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Significance and Impact of the Study: Faecal water pollution poses a health risk to its users worldwide,
especially in developing countries where safe household water supplies and sanitary facilities are often
scarce or non-existent. This study tested for the first-time genetic microbial source tracking (MST) meth-
ods for identifying ruminant- and human-associated bacterial faecal contaminants in Ethiopia in an
extensive regional faecal sample bank. The results indicated the marker’s suitability for diverse MST
applications in the Ethiopian area. Their application will aid policy makers to make proper risk assess-
ment, take corrective action in the management of surface waters and the implementation of remedia-

tion measures supporting public health.
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Abstract

This study tested genetic microbial source tracking (MST) methods for
identifying ruminant- (BacR) (HF183/BacR287,
BacHum) bacterial faecal contaminants in Ethiopia in a newly created regional
faecal sample bank (n = 173). BacR performed well, and its marker abundance
was high (100% sensitivity (Sens), 95% specificity (Spec), median log;, 8-1
marker equivalents (ME) gf1 ruminant faeces). Human-associated markers
tested were less abundant in individual human samples (median: log;, 5-4 and
42 (ME + 1) gfl) and were not continuously detected (81% Sens, 91% Spec
for BacHum; 77% Sens, 91% Spec for HF183/BacR287). Furthermore, the pig-
associated Pig2Bac assay was included and performed excellent (100% Sens,
100% Spec). To evaluate the presence of MST targets in the soil microbiome,

and human-associated

representative soil samples were tested during a whole seasonal cycle (n = 60).
Only BacR could be detected, but was limited to the dry season and to sites of
higher anthropogenic influence (logy, 30 to 4-9 (ME+1) g ' soil). In
conclusion, the large differences in marker abundances between target and
non-target faecal samples (median distances between distributions >log;, 3 to
>log;o 7) and their absence in pristine soil indicate that all tested assays are
suitable candidates for diverse MST applications in the Ethiopian area.
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Introduction

Microbiological water quality is routinely determined by enu-
merating faecal indicator bacteria (FIB), a common approach
in temperate areas (Farnleitner et al. 2010; Bradshaw et al.
2016) and also in tropical regions (Byamukama et al. 2005;
Mushi et al. 2010). However, due to their ubiquity in human
and animal faeces (Farnleitner et al. 2010), source determina-
tion without any further analysis steps is not possible. Cur-
rently, molecular techniques, known as microbial source
tracking (MST) methods, most commonly targeting the 16S
rRNA gene of host-associated bacteria, are available and fre-
quently used to identify faecal sources. A plethora of methods
to identify faecal contaminants of human and animal origin
(e.g., Bernhard and Field 2000; Wuertz et al. 2011; Reischer
etal. 2013; Boehm et al. 2013) based on host-associated mark-
ers have been published. However, most of these methods are
mainly applied in temperate regions and it has been argued
that these methods cannot be easily transferred from the
region for which they were originally developed to new geo-
graphical regions (Reischer et al. 2013; Boehm et al. 2013;
Odagiri et al. 2015; Mayer et al. 2018).

This study aimed to evaluate for the first time the faecal
source sensitivity and specificity of MST methods for the
most prevalent faecal contamination sources in Ethiopia (ru-
minants and humans). BacR (ruminant-associated) was cho-
sen since it has been proven to be one of the best performing
and most stable assays to identify ruminant-associated faecal
pollution in several studies worldwide (Reischer et al. 2013;
Boehm et al. 2013). BacHum and HF183/BacR287 (both
human-associated) were selected since they are among the
most cited and best performing assays to identify human-as-
sociated pollution (Mayer et al. 2018). In addition, HF183/
BacR287 has a standardized procedure recognized by the U.S.
Environmental Protection Agency (EPA Method 1696;
USEPA, 2019). The Pig2Bac assay (pig-associated; Mieszkin
et al. 2009) was included since it has been shown to be very
robust in several regions (e.g., Reischer et al. 2013).

Assay evaluation was based on an extensive regional
faecal sample bank (n = 173) established especially for
this study. Soil samples, collected during the dry and wet
seasons, were included to evaluate the presence of MST
targets in the soil microbiome since their presence could
potentially interfere with faecal source tracking results
(e.g., Vierheilig et al. 2012).

Results and discussion
Qualitative aspects of assay faecal sensitivity and
specificity

Binary assay sensitivity and specificity achieved for the
ruminant BacR assay were 100% and 95%, respectively.
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Only 4 of 75 samples (5%) gave false-positive results (1
dog, 2 pigs and 1 pigeon, Table 1). The assay perfor-
mance observed in this study is consistent with the find-
ings of other studies (Reischer et al. 2013; Boehm et al.
2013; Malla et al. 2018). This might be attributed to the
BacR target being strongly correlated with the total
intestinal Bacteroidetes population, suggesting that they
are part of the intestinal core microbiome of ruminants
worldwide (Reischer et al. 2013). A Spearman rank-order
correlation analysis further supported this result by giving
a significant correlation between the AllBac and BacR
marker (p = 0-91, p = 0-000). The ruminant BacR assay
therefore proved to be a robust ruminant-targeted candi-
date method to be used in the study area.

Binary assay sensitivity and specificity for the human-
associated assays were somewhat lower. For BacHum they
were 81% and 91%, while for HF183/BacR287 they were
77% and 91%, respectively (Table 1). While several stud-
ies using these assays in various geographic regions are
available (e.g., Boehm et al. 2013; Reischer et al. 2013;
Yahya et al. 2017; Zhang et al. 2020) reports from the

Table 1 Numbers of gqPCR positives with the tested assays in source
species or source groups

gPCR positive/total sample number tested

Source n BacR  BacHum HF183/BacR287  Pig2Bac
Ruminants* 57 57/57 0/29 0/29 0/29
Cattle 33 33/33 0/33 0/33 0/33
Goat 12 12/12  0/12 0/12 0/12
Sheep 12 12/12  0/12 0/12 0/12
Human 52 0114  42/52 40/52 0/13
Herbivorest 21 021 0721 0/21 0721
Horse 7 017 o017 017 017
Donkey 7 017 017 017 017
Mule 7 017 or7 017 017
Chicken 8 0/8 0/8 0/8 0/8
Pig 13 2/10  3/10 3/10 13/13
Dog 9 1/9 4/9 4/9 0/9
Wwildlifef 13 113 1713 113 0/13
Pigeon 4 1/4 0/4 0/4 0/4
Monkey 9 09 1/9 1/9 0/9
Specificity (%)§ 95 91 91 100
Sensitivity (%) 100 81 77 100

n = number of samples tested.

*Ruminant samples: cattle, sheep and goat.

fHerbivore samples: horse, donkey and mule.

wildlife: pigeon and monkey.

Source-specificity (%) = 100 x true-negatives/(true-negatives + false-
positives).
ISource-sensitivity
negatives).

The animals from within these groups (like ruminants, herbivores) are
given in italic to seperate them somehow from the main groups.

(%) = 100 x true-positives/(true-positives + false-
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African continent are rare (Pickering et al. 2012; Yahya
et al. 2017; Bauza et al. 2018). Jenkins et al. (2009)
assessed the performance of BacHum in Kenya, which
yielded a binary assay sensitivity and specificity of 18%
and 100%, respectively, which is notably lower than the
results observed here. However, it has to be noted that
the number of samples and sources used for evaluation
was limited (n = 42) compared to the present study.
More recently, Holcomb et al. (2020) assessed the assay
performance of BacHum and HF183/BacR287 in Mozam-
bique and observed assay sensitivities and specificities of
50 and 64% for BacHum and 81 and 67% for HF183/
BacR287.

In the present study, false-positive results (9%) for
BacHum and HF183/BacR287 were found in samples
from carnivores (dogs; 4/9) and omnivores (pigs; 3/10).
No false positives were found in samples from ruminants
(cattle, sheep and goats), herbivores (horses, donkeys and
mules) and chickens. Of the wildlife samples (pigeons
and monkeys), only one was false-positive (a monkey). In
contrast with BacR, a Spearman rank-order test did not
show any correlation between AllBac and the human-as-
sociated markers (BacHum: p = 0-02, p = 0-919, HF183/
BacR287: p = 0-11, p = 0-47).

Information on cross-reactivity in the literature is
diverse. For BacHum, if reported to occur, it was mainly
found for samples from deer, dogs, pigs and cows (e.g.,
Boehm et al. 2013; Odagiri et al. 2015; Zhang et al. 2020)
whereas for the HF183/BacR287 assay, it was most com-
monly observed for samples from dogs, cats, chickens,
turkeys and deer (e.g., Green et al. 2014; Feng et al. 2018;
Ahmed et al. 2019). The frequently and herein observed
cross-reaction with dog and pig samples might be due to
the close proximity in which people live with these ani-
mals. Feng et al. (2020), for example, demonstrated that a
cross-reaction was not simply a lack of specificity of the
marker gene itself, but that co-habitation also influenced
the microbial community structure. Similarly, Zhang
et al. (2020) reported that frequent contact between
humans and pets in urbanized areas leads to a higher
proportion of false-positive signals from pets in human-
associated markers. These markers therefore can be
regarded as good MST candidates for indicating the pres-
ence of anthropogenic activities in the area, rather than
showing human faecal pollution alone.

Albeit pigs are underrepresented in the study area, the
Pig2Bac assay was included as it is considered a globally
very robust procedure (Reischer et al. 2013). The binary
assay sensitivity and specificity were both 100%, as the
marker was detected in all samples, and none were false
positive. Elsewhere, its reported assay sensitivity and
specificity were 95-100% and 88-100%, respectively (e.g.,
Mieszkin et al. 2009; Malla et al. 2018; Zhang et al. 2020).
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Quantitative aspects of assay faecal sensitivity and
specificity

Results for quantitative assay evaluation are given as logo
(marker equivalents + 1) per g faeces (log;q (ME + 1)
g '; Fig. 1) in the following. However, since data on
quantitative assay evaluation is sometimes also referenced
to ng”' DNA or copies reaction ', we also gave our
results in those units as Supporting Information to sup-
port comparability between studies. Correlation analysis
(Table S3) revealed a very high correlation between the
expression (ME + 1) g~ faeces and (ME + 1) ng~' DNA
(p =095, p=10-000, n=122). The different units of
expression are, therefore, comparable in their quantitative
relationships for our study (Figs SI and S2).

The ruminant BacR marker concentration was very
high (median: log;, 8-1 (ME + 1) gfl, Fig. 1) and sam-
ple-to-sample variation was low (range: log;, 5-6-8-9
(ME + 1) g_l). Median marker concentrations of the cat-
tle, goat and sheep samples showed similar values (logo
8-3, log;o 7-8 and log;, 7-8 (ME + 1) g~ ', respectively).
Such high marker abundance of BacR in ruminant sam-
ples is in accordance with the results published in the
original study (Reischer et al. 2006) and others (e.g.,
Malla et al. 2018). However, in addition to the marker
concentration in target and non-target samples being
decisive for assay applicability, their relative concentration
differences need to be taken into account. The observed
median distance in the marker concentration of target
and non-target samples was >7 log;, levels. This, in con-
trast with other MST methods, shows the very high mar-
ker abundance in ruminant samples and their much
lower abundance in non-targets, make BacR an ideal can-
didate to trace ruminant-associated faecal pollution in the
study area.

Human-associated BacHum and HF183/BacR287 tar-
gets were observed in somewhat lower concentrations
(median: log;, 54 and 4.2 (ME + 1) gfl, respectively;
Fig. 1) than of ruminants. The detection was independent
of the gender and age of the donors (Table S4). Sample-
to-sample variability was considerably higher than for the
ruminant marker, as also observed elsewhere (range: logo
4-9 copies g ' faeces; e.g., Nshimyimana et al. 2017,
Ahmed et al. 2019, Zhang et al. 2020). The marker con-
centration of the false-positive tested samples ranged from
logip 2-9 to 6:5 (ME + 1) g_1 (BacHum) and log;, 3-6 to
6:1 (ME + 1) gf1 (HF183/BacR287). The median distance
of correct-positive tested target samples and non-target
samples was >4 and >3 log;, orders for BacHum and
HF183/BacR287, respectively (Fig. 1). Both assays can,
therefore, also be regarded as very valuable candidates in
the region as long as the possibility of cross-contamina-
tion is considered, especially if animals from the groups
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Figure 1 Marker equivalents per g faeces for target and non-target samples of all assays tested — BacR, BacHum, HF183/BacR287 and Pig2Bac.
The results were obtained from the 1:4 dilution of the DNA samples and transformed into logarithmic format after the addition of 1 to each
value. Boxes, 25th and 75th percentile; lines within the boxes, median; whiskers, 10th and 90th percentile, respectively; open circles represent
outliers; dashed line, Threshold of Detection (ToD) which is logqo 1-81 (marker equovalents + 1) per 100 mg fresh weight of faeces; n, total num-

ber of samples in each category.

that tested false-positive (dogs and pigs) are present in
considerable numbers.

The marker concentrations in the faecal target samples
recorded with the Pig2Bac assay were in a range similar
to that for BacR (log,q 7-4 to 8-4 (ME + 1) gfl). Vari-
ability among the individual samples was the lowest of all
markers, which is in line with the results from other stud-
ies (Mieszkin et al. 2009; Malla et al. 2018; Kongprajug
et al. 2019). The Pig2Bac assay, therefore, seems to also
represent an MST procedure targeting a highly abundant
bacterial species in the intestinal core microbiome of pigs,
which results in the robustness of this assay.

Marker occurrence in soil samples

Soils may represent a possible natural reservoir of phylo-
genetically related microbial targets and interference with
MST. Therefore, cross-checking is a prerequisite for the
safe application of molecular MST techniques (Vierheilig
et al. 2012). In the present study, human-associated
markers could not be detected in the uppermost soil
layer, and BacR detection was restricted to more densely
populated sites. Furthermore, its occurrence was subject
to fluctuations over time (Table S6). During the wet sea-
son, BacR could not be detected at any site. During the

dry season (September to January/February), BacR was
detected in 83% of the samples collected at sites of higher
anthropogenic influence (AW3-AWS5), whereas it was
only found in 25% of the samples collected from less
densely populated and agriculturally used sites (AW1-2).
This observation is further supported by a significant neg-
ative correlation between the monthly rainfall sum and
the BacR marker concentration at sites AW3-AWS5
(Table S7). BacR marker concentrations, when detected,
ranged from log;, 30 to 49 (ME+1) g ' soil
(Table S6).

Although open defecation is practised in the region, cattle
outnumber humans. Additionally, while cattle produce
approximately 23-6 kg wet weight d !, humans produce only
0-15 kg wet weight d ™" (Geldreich 1978). It is therefore rea-
sonable to detect the BacR marker in the uppermost soil layer
during the dry season when no leaching takes place and the
soil does not present a natural reservoir. This result is also in
agreement with the observed agricultural management prac-
tice. During the non-cropping season (dry season), all com-
munity livestock are freely grazing (e.g. riparian areas,
hillsides, communal grazing areas and other fragile areas;
December — June). During the cropping season, however,
there are restrictions on the mobility of livestock and cattle
are kept away from fields and graze on riparian areas,
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hillsides, communal grazing areas and other fragile areas.
Moreover, the results are further supported by the prevalence
of ruminant faecal pellets, remarkably reflecting rainfall pat-
terns in the study area (data not shown; see Mushi et al., sub-
mitted). These results clearly indicate that neither ruminant
BacR nor human HF183/BacR287 false positive PCR signals
will arise from pristine or non-faecal influenced soil compart-
ments. Positive PCR signals from the ruminant BacR assay
may only be a result from soils (and associated soil erosion
processes) undergoing recent faecal contamination by rumi-
nant animal populations.

Implications of these results for the Ethiopian region

Faecal water pollution poses a health risk, especially in
developing countries where safe household water supplies
are often scarce or non-existent. In these parts of the
world, people still rely partly or entirely on surface water
for their daily water needs (drinking water, household
purposes, watering livestock, irrigating fields).

Ethiopia is no exception. Particularly in rural areas,
people are heavily dependent on the availability of surface
water. Land use here consists mainly of agricultural land
used for rain-fed crops, irrigation and pasture farming
(Tessema 2011). The climatic situation is characterized by
a bimodal precipitation pattern with a short rainy season
from March to May and a second one from July to
September (Tessema 2011). Whereas during the dry sea-
son the risk for faecal input into surface water systems is
mainly from increased anthropogenic activities (watering
livestock, bathing), during the rainy season the input is
mainly indirectly caused by flooding from nearby grazing
areas. This study therefore focused on the detection of
faecal contamination from ruminants, as these occur in
large importance
(Table S2), and human sources.

The assay evaluation confirmed the robustness of the
ruminant BacR assay. The marker was found in all rumi-

numbers and are of existential

nant faecal samples at very high concentrations, making
the assay an ideal candidate for detecting ruminant-asso-
ciated faecal pollution in the study area. The human-asso-
ciated markers were present in human stool samples at
high, but still considerably lower, concentrations (3—4
log;y orders) than BacR in ruminant samples. From these
results, it appears that the two human-associated assays
are less sensitive in their environmental detection com-
pared to BacR. For areas with only sporadic housings
where open defecation is practised, these assays may
therefore not be sensitive enough. In larger settlement
areas, however, where open defecation is also practised,
their application appears very reasonable. Interestingly,
both assays also suggest a general anthropogenic impact
indication, since cross-detection was mainly found in
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samples from dogs and pigs, closely living together with
human individuals.

In summary, all tested MST procedures are very
promising candidates for the determination of important
faecal sources in the study area. However, further studies
will be required to also test their applicability in the field.
Studies on marker persistence under the given climatic
conditions as well as marker detection in samples with a
probably difficult sample matrix will be needed. The latter
is mainly due to the region being strongly affected by soil
erosion, increasing the risk of high inorganic turbidity
that is likely to affect the efficiency of DNA extraction
(Lever et al. 2015).

Materials and methods

Study area

The study area, the headwaters of the Awash River, is
located in central Ethiopia at an altitude of approximately
3000 m above sea level. The catchment area of the river
covers approximately 116 000 km® (AWBA 2017) and the
climate in the river basin varies from humid subtropical
in the highlands to arid in the Afar lowlands (Dinar et al.
2008). Annual average temperature in the Awash River
basin ranges from 16-7 to 29°C and relative humidity var-
ies from 49-7 to 60-2% (Hailu et al. 2017). The Awash
River basin is the most important and most heavily used
river basin in the country. The area is of great importance
for agriculture and especially for livestock breeding. The
livestock population, mainly cattle, sheep and goats (FAO
2019), is estimated at 5-96 million TLU (Tropical Live-
stock Units, FAO 2013). Approximately 18-3 million peo-
ple live in the Awash basin (AWBA 2017). The Awash
River water is crucial for irrigation and serves as an
important water source for domestic
(Degefu et al. 2013).

The river also receives considerable amounts of indus-

consumption

trial and domestic waste that strongly affect the water
quality (Hailu et al. 2017). Despite intensive efforts to
limit open defecation in order to improve the sanitary sit-
uation, only a few households in the study area have their
own latrine. The majority continue to practice open defe-
cation. Wastewater treatment is rather unusual, apart
from larger cities such as Addis Abeba and some universi-
ties that discharge their wastewater into stabilization
ponds. Household sewage is usually disposed into back-
yards or ditches specifically constructed for this purpose.

Sample collection and DNA extraction

Faecal samples were collected in the Awash basin from
March 2017 to February 2018. For a detailed description
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of the sampling sites the reader is referred to Kebede
et al. (2020). A total of 173 faecal samples from individ-
ual specimens of livestock, humans and wildlife species
were collected. The final data set included faecal samples
from the following sources: ruminants (n = 57), com-
posed of samples from cattle (n = 33), goats (n = 12)
and sheep (n=12); humans (n =52); herbivores
(n = 21) composed of samples from horses (n = 7), don-
keys (n=7) and mules (n = 7); chickens (n = 8), pigs
(n =13), and dogs (n =9); and wildlife (n = 13) com-
posed of samples from pigeons (n =4) and monkeys
(n=9).

The most frequently kept livestock animals in the
region are cattle, goats and sheep. Donkeys, mules and
horses are kept as working animals. Wildlife is underrep-
resented in the sample set. In the forest areas there is
game, which is hunted. At the time of sampling, however,
a massive protest was raised against the government in
the region and suspicions were expressed that armed
groups had entrenched themselves in the forests, making
sampling there impossible. Analysis was thus focused on
livestock and human pollution sources. In addition, a sys-
temic door-to-door survey of residents about the preva-
lence of different livestock present in the upper
catchment area of Awash River was carried out as part of
this study before selection of specific MST procedures.
The results verified the assumption that ruminants and
humans must be considered the most prevalent sources of
faecal contamination in the upper Awash basin. Poultry
and other non-ruminant livestock were less prevalent
(Table S2). Sensitivity and specificity testing of the candi-
date MST methods, therefore, focused on ruminant- and
human-associated faecal sources.

All faecal samples were collected in sterile sampling
vials (Greiner, Austria) and transported in the dark on
ice to the laboratory. Samples were stored at —20°C
within 6 h after sampling, and DNA extraction was per-
formed within 2 months after sampling. Human stool
samples were anonymously donated by healthy persons of
varying ages (2—41 years old) from the districts Ambo
and Ginchi (Table S1).

Soil samples were collected from five independent plots
monthly over a 1-year period (March 2017 to February
2018) to cover both the dry and rainy seasons. Upon col-
lection, the samples were kept at — 20°C until DNA
extraction. Details about the sampling sites and sample
collection are available as supporting information
(Table S2).

From all faecal and soil samples, DNA was extracted
using the MoBio Power Soil DNA Isolation Kit (MoBio
Laboratories, Carlsbad, CA) according to the manufac-
turer’s instructions. Per sample either 0-25 g of faeces
(fresh weight) or 0-25 g soil were used. For each
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extraction batch an extraction control using only reagents
was prepared.

MST genetic marker detection

Four different MST assays to identify ruminant- (BacR;
Reischer et al. 2006), human- (BacHum and HF183/
BacR287; Kildare et al. 2007, Green et al. 2014) and pig-
associated (Pig2Bac; Mieszkin et al. 2009) faecal pollution
were evaluated. In addition to the applied host-associated
faecal genetic markers, a general Bacteroidetes marker, All-
Bac (Layton ef al. 2006), was run in duplex with the ntb2
fragment as an internal amplification control (Anderson
et al. 2011). All gPCR reactions were run on a Rotor-
Gene Q thermocycler (Qiagen, Netherlands) in duplicate
and were performed in a 15 ul reaction volume as
described previously (Mayer et al. 2018). Detailed infor-
mation on the cycling conditions, data reading and qual-
ity assessment of the qPCR performance is given as
Supporting Information.

Data analysis and statistics

All data analysis was performed with Microsoft Excel and
Sigma Plot 10 (Systat Software Inc., Chicago, IL). All
qPCR data are expressed as logo (x + 1), where x is the
concentration calculated from the standard curve before
applying the logarithm to it. Quantitative results of the
marker concentrations in the faecal and soil samples are
given as marker equivalents (ME) g ' instead of copies
per g since the extraction efficiency of the MoBio Power
Soil Kit and associated with it the exact cell number
remains unknown (Reischer et al. 2006). The amount of
faeces used for DNA extraction, copies in undiluted DNA
extract and the minimal theoretically detectable marker
concentration per reaction defines the detection threshold
(Reischer et al. 2008; Bustin et al. 2009). The resultant
value is referred to as the threshold of detection (ToD,
Reischer et al. 2006). Non-detects from the qPCR enu-
meration were set to the ToD level of log;q 1-81 (marker
equivalents + 1) per 100 mg faeces for the present data
set.

Binary assay specificity was defined as the percentage of
non-target samples not detected with the respective gPCR
assay. As such, all samples yielding <1 copy/reaction were
charged. In contrast, binary assay sensitivity was defined
as the percentage of target samples giving a positive signal
in the gPCR. As such, all samples yielding >1 copy/reac-
tion were charged.

As a statistical metric to estimate the quantitative faecal
source discrimination efficiency of the tested MST mar-
ker, we determined the log;, median distance between the
target and the non-target faecal samples. This is a
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methodical modification after Reischer et al. (2013) who
used the distance between the 25th percentile marker con-
centration in target samples and the 75th percentile con-
centration in the non-target samples.

Spearman’s rank-order correlation was used for calcula-
tion of the correlation coefficients among the parameters
using SPSS Statistics Software ver. 25 (SPSS Inc., Chicago,
IL).
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Supporting Information

Additional Supporting Information may be found in the
online version of this article:

Figure S1 Marker concentration expressed as marker
copies per PCR (2-5 pl sample volume) for the target and
non-target samples of all assays tested—BacR, HF183/
BacR287, BacHum and Pig2Bac

Figure S2 Marker equivalents per ng DNA for target
and non-target samples of all assays tested—DBacR,
HF183/BacR287, BacHum and Pig2Bac

Table S1 List of human stool samples and additional
information on DNA concentration and marker concen-
tration (BacHum and HF183/BacR287) of the individual
samples.

Table S2 Additional information on livestock numbers
and human settlements in the surrounding area of the
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soil sampling sites AW1-AWS5. Information was obtained
from a door-to-door survey and local authorities.

Table S3 Spearman rank-order correlation of the dif-
ferent units of expression of all target samples (ruminant,
human and pig) marker concentrations (n = 122).

Table S4 Spearman rank-order correlation of human-
associated marker concentrations and sex and age of
donators (n = 52).

Table S5 Spearman rank-order correlation of data on
DNA concentration and human-associated marker con-
centrations (n = 52).

Table S6 BacR marker concentrations measured in soil
samples from five sites with different land use patterns
alongside Awash River.

Table S7 Spearman rank-order correlation of monthly
rainfall sums (compare Table S8) at sites AW1 — AW5
and ruminant-associated marker concentrations in soil
samples (n = 12).

Table S8 The rainfall data [mm] was obtained from
the recording rain gauge of the Holeta Agricultural
Research Center under the Ethiopian Agricultural
Research Institute (EIAR) which is representative for the
whole sampling area covering sites AW1 — AW5. Days on
which soil samples were collected are marked with a
thicker borders.
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