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Abstract

The discovery of antibiotics remains one of the greatest achievements of the last century. Unfortunately, due to their overuse
and misuse, the occurrence of resistance to antibiotics has become one of the most pressing dilemmas for human public
health. Many sources of antibiotic resistance are known, including agriculture, animal husbandry, hospitals, sewage treat-
ment plants, and potentially, cemetery soil. There is lack of sufficient evidence on the contribution of the cemetery soil in the
introduction of antibiotic resistance into the environment; therefore, this issue needs to be explored. Here, we review the most
important pathways for the transfer of antibiotic-resistant microorganisms and their genes and the main factors influencing
the spreading efficiency. Unlike other studies on this subject, the article focuses on an area that seems to be overlooked, the
cemetery soil environment. The presented data highlight the importance of cemetery soil in the spread of antibiotic-resistant
microorganisms and their genes into the environment, which may help identify appropriate solutions to combat this problem
more effectively. In addition, the review describes their potential importance in the escalation of the antibiotic resistance

phenomenon, along with different methods of combating antimicrobial resistance.

Keywords Antibiotics - Cemetery soil - Graveyard - Environment pollution - Antibiotic resistance genes - Antibiotic-

resistant bacteria

Introduction

Antibiotics are natural substances produced mostly by bacte-
ria and fungi, able to inhibit or kill competing species. This
discovery is one of the most important, medical achieve-
ments of the twentieth century (Russel 1977; Ribeiro da
Cunha et al. 2019). Their inhibitory mechanism of action
targets mainly the synthesis of the cell wall, disrupts the
periplasmic membrane, and inhibits protein biosynthesis and
DNA replication (Rushton 2015; Sriram et al. 2021). Unfor-
tunately, their effectiveness is declining due to the growing
problem of antibiotic resistance properties.

Antibiotic resistance properties are the mode of adap-
tivity formed in order to defend certain microorganisms
against antimicrobial agents, existing for decades of natural
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evolutionary process. Antimicrobial resistance may also
evolve through the mediation of antibiotic resistance genes
via the horizontal gene transfer. In the case of the horizon-
tal gene transfer, the transfer of resistance genes occurs by
plasmids, by transformation, transduction, or conjugation
(Lopatkin et al. 2016; Nicolaou and Rigol 2018).

The transformation is based on the acquisition of naked,
outside the cell, DNA from the external environment by a
competent cell, i.e., with the ability to transform. There are
many species of bacteria with this trait, and most of these
known so far occur naturally as a periodic physiological state
(Chen and Dubnau 2004). Transduction and conjugation are
based on the use of mobile genetic elements, including large
plasmids and bacteriophages (Frost et al. 2005).

Transduction is the transfer of DNA from one cell to
another using phage (Chen and Dubnau 2004). Two forms
of transduction can be distinguished, general and specific.
In the former, bacterial DNA is stuffed into the phage heads
instead of its own genetic material. Any fragment of the
genome can be packed in. Specific transduction is the result
of an erroneous excision of a prophage from a specific site of
integration. The resulting phage is a component of the actual
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phage’s DNA as well as the adjacent DNA from the bacterial
genome. Stable inheritance of donor material occurs either
through site-specific recombination mediated by phage inte-
grase, or homologous recombination by bacterial recombi-
nases (Thierauf et al. 2009).

Conjugation is considered to be the most troublesome of
the horizontal gene transfer to spread antibiotic resistance
among pathogens. The associated genetic element encodes
proteins that allow it to be transferred to other cells, often
including genes for antibiotic resistance and virulence fac-
tors (Graf et al. 2019). Acquired resistance due to the acqui-
sition of resistance genes or the result of spontaneous muta-
tions by bacteria is expressed by a number of mechanisms,
such as modified antimicrobial target, enzymatic hydroly-
sis, efflux, and drug impermeability (Holmes et al. 2016;
O'Neill 2016). However, due to increasing consumption and
improper use of antibiotics, treatment of infections with anti-
microbials is observed to be ineffective (de Ilurdoz et al.
2022; Salmanov et al. 2023). The most important sources
of antibiotic-resistant microorganisms include agriculture
(Li et al. 2011), animal husbandry (Campagnolo et al. 2002;
Christian et al. 2003; Rushton 2015; Javid et al. 2016), aqua-
culture (Schar et al. 2020; Sriram et al. 2021; Thiang et al.
2021), hospitals and their pollutants (Rodriguez-Mozaz et al.
2015; Salmanov et al. 2023), wastewater treatment plants
(Oliveira et al. 2021; Zieliriski et al. 2021; de Ilurdoz et al.
2022) and cemeteries (Abia et al. 2018, 2019). However,
cemetery soil has received little attention in terms of anti-
biotic resistance phenomena, although it appears to be a
promising area.

Antibiotic resistance is one of the greatest challenges of
the twenty-first century. That is why it is crucial to under-
stand its mode of transfer mainly from antibiotic-resistant
microorganisms and antibiotic resistance genes into the
environment. Aspects such as unknown cause of death, the
extent of microbial population present in and on the cadaver
and their diversity, multiple gene transfer mechanisms and
the high rate of mutation make it a reasonable assumption
to consider cemetery soil as a possible reservoir of antimi-
crobial resistance.

Sources of antibiotics emission
into the natural environment

Transmission of drug-resistant microorganisms, and their
genes, can occur via air, droplets, sex, feces, skin contact,
contact with contaminated body fluids, water, food, and
with participation of animal vectors (Jamrozik and Selgelid
2020). Regulatory gaps, or their absence and non-compli-
ance with them, lead to the release of antibiotics into the
environment (O'Neill 2016; Salmanov et al. 2023). This
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section outlines the most important sources of the spread of
antibiotics into the environment, shown in Fig. 1.

Animal agriculture and aquaculture

Livestock as a part of an agriculture is one of the main mar-
kets for the use of antimicrobials (Rushton 2015; Sriram
et al. 2021). In animal husbandry, antibacterials are used
for therapeutic and for non-medical purposes. Non-medical
use results from the desire to increase productivity and feed
utilization while maintaining low production costs (Rushton
2015). Such practices, due to the growing misuse of antibi-
otics in animal husbandry, have significant impact on the
escalation of antimicrobial resistance.

The FDA U.S. Food & Drug Administration (2021)
reported the decline in domestic sales and distribution of
medically important, i.e., important to human medicine,
livestock antimicrobials. The drugs included in the report in
terms of declining sales and distribution levels for food-pro-
ducing animals for 2020, respectively, include: tetracyclines
66%, penicillin 13%, macrolides 7%, sulfonamides 5%, ami-
noglycosides 5%, lincosamides 2%, cephalosporins below
1% and fluoroquinolones below 1%. However, the authors
pointed out that while interpreting, it should be considered
that the presented data are limited to the estimation on sale
and distribution of drugs for use in food-producing animals,
not its actual usage. In addition, some of the agents can be
used for other purposes than in animals for food production.

Campagnolo et al. (2002) studied swine and poultry
manure waste lagoon and showed high concentrations of
antibiotics and its residues (Table 1). All the analyzed sam-
ples revealed multiple classes of antimicrobials, tetracy-
clines, sulfonamides, -lactams, macrolides and fluoroqui-
nolones. The results indicated that in total, drugs residues

Animal agriculture
and aqaculture

Cemetery soil?

Wastewater and
drinking water
treatment plants

Hospital and
outpatient care

Fig. 1 Sources of antibiotics emission into the natural environment
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Table 1 Selected antibiotics occurrence in different environments

Environment, location

Sample type

Antibiotics

Concentrations

Analytical method References

Vegetable Farmland
Soil, China

Soil, Germany

WWTP, Spain

WWTP, Poland

Pearl River Delta Area,

Southern China

Soil treated with swine
manure

Influent

Effluent

UwWw

TWW

Quinolones (4):
Enrofloxacin
Norfloxacin
Ciprofloxacin
Lomefloxacin
Tetracyclines (3):
Oxytetracycline
Tetracycline
Chlortetracycline
Sulfonamides (6)
Sulfamerazine
Sulfamethazine
Sulfadiazine
Sulfameter
Sulfamethoxazole
Sulfadimethoxine
Sulfonamides (sul-
fadimidine)
Ciprofloxacin
Ofloxacin
Cefazolin
Cefotaxime
Azithromycin
Clarithromycin
Sulfamethoxazole
Trimethoprim
Metronidazole
Ciprofloxacin
Ofloxacin
Cefazolin
Cefotaxime
Azithromycin
Clarithromycin
Sulfamethoxazole
Trimethoprim
Metronidazole
Trimethoprim
Ciprofloxacin
Clarithromycin
Sulfamethoxazole
Doxycycline
Trimethoprim
Ciprofloxacin
Clarithromycin
Sulfamethoxazole
Doxycycline

Detection: 97-100%
5.1-1347.6 pg/kg
14.9-150.2 pg/kg
5.3-119.8 pg/kg
ND-13.7 pg/kg
Detection: 19-97%
ND-79.7 pg/kg
ND-74.4 pg/kg
ND-104.6 pg/kg
Detection: 26-100%
ND-93.5 pg/kg
ND-74.0 pg/kg
ND-85.5 pg/kg
ND-120.4 pg/kg
ND-54.5 pg/kg
ND-40.4 pg/kg

LC-UV-FLD

15 pg/kg of dry weight ELISA

639.1-1307.0 ng/l
581.7-1564.6 ng/l
94.7-146.6 ng/l
252.8-363.5 ng/l
ND-214.5 ng/l
460.9-551.3 ng/l
330.7-417.4 ng/1
87.8-179.5 ng/l
ND-274.5 ng/l
108-174.8 ng/l
60.9-171.8 ng/l
14.6-24.8 ng/l
207.9-229.2 ng/l
75.5-135 ng/l
92.3-129 ng/l
56.2-73 ng/l
97.2-124.9 ng/l
ND-144 ng/l
2.45-1643.74 ng/l
92.16-306.79 ng/l
69.3-401.79 ng/1
118.82-160.27 ng/l
16.44-97.91 ng/l
12.12-1255.16 ng/1
16.09-120.07 ng/1
24.38-355.18 ng/l
22.26-69.41 ng/l
7.40-78.70 ng/l

UPLC

HPLC

Lietal. (2011)

Christian et al. (2003)

Rodriguez-Mozaz et al.
(2015)

Zielinski et al. (2021)
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Table 1 (continued)

Environment, location ~ Sample type Antibiotics Concentrations Analytical method References
Hospital, Spain Hospital effluent Ciprofloxacin 8305.1-13,779.7ng/l  UPLC Rodriguez-Mozaz et al.
Ofloxacin 4750.0-14377.8 ng/l (2015)
Cefazolin LOQ-83.4 ng/l
Cefotaxime 143.7-240.4 ng/1
Azithromycin 20.1-59.9 ng/l
Clarithromycin ND-941.1 ng/l
Sulfamethoxazole 190.2-4816.7 ng/l
Trimethoprim 136.3-594.3 ng/l
Metronidazole 523.9-1792.9 ng/l
River, Spain Upstream—receiving  Ciprofloxacin 4.7-9.4 ng/l UPLC Rodriguez-Mozaz et al.
water after wastewa-  Ofioxacin LOQ (2015)
ter treatment Cefazolin 6.6-10.5 ng/l
Cefotaxime 67.98-93.1 ng/l
Azithromycin ND
Clarithromycin 35.4-44.7 ng/l
Sulfamethoxazole LOQ-7 ng/l
Trimethoprim LOQ
Metronidazole ND
Downstream—receiv-  Ciprofloxacin 48.2-72.4 ng/l
ing water after waste- Ofjoxacin 100.7-137.6 ng/l
water treatment Cefazolin 3.4-8.4 ng/l
Cefotaxime 130.8-165.6 ng/l
Azythromycin 55.9-115.5 ng/l
Clarithromycin 61.1-96.3 ng/l
Sulfamethoxazole 40.2-71.8 ng/l
Trimethoprim 50.7-92.7 ng/1
Metronidazole 17.1-28.4 ng/l
Sewage treatment- WWTP—hospital Tetracycline ND HPLC Javid et al. (2016)
plant, Iran MWWT Tetracycline 280-630 ng/l
Swine waste lagoon, Swine-waste storage Chlortetracycline 11-540 pg/l LC/ESI-MS Campagnolo et al.
Iowa and Ohio, USA  lagoon Sulfamethazine >20 pg/l (2002)
Penicillin LOQ-3.5 pg/l
Erythromycin LOQ-275 pg/l
Enrofloxacin NT
Swine farm—monitor- Chlortetracycline LOQ
ing well Sulfamethazine 7.6 pg/l
Penicillin LOQ
Erythromycin LOQ
Enrofloxacin NT
River, Iowa and Ohio,  River near poultry Chlortetracycline LOQ
USA farm Sulfamethazine LOQ
Penicillin LOQ
Erythromycin LOQ
Enrofloxacin 5.0 pg/l
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Table 1 (continued)

Environment, location ~ Sample type Antibiotics Concentrations Analytical method References
Pig feedlot, China Fresh pig manure Tetracyclines 1282.0 pg/kg UPLC-MS/MS Fang et al. (2018)
(FPM) Sulfonamides 14.5 pg/kg
Fluoroquinolones 2442.7 pglkg
Macrolides 176.8 pg/kg
Compost pig manure  Tetracyclines 1081.8 pg/kg/kg
(CPM) .
Sulfonamides 11.6 pg/kg
Fluoroquinolones 948.1 pg/kg
Macrolides 140.6 pg
Aquaculture farms, Samples from 29 Tetracyclines (4) Overall detection: 83% HPLC Thiang et al. (2021)
Peninsular, Malaysia ~ farms, surface Minocycline <LOQ-245 ng/l
water, 23 antibigtics Oxytetracycline <LOQ
detected from six
classes Tetracycline <LOQ-73 ng/l
Doxycycline Once detected: 234
ng/l
Sulfonamides (7) Overall detection:
72%,<L0OQ to 282.4
ng/l
Quinolones (5) Overall detection:
69%,<LOQ-
9.58x 10° ng/l
Macrolides (5) <LOQ-6.9 ng/l
Trimethoprim Only thrice noted: 0.4,
0.5 and 4.7 ng/1
Lincomycin <LOQ-74.7 ng/l
Water nearby of animal Wells—two locations ~ Tetracycline 5.4-9.3 ng/l HPLC Javid et al. (2016)
farms, Iran dam Tetracycline 5.7-8.7 ng/l
Drinking water, Iran Tap water, Iran Tetracycline ND
Liquid manure, Ger- Swine liquid manure  Sulfadimidine 1-1.1 mg/kg ELISA Christian et al. (2003)
many Cattle liquid manure  Sulfadimidine <0.1 mg/kg
Soil—fertilized with Dried liquid manure Tetracycline (depth):  6.6-349.3 pg/kg LC-MS-MS Hamscher et al. (2002)
liquid manure, aggregates, underly- surface
Germany ir.1g soil—from three  (_10 ¢m 4-33.2 pg/kg
different areas 10-20 cm 2.6-50.1 pg/ke
20-30 cm 2.3-30.3 pg/kg
Chlortetracycline 4.9-1435.0 pg/kg
(depth): surface
0-10 cm 1.7-59.9 pg/kg
10-20 cm 2.6-12 pg/kg
20-30 cm 2.9-14.9 pg/kg
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Table 1 (continued)

Environment, location ~ Sample type Antibiotics Concentrations Analytical method References
River, Germany Riverbanks in South-  Tetracyclines ND HP LC-MS/MS  Christian et al. (2003)
ern North Rhine-
Westphalia f-lactams Average < 10 ng/l,
max. up to 48 ng/l
Fluoroquinolones Rarely detected, < 10

Sulfonamides: Tri-
methoprim

Sulfamethoxazole
Sulfadimidine
Macrolides

Erythromycin (the
most common)

Tylosin (once
detected)

Seawater, China Victoria Harbour, Quinolones

Honk Kong

Macrolides

Sulfonamides
B-lactams
Chloramphenicol

River, South China Pearl River at Guang-

zhou

Quinolones
Macrolides
Sulfonamides

B-lactams
Chloramphenicol

River Cache La
Poudre, northern
Colorado, USA

Water Tetracyclines
Sulfonamides
Macrolides

Sediment Tetracyclines
Sulfonamides

Macrolides

ng/l
10-71 ng/l

40-98 ng/l

2-7 ng/l

around 10-30 ng/l
around 50-300 ng/1

90 ng/l

5.2-9.4" ng/l in Dec.
10-12.3" ng/l in Feb

3.3-6.1° ng/l in Dec.
3.4-5.1° ng/l in Feb

ND

ND

ND

11-12° ng/l in hws,
77-150° ng/l in 1ws

16-30° ng/l in hws,
66-460° ng/l in lws

37-67° ng/l in hws,
134-209° ng/l in lws

ND

41° ng/l in hws, 127°
ng/l in Iws

0.02-0.18 pg/l
0.01-0.1* pg/l
0.05-0.12% pg/l
6.9-24.3% pg/kg
1.6-4.8" pg/kg
2.1-10.0% pg/kg

HPLC-MS/MS Xu et al. (2007)

HPLC Kim and Carlson (2007)

LC liquid chromatography, ESI electrospray ionization, MS mass spectrometry, HPLC high-performance liquid chromatography, HPLC-MS/MS
HPLC-electrospray ionization tandem mass spectrometry, UPLC ultra-performance liquid chromatography, UV ultraviolet, FLD fluorescence
detector, MWWTP municipal wastewater treatment plant, WWTP wastewater treatment plant, UWW untreated wastewater sample, TWW treated
wastewater sample, ND not detected, Aws high water season, lws low water season, ¢ mean value, b median, LOQ limit of quantification, NT not

tested, Dec. December, Feb. February

reached almost 1 mg/l, i.e., summation of all antibacterials
detected in a given sample, and individual antimicrobial
agent usually exceeded 100 pg/l. This confirmed that at least
a portion of the medicaments administered to swine are not
absorbed by the animals and are excreted to the environment.
Also, study of the dried liquid manure showed high con-
centrations of antibiotics at the soil surface, reaching 349.3
pg/kg of tetracycline and 1435 pg/kg of chlortetracycline
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(Table 1) (Hamscher et al. 2002; Javid et al. 2016). It is
alarming because such aggregates can remain intact in soil.
Consequently, bacteria are exposed to inhibitory levels of
antibiotics, which can be toxic and reduce the biodiversity
of the soil microbiome.

Christian et al. (2003) investigated the possibility of
introducing antimicrobials and their residues through
manure in fields, by surface runoff, leaching and drift.
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Drugs were detected in all the surface water samples
(Table 1). Also, soil samples showed the presence of
sulfadimidine, which was previously revealed in liquid
manure, used as soil fertilizer (Table 1). The researchers
have emphasized that sulfadimidine was found in the soil
seven months after fertilization, which may imply a sig-
nificant stability of some antibiotics in manure and soil.
Li et al. (2011) proved that some drugs, i.e., chlortetra-
cycline, sulfameter and quinolones have been detected
in soils from vegetable crops at a concentration that may
cause an ecotoxic effect, 100 pg/kg, according to the Steer-
ing Committee of the International Veterinary Committee
for Harmonization (Table 1).

Also, Fang et al. (2018) proved the possibility of trans-
mission and spread of antimicrobial residues, antibiotic
resistance genes, human pathogenic bacteria and, what is
more worrying, antibiotic-resistant human pathogenic bac-
teria from swine feedlot to the streams nearby, as well as
agricultural soil, by means of sewage discharge and manure
fertilization. The results showed significantly higher con-
centration of antibiotics residues in stream sediments and
agricultural soils than in stream water (Table 1). The most
frequently recorded antibiotic resistance genes in pig manure
and stream sediments were those determining resistance to
tetracyclines, while multidrug-resistance genes dominated
in stream waters, similarly to agricultural soil (Table 2).
The authors noted that although the amount of antibiotic
resistance genes showed a steady decline along sewage and
manure treatment channels, antibiotic resistance genes can
still be transported from pig feed to nearby stream, sedi-
ments and greenhouse soil.

A similar phenomenon, i.e., leaching, may occur in cem-
etery soils. Bacteria, including those potentially resistant
to antibiotics and their genes, after being released from the
corpse, reach the soil, from where they can end up in water-
courses, and then into the organisms of animals and humans.
In addition, locating cemeteries on hills increases this risk.
Climate change, which is conducive to more and more fre-
quent floods, rainfall and snowmelt, makes this threat even
higher.

In aquaculture, the use of antimicrobials is primarily for
medicinal purposes. However, irrespective of the subject
to be treated, efficacy is dose-dependent, which is a major
problem in this case. Often, fish are given insufficient doses
of the drugs. This may result from the use of counterfeit
medicines and without the breeder's knowledge. Studies
have shown that 48% of the pharmaceuticals analyzed were
inauthentic, which meant that the active ingredient content
was at least 20% lower than indicated on the label (Leung
et al. 2020). The results of such standards are primarily inef-
fective therapies, and thus an increase in mortality among
farm animals, economic losses, and the development of
antibiotic-resistant microorganisms.

Schar et al. (2020) estimated that the worldwide use of
antibiotics in humans and animals, both aquatic and terres-
trial bred for food production will amount to 236,575 tons.
Even though aquaculture accounts for only 5.7% of animal
food production, it has the highest use of antibiotics per kg
of biomass. Antimicrobial’s consumption in aquaculture is
increasing faster than in meat and dairy products (Sriram
etal. 2021). About 10,259 tons of antibiotics were allocated
to this sector in 2017, and it is predicted that in 2030 it will
reach 13,600 tons (Schar et al. 2020). Around 23 antibi-
otics have been identified in aquaculture on the Malaysian
Peninsula, the most common were tetracyclines, sulfona-
mides and quinolones (Table 1), which is the evidence of
the widespread use of antibacterial agents in local farms.
Furthermore, genes for antimicrobial resistance have been
revealed in over 90% of the sites, with the exception of sul3
(Thiang et al. 2021).

In addition, Schar et al. (2020) stressed out that it is wor-
rying that the level of antibiotic use in selected aquatic ani-
mal species exceeds that of terrestrial animals and humans.
It is also necessary to introduce changes in the law in the
field of animal husbandry, e.g., ensuring animal welfare,
limiting total drug consumption, reducing stress levels and
improving hygiene (Nunan 2022). These studies highlighted
the need to improve the quality of monitoring usage of anti-
biotics in aquaculture and livestock, with particular empha-
sis on the safety of water and ecosystems. A similar threat
comes from the cemetery environment, where microorgan-
isms resistant to antibiotics and their genes can spread into
the environment through the surrounding watercourses and
groundwater.

Hospitals and non-hospital care

Latest European Centre for Disease Prevention and Control
(2021) report showed that between 2011 and 2020 in the
European Union and European Economic Area there was
tendency in total healthcare, both in community and hospital
sector, in which the usage of antibacterials for systemic use
dropped, indicating positive impact of coordinated and Euro-
pean Union wide measures. Unfortunately, when examining
each of the health care sectors separately, only the commu-
nity trend clearly weakened. In addition, an increase in the
use of broad-spectrum antimicrobials has been seen. The
authors emphasized that data included in the report cover
the first year of the COVID-19 pandemic, which differed
significantly from previous years, what could be caused by
changes in behavior patterns in society and the organiza-
tion of the health care system (European Centre for Disease
Prevention and Control 2021).

Salmanov et al. (2023) focused on multi-drug-resistant
organisms transmission from patient to patient, deter-
mined by healthcare workers and environment in Ukrainian
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hospitals. Study showed increasing tendency of multi-drug-
resistant organisms occurrence. Particularly alarming was
the high level of multi-drug-resistant organisms resistant to
third generation cephalosporins and carbapenems in patho-
genic Klebsiella pneumoniae and Escherichia coli and in
carbapenem-resistant Acinetobacter baumannii, Pseu-
domonas aeruginosa and Klebsiella pneumoniae. Moreover,
in 37.4% of multi-drug-resistant organisms beta-lactamase
genes were detected, including extended-spectrum beta-
lactamases. Among extended-spectrum beta-lactamases,
blacrx.ms blargy and blagyy types were the most common,
with 41.7%, 35.7% and 33.9% detection, respectively. Detec-
tion rate of the extended-spectrum beta-lactamases-produc-
ing bacteria among isolates from healthcare-associated
infected patients, environmental surfaces and healthcare
workers—hands, gowns/gloves, was 35.9%, 34.1% and
37.5%, respectively (Table 2).

Similar research conducted by Rodriguez-Mozaz et al.
(2015) examined the effectiveness of eliminating antimi-
crobials and antibiotic resistance genes from hospitals and
integrated urban wastewater system by wastewater treatment
plants and their levels in rivers receiving treated wastewater.
Results showed that several antibiotics, such as ciprofloxa-
cin and ofloxacin, were more prevalent in hospital than in
wastewater treatment plants influents (Table 1). The findings
also indicated that hospital effluent and wastewater treatment
plants influent included the highest levels of copy counts of
antibiotic-resistance genes—blargy, qnrS, ermB, sull, and
tetW (Table 2). Even though a noticeable decrease in copy
numbers of these antibiotic-resistance genes in wastewa-
ter treatment plants effluent was noted, it was not consist-
ent across all the investigated antibiotic-resistance genes.
Moreover, the authors noticed that the receiving river was
adversely impacted by the inadequate removal of antibiotics
and antibiotic-resistance genes in the wastewater treatment
plants since both emergent pollutants were present at higher
concentrations in the waters downstream than in samples
taken upstream from the discharge point. In contrary, Javid
et al. (2016) did not report the presence of antibiotics—tetra-
cyclines, in wastewater from a hospital wastewater treatment
plant in Iran (Table 1). According to the authors, this is due
to the discontinuation of its application to patients hospital-
ized in that region. However, the results from the remaining
samples, from the municipal sewage treatment plant, clearly
indicate the possibility of contamination of surface waters
caused by overuse of antibacterials.

The shortage of the available of effective therapeutic
agents exacerbates the increase in the rate of deaths caused
by antimicrobial resistance (O'Neill 2016) and prevents the
performance of many medical procedures, e.g., organ trans-
plants, surgeries, cancer treatment or immunosuppression
(World Health Organization 2018; Jamrozik and Selgelid
2020). In the context of direct antimicrobials ingestion, the

lack of effective antibiotics leads to increasing difficulties in
treating many diseases. Reduced therapeutic effectiveness
concerns, inter alia, urinary tract infections, tuberculosis,
sepsis, or gonorrhea in many places around the world (World
Health Organization 2018). The increase in morbidity and
mortality caused by drug resistance favors the expansion
of antibiotic resistance from cemetery soils into the envi-
ronment as with the growing population, the percentage of
deaths caused by it will increase. Thus, despite the existence
of other forms of burial, the number of traditional burials
in cemeteries will increase proportionally, which will be a
source of antibiotic-resistant microorganisms and its genes.

Sewage treatment plants and drinking water
treatment plants

Wastewater treatment plants are another important source
of the release of notable amounts of antibiotics, as well as
antibiotic-resistant bacteria and antibiotic-resistance genes
into the environment. Eventually, along with sewage, they
end up in water bodies, e.g., seas, lakes or rivers (Javid et al.
2016; Osinska et al. 2020; Thakali et al. 2020). Research
by Osiriska et al. (2020) showed that despite a significant
reduction in the concentrations of antibiotic-resistant bacte-
ria and antibiotic-resistance genes as a result of wastewater
treatment plants processes, excessive amounts continue to
leak into the environment.

Zielinski et al. (2021) reported that biological and con-
ventional wastewater treatment plants are one of the most
important reservoirs of antibiotic-resistant microorganisms,
their genes (Table 2) and mobile genetic elements. Ineffi-
cient treatment methods cause the components of treated
sewage to get into surface waters. In addition to the release
of antibiotics and their residues (Table 1) into the aquatic
environment, it is also enriched with multi-drug resistance
genes, with the participation of horizontal gene transfer. The
article highlights the threats to sewage treatment plant work-
ers as well. Respiratory swabs tests from wastewater treat-
ment plants employees revealed that bioaerosols released in
the activated sludge wastewater treatment plants can be a
source of antibiotic-resistant microorganisms and antibiotic-
resistance genes (Table 2) that threaten the health of the
workers.

Rodriguez-Mozaz et al. (2015) showed that the level of
wastewater treatment in the removal of antibiotic residues
(Table 1) and antibiotic-resistance genes (Table 2) is insuf-
ficient, which poses a serious threat to humans and the envi-
ronment. Research by Javid et al. (2016) also confirmed the
presence of antibiotics in wastewater from a municipal sew-
age treatment plant (Table 1). Oliveira et al. (2021) studied
sewage treatment plants—inflows and discharged effluent
for the presence of bacteria resistant to carbapenems, both
potentially environmental and pathogenic. The researchers
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found no acquired resistance genes among potentially envi-
ronmental isolates, unlike the potentially pathogenic ones.
The latter were characterized by a high level of acquired
carbapenem resistance genes, as well as other classes of anti-
biotics, e.g., coding for resistance to f-lactams, aminogly-
cosides and fluoroquinolones. The most frequently detected
carbapenem resistance gene among the identified isolates
was blagpe (Table 2). The authors pointed out the need to
monitor the presence of an antibiotic-resistant bacteria in
various environments and to develop and implement solu-
tions that will increase the efficiency of wastewater treatment
and safe discharge.

Recently, there has been growing interest in indirect
methods of recording anthropogenic effects on the expansion
of antibiotic-resistant bacteria. An example of such a solu-
tion is the use of bioindicators, i.e., class 1 integrase, which
is becoming popular. Its presence has already been con-
firmed, inter alia, in human feces, sewage treatment plants,
rivers, landfills or non-treated hospital wastewater (Stedtfeld
et al. 2017). Thakali et al. (2020) attempted to determine
the degree of removal of the class 1 integrase gene, intl1,
and selected set of resistance genes, blargy, ermF, mecA
and tetA, in two standard wastewater treatment plants in
Louisiana, using chlorination. The authors concluded that
chlorination-based treatment does not support the multipli-
cation of antibiotic-resistant bacteria and their genes during
the wastewater treatment process. However, it was noted that
intl is capable of surviving such processes.

The work of Xu et al. (2007) also draws attention to the
importance of the anthropogenic contribution to the antimi-
crobial agents spread in the aquatic environment. A study
indicated that the seawater of Victoria Harbor is not rich
in antibiotics, as most of the analyzed ones were below the
limit of quantification (Table 1). In contrast, Guangzhou's
urban Pearl River region showed high concentrations of
antibacterials, with significant diurnal variations depend-
ing on the high or low water season (Table 1). It is assumed
that during the period of high water level in the river, the
level of antibiotics was mainly determined by the cycles of
wastewater production, which is conditioned by the rapid
rate of refreshment. In turn, the period of low water level is
regulated by tidal processes in the river.

Kim and Carlson (2007) proved that concentrations of
antibiotics, i.e., tetracyclines, sulfonamides and macrolides,
in water samples vary depending on the place and time of
sampling from waters and sediments. Higher concentrations
were recorded in winter, which may be justified by better
stability of compounds at lower temperatures and lower flow
capacity. In addition, higher levels of antimicrobials used
by humans were observed downstream of wastewater treat-
ment plants, and those used against animals in proximity
to husbandry facilities. Moreover, higher concentrations of
antibiotics were detected in sediment in comparison with

@ Springer

water samples (Table 1). It was emphasized that sediments
can be a source of these agents and, due to environmental
changes, may release them into the water in future.

Petrovich et al. (2020) concerned the possibility of trans-
ferring antibiotic-resistant microorganisms and antibiotic-
resistance genes to natural water reservoirs as a result of
sewage discharge. Antibiotic-resistance genes were more
abundant in hospital wastewater than in municipal waste-
water, which was explained by the presence of human gut
bacteria. Attention was also paid to the role of viruses able
to determine the nature of bacterial community, by killing
them, facilitating transduction and acting as prophages.
Moreover, antibiotic-resistance genes, including those con-
ferring resistance to clinically important antibiotics, were
identified at all the sampling sites in the pilot-scale system,
with only 16% of the total loss of antibiotic-resistance genes
per genome equivalent between influent and effluent. Among
the most common classes were those conditioning resistance
to aminoglycosides, cephalosporins, macrolides, penams and
tetracyclines. The authors observed that in hospital wastewa-
ter treatment system numerous types of antibiotic-resistance
genes and viruses are preserved, which, because of waste-
water discharge, may end up in the environment, causing a
threat.

Antibiotic resistance studies in sewage treatment plants
prove that there is no perfect method to eliminate antibi-
otic-resistant microorganisms and their genes, as well as the
antibiotics themselves, of anthropogenic origin. In addition,
the final place of release of the above-mentioned biological
pollutants will be the cemetery soil. Despite the fact that
there are fewer microorganisms in cemetery soil than in sew-
age treatment plants in terms of surface, their abundance
and diversity are still high. In addition, due to the growing
population, the number of traditional burials will increase.

Cemeteries are not subject to sewage treatment processes,
which, together with non-compliance with hydrogeological
conditions, will facilitate the release of leachates from the
cemetery soil, ultimately intensifying the spread of antibiotic
resistance to the environment.

Mentioned by Zielifiski et al. (2021) the occupational risk
of treatment plant workers also applies to employees of the
funeral industry. When digging graves, carrying out exhu-
mations and preparing the deceased for burial, pollutants
will be released, including antibiotic-resistant microorgan-
isms and their genes that pose a threat to workers.

Cemetery soil—a possible area

Despite growing interest in cremation, burying cadavers in
graveyards remains one of the most common forms of burial
in many countries (Gwenzi 2020; KaZmierski 2020; Baum
et al. 2021; Neckel et al. 2021). This may pose a poten-
tial sanitary and epidemiological threat (Lins et al. 2019;
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Egbimhanlu et al. 2020). Apart from uncontrolled use and
misuse of antibiotics in agriculture and inappropriate medi-
cal practices, human cadavers and cemetery soil are prone to
be excellent source of antibiotic-resistant microorganisms,
especially bacteria. Bacteria are antibiotic-resistance genes
generators, and due to their ability to mutate and penetrate
groundwater and surface water resources, they can contrib-
ute to the escalation of the problem of antimicrobial resist-
ance, with the participation of cemeteries.

A simplified scheme of the transfer of antibiotic-resistant
bacteria and their genes from the cemetery soil to the envi-
ronment is shown in Fig. 2. Studies revealed the presence
of multi-drug resistance pathogenic bacteria in cemetery
soil (Abia et al. 2019) and water samples (Table 2) col-
lected from graveyards (Abia et al. 2018), both from the
surface layers and from a depth of 2 m. Abia et al. (2018)
investigated multi-drug resistance of Escherichia coli iso-
lates from cemetery water samples, surface and borehole to
eight selected antibiotics. About 87% of the isolates showed
resistance to at least one of the agents. Streptomycin and
trimethoprim were the most frequent drugs against which
resistance was reported. Abia et al. (2019) noted greater
microbiological diversity in the surface layers of the cem-
etery soil, whereas abundance in the number and functional
classes of microorganisms responsible for human diseases,
e.g., tuberculosis, Alzheimer's disease, pathways in cancer

Cemetery

Leachate

Soil

Bacteria Q
profliferation Leachate
« HGT
Water
reservoir

A

Animals People

Fig.2 The antibiotic-resistant microorganisms and their genes trans-
fer from cemetery to the natural environment

and Huntington's disease, was higher in deeper layers of soil.
In addition, signatures related to antimicrobial resistance and
the synthesis of strong antibiotics were identified. Moreover,
one of the cemeteries—Maitland, was in direct contact with
informal human settlements, thus indicating higher numbers
of Escherichia coli from the surface water samples (Abia
et al. 2018).

HGT—horizontal gene transfer

Sommer et al. (2009) investigated microflora resistance
resources from saliva and feces of two healthy, unrelated
people, restricted from taking antimicrobial agents for
a year. The results of metagenomic analyses showed that
majority of human microflora antibiotic resistance genes and
pathogens were poorly related. They believed this might be
caused by low availability or unprecedented flow of genes
between human microbiome and their typical microbes.
However, the functionality of genes in Escherichia coli has
been demonstrated by the transformation. The authors think
that there is some obstacle to gene transmission between the
microbiome and pathogens, but certainly not due to func-
tional incompatibility. It was indicated that the number of
genes carrying antimicrobial resistance may over time con-
tribute to the emergence of antimicrobial resistance among
pathogenic microorganisms toward humans.

Kent et al. (2020) conducted experiments involving
the possibility of spreading antibiotic resistance in the gut
microflora and focused on the involvement of mobile genetic
elements. Seven neutropenic patients with transplanted
hematopoietic stem cells have received antibiotic therapy
and were compared with two healthy people. The high
growth of commensal antibiotic-resistance genes reservoir
was observed in the gut, but no transfer of genes confer-
ring resistance to antibiotics used in this area was noticed.
Instead, the authors recorded the transfer of multi-drug
resistance cassettes that confer resistance, among others,
for beta-lactams and fluoroquinolones. They highlighted the
importance of the human intestinal microflora, which, as it
turns out, may be an active element of the mobile transfer of
antibiotic-resistance genes.

Catkosiniski et al. (2015) conducted a study of Polish
cemeteries, based on the analysis of the composition of
microflora and bacteria at different soil levels. The presence
of pathogenic bacteria has been proven that can pose a threat
to employees, as well as people visiting cemeteries. Exam-
ples of such pathogenic bacteria were Enterococcus spp.—
80.6%, Bacillus spp.—717.4% and Escherichia coli—45.1%.
The researchers noted no correlation between the sampling
depth and bacterial growth, but the association with several
differences in microbiota composition was observed. The
need for more detailed research was highlighted, to deter-
mine the epidemiological nature of human infections and
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their possible connection with cemeteries, as such data are
currently lacking.

During the decomposition of the cadaver, 0.4-0.6 1/kg of
leachate is released in relation to the body weight. Depend-
ing on the abundance of pathogenic bacteria and viruses,
groundwater could be potentially polluted, thus contribut-
ing to the spread of diseases among humans and animals
(Zychowski and Bryndal 2015). In addition, nutrients
released during the decomposition may regulate microbial
diversity and soil functions, influencing the escalation rate
of drug-resistant microorganisms (Abia et al. 2019).

According to Martinez (2009) human commensal and
pathogenic bacteria present in the environment should be
considered as its contaminants. The author observed that
antibiotic-resistance genes need to cohabit same environ-
ment as human pathogens to enable gene transfer. It is facil-
itated by the increase in human population, and the lack
of sufficient forms of wastewater-treatment poses a risk of
antibiotic-resistance transfer to the natural environment. A
similar relation can be observed in the environment of cem-
etery soil, where potentially human pathogens, including
antibiotic-resistant ones, derived from cadavers may coex-
ist in the same environment as natural soil microorganisms,
facilitating the transfer of resistance genes.

Moreover, many cemeteries do not meet the require-
ments of the choice of establishment. It used to be a com-
mon practice to locate them near churches, mainly on hills,
as well as within the vicinity of a water reservoirs. This can
be one of the reasons for the increased risk of direct con-
tamination of water reservoirs with leaks from graveyards.
Currently, in most of the countries, locations selected for
establishing cemeteries must meet sanitary safety require-
ments. Unfortunately, in the past, such security measures
were not respected, which is why old cemeteries constantly
pose a threat due to their current use. Zychowski and Bryn-
dal (2015) suggested that old graveyards should be adapted
to the current requirements. Moreover, the establishment and
expansion of new ones should be proceeded by obtaining
an appropriate environmental safety license. Rodrigues and
Pacheco (2003) indicated the need to consider geological
and hydrogeological factors, and other environmental fac-
tors, to protect groundwater.

An equally important factor is the concentration of anti-
microbials released, assuming they could persist in the
cadaver, into the water reservoirs, facilitating the acquisi-
tion of resistance by microorganisms. Research by Paiga and
Delerue-Matos (2016) on groundwater samples from five
cemeteries in Portugal confirmed the presence of pharma-
ceuticals—paracetamol, salicylic acid, ibuprofen, ketopro-
fen, nimesulide, carbamazepine, fluoxetine, and sertraline.
Although antimicrobials were not identified, their occur-
rence cannot be excluded. The presence of pharmaceuticals
proves that contamination from cemetery soils can affect
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surface waters pollution. Pacheco et al. (1991) dealt with
the monitoring of the bacteriological quality of water sam-
ples in three Brazilian necropolises. They also confirmed the
possibility of water contamination by cemeteries as well as
their impact on groundwater. Rodrigues and Pacheco (2003)
noted that the level of bacteriological contamination in the
analyzed cemetery waters, namely total coli group and
Escherichia coli, fecal streptococci, heterotrophic bacteria,
at 22°C and 36°C, clostridium and proteolytic bacteria, was
higher than these obtained from sampling points distant from
graveyard, for two of three sites covered by the experiment.

Another important aspect is the method of keeping
records of the causes of death. In Poland, they are at a low-
quality level, referred as “garbage codes.” Residual data
from death certificates do not allow for possible attempts
to determine the cause of death and indicate the cause and
effect relationship. This is an important issue because the
information contained therein is necessary to assess the cor-
rectness of the methods used to treat the deceased and verify
their effectiveness (Cierniak 2014). Having such data would
be extremely valuable to determine the problem of antibiotic
resistance, as it could contribute to more effective choice
of treatment methods and the elimination of low-efficacy
antimicrobials consumption. In Poland, there are no regis-
tries listing antibiotic resistance as the direct cause of death
(Gl6éwny Urzad Statystyczny 2020), although it is a progres-
sive problem on a global scale (O'Neill 2016). Such statistics
would facilitate the risk assessment, e.g., to determine which
strains of bacteria pose the greatest risk in a given country.
Undoubtedly, this knowledge would contribute to improv-
ing the effectiveness of applied therapies and raising public
awareness in the field of antibiotic resistance prevention.

In addition, the records of coffin types, i.e., materials
used in them, may be useful for inferring the possible emis-
sion of toxic substances to the soil. Spongberg and Becks
(2000) investigated the metal absorption rate of fine soils in
a cemetery in Ohio. Atomic absorption spectrometry and
inductively coupled plasma technique revealed numerous
sources of contamination. Significant increases in concentra-
tions were recorded for zinc, copper, lead, and iron, for both
surface and in depth areas, especially below burial sites. The
high increase in arsenic was explained by embalming and
wood preservatives. Moreover, the importance of maintain-
ing the general condition of the soil, groundwater and nearby
surface water bodies was emphasized.

Mordhorst et al. (2022) studied the effects of heavy met-
als, e.g., zinc, lead, chromium, nickel, and copper, resulting
from cremation and urns, on the environment. For this pur-
pose, two cremated human remains, of a 74-year-old male
and 70-year-old female and soil from six cemeteries with urn
graves were analyzed. The researchers collected soil sam-
ples from the depth below burial point, after resting time
and without urn burials as reference soil, i.e., the same area
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and depth of the cemetery. The results indicated significant
variability, and release of heavy metals into cemetery soils
were contributed by both, the ashes, and the raw materials
from which the urns were made. They concluded that the
differences may result from different occupational exposure,
clothing, or the burial of the deceased. Significant differ-
ences were also observed in the soil samples from the buried
urns. The accumulation of some metals, e.g., lead and tin in
the soil was proportional to the degree of degradation of the
urns, and the enrichment with copper, chromium, nickel, and
iron was also discovered below but only slightly corroded.

The phenomenon of antibiotic resistance may be one of
the causes of death, but due to the lack of research on this
subject, assessing this probability is very difficult. Therefore,
research on cemetery soil environment seems to be indis-
pensable to assess the actual level of risk it poses to human
and animal health, and the environmental contamination by
antibiotic-resistant microorganisms. It is impossible to avoid
the risk of the transmission of antibiotic-resistant microor-
ganisms and their genes to the environment. The cemetery
soil remains a poorly understood area and requires more
extensive research, with comparative analysis of necropo-
lises water reservoirs and groundwater. In addition, special
attention should be taken when handling corpses during
burial preparations. The available data showed numerous
shortcomings. Sanitary aspects are often overlooked, which
results in endangering the employees of funeral establish-
ments and the environment.

Factors determining the Otransmission
of antibiotic-resistant microorganisms
and their genes to the natural environment

As antimicrobials are released into soil, such as graveyard
soil, their environmental impact will depend on their per-
sistence. The factors determining their functionality include
sorption to organic particles and degradation or transfor-
mation (Cycon et al. 2019). The existence of drug-resistant
strains and genes in various environments is a common phe-
nomenon. Antibiotic-resistant bacteria have been observed
in different environments including Antarctica, sea, food,
water or soil (Holmes et al. 2016). The factors facilitating
or contributing to the emission of microorganisms resistant
to antibiotics and antibiotic resistance genes, especially in
necropolises, are soil persistence and acidity, antibiotic con-
centration, organic matter abundance, climatic conditions
and ecosystem biodiversity and are characterized below.
One of the key factors affecting the potential for further
transfer of antibiotic-resistant microorganisms and antibi-
otic-resistance genes in the environment are antibiotics con-
centration and soil properties (Shi et al. 2023). The type of
soil determines the permeability of leachate from cemeteries

to the environment. The low permeability of soils, e.g., clay,
which favors leaching, the graveyards location on a hill and
the proximity of water reservoirs, with the possible presence
of antibiotic-resistance genes, pose a serious health risk.

A Cela-Dablanca et al. (2022) batch-type study on amoxi-
cillin bioreduction in various soil types showed considerable
variability. At the highest concentration of the antibiotics
included in the study—50 pmol/l, the following adsorp-
tion values were recorded: 74.21-82.41% of the added
antibiotic in forest soil, 68.31-92.56% in cornfield soil and
50.96-82.55% in vineyard soil. The authors observed that
the greatest adsorption occurs in acidic soil, rich in organic
matter and non-crystalline minerals. However, the total
desorption of amoxicillin was less than 10%, the maximum
value for forest soil was 6.5% and 16.9% for agricultural soil.
It was concluded that soil acidity of pH below 5.5 and the
abundance of organic matter and crystalline minerals pro-
moted adsorption of amoxicillin. Conversely, weak desorp-
tion occurs less in acidic soil, rich in organic substances and
non-crystalline minerals. This was considered to represent
the risk of amoxicillin entering the soil, further transmit-
ted to water bodies, and becoming part of the trophic chain
(Cela-Dablanca et al. 2022).

Franklin et al. (2022) characterized the sorption and des-
orption properties of four antibiotics: sulfamethoxazole,
trimethoprim, lincomycin and ofloxacin, commonly found
in soil. The ratio of antibiotics, in water, to soil weight was
2:1. Antibiotics concentrations ranged from 1 to 24 pg/l,
depending on the medication, based on the concentrations
from wastewater-treatment plants. The sorption capacity was
found to be higher when using a lower ratio of antibiotics,
in enriched water, to soil. They concluded that ofloxacin
and trimethoprim bind more firmly to soil, in contrast to
sulfamethoxazole and lincomycin, which are more mobile
due to lower sorption.

Zabtotni and Jaworski (2014) revealed the importance
of antibiotics concentration. Subinhibitory levels of these
compounds are present in soil, water or different organisms
tissues as a result of extensive antimicrobials usage in both
humans and animals. This may affect the activity of bac-
terial genes, causing changes in the level of transcription,
increasing frequency of mutations and the transfer of mobile
genetic elements through horizontal gene transfer, including
between environmental strains.

Moreover, Li et al. (2019) noted the influence of climatic
conditions. They focused on the wastewater as an important
determinant contributing to the increase in the concentration
of antimicrobials and their resistance genes in wetlands. Sig-
nificantly higher concentrations of antibiotics were recorded
in the winter, which was justified by the seasonal increase
in their consumption by humans and the lower degree of
removal and dilution caused by water temperature (— 0.5 to
13.5°C). In turn, in the summer, an increase in the number
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of antibiotic-resistance genes was observed, due to enhanced
bacterial growth and their proliferation at higher tempera-
tures. In addition, they detected the presence of selective
pressure on antibiotic-resistance genes at sub-inhibitory
concentrations in natural wetlands.

Antimicrobial agents also affect the biodiversity of soil
microorganisms, while human activity, especially agricul-
tural one, affects the presence of various groups of anti-
biotic-resistance genes in soil. Importantly, the ambiguity
characterizing the results of the studies conducted on soil
samples proved the complexity of the problem of the antimi-
crobial agents influence on soil microbial groups and it cur-
rently poses a considerable challenge. In addition, antibiotic
residues in soil are characterized by a wide range of half-life
values, which means that durability depends on numerous
determinants, including physicochemical properties of the
residue, soil specificity, as well as climatic conditions, such
as temperature, rainfall, and humidity (Cycon et al. 2019).
Moreover, the presence of antibiotics in the soil may deter-
mine changes in its microbiome by inducing long-term
selective pressure (Cerqueira et al. 2019). Besides, antimi-
crobials affect soil microorganisms by affecting their enzy-
matic properties and the ability to metabolize various carbon
sources, and by regulating the total microbial biomass and
the number of individual groups (Cycoti et al. 2019).

Lower microbial biodiversity of ecosystems, such as soil,
may also positively correlate with the spread of drug-resist-
ant strains. This variability is a natural defense mechanism
against attacks of hostile microorganisms. The studies show
that a decrease in the richness of soil microorganisms is a
key factor that facilitates soil colonization by drug-resistant
strains (Hamscher et al. 2002; Chen et al. 2019). Loss of soil
biodiversity is a huge problem nowadays, as it threatens food
security, human health, and pests control (Food and Agri-
culture Organization of the United Nations 2021). Thus, in
view of these factors, it can be concluded that the deteriorat-
ing richness of soil microorganisms constitutes a significant
impulse stimulating the multiplication of antibiotic-resistant
strains.

How to combat antibiotic resistance?
Antimicrobials usage

As reported by Sriram et al. (2021) consumption of anti-
microbials considered critical to human health, according
to World Health Organization, increased globally by 91%
between 2000 and 2015 and by 165% in low- and middle-
income countries. The situation is similar for both terres-
trial and aquatic animal husbandry and the use of antibiot-
ics needs to be reduced. The penetration of an increasing
number of antimicrobial agents into soils and waters poses a
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serious threat to all microorganisms inhabiting them (Cycon
et al. 2019). Without limiting their consumption of antibiot-
ics, it is impossible to effectively fight antibiotic resistance
to them.

Prevention

In underdeveloped countries, living conditions remain at a
low level, e.g., lack of access to running water, even in hos-
pitals, unequal access to medicines or non-compliance with
hygiene rules is common. Misuse and unavailability of med-
ications are a frequent problem, which favors the occurrence
of improper treatment of infections, resulting in increase in
antibiotic-resistant strains. Other factors include (a) limited
access to antibiotics—untreated infections or treated with
too low doses of the drug may favor the survival of resistant
strains and their further spread, (b) excessive use of antimi-
crobials—beyond recommendations, favoring the increase in
the number of drug-resistant strains (O'Neill 2016; Jamrozik
and Selgelid 2020; Sriram et al. 2021). Fletcher (2015) drew
attention to the essence of compliance with, inter alia, basic
sanitary rules, food safety and secondary water and wastewa-
ter treatment. Investments to increase inoculation, improve
drinking water quality, sanitation and implement antimicro-
bial management in healthcare settings can help reduce the
effects of antimicrobial resistance worldwide (O'Neill 2016;
Sriram et al. 2021). Also, improving sanitation and hygiene
as a tool to eradicate infectious diseases remains an issue and
is essential to combating antibiotic resistance.

Animal husbandry—improvement of the living
conditions of farm animals

Reducing the use of antibiotics in the livestock sector
remains one of the most important issues in stopping the
spread of antibiotic-resistant microorganisms and antibi-
otic-resistance genes. In addition, it is necessary to improve
animal husbandry conditions, lower densities and the use
of higher quality food will help to reduce the number of
infections, which will in turn reduce the need for antibiotics
(McEwen et al. 2018; Jamrozik and Selgelid 2020). Nunan
(2022) also pointed to the need to involve governments in
improving animal husbandry conditions as well as improv-
ing monitoring in the area of antibiotic use and animal wel-
fare by farmers. Furthermore, Guardabassi et al. (2004) sug-
gested that giving up or partially reducing meat consumption
can reduce the risk of antibiotic resistance in humans.

An indirect factor in the livestock sector is the unattrac-
tive remuneration of staff responsible for controlling the
consumption of antibiotics. This results in the absence of
such personnel or presence of unskilled staff, favoring the
collection of low-quality or missing data on antimicrobial
consumption, which makes it difficult to reliably assess the
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scale of the problem and response options (O'Neill 2016;
Najwyzsza Izba Kontroli 2019). The solution is to raise
wages in this sector to be able to hire qualified staff.

Global awareness and vaccination programs

Global awareness of the public is essential in the fight
against antibiotic resistance. Therefore, educating medical
staff, politicians as well as all people indirectly related to
this area is necessary to eliminate the problem. For this pur-
pose, educational activities must be launched such as train-
ings, conferences, symposia, workshops, thematic events,
promoting proper use of antimicrobials, consequences of
overuse and further threats resulting from non-compliance
with good practices (World Organisation for Animal 2016;
O'Neill 2016; Najwyzsza Izba Kontroli 2019). On an inter-
national scale, multidisciplinary in nature, the One Health
plan has been established and involves three key organiza-
tions—World Health Organization, Food and Agriculture
Organization of the United Nations and World Organisation
for Animal. The cooperation covers various sectors—medi-
cine, veterinary medicine, animal husbandry, agriculture,
financial resources and the environment, whose common
goal is to fight antibiotic resistance (World Health Organiza-
tion 2015; World Organisation for Animal 2016).

Another strategic element with a global reach is the
increase in vaccination of people and animals. Vaccination
programs have the potential to eliminate antibiotics usage
in future (World Health Organization 2018; Gajewska et al.
2020; Jamrozik and Selgelid 2020; Malchrzak and Maste-
larz-Migas 2021). An example of the positive impact is the
pneumococcal vaccination. This is one of the most effec-
tive methods of reducing pneumococcal diseases, which has
also been observed in Poland. In the vaccination program in
Kielce, a decrease in the number of fatalities was observed:
in children of up to 2 years of age by 82.9% and in people
over 65 years of age by 43.5% (Malchrzak and Mastelarz-
Migas 2021) was observed. Unfortunately, Sriram et al.
(2021) reported that despite the existence of vaccines for
many infectious diseases, due to low vaccination rates, insuf-
ficient quality drinking water and inadequate sanitation, the
percentage of people susceptible to infections and dependent
on antibiotics is still increasing.

Cemetery soil environment

The graveyard soil remains a poorly researched area in
terms of antibiotic resistance. The available data suggest
that necropolises pose a serious threat to human health, due
to the possibility of antibiotic-resistant microorganisms and
antibiotic-resistance genes transmission to environment
(Abia et al. 2018, 2019; Gwenzi 2020). Studies showed
that cemeteries can be a source of environmental pollution,

e.g., heavy metals (Spongberg and Becks 2000; Abia et al.
2019; Mordhorst et al. 2022) or pharmaceuticals (Zychowski
and Bryndal 2015; Fiedler et al. 2018). For this reason, it
is important to undertake research in the field of cemetery
soil to assess their actual contribution to the spread of anti-
biotic-resistant microorganisms and antibiotic-resistance
genes. In addition, the regulations on the establishment and
maintenance of cemeteries, burial of the dead and meth-
ods of dealing with corpses should be changed to reduce
environmental pollution, with particular emphasis on the
sanitary aspect, as well as the direct threat to funeral home
employees (Zychowski and Bryndal 2015; Gwenzi 2020).
An appropriate solution to increase sanitary safety would
be to use of cremation, but unfortunately in many countries
this is still a relatively rare practice.

Searching for new antibiotics and alternatives

A key element is to improve the effectiveness of commer-
cially available antibiotics to which pathogens have become
resistant (Lambert 2005). Various drug innovations may be
the solution. One possibility is chemical modification, e.g.,
in the semi-synthesis process (Pawlowski et al. 2016). Exam-
ples of such are new generations of pB-lactams, glycopep-
tides and aminoglycosides widely used in clinical practice.
Another way to improve the functionality of available anti-
biotics is the use of adjuvants. Agents, i.e., aminoglycosides,
despite their high effectiveness, have a limitation consisting
in the need to use high concentrations of these preparations,
which can be toxic to patients. The use of adjuvants allows
to reduce the dose of the preparation while maintaining its
effectiveness (Rosenberg et al. 2021). Thus, it proves the
possibility of extending the usefulness of the antibiotics used
without a sudden increase in the number of pathogens resist-
ant to them.

An equally important is the search for new antibiotics,
which in recent years has been slow and often ineffective.
Mediocre benefits combined with high costs discourage
the search for new antimicrobial agents. The situation is
extremely dangerous, as exemplified by tuberculosis, which
is resistant to almost all antibiotics available on the market.
Without intensifying work on the development of new or
alternative medicinal substances, people will become com-
pletely helpless (Founou et al. 2017; World Health Organi-
zation 2018; Jamrozik and Selgelid 2020). In addition, an
indispensable element of counteracting drug resistance is
efficient diagnostics for the treatment of both humans and
animals (World Organisation for Animal 2016; O'Neill 2016;
Najwyzsza Izba Kontroli 2019) and the creation or expan-
sion of databases (O'Neill 2016; Najwyzsza Izba Kontroli
2019). This will reduce the unnecessary use of antibiotics,
thus extending the useful life of those currently available.
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Conclusion

The consequence of antibiotic resistance is more than 2.8
million cases of antibiotic resistance each year, of which
more than 35,000 people die (Centers for Disease Control
and Prevention (U.S.) 2019). There are already cases of
resistance to first-line antibiotics. It applies to the patho-
gens causing HIV, malaria, and typhoid fever, and primar-
ily affects low- and middle-income countries (Sriram et al.
2021). About 25,000 people die from antibiotic resistance in
Europe every year (European Commission 2017) and around
700,000 people worldwide. Moreover, it was estimated that
globally, by 2050, death from antibiotic resistance will reach
ten million cases annually. Nevertheless, the above figures
are an underestimate and in reality, may turn out to be much
higher (O'Neill 2016). Also, healthcare costs are increasing
as a result of ineffective therapies, more frequent medical
interventions and longer hospitalizations in developing as
well as developed countries.

Summarizing, the studies carried out so far suggest that
cemetery soil might be a habitat for pathogenic bacteria
resistant to antibiotics and multidrug resistant, as well as
antibiotic-resistance genes (Abia et al. 2018, 2019; Gwenzi
2020). These microorganisms can spread further into the
environment and transmit resistance, including to patho-
gens. Environmental conditions, soil type and water table
depth determine the bacteriological quality of groundwater
(Pacheco et al. 1991), which may affect the rate of spread
of antimicrobial resistance in a graveyard environment. The
location of cemeteries is relevant factor that may facilitate
the spread of antibiotic-resistant microbes with their genes
as well as other contaminants.

Despite the growing tendency to choose alternative forms
of burial, burials in cemeteries still constitute a significant
percentage. Moreover, given the ever-growing population,
along with the increasing number of diseases caused by
antibiotic resistance, graveyard soil may play an important
role in the spread of antibiotic-resistant bacteria and their
genes. Considering the aspects, i.e., the lack of studies on the
causality of deaths, the multitude of microorganisms, espe-
cially bacteria present in and on corpses and their density,
the numerous, unknown mechanisms of gene transfer and
the high rate of mutation, treating the soil as a reservoir of
antibiotic resistance seems to be a valid assumption. Limited
knowledge in this area creates a need for further research
into this specific environment. Significant efforts need to be
made to bring us closer to solving the problem of antibiotic
resistance, and cemetery soil research can contribute to this.
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