14 samples
contain more than 5% Nocardioides (Figure 4a). This genus generally has comparatively high
abundances. It is mesophilic and aerob. Aeromicrobium was found in 12 samples in high abundances
(Figure 4b). Aeromicrobium is closely related to Nocardioides and belongs to the family Nocardioidaceae,
too. It is remarkable that this genus appears in 5 samples of excavation spot C, among them four
times in fire-related contexts. With more than 20% of reads, it is particularly dominant in the context
of the debris of a 2nd century cupola oven. The soil samples with high Aeromicrobium read numbers
from other excavated contexts seem to confirm the relation of this genus to fire-related matter. High
abundances of Limnobacter were detected in the lowest investigated layer originating from the first
century, for example in soil fill (Figure 4c). Limnobacter was first described in a German fresh water
lake sediment in the species Limnobacter thiooxidans which has the ability to oxidize sulphur-
containing compounds [41]. This ability could hint to sulphur-containing substrates which might
have originated from sulphur-rich organic materials, for example proteins like keratin from hair, horn
or other animal residues. Pseudonocardia (Figure 4d) are particular abundant (more than 10% of reads)
in samples C119, C162 and C165 originating from the same spot (B) and deeper horizons D and E
(late 2nd century). Such a high abundance of Pseudonocardia was also observed in the sandy alluvium
("Marchsand”, C263, sampled in trench M 07). Pseudonocardia is, in general, a widely distributed
genus of Actinobacteria. The abundance of Acinetobacter is interesting as well. It was observed with
over 20% of the reads in samples C150 and C299, in about 50% of the reads in C137 and about 10% of
the reads in sample C263 (sandy Alluvium), whereas all other samples contain low or very low
contents of Acinetobacter. In analogy to Pseudonocardia, high abundances of Acinetobacter appeared
in horizons D and E (late 2nd century), but at the sampling sites C and D (trench MO08). Acinetobacter
generally is a highly abundant soil bacterium too. It belongs to Gammaproteobacteria. The genus is
known for strains which are able to degrade aromatic hydrocarbons. Four general highly abundant
and frequently dominating genera are also the most abundant OTUs in sample of sandy alluvium
C263 which can be regarded as a reference sample. This concerns Nocardioides, Pseudonocardia, Bacillus
and Acinetobacter. Their presence in all samples and their massive occurence in C263 and in many of
the other samples allows to interpreting them as main standard components of bacterial communities
with higher relevance for the general and recent soil conditions than for a spot-specific ancient
situation or ancient human impact. The soil-fill samples C119 and C283 show a similar abundance
pattern as the marchsand sample C263 concerning these four main components. But all other samples
deviate stronger from the abundance ratios of these OTUs in C263. This can be taken as a general hint
to ancient human impact.

In contrast to the above mentioned OTUs, there are few groups of soil bacteria which appear in
a single sample much higher abundant than in all others (Figure 4g-j). Thus, Lysinibacterium and
Psychrobacillus are highly abundant in sample C232 (ash of hearth, horizon H, 2nd half 1st century),
Exiguobacterium in C300 (floor filling in court area, horizon C, 3rd century). In particular, in sample
C232, the high read numbers seem to indicate a special ecological situation in the hearth/ash-
determined soil material. Lysinibacterium, Exiguobacterium as well as Psychrobacillus belong to the
gram positive family Bacillaceae. Exiguobacterium is reported to be able to metabolize highly
resistant synthetic polymers as polystyrene [42].

Besides the appearance of the dominant OTUs in special samples, the complete absence or very
low presence of generally highly abundant OTUs in one or few samples shed a light on specific recent
situations in these samples. The findings support the hypothesis that formerly human impact can
causes a considerable increase in Beta diversity [21]. An overview on the OTU patterns of single
samples is given in the supplementary material.


https://doi.org/10.20944/preprints202409.2333.v1

Preprints.org (www.preprints.org) | NOT PEER-REVIEWED | Posted: 29 September 2024 d0i:10.20944/preprints202409.2333.v1

11

Nocardioides a Aeromicrobium b
35,0 25
30,0 5
’ B 20
25,0 o9
=
20,0 815
15,0 E 10
c
10,0 g
= 5
5,0 S
0,0 0
O N O D W oA QO =~ =~ 0y (=] [f=] [=)] %3] [aal (] — - ~ o~ M~ [¥=]
O v OV W O O - F OO M m [=1 m - (=1 o o <t = ~ M~ =)
M o~ NN AN N N m (ol i oM "M o o~ [l m = — o~
Lo 0o oo o0 ooV o oo Q (] o o (] o o (] Q (&) (&) o
Limnobacter c Pseudonocardia
18 25 d
16 -
14 g0
<]
12 x 15
10 it
oo
8 £10
6 g
4 5
£ 5
2
0 0
0O W N~ NN OO N A MmN~ D = M~ O N 0 O O N M~ M oW
L e T B B =T =< =T s T VI - = T =1 N O W0 W O O W N M~ WU - W W
NN H H AN N AN NN NN - MmN AN M o - = AN
QLU Lo LLDO Lo L O o0 u L oo o o oo ooQ

Bacillus Acinetobacter
20 60

m

15 50

10 30

20
10

Percentage of Reads
(=] w

Percentage of Reads
o &
E .

L= T o A~ < B Y = T o T o T« B = O o A s e B == I 5 |
Q M~ O 0 N NN Q2 W
cooddggdodoogaggg €162 €307 €139 €298 C300 €263 C150 €299 C137
Lysinibacillus g Exiguobacterium
30 35
25 30
20 25

20
15
10

15
10

o n
(%3]
=p

- wm - wm W
@ M M~ n o o W OO N NG © QO = T W W M 0 N WU W N M>~m Qo
Mm O B & O N O L O~ 00 O = 00 M [ s I o o Y= R Y o T« B Ve V= SO - = B e R Vo B e ]
= AN e M o N NN NN = M M = NN NN NN MmN M
L o Vo0 o Lo oo oo o oo oL L o Lo Voo Lo oo oo

Zixibacteria

12 12

Psychrobacillus

s
o N B O O
=
o N B o O
M s

- wm W
SNt DN N AL 0O m M~ = 0 Q0 U 5 o~ o o oo
W N @~ N o S o o 0 W WO ~ = s 0 O N W Q @ Q M~ @ o oM
N AN H AN A A A N AN N N AN e B o B o R e B L A o B T I o B B B o
L L oOLOLLOLOLOLOLOOLUOY oL oLV oLV LuLoOoOLLD LU

Figure 4. Highly abundant OTUs: Samples sorted by the percentages of highly abundant bacteria;
Sample names, meaning and short description of the data of their soil bacterial communities are given
in chapter 4 (OTU patterns of single samples). A short overview on sample numbers, soil pH and
electrical conductivity data is given in supplementary Table S1.

3.2.3. Relations between Samples Reflected by Principle Component Analyses (PCA)

For PCA, the logarithm-related r-values of abundances have been used. This procedure should
help to consider the less abundant types adequately besides the higher abundant OTUs. The
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correlation for first and second principle component over all OTUs reflects certain distribution, but
not clear clustering of samples.

In addition, PCA was performed separately for different abundance classes. Therefore, the total
abundance over all samples was chosen as criterion. The groups of lower abundant OTUs (10-100
and 100-1000 reads in total) showed certain structured patterns. It seemed that the first PC for low
and mediate abundant OTUs was better suited for distinguishing of samples then second PC.
Therefore, we chosen the first principle component of the both lower abundant groups and plotted
these data in a 2D diagram (Supplementary Figure S514). This plot support the impression that the
total of lower abundant OTUs is better suited than the highly abundant types for distinguishing
specificities of samples in memory effects in their soil bacterial communities.

In addition, this possibility of distinguishing sample groups shows for our opinion clearly that
— despite all noise and uncertainty in interpretation of quantitative data of single OTUs — the common
reconsideration of all OTUs of one abundance class can help to distinguish samples by quantification
in PCA. This interpretation meets the assumption that OTUs related to ancient perturbation and
human impact on soil are preferably found among the mediate and lower abundant bacteria. In our
case, the assigning of the cluster types to the soil profile supplies neither a clear relation to the specific
locations nor to the horizons (Supplementary Figure 514). Thus it can only be speculated that other
differences in formerly human impacts are reflected by the sample clustering when lower abundant
OTUs are reconsidered. The clustering seems to separate a group of samples from divers fills from a
sample group including furnaces, hearths and the barbecue pit beside other fills.

For low read numbers (10-100 reads in total) four clusters of samples can be distinguished which
are mainly separated by PC1 (Figure 5a). For high read numbers (>10,000 reads) two groups of
samples are identified, distinguished from each other slightly in the first and the second principal
component PC1 and PC2. It is remarkable that the fire-related samples are mostly found in one of the
both cluster (low values for PC1), what speaks for a memory effect to fire reflected in the group of
highly abundant bacteria (Figure 5b). By PCA data it can only be speculated about specific differences
in the local recent and ancient ecological situation for selected samples groups. Thus, samples C190,
C218 and C219 (trench M08, sampling area A) are found in the same cluster, in all cases reflecting the
strong local relation and, probably, a certain ecological similarity, too. The same is true for C295
(horizon A) and C297 (horizon C) both originating from trench M08 sampling area D, whereas the
intermediary sample C296 (horizon B) from the same sampling area is in all ways quite different from
the both other samples. The last mentioned conspicuousness is confirmed by looking at highly
abundant OTUs, as well (see below).

d0i:10.20944/preprints202409.2333.v1
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Figure 5. PCA of different abundance classes: a) 10-99 reads in total over all samples (different
symbols ate arbitrarily chosen for illustrating a certain clustering of samples), b) >10,000 reads in total
(read symbols represent fire-related samples).

A PCA analysis for OTUs with more than 10 000 reads in total allowed to identifying a set of five
OTUs, which form a separate cluster in PC1/PC2 correlation diagram (green triangles in
supplementary Figure S15). To this cluster belong Kryptoniales BSV26, Polaromonas, Limnobacter, a
uncultivated genus of Solimonadaceae and strains of Nitrosotaleaceae. Their abundance distribution in
the samples shows for all five OTUs a clear subdivision in two abundance groups: samples with
mediate to high abundances (above about 40 reads) and samples with no or a few reads, only. The
last mentioned bacteria group (low abundance) concerns mainly fill material from horizons A-E,
including C119, C150, C162, C165, C296, C299 and C300. Higher abundances of the five mentioned
OTUs were proved in samples from horizon F-H, but in addition in samples C295 (horizon A) and
C297 (horizon C). These samples are related to court and building. Remarkably, Polaromonas and
Limnobacter are described by thiosulfate and sulphur oxidizing strains [43, 44]. The Kryptonia group
- found in geothermal springs - seems to be related to iron respiration and might by related to sulphur
redox processes, too [45]. Sulphur-related organic residues could hint to organic material from
animals like horn and hair and can be expected from building and court. These features correspond
to the lower stratigraphic situation of the horizons F — H and give a hint on translocation of deeper
material in the higher levels of the sampling sites of C295 and C297.

Obviously, the formation of clusters by analysing the PCA is suited for a raw evaluation of
sample groups and OTU groups. But it has to keep in mind that it is not suited to be applied for a
getting a detailed picture of sample relations, in our case. For a comparative analysis in the following
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small groups of OTUs will be analysed in order to identifying relations between pairs or small groups
of samples.

An estimation of similarities between pairs of samples was possible by calculation of Bray-Curtis
Dissimilarity Indices. For these calculations, the r-values (normalized logarithmic values, eq. (1)) have
been used in order to reconsider higher and lower abundant OTUs. The results for the 10 OTUs
shown reads in all 40 samples are shown in Supplementary Table S2. For comparison, a second set of
Bray-Curtis Dissimilarity Indices was calculated reconsidering a set of mediate abundant OTUs
present in 24 of the 40 samples (supplementary Table S3). Low dissimilarity values have been found,
for example, for sample pairs C124 and C169 and for C341 and C347 in the highly abundant OTU
group (supplementary Table S2). In the group of OTUs present in 24 samples the three sample pairs
C119/C263, C248/C347 and C297/C347 showed particular low dissimilarity values (supplementary
Table S3).

3.3. Finger Print-like Abundance Patterns (FPP) and Relations between Samples

3.3.1. Close Neighbourhood

During the analysis of the complete data sheet of OTU abundances it was observed that in
several cases groups of OTUs appear at a few or two samples, only, but are mostly absent in the
majority of other samples. These OTU groups seem to represent finger print-like patterns (FPP).
Besides, the sample-exclusive OTUs, the OTUs in the FPPs could be interpreted for getting sample-
specific or group-specific information.

Some of the FPPs were found in samples which had been taken from sampling points situated
closely to another. In these cases, specific local conditions are responsible, obviously, for the
formation of these patterns. Such a situation is clearly indicated by the abundance pattern for a group
of 19 OTUs which are proved in sample C218 as well as in C219 (Figure 6). Both samples originate
from the fill of a barbecue pit. Besides this, it is remarkable that the pattern is mainly formed by OTUs
with few dozen reads, only. This indicates that sets of small read numbers as found in the FPPs might
be useful for identification of relations, in general.

|
1000 - *
m Candidatus Wolfebacteria

WARIS

W PHOS-HE36

W Solimonas

W JG1 0001001-HO3

100 M Uraniz-1B- 128 marine sediment group
W Bacteriovoracaceas, uncult
W Holosporaceas, uncult

® Candidstus Ryanbacteria

‘ - m0G1-02-57-44

M Nitrosachasumn
M Flavizesturariibacter
10 ~ ® Pontibacter

B Ouealicibacterium

[ Flavisolibacter
W Ahniella
Syntrophobacterales, uncult

Sphingorhabdus

| e | e o e o e = FCPU453

Figure 6. Finger print-like abundance pattern (“FPP”) for the close-neighbourhood samples C218
(Trench MOS fill of a barbecue pit) and C219 (coal from the same fill pit) in comparison with all other
samples; Sample names, meaning and short description of the data of their soil bacterial communities
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are given in Section 3.2.2. A short overview on sample numbers, soil pH and electrical conductivity
data is given in supplementary Table S1.

In the majority of other samples, only a few, one or no of the 19 FPP-OTUs of samples C218 and
C219 are present. Exceptions to this are the samples C147, C248, C258, C288, C295, C297, C330, C341
and C347, which are marked by parts of the mentioned OTU-group. These might speak for a certain
relation of the samples to samples C218 and C219. It is remarkable that C147 and C178 originate from
hearths. The samples C330, C341 and C347 originate from a heating system — they are fire-related as
well. The group of the above mentioned 19 OTUs includes nine well described genera, which match
all aerobic environmental conditions. Several of them are also present in samples C190 (street surface)
and, in particular, in C288 (street, substructure). This concerns Solimonas [46], Bacteriovorax [47], the
ammonia-oxidizing  Archaeon  Nitrosarchaeum  [48], the starch-hydrolizing bacterium
Flaviaestuariibacter [49], Pontibacter [50], the oxalate-decomposing Oxalicibacterium [51], Flavisolibacter
[52], Ahniella [53] and Sphingorhabdus [54].

A second example of a remarkable FPP formed by 11 OTUs concerns the samples C295 and C297.
The single involved OTUs are represented by read numbers in the order of magnitude of 10, only.
The samples originate from the same areas, but different horizons. They are separated by the horizon
of sample C296, but surprisingly only one of the 11 OTUs was detected in this sample (Figure 7a).
The characteristic group of OTUs includes the methanogenic bacterium Methanobrevibacter [55],
alkaliphilic and moderately halophilic Anaerobacillus [56], Labrys [57], the rumen bacterium
Acetitomaculum [58], the moderately thermotolerant Sinibacillus [59] and Pseudogracilibacillus [60]. The
majority of these bacteria indicate obviously a formerly more or less anaerobic environment.
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Figure 7. Two examples of FPPs illustrating the relation between pairs of samples from the same spot,
but different horizons separated by intermediate layers: a) abundances of a group of 11 OTUs present
in in samples C295 and C297 (spot D of MO08), separated by a floor horizon (sample C296), b)
abundances of a group of 7 OTUs displaying an obvious relation of the both street horizons C162
(horizon E) and C288 (horizon H) of spot B of M08, separated by horizons F and G; Sample names,
meaning and short description of the data of their soil bacterial communities are given in Section 3.2.2.
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A short overview on sample numbers, soil pH and electrical conductivity data is given in
supplementary Table S1.

A similar situation was observed for samples C162 and C288, which also come from the same
area, but are separated by several intermediate horizons (Figure 7b). They are distinguished from
most other samples by seven OTUs, including the genera Cystobacter, Planctomicrobium, Olivibacter,
Cryptanaerobacter and Pseudoclostridium. Olivibacter was found in alkaline viscous oil mill waste [61]
and could indicate formerly oil-rich and probably alkaline local environment. Cryptanaerobacter was
first isolated from mixed waste with sewage sludge and swine waste and found to be able to
transform phenols [62]. Pseudoclostridium was found in sludge from an oil field and is able to degrade
Xylan [63]. This group of bacteria could indicate a surface contaminated with oil and manure. This
could match well with the expected state of a street surface distinguishing it from a street substructure
below its surface as corresponding to sample C165, originating from a intermediate horizon between
C162 and C288. The interpretation of a formerly oil- and manure-contaminated surface for C162
corresponds very well with the profile of the less abundant exclusive types.

A local relation could also be reflected by the FPP connecting the samples C124 and C296.
Whereas the specific bacterial compositions of these both samples are very different to C295 and
C297, they both show a group of four bacterial types which was rarely found in other samples, among
them the genera Pseudolabrys, Halodurantibacterium and Phytohabitans (Suppl.-Figure 516).
Pseudolabrys was identified as a soil bacterium being able to metabolize organic acids [64].
Halodurantibacterium was isolated from an oil production mixture of a northeastern chinese oilfield
[65], Phytohabitans was first isolated from orchid roots [66]. The first two OTUs mentioned might
indicate a local environment contaminated to some degree with oil.

3.3.2. Stratigraphic Relations

Besides local relations, some pairs of samples from different sampling spots seem to be related
by their stratigraphic situation. Several of these relations concern the low neighbourhood horizons G
and H. Thus samples C218 and C219 (horizon G) on the one hand and C231 and C288 (neighbourhood
horizon H) on the other hand are marked by a set of five OTUs from different taxonomic groups,
which are rarer in other samples. In addition, sample C218 and C288 are related by a FPP of the five
OTUs Hirschia, the sulphate-reducer Desulfosporosinus [67], Cand. Ryanbacteria, Lutispora and the type
numbered as CG1-02-57-44.

The samples C124 and C162 belonging to the neighbourhood horizons E and D are distinguished
from all other samples by a signifcant abundance pattern of a group of six bacteria (Suppl. Figure
S17a) among them the halophilic Salinococcus [68], Actinoplanes, Enhydrobacter and OTUs from the
families Thermoactinomycetaceae and Streptosporangiaceae. Sample C162 shows also a common FPP
with sample C266. This bacteria group concerns Prauserella — first isolated from alkaline soil [69],
Aerococcus and both the genetically determined OTUs Cand. Peregrinibacteria and the group
Lachnospiraceae NK4A136. The samples C295 and C296, which are different in most parts of the
abundance pattern show a common FPP of four types which are found together only in sample C178.
It consists of the sulphur-oxidizer Sulfuriferula [70], Nakamurella, the phosphate-accumulating
bacterium Microlunatus [71] and Nibribacter.

The pairing of samples C111 and C124 both originating from horizon D (first half of 3rd century)
is marked by a rather similar abundance pattern (Suppl. Figure S17b) involving the ammonia-
producing Curtobacterium [72], Facklamia, Knoellia, Ruminococcus and Terrisporobacter. Knoellia was
found, for example, in pig manure [73], starch-decomposing Ruminococcus in bile [74]. Strains of the
genus Terrisporobacter were isolated from bovine manure [75] as well as from a petrol reservoir of an
oil field [76]. The existence of this OTU group suggests a relation to the common horizon D. All of
these five bacteria are found with low read numbers in C248, too, four of them in samples C147, C169
and C295, which are related to different horizons. The appearance of these bacteria in C248 might be
caused by the relocation of soil material during the excavation of 1905. A common feature of all
samples could be the character of clayey fills contaminated by dung and other kinds of organic waste,
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which matches the interpretation of the sets of low abundant exclusive OTUs (see Section 3.2.2.) of
both sampling areas.

3.3.3. Fill-Related Patterns

Sample C248 represents thoroughly mixed material of ancient and recent origin. It contains a
group of 12 bacteria, most of which are observed in samples C295, C306 and C315 as well, but occur
only partially or are completely absent in most other samples (Suppl. Figure S18a). It is remarkable,
that the afore mentioned four samples all originate from mixed deposits — C248 from the
archaeological excavation at the beginning of 20th century, C306 and C315 from debris left over from
the earth quake of 360 AD, and C295 was taken from earch quake debris most probably conatminated
by the plow. In addition, C248 has a common FPP of five bacteria — Lentimonas, Saccharotrix, Ahniella,
JAFR-76 plus a genus not further characterized of Xanthobacteraceae — with the earth quake material
from sample C315 (Suppl. Figure S18b). It seems justified to assume that this specific similarity
between C248 and C315 is the result of the mixing of ancient and recent soil material — in one case
(C248) by the old excavation.

A FPP of three bacteria connects the fill material of samples C124, C172, C286 and C306, but
distinguishes them from the mixed soil material of C248 and most other samples. It concerns
Fonticella, Aneurinibacillus and Ureibacillus. Following literature data, Ureibacillus [77] was found in
compost and prefers higher temperatures for growth, as does the thermophilic bacterium Fonticella
[78].

Samples C162 and C296 contain material from ancient surfaces, but originate from different
horizons (E and A). They are marked by FPP of four bacteria, documented in sample C306 as well —
an ancient planum after the 4th century earth quake.. This bacteria group includes Jiangella,
Jeotgalibacillus, Micromonospora and an uncultivated genus of Beijerinckiaceae. Samples C169 (horizon
F) and C283 (horizon H) are marked by a similar FPP with six bacteria consisting of thermophilic
Herbinix [79], halophilic Haloplasma [80], and methylotrophic Methylobacillus, Methylamin-
metabolizing Methylotenera [81] and uncultivated genera of the families Nocardioidaceae and
Syntrophomonadaceae.

The FPP of three OTUs - Afipia, the Arsen-tolerant bacterium Arsenicitalea [82] and the halophilic
and cellulolytic bacterium Halocella [83] - seems to be related to soil fills, too. It was found in samples
C111, C162 and C223. Combinations of Arsenicitalea and Halocella were also found in samples C169
(fill in courtyard, 2nd century), C286 (fill of horizon H) and C288 (same horizon), combinations with
Afipia in C283 (soil filling besides hearth, horizon H), C295 (horizon A), C297 (horizon B) and C341
(horizon of early 4th century).

3.3.4. Fire- or Heat-Related Abundance Patterns

The bacteria-quadrupel Solimonas, the thermophilic Fontimonas, Alicyclophilus — a nitrate-reducer
able to degrade cyclohexanol [84] — and OTU PHOS-HE36 are forming a FPP which was found in the
coal material of sample C219, in the sample from the hearth floor C231 as well as — from trench M 06
situated approximately 600 m distant — in the sample of the praefurnium floor C341 (Suppl. Figure
S19a). Three of the bacteria (exception: PHOS-HE36) occur in praefurnium floor sample C347, taken
from the lowest/earliest floor of the same praefurnium of which C341 represents a later horizon of use
as well.

The community compositions of the conflagration debris sample C266 and sample C330
(praefurnium floor superimposed above sample floor C341) are marked by a common quadruple of
lower abundant OTUs made up of the thermophilic bacterium Limnochorda [85], the ammonia-
oxidizer Nitrosarchaeum, the thermophilic bacterium Planifilum [86] and Rhizobiales group A0839
(Suppl.-Figure 519b).

Samples from hearths are marked by OTUs which are reported to be related to enhanced salt
contents. The measurements of electrical conductivity do not speak for a particular high salt content
in the recent soil material. Therefore, it can be concluded that the rRNA-profiling indicates not a
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recent, but a historically enhanced salt content — probably due to patterns of use of the places. This
would well agree with the character of fire places and accumulation of salts from ashes in antiquity.

3.4. Local Distribution of OTUs on Excavation Site M08

The extensive sampling carried out in trench M08 offers the possibility to analyse and interpret
differences of closely located sampling points of different horizons. Beside some high abundant
OTUs, especially lower abundant but specific OTUs are considered here.

Some of the identifiedOTUs are marked by some kind of special spatial distribution. Besides
local concentrations, depth seems to be an important criterion. There are bacteria which are
preferably found in upper horizons as Ralstonia (Figure 8a) and —in contrast — others which are higher
abundant in lower layers as, for example, Hydrogenophaga (Figure 8b), Limnobacter and Zixibacteria
(Suppl.-Figure S20). Ralstonia is, for example, a very abundant genus of soil microorganisms and
includes phytopathogens. Hydrogenophaga is a genus of hydrogen-oxidizing bacteria [87]. Limnobacter
is known for its ability to oxidize thiosulfate [41]. Zixibacteria have been identified in aquifer sediment
samples, but not cultivated and studied in detail up to now [88]. Obviously, the three last mentioned
OTUs are typically found in nutrient-rich and wet soil.
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dark blue: 2-4 %, light blue: 0.3 — 0.7%, yellow: <0.3%), b) preferential concentration of Hydrogenophaga
in lower horizons (blue: > 8 reads; dark blue: > 100 reads).

The comparison of correlations of highly abundant with OTUs of low abundance creates a
different picture. An impression of the differences in the general community composition is given by
the correlation of the abundances of 38 highly abundant bacteria in single samples and on average. It
is obvious, that there are samples with comparatively high similarity to the average as C124, and
surprisingly also C218 and C219 (Suppl. Figure 8a-c) and others which show no correlation, as, for
example, soil fill horizons C119, C 150 and C165 (Suppl. Figure S21d-f). Low correlation is also
observed between the mean r-values of C232 (hearth ash, 1st century, Suppl. Figure S21g), C300 (soil
fill in courtyard, 3rd century, Suppl. Figure S21h) and C263 (undisturbed alluvium, reference sample,
Suppl. Figure S21i).This picture is confirmed also by the comparison of other samples with sample
C263 (alluvium). The PCA of r-values of the 40 bacteria representing the highest similarity with C263
(procedure described in supplementary material) displays a clear distinction between C263-similar
(blue diamonds in Figure 9a) and C263-dissimilar samples (red squares in Figure 10a). Whereas the
C263-similar samples form a rather closed cloud of points, the C263-strange samples also shows high
distances between each other indicating a high diversity in the matrix of abundances. In Figure 9b,
these both groups of samples are marked by blue (C263-similar) and orange fields (C263-dissimilar)
in the schematic soil profile of excavation trench M08. Besides C232 (ash from a small hearth) and
C137 (burned clay of a hearth), the other C263-dissimilar samples are related to different soil fills -
mostly from the higher part of the stratification.
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Figure 9. Relations of single samples to the reference sample (C263, sandy alluvium): a) correlation of
first and second principle component from a PCA reconsidering the 40 OTUs which are marked by
the highest similarity of all samples (average) with sample C263 and indicating clearly the formation
of two clusters of samples (marked, here, by blue diamonds and red squares), b) local distribution of
samples of this both clusters at excavation trench M08 (blue fields corresponds to blue diamonds in
Figure 9a, orange fields to red squares in Figure 9a, c) Color-coded pairs and groups of samples
related by high correlation coefficients of r-values (logarithm of abundances) for OTUs with more
than 10,000 reads in total (grey fields show no significant correlations with other samples).

This picture is confirmed grosso modo if the correlation coefficients of r-values (eq. 1) for the
abundances of all OTUs with more than 10,000 reads (in total) are regarded. The filling material
samples C111, C119, C150, C282, C298, C299 and C300 (grey labelled in Figure 9c) show no
correlation-coefficients above 0.7, neither with each other nor with any other sample. In contrast, the
group of C263-similar samples (blue labelled in Figure 9a and 9b) form groups of correlated samples
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with correlation coefficients around 0.7 and higher (colour-labelled in Figure 9c). Thus samples C295
and C297, C165 and C296, C162 and C124, C190 and C147 as well as C 177 and C231 represent pairs
of samples correlated by highly abundant OTUs. In addition, C169, C218, C223, C286 and C288 form
a group of correlated samples. Obviously these correlations are less related to the direct local situation
of sampling sites, but seem to indicate similarities in the character of the soil material deposits in the
related pairs and in the sample group.

Besides the general similarities and differences of samples characterized by PCAs and by
similarity to mean values and to the reference sample, OTUs appearing exclusively or preferably in
one or a few samples carry additional information about the past of soils and sampling sites. Taking
the specific lower abundant OTUs and the OTUs of FPPs, it seems to be possible to speculate about
specific environments in single sampling sites which are reflected by these bacteria. A possible
interpretation based on reported ecological properties of involved OTUs is presented in Figure 10.
This hypothetic picture shows similarities and differences which probably result from specific
situations in each horizon and each sampling place. Thus, most hearths or fire places as well as the
surfaces of streets are significantly different from simple soil fills or fills underneath street surfaces.

A B (street) C (court, building) D (court, building)
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(recent)

e -
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/ rumen-related,
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Figure 10. Hypothetical ancient properties of soils at different sites and in different horizons of trench
MO8 proposed by interpretation of the composition of 165 rRNA data of local soil bacterial
communities reconsidering mainly lower abundant and exclusive OTUs.

It seems remarkable that literature-reported environment-related features of OTUs in the FPPs
(Section 3.3.1.) match well the character of low-abundant sample-specific OTUs (see Section 3.2.2.) in
several cases. This concerns, for example, the hints to a mixture of manure and oil for the street
surfaces of the 2nd half of the first and the 2nd half of the second century (samples C288 and C162) by
an OTU profile which is significantly different from the layer of sample C165 lying in between. Other
examples are the similar profiles of C295 and C297 which are separated by the differently appearing
layer of C296 or the court fill C111 and C124, taken from the fill inside a building, which are marked
by lower abundant bacteria indicating a combination of pig and bovine manure, starch, oil and
nitrate. This matches nicely with the archaeological interpretation of the structure as a stable.

A synoptic consideration of the results discussed above suggests a hypothesis on the possible
interpretation of highly abundant and low abundant components of bacteria communities reflected
in the 165 rRNA data: All bacteria compositions reflect differences in soil composition of single spots
and horizons which are specifically influenced by ancient human activities. In this memory-effect,
the highly abundant bacteria seem to reflect mostly differences in the soil material composition
affecting the recent soil microbial activity. In contrast, the lower abundant OTUs are partially
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reflecting specific soil compositions and human impacts related to former soil microbial activities.
These activities are related to specific material compositions and soil contaminations, too, but could
date back into the past — probably back to specific bacterial activities in antiquity.

4. OTU Patterns of Single Samples

In this section, the sequencing results of the forty investigated single soil samples are discussed
by the appearance of dominant OTUs on the one hand and exclusive OTUs on the other hand. It is
assumed that the group of dominant OTUs might be related to antique human impact, but reflects
mostly the recent ecological situation in the soil sample, which results from a superposition of ancient
soil formation and deposition, recent processes in the soil and the development of soil situation in
the intermediate time. In contrast, among the minor components of soil bacterial community OTUs
are expected which are stronger related to the ancient ecological situation. With respect to the fact,
that the soils of the single sampling spots of the whole excavation area experienced nearly the same
fate since the late Roman Empire period it is supposed, that in particular types which are found
exclusively or nearly exclusively in one sample can reflect the specific ecological situation in the phase
before or during the deposition of soil material in the Antiquity. Thus, the list below includes OTUs
with lower read numbers despite the fact that some remaining uncertainty has to be taken in mind.

C111; Hz D, first half 3rd century, soil fill in courtyard area: The soil bacterial community
represented in the 16S rRNA data (SBC) is dominated by Nocardioides (17.8 %), Paenibacillus (5.1 %),
Bacillus (4.7 %) and Burkholderiales TRA3-20 (4.4 %). Among a few exclusive strains, there were
registered 27 reads of uncultivated Chlamydiaceae and 8 reads of Yuhusiells, a thermotolerant
actinobacterium first isolated from a desert region in western China [89]. Four other genera
(Oceaniovalibus, Gelidibacter, Proteinophilum and Limosilactobacillus) have been found (33 — 88 read)
nearly exclusive in C111. Oceaniovalibus belongs to Alphaproteobacteria and was first isolated from
surface sea water near Taiwan [90]. Gelidibacter was described as a seawater bacterium, too [91].
Proteiniphilum is a strictly anaerobic proteinolytic bacterium found in the sludge of brewery waste
water [92]. Limosilactobacillus is a thermophilic bacterium. Strains of these genera have been isolated,
for example, from human urine [93]. The appearance of these OTUs could be interpreted as a
signature related to an environment with enhanced salt content and protein-rich wastes.

C119: Hz D, soil fill under street surface, shortly after 200 AD.: Pseudonocardia is with more than
15% of all reads the clearly dominant genus of the bacterial community. The sample supplied five
exclusive OTUs with considerable read numbers between 110 and 173. Among them are
Pseudoglutamicibacter, the carotinoid dye-producing Bizionia and Saccharofermentans, an anaerobic
bacterium first isolated from brewery wastewater [94].

C124: Hz D, clayey fill inside building, deposited around 200 AD.: The bacterial community is
dominated by Clostridium sensu stricto 5 (8,7%) and Bacillus (4,3%). Remarkably, the sample supplied
10 exclusive or nearly exclusive OTUs with more than 10 reads, among them Dethiosulfatibacter,
Providencia, Meiothermus, Myroides, Nitrosococcus, Paenalcaligenes and Alkalibacter. Dethiosulfatibacter is
a sulfate and thiosulfate-reducing organism found in coastal marine sediment [95]. Meiothermus is
known as thermophilic bacterium. Several strains have been isolated from hot springs [96].
Alkalibacter is a anaerobic, alkaliphilic carbohydrates decomposing bacterium [97]. With respect to
the fact that the pH value and the electrical conductivity in the recent soil material are similar to the
values of other samples, it could be assumed that the reads of these bacteria hint to a nutrient-rich
and possibly alkaline and salt-containing environment in the ancient situation.

C137: Hz E, hearth with burned soil and clay, 2nd half of 2nd century: The sample is strongly
dominated by Acinetobacter (49%). 15 specific OTUs with more than 10 reads have been found in this
sample. This set includes the sulphate-reducing genera Desulfobulbus [98] and the pigment-producing
genera Janthionbacterium [99] and Vogesella [100]. Other OTUs as Peptoniphilus, Haemophilus and
Treponema are known for metabolization of amino acids and proteins or are pathogens for plants or
animals [101].

C139: Hz E, hearth, 2nd half 2nd century: The bacterial community is very strongly dominated
by Nocardioides (31%). Exclusively found OTUs are Sporomusa, Granulicatella and Thermodesulfovibrio.
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Species of the genus Granulicatella are known for metabolizing different amines and alkohols [102].
Thermodesulfovibrio is a sulphat-reducing thermophilic bacterium [103].

C147: Hz E, hearth, red burned soil and clay from hearth floor, 2nd half 2nd century: Nocardioides
(19,5 %) is the dominating OTU. Only three specific OTUs have been observed in the sample. One
of them, Garicola was first isolated from a highly salted fermented shrimp food [104] and could
indicate residues of salt and fish — possibly in the context of garum, a fish sauce which was very
popular in antiquity.

C150: Hz E, soil fill in a courtyard, 2nd half of 2nd century: The bacterial community of this
sample is strongly dominated by Acinetobacter (25.5%). In addition, Ralstonia (12.4%) and
Aquabacterium (10.7%) are also highly abundant. In contrast, some OTUs frequently highly abundant
in most other samples as Nocardioides, Myxococcota, Bacteriap25, Burkholderia TRA3-20 and Chloroflexi
KD4-96 show only low abundances in C150. With 0.4% Bacillus shows also a comparatively low
presence. The ratio of reads to OTUs with ten or more reads (544) is the highest of all samples, which
means that the sample shows a comparatively low diversity (the average of this ratio over all samples
is 234). Only two specific OTUs have been found. One of them is Kinneretia, a strictly aerobic
bacterium originally isolated from a fresh water lake [105].

C162: Hz E, Street, gravel fill and street surface, 2nd half of 2nd century: The bacterial
community is dominated by Pseudonocardia (11%). The soil material supplied 13 specific OTUs,
among them Flexilina, Polycladomyces, Actinotalea und Cloacibacterium. These OTUs seem to be an echo
of a soil situation with a high load of seawage or faeces, organic waste as starch, and enhanced ion
concentration. Flexilinea was isolated from methanogenic sludge from treating wastewater with a
high starch-content [106] Polycladomyces is thermophilic bacterium firstly isolated from sea water
[107]. Actinotalea was isolated from seawater, too [108]. Cloacibacterium is an anaerobic bacterium
isolated from seawage [109].

C165: Hz E, Road substructure (excluding the surface of use) directly below C162, 2nd half of
2nd century: The sample is marked by Nocardioides (28.5%) and Pseudonocardia (20.6%) as strongly
dominating genera. In strong contrast to the street horizon directly above (C162), two specific OTUs
with more than 10 reads — Acidicapsa and Asanoa - were found, only. This observation agrees with the
fact that the total number of reads between sample C162 and C165 are similar (about 35,000) whereas
the number of types is rather different (308 in sample C162, but only 157 different OTUs in C165).
Obviously, the different sizes of the spectra of “sample-specific” types indicate a strong difference
between the character of the fill directly underneath the street and the street surface itself in the
ancient situation.

C169: Hz F, Clayey fill in a courtyard, deposited around 120 AD.: The bacterial community is
dominated by Nocardioides (8 %), but there is a comparatively high abundance of Zixibacteria (4.1 %),
too. In contrast to other samples, the analysis supplied more than 20 exclusive OTUs with less than
10 reads, but no exclusive types with ten reads or more.

C172: Hz F, clayey fill above a hearth, deposed after the hearth’s abandonment around 120 AD.:
The bacterial community is dominated by Aeromicrobium (12.6 %). In addition Bacillus (6.1 %) and
Nocardioides (5.1 %) are highly abundant, too. Sample C172 was taken in the vicinity of the hearth-
related samples C137, C147, and C178. It was marked by three specific OTUs, Thermosediminibacter,
Glaciihabitans and Saliterribacillus. Two of them are particularly interesting because they hint to
formerly enhanced soil salinity. Thermosediminibacter is an anaerobic and thermophilic organism
isolated from deep sea sediment [110]. Saliterribacillus was first described as a halophilic bacterium
isolated from a hypersaline lake [111]. The mentioned bacteria might reflect the nearness of hearth
and enhanced salt concentration by ashes.

C177: Hz F, residues of a cupola oven and its destruction debris, around 120 AD.: As C172 it is
dominated by Aeromicrobium (21.8 %). In addition, Nocardioides (6.5 %) and Pseudonocardia (5.5 %) are
highly abundant, too. 11 reads of the Spirochaetae bacterium Leptospiraceae are the only hint of
exclusivity of this sample. Species of this family are known as pathogens for mammals and man.
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C178: Hz F, from the immediate vicinity of the cupola oven C 177, around 120 AD.: The
bacterial community is dominated by Nitrososphaeraceae (9.1 %). 15 reads of Actinomarinales were
observed, an OTU which is also present in sample C303, whereas clear exclusive OTUs are missing.

C190: Hz F: from street fill and street surface, about middle of the 2nd century AD.: The
bacterial community is dominated by Nocardioides (10.4 %). The Crenarchaeota bacterium Cand.
Nitrososphaera (4.9 %) and Myxococcota bacteriap25 (4.2 %) are highly abundant, too. The sample is
marked by a few exclusive types, for example the two alphaproteobacteria Shinella and Ancylobacter.
Shinella was isolated from anaerobic sludge [112]. Ancyclobacter is able to decompose kerosene and
other hydrocarbons [113]. The last one might be interpreted to indicate an exposition to oil.

C218: Hz G: fill of a barbecue pit, around 120 AD.: Cand Nitrosphaera (6.3 %), Kryptonales BSV 26
(6.5 %) and Myxococcota bacterap25 (5.6%) are the three dominating OTUs. The 165 rRNA-reflected
bacterial communities of samples C218 and C219 have a lot of similarities distinguishing them from
all other samples. Besides these OTUs, there are some “sample-specific” OTUs, too. Erythrobacter is
the only OTU of the barbecue pit sample C218 with more than 10 reads which appears neither in
sample C219 nor in any other sample.

C219: Hz G: Coal sample from fill in barbecue pit (C218), around 120 AD.: Myxococcota
bacteriap25 with 5.2 % and uncultivated Solimonadaceae are the dominating OTUs of the coal sample.
This sample supplied eight “exclusive” OTUs with more than 10 reads among them Colwellia, a deep
sea bacterium [114] and a strain of the sulphate-reducing order Desulfobacterales [115]. Both samples
C218 and C219 contain the genus Desulfitibacterium which was first described by a strain from lake
sediment and is able to metabolize chloraromates [116].

C223: Hz G, soil fill in courtyard, around 100 AD.: The bacterial community is dominated by
Bacillus (9.4 %) and to alower amount by Paenibacillus (4.8 %) and Cand. Nitrosphaera (4.4 %). Fluviicola
and Oceanisphaera are specific OTUs. Fluviicula was found first in a freshwater environment [117]),
whereas the halophilic bacterium Oceanisphaera was originally isolated from the sea bottom [118].

C231: Hz H, small hearth, red burned, fire-hardened hearth floor, 70-90 AD.: The bacterial
community is dominated by Nocardioides (10.6 %) and Aeromicrobium (11.5 %). Besides 10 reads of the
iron-oxidizing thermophilic and acidophilic bacterium Acidimicrobium, there are no further hints to
specific OTUs. The features of iron oxidation and thermophilicity obviously match the characteristics
of a fire place.

C232: Hz H, ash from hearth C231, 70-90 AD.: The bacterial community is strongly dominated
by Lysinibacillus (25.1 %). In addition, Aeromicrobium (9.8 %) and Bacillus (13.3%) are also highly
abundant genera. The ratio of reads to OTUs with ten or more reads (451) is the second highest of all
samples, what means the sample shows a comparatively low diversity. The place shows two
exclusive OTUs of Proteobacteria with 20 and 37 reads, resp.

(C248: Trench M07, context 01, disturbed material, refill of the archaeological excavation of 1905:
The sample is dominated by Nitrososphaeraceae (8.5 %), Bacillus (6.8 %) and Paenibacillus (5.6 %). The
sample showed a comparatively high number of OTUs in total (783; 313 with ten or more reads) at a
moderate total number of reads (43,777), which can be described as a high alpha-diversity. This
sample shows the highest number of relations with other samples by signature-like patterns of lower
abundant OTUs (see below). This observation can be interpreted as a strong indicator for the fact,
that a considerable part of lower abundant OTUs reflects the local conditions in the ancient situation
and conserved this information after mixing during the excavation of 1905. The sample supplied 37
exclusive OTUs indicated from sequencing with only one or a few reads. One OTU, only, (Cand.
Abawacabacterin) is represented by 10 reads. Thus, this sample is marked by negligible exclusivity for
OTUs with clear representation, but seems to show a high background noise of very low abundant
types. This feature corresponds well to the above expressed assumption, that the sample reflects a
mixing of different soils conserving important aspects of their ancient specific environmental
information.

C263: Trench MO07 context 06, fine grained, sandy alluvium underneath the deepest
anthropogenic stratum, reference sample, no human interference: The bacterial community is
dominated by Pseudonocardia (19.4 %) and Bacillus (17.8 %). Acinetobacter (8.5 %), Exiguobacterium (6
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%) and Nocardioides (5.9 %) are also well represented, as well as Ralstonia (3.9 %) and Pseudomonas
(2.9 %). It should be remarked here, that some other OTUs which are dominating or highly abundant
in several other samples are comparatively low in C263. This concerns Aeromicrobium (0.05 %),
Paenibacillus (0.8 %) and Myxococcota bacteriap 25 (0.5 %). C263 is marked by a comparatively low
number of total reads (27,432) and OTUs (164; 101 with ten or more reads). Occallatibacter — a genus
originally isolated from samples from the Namibian savannah and a river bank there [119] - is the
only exclusively proved genus of C263, indicating that this sample is not distinguishable by special
low abundant types from the other samples. Vice versa, this could be interpreted in the way to
assuming that higher numbers of exclusively found OTUs in other samples indicate their specificity
reflecting the ancient environmental situation and distinguish them from the marchsand.

C266: Trench M07 context 07, burnt debris from al large refuse pit, probably first half 2nd
century: The bacterial community is strongly dominated by Aeromicrobium (22.2 %) and Limnobacter
(16.3 %). The sample shows low indication of specificity: Desmospora was found by 54 reads and is
present in C303 as the only other sample. Desmospora was first described from the sputum of a patient
with suspected tuberculosis [120].

C282: Hz H, 70-90 AD.: soil fill directly underneath the hearth C232, 70-90 AD.: The bacterial
community is dominated by Pseudomonas (9.2 %) and Nocardioides (6.4 %). The sample showed no
exclusive OTUs, but it has to be remarked that the sequencing result for this sample can hardly be
compared with the other samples because very low numbers of only 109 reads in total and 67 OTUs
had been proved.

C283: Hz H, soil fill west of hearth (C232), 70-90 AD.: The bacterial community is dominated by
Limnobacter (9.3 %), Nitrososphaeraceae (6.1 %), Paenibacillus (5.6 %) and uncultivated Anaerolineaceae
(5.3 %). Persicitalea (11 reads) and Lachnospiraceae UCG-009 (13 reads) are present exclusively in this
sample. Persicitalea is a aerobic organism and was first isolated from seawater [121].

C286: soil fill, Hz H, 70-90 AD.: The bacterial community is dominated by Nitrososphaeraceae (9
%) and Nocardioides (8.2 %). In addition, Bacillus (7.4 %) and Cand. Nitrosphaera (6.5 %) are also well
represented. The sample supplied some exclusively found OTUs represented by less than ten reads,
but showed no exclusive OTUs with ten reads or more.

(C288: levelling fill underneath street surface layer, Hz, H, 70-90 AD.: The bacterial community
is dominated by Nocardioides (6.8 %), Cand. Nitrosphaera (6.7 %) and Paenibacillus (5.1 %). The sample
supplied six exclusive or nearly exclusive OTUs, among them Kaistia (18 Reads), Ehrlichia (10 reads)
and Belnapia (14 reads). Ehrlichia is known as intracellular parasite and pathogen for animals and
humans [122]. Kaistia is an aerobic bacterium first found in a stream with industrial waste in Korea
[123]. Belnapia was found in a biological soil crust and is an aerobic bacterium, too [124].

C295: Hz A, collapse horizon, partly disturbed by modern ploughing, early 2nd half 4th century:
The bacterial community is moderately dominated by Nocardioides (6.5 %) and Bacillus (6.9 %). The
sample supplied 37 exclusively found OTUs represented by less than ten reads, but showed no
exclusive OTUs with ten reads or more. The high number of exclusive OTUs with very low read
numbers is an interesting analogon to sample C248 and could have to do with the origin of the sample
soil from a former mixing of different ancient soil components.

C296: Hz A, fill and ancient surface of use, 2nd half of 4th century: The bacterial community is
moderately dominated by Nocardioides (7.8 %) and Bacillus (5.1 %), too. The sample is marked by four
specific OTUs, among them the Gammaproteobacterium Herminiimonas and both Actinobacteria,
Plantactinospora and Krasilnikoviella. The latter one was described from a mural painting in the stone
chamber of a Japanese tomb tumulus from about 700 AD [125].

C297: Hz B, fill and surface of use in the courtyard, about 1st half of 4th century: The bacterial
community is stronger dominated by Nocardioides (12%) and Bacillus (15%). C297 supplied no
exclusive OTU with ten or more reads.

C298: Hz C, fill and surface of use in the building south of courtyard C297, about 2nd half of 3rd
century: The bacterial community is dominated by Nocardioides (25.5 %). Bacillus (9.8 %) is the second
highest abundant genus. In addition, Pseudoarthrobacter showed a high abundance (6.2 %). C298
supplied Rhodobacter HMB 11 as only exclusive OTU with ten or more reads.
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C299: Hz C, fill and surface of use in the building south of the courtyard, about 2nd half of 3rd
century: The bacterial community is very strongly dominated by Acinetobacter (29.3 %). Bacillus (10
%) is the second highest abundant genus, too. C299 supplied no exclusive OTU with ten or more
reads.

C300: Hz C, fill and surface of use in the courtyard north of building C299, about 2nd half of 3rd
century: The bacterial community is overwhelmingly dominated by Exiguobacteria (32 %) and Bacillus
(16.4 %). C300 supplied no exclusive OTU with ten or more reads.

C303: Trench M06 context 06, Soil filland surface of use, post earthquake 360 AD.: The bacterial
community is dominated by Aeromicrobium (9.7 %). The sample supplied no exclusive OTU with ten
or more reads.

C306: trench M06 context 08, levelled rubble fill, post earthquake 360 AD.: The bacterial
community is dominated by Nocardioides (7.3 %). In addition, Bacillus (5.8 %), Paenibacillus (4.1 %)
and Aeromicrobium (4.4 %) are present in significant amounts as well. C306 supplied no exclusive
OTU with ten or more reads.

C307: trench M06 context 10, earth fill beneath caementitium floor, probably 3rd century: The
bacterial community is dominated by Bacillus (14.4 %). The hydrogen producing anaerobic bacterium
Acetobacteroides [126] is the only exclusive OTU with more than ten reads present in this sample.
Nearly as rarely documented in the samples presented here are Anaerococcus [127] and Micrococcus
(13 reads in C139).

C315: trench M06 context 13, levelled rubble fill, post earthquake 360 AD.: The bacterial
community is dominated by Aeromicrobium (7.4 %). The sample supplied no exclusive OTU with ten
or more reads.

C325: trench M06 context 16, clayey surface of use, post earthquake 360 AD.: The bacterial
community is dominated by Bacillus (8.8 %). The sample supplied two nearly exclusive OTUs:
Pectinophilus group of Lachnospiraceae (35 reads) and Algoriphagus (60 reads). The latter was isolated
from from sea ice and from saline lake cyanobacterial mats [128].

(C330: trench M06 context 20, furnace floor surface in praefurnium of hypocaustum, around 360
AD.: The bacterial community is dominated by Nocardioides (6.2 %). C330 showed eight exclusive or
nearly exclusive OTUs with ten or more reads, among them uncultured Arcobacteraceae (18 reads),
Chitinophagaceae UTBCD1 (15 reads), Kordiimonas (14 reads), uncultured Proteinivoracales (13 reads),
Cand. Neoehrlichia (13 reads), uncultured Cellvibrionaceae (12 reads), Roseiarcus (12 reads) and
Porphyrobacter (10 reads). Kordiimonas was isolated from marine sediment and was found to be able
to degrade polycyclic aromatic hydrocarbons [129]. Roseiarcus is a pigmented microaerophilic
bacterium first isolated from a methanotrophic microorganismic consortium [130]. Its appearance
would fit to conditions in residues of wood or other organic material and low oxygen content in the
local environment inside the hypocaustum. Porphyrobacter was found in freshwater and is a
bacteriochlorphyll synthezising microorganism [131].

(C341: trench M06 context 24, lower furnace floor beneath C330, early 4th century: The bacterial
community is dominated by  (11.5 %). In addition, Nocardioides (8.2 %), Polycyclovorans (4 %) and
Polaromonas (5.2 %) are particularly abundant. - Renibacterium, a sub-species of Actinobacteria, is nearly
exclusive in sample C341. Renibacterium was first described as a microorganism causing kidney
diseases in fish [132].

C347: trench M06 context 30, lowest furnace floor underneath C341, 3rd century: The bacterial
community is dominated by Aeromicrobium (11.6 %) and Limnobacter (10 %). A strain of
Vampirovibrionaceae was exclusively present in sample C347.

5. Archaeological Interpretation

Can the bacteria data presented above find any meanigful archaeological interpretation? Quite
obviously, the answer is positive. First, it comes as a surprise that even after nearly two millennia of
physical and chemical degrading there still is sufficient residual bacterial DNA present for a
successful analysis. Exposition to precipitation or oxygen alone seems not to be a deciding factor for
the preservation of ancient ground bacteria DNA, as layers very near to the recent surface and from
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depths of up to two meters below ground both yielded rich ancient bacteria signatures. Nor does, in
this part of Carnuntum, spilling and deluting by ground moisture seem to be of much concern to
ancient bacteria genomes.

Concerning specific bacteria species, Limosilactobacillus, a milk acid bacteria present in human or
animal intestines , should not surprise in a courtyard (sample C 111 originates from the fill under its
surface), into which animal and, probably, human execra will have found their way aplenty. The
quite frequent presence of ammonia oxidizing Nitrosphaeraceae in samples from many contexts and
horizons should probably be interpreted in a way that urine was a more or less ubiquitous component
of the ancient environment at Carnuntum. The presence of Desmospora, which was first isolated from
the sputum of a patient suspected to suffer from tuberculosis , should not surprise as tuberculosis
must have been endemic in antiquity as is has been endemic all over the world until the advent of
antibiotics. One should probably as well not disregard the possibility of bovine tuberculosis. Also not
as a surprise comes the occurrence of Cloacibacterium on the surface of a road which was permanently
trodden by animals (sample C 162) and will at least occasionally have been the final destination of
the contents of night pots as well. What surprises more is the fact that the fill directly underneath this
road surface yielded no trace of similar bacteria (sample C 165). Obviously the surface was
compressed to such a density that feces and waste from its surface did not seep into the fill before
being washed away by the occasional rain shower.

The most welcome surprise, whereas, is the definition of Garicola in the reddish burned clayey
surface of a hearth in horizon E, dating to the mid 2" cent. AD. This bacteria was first isolated from
a Korean fermented fish dish. It is common knowledge that one of the most favorite seasonings
ancient Romans delicated on was garum, a sauce produced from fermented fish. It must have tasted
very much like modern Thai fish sauce and was traded in amphorae from production centers along
the coast of the Mediterranean and Adriatic Seas to the Rhine- and Danube provinces and was
ubiquitous in Roman cooking. So it should of course have happened more than once that either some
garum was spilled while being added to a dish simmering on the fire, or that a cooking pot was
damaged and its contets, alreadey seasoned with the sauce, spilled over the hearth.. Nevertheless,
this likely proof of garum in the residues of an ancient hearth at Carnuntum is, to the authors’
knowledge, the first one achieved through DNA analysis.

The attempt presented here leads to some sample-specific interpretations. For this, several
examples were given above. One opportunity presenting itself is the comparison of different horizons
at one sampling spot suggesting that an ancient translocation of soil material is reflected by bacterial
composition within these horizons. Thus, sample C296 (horizon A) shows relations to other samples
of upper horizons. It is located between C295 and C297 (from horizons A and B, both dating to the
4th century), but shows significant differences to both these samples, which have features related to
lower layers (horizons F — H, second half of 1st and 2nd century). This may be interpreted as evidence
for ancient translocation of material from lower layers into the fill material of C295 and C297. This
observation matches the description of C295 as a collapse horizon and a possible material mixing by
the plough. It might suggest that the fill material of C295 was also — at least partially — originating
from deeper layers. The foundation trench of Wall 36 of horizon B was dug through strata C and
underlying right into stratum F, and a well which was dug into horizon B cut through the complete
stratification of the area, through the underlying geology and obviously deep enough to reach the
ground water table. Both ancient excavation activities will have resulted in the deposition of soil
material from all earlier strata present in the building and the courtyard of horizon B and explain the
phenomenon just noted.

6. Conclusions

The analysis of sequencing data and the comparison between the samples offers the possibility
to interpret the history of soil material deposited or translocated in the past. Whereas the comparison
of phyla abundances and highly abundant OTUs supply a raw picture of sample groups, small sets
of low abundant OTUs — mostly with read numbers between about 10 and 100 for the single samples
— obviously reflect the ancient situation in more detail. The differences in the distribution of dominant
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as well as lower abundant OTUs speak for the fact that the formerly human impact on soil can lead
to an important increase in Beta diversity of soil bacterial communities.

In result, it was possible to show, that the samples are distinguished by majority (highly
abundant) as well as by minority and by exclusive bacterial types. A Principle Component Analysis
(PCA) of samples showed that a certain clustering in sample groups can be observed for the highest
abundant part as well as for lower abundant bacteria part of bacterial communities, whereby these
clusters are not identical for the both abundance groups. Thus, it can be hypothesized that highly and
lower abundant bacteria carry different information about the formerly human impact on the recent
bacterial community. It is assumed that the higher abundant bacteria reflect changes in soil by specific
human impacts in the past which are preserved in the recent state of soil up to now. In contrast, at
least a part of the lower abundant bacteria — possibly present in dormant states, only — reports about
formerly local states of soil which are reflected, by recently by some minority components of bacterial
communities, only.

Whereas the PCAs give a raw relation between sample groups by inclusion of a large set of
bacterial types (OTUs), it was decided to look for fingerprint-like abundance patterns for identifying
specific relations between sample pairs and small groups of samples. This approach was impressively
confirmed by a rather large set of OTUs preferentially present in the barbecue site-related samples
C218 and C219 (Figure 6). Other interesting examples are the relations between two street horizons
(C162 and C288) and between the horizons C295 and C295 which are separated from each other by a
less-related intermediate layer (Figure 7). Further examples given in the supplementary part support
the concept of reconstruction of sample relations by searching for fingerprints in abundance patterns.

In general, it can be said that the study of soil bacteria communities by 16S rRNA data can
contribute to the investigation of archaeological sites and to deeper insights into local environmental
situations related to different horizons. Besides the interest to describing historical and prehistorical
ecological situations, this type of analyses can promote a better understanding of relations between
soil-related human impacts on cultural-embossed ecosystem and soil microbial biodiversity in the
present and in the past. Thus, such investigations contribute to closing the recently identified research
gap between soil-related cultural ecosystem services and soil microbial biodiversity [132].

On the one hand the NGS-based analyses allow to identifying specific characteristic similarities
between soil samples. On the other hand, it promotes interpretation of earlier environmental
conditions by known metabolic features and chemical tolerances found by recent investigations of
related taxonomical units — here mainly on the genus level. It might even be rewarding to search sites
of specific ancient human impact for unknown microorganisms and new ecological functions and
metabolic features which could in future become interesting for biotechnological applications.

It has to be remarked here, that the 165 rRNA used in this study is well suited to establish a raw
taxonomic profile of bacterial communities, but that this represents only a very small section of the
whole bacterial genome present. In future, wider DNA investigations, metagenomics studies,
functional genomics and full genome sequencings of mixed bacterial populations using advanced
bioinformatics methods [133] will most probably be applied as a very powerful and universal
toolbox. It will supply much more data and will undoubtedly enable archaeologists and archaeo-
ecologists to draw far-reaching conclusions on historical ecological situations at different excavation
sites and horizons which will have a high impact on the understanding of human activities and
ancient living conditions and their importance for the present.
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