
ABSTRACT

The widespread use of Recycled Manure Solids (RMS) 
as cow bedding material is not without risks, since cattle 
manure may act as a vehicle for pathogenic and antimi-
crobial resistant bacteria dissemination. Thus, our aim 
was to evaluate RMS-supplemented with a pine biochar 
produced in Portugal as a new cow bedding material, 
since the use of biochar has been shown to have the 
potential to mitigate the impact of relevant bacterial 
species when added to animal manure microbiota. Our 
experimental setup consisted on fresh RMS samples that 
were collected on a commercial dairy farm and placed 
in naturally-ventilated containers for a total of 4 groups: 
1–non-supplemented RMS; 2-RMS supplemented with 
2.5% (wt/wt) of biochar; 3-RMS supplemented with 5% 
(wt/wt) of biochar; and 4-RMS supplemented with 10% 
(wt/wt) of biochar. Sampling was performed at 4 differ-
ent incubation times (0, 5, 15 and 30 d) and in 2 distinct 
seasons: April–May (humid season) and June–July (dry 
season). The resulting 32 samples were subjected to 
DNA extraction and their microbiome profile determined 
through complete 16S rDNA gene sequencing using 
Nanopore next-generation sequencing. We observed that 
biochar supplementation clearly altered the microbiome 
of RMS, which was reflected in changes in populations' 
diversity and their relative abundance of relevant patho-
genic bacteria. In particular, we found that long-term 
storage (30 d) was more beneficial than short-term stor-
age, an effect that was more evident for samples supple-

mented with 2.5% or 5% biochar. In both seasons, those 
concentrations of biochar led to a decrease in the levels 
of several mastitis-causing agents (Enterobacteriaceae, 
streptococci, enterococci and staphylococci). In addition, 
we also observed a reduction in the levels of Salmonella 
spp. and Gram-positive bacilli in the biochar-supple-
mented samples. Unexpectedly, however, those same 
conditions yielded an increase in the abundance of Bru-
cella spp., a group which includes important infectious 
agents, highlighting the need for a deeper evaluation of 
the impact of biochar supplementation of RMS to ensure 
the future safe and sustainable use of this environmental-
friendly resource in animal production.
Keywords: Biochar, Dairy cows, Microbial evaluation, 
Recycled Manure Solids

INTRODUCTION

Cattle manure contains high concentrations of bacte-
ria (109 to 1010 cfu/g) and fresh manure, in particular, 
is associated with elevated counts of Enterobacteriaceae, 
Staphylococcus aureus, and Enterococcus faecium, mak-
ing it a potential source of pathogens and antimicrobial-
resistant bacteria and genes to humans, animals and the 
environment (Buta-Hubeny et al., 2022). The contamina-
tion of manure with relevant bacteria is especially im-
portant in farms affected by calf diarrhea, a multifacto-
rial disease that involves several pathogens, including 
Salmonella enterica and Escherichia coli, posing risks 
to both animal and human health (Naranjo-Lucena and 
Slowey, 2023).

Nevertheless, the reuse of cattle manure as bedding 
material for dairy cows in the form of Recycled Manure 
Solids (RMS) is becoming popular due to its cost effi-
ciency and comfort when used as bedding material, offer-
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ing a sustainable and easy to handle solution that aligns 
with modern farming practices (Jeppsson et al., 2024). 
The bedding material significantly impacts dairy cattle's 
health, as cattle spends much time lying down, allowing 
the contact between the animals' ventral region, namely 
the udder, and bedding bacteria. High counts of environ-
mental pathogens in this material are a risk factor for the 
development of several infectious diseases in dairy cows 
(Rowbotham and Ruegg, 2016). One of those diseases 
is mastitis, a mammary gland inflammation often caused 
by microbial infection, which poses significant health 
and economic challenges to the dairy industry. Com-
mon pathogens associated with bovine mastitis include 
Staphylococcus aureus, non-aureus Staphylococcus, 
Streptococcus species (S. agalactiae, S. uberis, and S. 
dysgalactiae), and E. coli (Naranjo-Lucena and Slowey, 
2023). Besides, dairy cows are also susceptible to repro-
ductive tract inflammatory diseases, such as puerperal 
metritis, one of the reasons for antimicrobial treatment in 
dairy cattle. Metritis may be caused by multiple bacteria, 
including E. coli. Brucella abortus is another important 
agent associated with reproductive tract diseases in these 
animals, leading to abortion and birth of weak calves, 
posing a threat to livestock health and longevity as well 
as the sustainability of dairy farms. Brucellosis is also a 
relevant zoonotic disease (Khurana et al., 2021; Pires et 
al., 2024).

To mitigate the risk of RMS usage as cow bedding, 
several manure pretreatments are available. These in-
clude chemical treatments, physical methods, or biologi-
cal processes, but they often lead to incomplete removal 
of antibiotic residues and pathogens (Varma et al., 2021). 
As such, to address the challenges associated with cattle 
manure management, the use of biochar, resulting from 
the controlled pyrolysis of organic materials, represents 
a promising alternative (Meyer et al., 2011). Biochar's 
high surface area and porous structure enable it to adsorb 
a wide range of substances, including antibiotics, also 
having a noteworthy impact on microbial communities 
within manure. Namely, biochar can promote the growth 
and activity of beneficial microorganisms while leading 
to the suppression of cattle pathogens and reducing dis-
ease transmission risks to humans (Ma et al., 2024).

In light of biochar's promising potential and the cost-
effectiveness of RMS use as cow bedding, our study 
aimed to investigate the effects of biochar on the micro-
bial community within RMS, focusing on potential cow 
pathogens such as Enterobacteriaceae, Enterococcus sp., 
Staphylococcus sp., Streptococcus sp., Salmonella sp., 
and Brucella sp. Through a pilot incubation experiment 
conducted across 2 seasons, RMS obtained from a dairy 
farm was supplemented with different biochar concen-
trations, and the microbiome's dynamics was analyzed 
post-incubation.

MATERIALS AND METHODS

Sample Collection and Processing

This research was carried out using fresh recycled 
manure solids (RMS) from a commercial dairy farm 
located in the south of Portugal, obtained through me-
chanical separation from fresh slurry (liquid manure) by 
a screw mechanism. A pilot incubation experiment was 
set up during 2 distinct time periods: the humid season 
(April–May 2022) and the dry season (June–July 2022). 
For that, samples comprising 5 kg of RMS were placed in 
naturally ventilated containers, which were assigned to 4 
different groups containing: 1) non-supplemented RMS 
(negative control); 2) RMS supplemented with 2.5% 
biochar (wt/wt); 3) RMS with 5% biochar (wt/wt); and 
4) RMS with 10% biochar (wt/wt). After incubation at 
ambient temperature for 4 distinct time periods (0, 5, 15 
and 30 d of incubation), 10 g of RMS from each of the 
3 replicate containers set per condition were collected, 
treated as a composite sample and stored at −20°C to be 
used in subsequent analyses. Overall, 16 composite sam-
ples were obtained per season, for a total of 32 samples 
for both seasons under study.

DNA extraction

The 32 samples to be analyzed were subjected to DNA 
extraction, which was carried out using the DNeasy 
PowerMax Soil Kit (QIAGEN, Venlo, the Netherlands), 
following the manufacturer’s instructions. DNA’s qual-
ity and concentration were assessed by NanoDrop One 
and Qubit 4 Fluorometer (Thermo Fisher Scientific Inc., 
Waltham, USA).

Amplification of 16S rDNA gene and Microbial 
Diversity Profiling through Next-Generation 
Sequencing

For the rDNA gene amplification Long Amp hot 
start Taq 2 × master mix (New England Biolabs, MA, 
USA) was used at 1X along with 50 ng/µL of genomic 
DNA from each sample. To amplify the full-length 16S 
rDNA bacterial gene, 0.25 µM of the primer pair 27F 
(5′-AGAGTTTGATCMTGGCTCAG-3′) and 1492R 
(5′-CGGTTACCTTGTTACGACTT-3′) were used. The 
PCRs were conducted on a Biometra UNO II, using the 
following conditions: 1 cycle of 94°C for 1 min, 35 cycles 
of 94°C for 20 s, 55°C for 30 s, and 65°C for 2 min, and 
a final extension of 65°C for 5 min.

Subsequently, amplification products were visualized 
through gel electrophoresis and purified using the Solid 
phase Reversible Immobilization (SPRI) technique with 
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magnetic beads (DeAngelis et al., 1995; Stortchevoi et 
al., 2020).

Quantification steps were performed using the 1xds-
DNA HS assay for Qubit. DNA was end-repaired (New 
England BioLabs, MA, USA), cleaned with Agencourt 
AMPure XP Beads (Beckman Coulter, High Wycombe, 
UK) and dA-tailed (New England BioLabs, MA, USA). 
The library was prepared from 300 ng input DNA from 
each sample using the Sequencing Native Barcoding Kit 
24 V14 (SQK-NBD114.24) (Oxford Nanopore Technolo-
gies, Oxford, UK) in accordance with the manufacturer’s 
protocol. The library was quantified and prepared for 
PromethION sequencing, using FLO-PRO114M flow-
cells, MinKNOW v22.12.4, standard 72 h run script with 
active channel selection enabled. After 24h yielded 3.5 
million passed reads with an estimated N50 of 1500bp 
and the mean quality score was 14.5. In total 5.25 Gb of 
data were produced, with an average of 110,000 reads 
per sample.

Bioinformatics and Statistical analyses

The sequencing data obtained from 16S amplicons was 
initially preprocessed, to ensure the accuracy and reli-
ability of the results obtained. Specifically, low quality 
reads were removed and only the remaining reads with 
lengths higher than 200 bps were retained using the 
Prinseq-lite tool. Moreover, reads with a Q score below 
7 were also disregarded (Schmieder and Edwards, 2011). 
Taxonomic classification followed a Lowest Common 
Ancestor approach and was performed through indexing 
based on k-mers mapping to the lowest common ancestor 
of all genomes known to contain a given k-mer (Wood et 
al., 2019). This classification used as reference databases 
the NCBI RefSeq reference genomes and NCBI GenBank 
reference sequences of Archaea and Bacteria (up to May 
2023).

Following classification, data was rarefied and sub-
jected to: Shannon diversity index analysis (McMur-
die and Holmes, 2013); α diversity group significance 
analysis (Bolyen et al., 2018); and sample dissimilarity 
analysis – Principal Coordinates Analysis (PCoA) for β 
diversity analysis based on the Bray-Curtis similarity in-
dex and determination of taxa abundance (with a genera 
prevalence cutoff of ≥0.01) (Bolyen et al., 2018). Before 
Shannon diversity index analysis, to account for uneven 
sampling depth, the data were rarefied to the minimum 
sampling depth of 8000 sequences. To produce the α 
diversity graphics (for both Shannon and Pielou's even-
ness indexes), the samples were randomly subsampled to 
create 3 technical replicates. Statistical analysis was then 
performed using the Kruskal-Wallis test for pairwise 
comparisons between each sample and the respective 
negative control. Significant differences were considered 

when the p-value (P) < 0.05. Beta diversity was evalu-
ated by Principal Coordinates Analysis (PCoA) based on 
Bray-Curtis Index distance using QIIME (Bolyen et al., 
2018). Only families/genera corresponding to a relative 
abundance higher than 0.1% were considered for analy-
sis (Cunha et al., 2021).

RESULTS

Bacterial Populations in Biochar-supplemented 
Recycled Manure Solids

The results from Next-generation sequencing and 
subsequent taxonomical analyses revealed a distribution 
of each level that corresponded to a total of 23 phyla, 
41 classes, 85 orders, 195 families, 467 genera and 862 
species for the samples collected in the humid season 
and a total of 48 phyla, 82 classes, 166 orders, 358 
families, 1001 genera and 2117 species for the samples 
collected in the dry season (Supplemental Tables S1 and 
S2; https:​/​/​doi​.org/​10​.7910/​DVN/​JFOSKC). These re-
sults evidenced a clear difference in taxonomic richness 
between the samples collected in both seasons, with the 
samples of the dry season having twice the number of 
all taxonomic levels on average when compared with the 
samples of the humid season. This provided us with a 
first indication that the samples of the dry season had a 
more complex bacterial population than the one found in 
the humid season samples.

The β diversity analysis shown in Figure 1 allows us to 
observe that for both seasons the initial samples collected 
were similar but started to diverge with time. However, 
that evolution in microbial populations seemed to prog-
ress faster in the dry season than in the humid season, as 
evidenced by the fact that the samples collected on d 15 
and 30 in the dry season were much more similar among 
themselves than those from the humid season. Seeing 
that population dynamics tended to stabilize only for the 
longer incubation period, moving forward we will mostly 
focus on the data obtained for those time points (d 30).

Next, we assessed the α diversity of the samples under 
study, for both seasons, using Pielou (Figure 2a and c; 
Supplemental Tables S3 and S4; https:​/​/​doi​.org/​10​.7910/​
DVN/​JFOSKC) and Shannon indexes (Figure 2b and 
d; Supplemental Tables S3 and S4), which assess the 
evenness of the distribution and the overall diversity of 
microbial types within a population, respectively. After 
30 d of incubation during the humid season, the aver-
age Pielou index of the negative control was 0.86, while 
that of biochar-supplemented samples was 0.82, 0.81 and 
0.82 for the samples with 2.5%, 5% and 10% of biochar, 
respectively. The corresponding values of those samples 
for the Shannon index were 7.95, 7.24, 7.37 and 7.52. 
Therefore, biochar addition led to a statistically sig-
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nificant decrease (p-value = 0.0495) in both the evenness 
and diversity of the microbial populations present in the 
biochar-supplemented samples. We observed the exact 
same effect in the biochar-supplemented samples in the 
dry season, except for the 10% biochar-supplemented 
sample that presented a significantly lower evenness (p-
value = 0.0495) than the negative control but exhibited 
no significant differences in the Shannon index (p-value 
= 0.512). In general, biochar-supplementation had a sig-
nificant impact in the populations' α diversity, leading 
to lower species richness in those samples. Remarkably, 
the results obtained also pointed to an overall higher di-
versity in the dry season, since the Shannon index was 
found to be, on average for the 4 samples analyzed at 30 
d of incubation, about 8% higher in the dry season than 
in the humid season (values of 8.09 and 7.52, respec-
tively), even though the Pielou index exhibited a slight 
decrease (of approximately 5%). This is in accordance 
with the higher number of taxonomic levels mentioned 
above (Supplemental Tables S1 and S2), which had al-
ready suggested the existence of more diverse bacterial 
populations in the dry season.

Main Causative Agents of Bovine Mastitis Present in 
RMS

Considering our goal of evaluating whether biochar 
supplementation could promote changes in the patho-
genic RMS microbiome, we initially set out to assess the 
relative abundance of the most common causative agents 
of bovine mastitis in the RMS samples. We detected the 
presence of the most relevant genera known to cause 
mastitis in cows in all the samples, including members 
of the Escherichia, Streptococcus, Enterococcus, and 
Staphylococcus genera. Remarkably, the relative abun-
dance of all these genera was found to decrease at 30 d of 
incubation, in both seasons, in the biochar-supplemented 
samples, particularly those containing 2.5% and 5% 
of biochar. In the humid season, where the differences 
were more pronounced, the percentage of reduction in 
the samples containing 2.5% and 5% of biochar, when 
compared with the negative control, was as follows 
(respectively): 29.71% and 41.48% in members of the 
Enterobacteriaceae family, with a 53.55% and 68.96% 
decrease in Escherichia spp.; 7.1% and 53.44% in spe-
cies belonging to the Enterococcus and Streptococcus 
genera; and 83.61% and 83.57% in staphylococci (Fig-
ure 3; Supplemental Tables S5 and S6; https:​/​/​doi​.org/​
10​.7910/​DVN/​JFOSKC). In the dry season, the decrease 
observed in the relative abundance of these genera in the 
equivalent samples (with 2.5% and 5% biochar) was: 
39.82% and 25.51% in Enterobacteriaceae, and 42.88% 
and 22.54% in Escherichia spp.; 18.76% and 33.21% in 
enterococci and streptococci; and 65.28% and 66.37% 

in staphylococci (Figure 4; Supplemental Tables S5 and 
S6).

Other Relevant Agents from a One Health 
Perspective Present in RMS

Since the use of RMS as cow bedding has implications 
that go beyond the scope of bovine health, presenting a 
potential environmental and human threat, we also fo-
cused the analysis on bacterial genera that are relevant 
from a One Health perspective. In that context, one dis-
criminative difference observed was the marked reduc-
tion observed in the relative abundance of spore-forming 
Gram-positive bacilli in biochar-supplemented RMS 
samples (Figures 5a and 6a; Supplemental Tables S5 and 
S6). Once more, this divergence was more evident in the 
humid season, with the combined relative abundance 
of members of the Bacillus and Clostridium genera ex-
hibiting a decrease of 99.58%, 55.42% and 60.32% in 
the 2.5%, 5% and 10% biochar-supplemented samples, 
respectively, when compared with the negative control. 
While more modest, an overall decrease of 26.52% was 
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Figure 1. Principal Component Analysis (PCA) of bacterial com-
munities in the humid (a) and dry (b) seasons at the different times of 
incubation and under all the conditions tested in this study.
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also observed for the 3 biochar-supplemented samples 
from the dry season. Additionally, one other pathogen, 
relevant in terms of gastrointestinal health in both 
humans and cattle, was found to have decreased abun-
dance in the samples where biochar had been added. 
Salmonella spp. were found to be, on average, 42.27% 
and 29.98% less abundant in the biochar-supplemented 
samples than in the control sample, in the humid and dry 
seasons, respectively (Figures 5b and 6b; Supplemental 
Tables S5 and S6). This was particularly relevant since 
Salmonella was the most abundant genus belonging to 
the Enterobacteriaceae family detected in this study in 
samples from both seasons.

Despite the promising results mentioned so far, not all 
changes observed in biochar-supplemented samples were 
desirable. Unexpectedly, we observed an increase in the 
relative abundance of 2 known bovine pathogens, which 
are also relevant pathogens in other species, including 
humans. Specifically, in the humid season, members of 
the Pseudomonas and Brucella genera were found to 
have a very noteworthy upsurge in biochar-supplemented 
samples, particularly in the sample supplemented with 
2.5% biochar (Figure 5c and d; Supplemental Tables S3 
and S4), where they rose 283.99% and 110.25%, respec-
tively, in relation to the negative control. In the dry sea-
son, the relative abundance of Pseudomonas spp. showed 
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Figure 2. Alpha diversity boxplots of bacterial communities in the humid (a, b) and dry (c, d) seasons at the different times of incubation and 
under all the conditions tested in this study. Bacterial evenness estimated by the Pielou index (a, c) and bacterial diversity estimated by the Shannon 
index (b, d) in the humid and dry seasons, respectively. Statistical analysis was performed using the Kruskal–Wallis test and a significant p-value is 
represented by an asterisk (*p-value <0.05).
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the opposite trend, decreasing 31.15% in the 2.5% 
biochar-supplemented sample, but the levels of Brucella 
spp. remained much higher (by 67.06%) than those of the 
negative control (Figure 6c and d; Supplemental Tables 
S5 and S6).

DISCUSSION

This study was carried out to elucidate the potential of 
biochar supplementation in increasing the safety of Re-
cycled Manure Solids (RMS) used as bedding material for 

dairy cows. The sustainable aspect of this work focused 
not only on reusing manure solids as a cost-effective and 
environmentally-friendly bedding strategy, but also on 
the use of a pine biochar produced locally in Portugal. 
However, before being used as bedding material, RMS 
have to comply with microbiological requirements. In 
that context, we collected RMS samples, which were then 
treated (or not, as a control) with different concentrations 
of biochar and incubated at ambient temperature for up 
to 30 d, before we characterized their microbiome using 
next-generation sequencing. The data obtained revealed 
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Figure 3. Relative abundance of selected families (a) and genera (b, c, d) found in the samples collected in the humid season, which are relevant 
to the development of bovine mastitis.
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a complex series of changes in the bacterial dynamics of 
biochar-supplemented samples that shed some light on 
the potential benefits, but also on some limitations, of the 
use of this new bedding material.

The first objective was to evaluate the presence of 
several important mastitis-causing pathogens in RMS 
samples and whether biochar could play a role in reduc-
ing the levels of those pathogens. This is particularly 
relevant in the case of RMS-based bedding materials, 
since it has previously been shown that even though the 
bacterial load present in composted RMS decreases when 

compared with fresh RMS (namely that of coliforms 
and Streptococcus spp.), several mastitis pathogens are 
not eradicated, maintaining bacterial counts that can be 
problematic (Cole and Hogan, 2016). In this study, we 
did observe a decrease in the levels of Streptococcus/
Enterococcus and Staphylococcus throughout time, but 
not in the Enterobacteriaceae level.

Moreover, fresh manure solids have been demonstrated 
to have higher total bacterial numbers before use than 
other fresh bedding materials, such as sand, recycled 
sand, paper fiber and straw (Bonhotal et al., 2010; Alanis 
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Figure 4. Relative abundance of selected families (a) and genera (b, c, d) found in the samples collected in the dry season, which are relevant to 
the development of bovine mastitis.
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et al., 2021). While average bacterial counts generally 
increase for all bedding types after use, used manure 
solids were found to have higher levels of streptococci 
than used and recycled sand; of coliforms than used pa-
per fiber, sand and recycled sand; and of non-coliforms 
than all those types of beddings after use (Alanis et al., 
2021). According to our data, we were unable to com-
pletely eradicate these pathogens in RMS using biochar 
supplementation, since we detected the presence of 
several members of the Escherichia, Streptococcus, En-
terococcus, and Staphylococcus genera, even in samples 

that were incubated with biochar for as long as 30 d (the 
exception being the 10% biochar-supplemented sample 
in the humid season in which no enterococci or strepto-
cocci were detected). In fact, it would be very difficult to 
eliminate these pathogens using this type of additive, and 
the use of more aggressive methods could compromise 
the subsequent use of RMS as cow bedding. As such, it is 
particularly encouraging that, in this work, we observed 
a very marked decrease in the level of all of those pre-
viously mentioned pathogens. In the humid season, the 
most beneficial effect was observed for the samples sup-
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Figure 5. Relative abundance of selected genera found in the samples collected in the humid season, which are relevant in a One Health perspec-
tive.
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plemented with 5% of biochar, which led to an average 
reduction of 59.50% of Enterobacteriaceae, streptococci, 
enterococci and staphylococci as a whole. In the dry sea-
son, the supplementation with 2.5% or 5% of biochar had 
similar effects, leading to an overall decrease of these 4 
groups by 41.29% or 41.70%, respectively. The main dif-
ference between the use of these concentrations was that 
2.5% of biochar led to a higher reduction in Enterobac-
teriaceae levels, while 5% of biochar was more effective 
in reducing the levels of streptococci/enterococci. This 
is in agreement with a report from other authors that has 

shown that pine biochar application to poultry litter led 
to a significant reduction in E. coli and total aerobic bac-
teria counts (Mohammadi-Aragh et al., 2022). In most 
of the scenarios analyzed, the use of a higher concentra-
tion of biochar (10%) didn’t seem to yield better results 
than the use of lower concentrations (2.5% and 5%), 
demonstrating that the best overall performance could be 
obtained using the most cost-effective hypotheses.

Interestingly, previous research has reported that some 
strategies, such as replacing RMS daily from the back 
one-third of cow stalls, reduced cow's exposure to co-

Guerreiro et al.: Microbiome of biochar-supplemented RMS

Figure 6. Relative abundance of selected genera found in the samples collected in the dry season, which are relevant in a One Health perspective.
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liforms, but was ineffective against Streptococcus spp. 
(Sorter et al., 2014). Since composted RMS has been 
shown to have reduced bacterial counts before use, but 
that effect is soon lost as bacterial counts rise drasti-
cally after use, the emphasis should probably be put in 
the management of bedding once in use (Bonhotal et al., 
2010; Sorter et al., 2014). In that sense, biochar might 
represent an advantage when added to RMS before use, 
but mainly during its usage in stalls, as it can decrease 
the levels of relevant pathogens on site, which seems 
to be the main factor needed to protect the udder from 
exposure to mastitis-causing pathogens.

It has been shown by many authors that there is a clear 
positive correlation between the dry mater bedding con-
tent and the growth of Streptococcus spp., coliforms, and 
non-coliforms and incidence of environmental clinical 
mastitis (Fávero et al., 2015; Alanis et al., 2021; Freu et 
al., 2023). Seeing that bed moisture plays such an impor-
tant role in the development of mastitis, we performed 
our pilot experiment in 2 different seasons, to account for 
the effect of seasonality on the effectiveness of biochar's 
supplementation of RMS. Remarkably, we observed the 
largest decrease in causative agents of mastitis in the 
humid season, which is fairly promising since this is the 
season in which keeping the bedding drier represents a 
bigger challenge, as the relative environmental humidity 
was much higher (71.5%) than in the dry season (56.3%). 
We also observed that dry season samples presented a 
higher microbial diversity than the humid season samples, 
which could be related with the fact that it was in the 
dry season that we observed the highest overall variation 
in both temperature and humidity (of 12.6°C and 56.0% 
as opposed to 9.5°C and 43.0% variation in the humid 
season). It is possible that biochar could be overall more 
effective in the humid season, decreasing or increasing 
more drastically the levels of other bacteria in the com-
munity, thus leading to less diverse communities with 
less evenly distributed genera. Consistent with a previ-
ous report that assessed the effect of biochar addition on 
cow manure composting, we also observed that biochar 
supplementation led to a decrease in the diversity of the 
microbial populations under study (Ma et al., 2024).

Two additional positive effects of biochar addition to 
RMS observed in our work were the decreased levels 
of Salmonella spp. and Gram-positive bacilli found in 
supplemented samples, evidencing an interesting addi-
tional effect of biochar in reducing the level of known 
foodborne pathogens or spore-forming bacteria that 
can constitute a hazard even in pasteurized milk. While 
previous studies have determined that the use of RMS 
bedding did not lead to an increased presence of Salmo-
nella spp., Bacillus cereus or bacterial spores in milk, 
those pathogenic agents were still found to be present in 
a small amount of samples (Bradley et al., 2018; Gagnon 

et al., 2020). Considering the risk that these pathogens 
of zoonotic interest may pose, in particular when one 
considers the ability of bacterial spores to resist high 
temperatures, including the ones used in milk pasteuriza-
tion, it is particularly encouraging that biochar exhibited 
such an effective result in the reduction of these bacterial 
genera. Use of RMS bedding was also reported to in-
crease the risk of detecting thermoresistant streptococci 
and enterococci in milk, which could have an important 
impact in the food industry, for instance by affecting the 
organoleptic properties of cheese (Gagnon et al., 2020). 
In this context, biochar can also help to prevent or mini-
mize that risk, since it displayed a good efficacy in the 
reduction of the levels of streptococci and enterococci in 
RMS, according to the results obtained in our study.

Despite all the promising insights into the potentially 
beneficial role of biochar addition to RMS discussed so 
far, our study also revealed some undesirable effects. The 
most significant was the very marked increase observed 
in the levels of Brucella spp. in biochar-supplemented 
samples. Albeit surprising, this stimulating effect of 
biochar-like substances on Brucella growth had already 
been described as early as in 1951, when Brucella suis 
was cultivated in a system based on charcoal and cello-
phane, and activated charcoal continues to be used in the 
development of growth medium selective for Brucella 
(Gorelick et al., 1951; Mena-Bueno et al., 2022). At the 
time of collection of the RMS samples used in this study, 
we had no knowledge that Brucella spp. were circulating 
in the dairy farm in question. However, a brucellosis con-
trol program performed later in the year, in November 
2022, led to a few animals testing positive for brucello-
sis. Considering the health and economic constraints this 
disease represents for a dairy farm, routinely screening 
cow bedding for the presence of specific pathogens might 
present an opportunity for early detection and subsequent 
prevention of higher losses.

The second troublesome effect we observed after bio-
char addition was an increase in the relative abundance 
of members of the Pseudomonas genus in the humid 
season, which includes species that are relevant bovine 
and human pathogens, such as P. aeruginosa. However, 
in the dry season, the opposite effect was observed. This 
is somewhat in agreement with what is found in the lit-
erature, where conflicting effects have been reported in 
this matter. While a recent study has shown that biochar 
addition to cow manure promoted its maturity through 
the reduction of the abundance of Pseudomonas spp., an-
other study suggested that biochar may promote quorum 
sensing and biofilm formation in P. aeruginosa, which 
would make them thrive and be harder to eliminate from 
the environment (Yan et al., 2023; Ma et al., 2024). 
Further studies are thus needed to understand these dy-
namics and the factors that play a role in this process, 

Guerreiro et al.: Microbiome of biochar-supplemented RMS



Journal of Dairy Science Vol. TBC No. TBC, TBC

even though the seasonality of this event observed in our 
study might indicate that humidity or temperature might 
be crucial. In addition, overall, these results highlight 
that while RMS supplementation with biochar can be an 
effective way to reduce the level of some relevant patho-
genic species, its use should be further investigated, in 
particular to account for off target, undesirable effects 
that can compromise its efficacy and safety.

One important limitation of the present study is that 
the metagenomic analysis performed detects environ-
mental DNA and not the pathogens directly. As such, in 
the future, it would be important to further investigate the 
potential of biochar in modulating the level of relevant 
pathogens, both in supplemented and non-supplemented 
manure samples, and in milk samples of animals with 
mastitis, to better understand the potential benefits of 
the findings described herein, namely regarding a useful 
effect of biochar on decreasing exposure to mastitis-
causing pathogens to the dairy farm from which the RMS 
samples were sourced.

NOTES

This work was supported by the CIISA/FMV Proj-
ect UIDB/00276/2020, LA/P/0059/2020—AL4Ani-
malS and the LEAF project UIDB/04129/2020 and 
UIDP/04129/2020, all funded by FCT. We also acknowl-
edge Instituto Português do Mar e da Atmosfera (IPMA) 
that provided us with the weather data for the periods in 
which our incubation experiments took place.

All animals were cared for according to the rules given 
by the current EU (Directive 2010/63/EC) and national 
(DL 113/2013) legislation and by the competent author-
ity (Direção Geral de Alimentação e Veterinária, DGAV, 
www​.dgv​.min​-agricultura​.pt/​portal/​page/​portal/​DGV). 
Only noninvasive samples were collected during rou-
tine procedures with consent of owners, and no ethics 
committee approval was needed. Trained veterinarians 
obtained all the samples, following standard routine pro-
cedures. No animal experiment has been performed in 
the scope of this research. Verbal informed consent was 
obtained from all the owners, all the necessary informa-
tion about the study was provided to all the participants 
before obtaining their consent.

ABBREVIATIONS: RMS = Recycled Manure Solids

REFERENCES

Alanis, V. M., M. Zurakowski, D. Pawloski, T. Tomazi, D. V. Nydam, 
and P. A. Ospina. 2021. Description of the Characteristics of Five 
Bedding Materials and Association With Bulk Tank Milk Quality on 
Five New York Dairy Herds. Front. Vet. Sci. 8:636833. https:​/​/​doi​
.org/​10​.3389/​fvets​.2021​.636833.

Bolyen, E., J.R. Rideout, M.R. Dillon, N.A. Bokulich, C. Abnet, G.A. Al-
Ghalith, H. Alexander, E.J. Alm, M. Arumugam, F. Asnicar, Y. Bai, 
J.E. Bisanz, K. Bittinger, A. Brejnrod, C.J. Brislawn, C.T. Brown, 

B.J. Callahan, A.M. Caraballo-Rodríguez, J. Chase, E. Cope, R.D. 
Silva, P.C. Dorrestein, G.M. Douglas, D.M. Durall, C. Duvallet, C.F. 
Edwardson, M. Ernst, M. Estaki, J. Fouquier, J.M. Gauglitz, D.L. 
Gibson, A. Gonzalez, K. Gorlick, J. Guo, B. Hillmann, S. Holmes, 
H. Holste, C. Huttenhower, G. Huttley, S. Janssen, A.K. Jarmusch, 
L. Jiang, B. Kaehler, K.B. Kang, C.R. Keefe, P. Keim, S.T. Kel-
ley, D. Knights, I. Koester, T. Kosciolek, J. Kreps, M.G. Langille, 
J. Lee, R. Ley, Y.-X. Liu, E. Loftfield, C. Lozupone, M. Maher, C. 
Marotz, B.D. Martin, D. McDonald, L.J. McIver, A.V. Melnik, J.L. 
Metcalf, S.C. Morgan, J. Morton, A.T. Naimey, J.A. Navas-Molina, 
L.F. Nothias, S.B. Orchanian, T. Pearson, S.L. Peoples, D. Petras, 
M.L. Preuss, E. Pruesse, L.B. Rasmussen, A. Rivers, I.I. Michael S 
Robeson, P. Rosenthal, N. Segata, M. Shaffer, A. Shiffer, R. Sinha, 
S.J. Song, J.R. Spear, A.D. Swafford, L.R. Thompson, P.J. Torres, P. 
Trinh, A. Tripathi, P.J. Turnbaugh, S. Ul-Hasan, J.J. van der Hooft, F. 
Vargas, Y. Vázquez-Baeza, E. Vogtmann, M. von Hippel, W. Walters, 
Y. Wan, M. Wang, J. Warren, K.C. Weber, C.H. Williamson, A.D. 
Willis, Z.Z. Xu, J.R. Zaneveld, Y. Zhang, Q. Zhu, R. Knight, and 
J.G. Caporaso. 2018. QIIME 2: Reproducible, interactive, scalable, 
and extensible microbiome data science. PeerJ Inc.

Bonhotal, J., M. Schwarz, and E. Staehr. 2010. Use of Dried Manure 
Solids as Bedding for Dairy Cows. Cornell Waste Management Insti-
tute. doi:​https:​/​/​ecommons​.cornell​.edu/​server/​api/​core/​bitstreams/​
0dae2310​-b7f4​-48c3​-8ccf​-4a41bd89c55b/​content.

Bradley, A. J., K. A. Leach, M. J. Green, J. Gibbons, I. C. Ohnstad, D. 
H. Black, B. Payne, V. E. Prout, and J. E. Breen. 2018. The impact of 
dairy cows’ bedding material and its microbial content on the quality 
and safety of milk - A cross sectional study of UK farms. Int. J. Food 
Microbiol. 269:36–45. https:​/​/​doi​.org/​10​.1016/​j​.ijfoodmicro​.2017​
.12​.022.

Buta-Hubeny, M., E. Korzeniewska, J. Hubeny, W. Zieliński, D. Rol-
biecki, M. Harnisz, and Ł. Paukszto. 2022. Structure of the manure 
resistome and the associated mobilome for assessing the risk of 
antimicrobial resistance transmission to crops. Sci. Total Environ. 
808:152144. https:​/​/​doi​.org/​10​.1016/​j​.scitotenv​.2021​.152144.

Cole, K. J., and J. S. Hogan. 2016. Short communication: Environmental 
mastitis pathogen counts in freestalls bedded with composted and 
fresh recycled manure solids. J. Dairy Sci. 99:1501–1505. https:​/​/​doi​
.org/​10​.3168/​jds​.2015​-10238.

Cunha, E., S. Valente, M. Nascimento, M. Pereira, L. Tavares, R. Dias, 
and M. Oliveira. 2021. Influence of the dental topical application of 
a nisin-biogel in the oral microbiome of dogs: a pilot study. PeerJ 
9:e11626. https:​/​/​doi​.org/​10​.7717/​peerj​.11626.

DeAngelis, M. M., D. G. Wang, and T. L. Hawkins. 1995. Solid-phase 
reversible immobilization for the isolation of PCR products. Nucleic 
Acids Res. 23:4742–4743. https:​/​/​doi​.org/​10​.1093/​nar/​23​.22​.4742.

Fávero, S., F. V. R. Portilho, A. C. R. Oliveira, H. Langoni, and J. C. 
F. Pantoja. 2015. Factors associated with mastitis epidemiologic 
indexes, animal hygiene, and bulk milk bacterial concentrations in 
dairy herds housed on compost bedding. Livest. Sci. 181:220–230. 
https:​/​/​doi​.org/​10​.1016/​j​.livsci​.2015​.09​.002.

Freu, G., B. L. N. Garcia, T. Tomazi, G. S. Di Leo, L. S. Gheller, V. 
Bronzo, P. Moroni, and M. V. Dos Santos. 2023. Association between 
Mastitis Occurrence in Dairy Cows and Bedding Characteristics of 
Compost-Bedded Pack Barns. Pathogens 12:583. https:​/​/​doi​.org/​10​
.3390/​pathogens12040583​.

Gagnon, M., L. Hamelin, A. Fréchette, S. Dufour, and D. Roy. 2020. 
Effect of recycled manure solids as bedding on bulk tank milk 
and implications for cheese microbiological quality. J. Dairy Sci. 
103:128–140. https:​/​/​doi​.org/​10​.3168/​jds​.2019​-16812.

Gorelick, A. N., D. D. Mead, and E. H. Kelly. 1951. The growth of bacte-
ria in a charcoal-cellophane system. J. Bacteriol. 61:507–513. https:​
/​/​doi​.org/​10​.1128/​jb​.61​.4​.507​-513​.1951.

Jeppsson, K.-H., M. Magnusson, S. B. Nilsson, L. Ekman, L. Winblad 
von Walter, L.-E. Jansson, H. Landin, A. Rosander, and C. Bergsten. 
2024. Comparisons of recycled manure solids and wood shavings/
sawdust as bedding material -implications for animal welfare, herd 
health, milk quality and bedding costs in Swedish dairy herds. J. 
Dairy Sci. 107:5779–5793. https:​/​/​doi​.org/​10​.3168/​jds​.2023​-24192​.

Khurana, S. K., A. Sehrawat, R. Tiwari, M. Prasad, B. Gulati, M. Z. 
Shabbir, R. Chhabra, K. Karthik, S. K. Patel, M. Pathak, M. Iqbal 

Guerreiro et al.: Microbiome of biochar-supplemented RMS

www.dgv.min-agricultura.pt/portal/page/portal/DGV
https://doi.org/10.3389/fvets.2021.636833
https://doi.org/10.3389/fvets.2021.636833
https://ecommons.cornell.edu/server/api/core/bitstreams/0dae2310-b7f4-48c3-8ccf-4a41bd89c55b/content
https://ecommons.cornell.edu/server/api/core/bitstreams/0dae2310-b7f4-48c3-8ccf-4a41bd89c55b/content
https://doi.org/10.1016/j.ijfoodmicro.2017.12.022
https://doi.org/10.1016/j.ijfoodmicro.2017.12.022
https://doi.org/10.1016/j.scitotenv.2021.152144
https://doi.org/10.3168/jds.2015-10238
https://doi.org/10.3168/jds.2015-10238
https://doi.org/10.7717/peerj.11626
https://doi.org/10.1093/nar/23.22.4742
https://doi.org/10.1016/j.livsci.2015.09.002
https://doi.org/10.3390/pathogens12040583
https://doi.org/10.3390/pathogens12040583
https://doi.org/10.3168/jds.2019-16812
https://doi.org/10.1128/jb.61.4.507-513.1951
https://doi.org/10.1128/jb.61.4.507-513.1951
https://doi.org/10.3168/jds.2023-24192


Journal of Dairy Science Vol. TBC No. TBC, TBC

Yatoo, V. K. Gupta, K. Dhama, R. Sah, and W. Chaicumpa. 2021. 
Bovine brucellosis – a comprehensive review. Vet. Q. 41:61–88. 
https:​/​/​doi​.org/​10​.1080/​01652176​.2020​.1868616​.

Ma, S., Y. Shen, J. Ding, H. Cheng, H. Zhou, M. Ge, J. Wang, Q. Cheng, 
D. Zhang, Y. Zhang, P. Xu, and P. Zhang. 2024. Effects of biochar 
and volcanic rock addition on humification and microbial commu-
nity during aerobic composting of cow manure. Bioresour. Technol. 
391:129973. https:​/​/​doi​.org/​10​.1016/​j​.biortech​.2023​.129973.

McMurdie, P. J., and S. Holmes. 2013. phyloseq: An R Package for 
Reproducible Interactive Analysis and Graphics of Microbiome 
Census Data. PLoS One 8:e61217. https:​/​/​doi​.org/​10​.1371/​journal​
.pone​.0061217​.

Mena-Bueno, S., I. Poveda-Urkixo, D. Asensio, I. Echarte, A. Zabalza-
Baranguá, and M. J. Grilló. 2022. BruSIC: a novel selective me-
dium for the primary isolation of Brucella in veterinary samples. 
Microbiol. Spectr. 10:e01759–e22. https:​/​/​doi​.org/​10​.1128/​spectrum​
.01759​-22​.

Meyer, S., B. Glaser, and P. Quicker. 2011. Technical, Economical, and 
Climate-Related Aspects of Biochar Production Technologies: A 
Literature Review. Accessed March 31, 2023. https:​/​/​pubs​.acs​.org/​
doi/​pdf/​10​.1021/​es201792c.

Mohammadi-Aragh, M.K., J.E. Linhoss, C.A. Marty, J.D. Evans, J.L. 
Purswell, B. Chaves-Cordoba, G.D.C. Jr, and J.W. Lowe. 2022. 
Evaluating the Effects of Pine and Miscanthus Biochar on Esch-
erichia coli, Total Aerobic Bacteria, and Bacterial Communities in 
Commercial Broiler Litter. avdi 67:10–19. doi:​https:​/​/​doi​.org/​10​
.1637/​aviandiseases​-D​-22​-00056​.

Naranjo-Lucena, A., and R. Slowey. 2023. Invited review: Antimicrobial 
resistance in bovine mastitis pathogens: A review of genetic deter-
minants and prevalence of resistance in European countries. J. Dairy 
Sci. 106:1–23. https:​/​/​doi​.org/​10​.3168/​jds​.2022​-22267.

Pires, A. J., G. Pereira, D. Fangueiro, R. Bexiga, and M. Oliveira. 2024. 
When the solution becomes the problem: a review on antimicrobial 
resistance in dairy cattle. Future Microbiol. 19:903–929. https:​/​/​doi​
.org/​10​.2217/​fmb​-2023​-0232​.

Rowbotham, R. F., and P. L. Ruegg. 2016. Bacterial counts on teat skin 
and in new sand, recycled sand, and recycled manure solids used as 
bedding in freestalls. J. Dairy Sci. 99:6594–6608. https:​/​/​doi​.org/​10​
.3168/​jds​.2015​-10674.

Schmieder, R., and R. Edwards. 2011. Quality control and preprocessing 
of metagenomic datasets. Bioinformatics 27:863–864. https:​/​/​doi​
.org/​10​.1093/​bioinformatics/​btr026.

Sorter, D. E., H. J. Kester, and J. S. Hogan. 2014. Short communication: 
Bacterial counts in recycled manure solids bedding replaced daily 
or deep packed in freestalls. J. Dairy Sci. 97:2965–2968. https:​/​/​doi​
.org/​10​.3168/​jds​.2013​-7814.

Stortchevoi, A., N. Kamelamela, and S. S. Levine. 2020. SPRI Beads-
based Size Selection in the Range of 2–10kb. J. Biomol. Tech. 
31:7–10. https:​/​/​doi​.org/​10​.7171/​jbt​.20​-3101​-002.

Varma, V. S., R. Parajuli, E. Scott, T. Canter, T. T. Lim, J. Popp, and G. 
Thoma. 2021. Dairy and swine manure management - Challenges 
and perspectives for sustainable treatment technology. Sci. Total En-
viron. 778:146319. https:​/​/​doi​.org/​10​.1016/​j​.scitotenv​.2021​.146319.

Wood, D. E., J. Lu, and B. Langmead. 2019. Improved metagenomic 
analysis with Kraken 2. Genome Biol. 20:257. https:​/​/​doi​.org/​10​
.1186/​s13059​-019​-1891​-0​.

Yan, H., C. Liu, W. Yu, X. Zhu, and B. Chen. 2023. The aggregate dis-
tribution of Pseudomonas aeruginosa on biochar facilitates quorum 
sensing and biofilm formation. Sci. Total Environ. 856:159034. 
https:​/​/​doi​.org/​10​.1016/​j​.scitotenv​.2022​.159034.

ORCIDS

Joana F. Guerreiro,  https:​/​/​orcid​.org/​0000​-0003​-1960​-603X
Ana J. Pires,  https:​/​/​orcid​.org/​0000​-0002​-5416​-9720
Ana Esteves,  https:​/​/​orcid​.org/​0009​-0009​-9441​-9227
Lélia Chambel,  https:​/​/​orcid​.org/​0000​-0002​-1672​-1473
Pedro Pascoal,  https:​/​/​orcid​.org/​0000​-0003​-1265​-1444
Ricardo Dias,  https:​/​/​orcid​.org/​0000​-0002​-9214​-2166
Ricardo Bexiga,  https:​/​/​orcid​.org/​0000​-0002​-2524​-9887

Manuela Oliveira  https:​/​/​orcid​.org/​0000​-0002​-3910​-1525

Guerreiro et al.: Microbiome of biochar-supplemented RMS

https://doi.org/10.1080/01652176.2020.1868616
https://doi.org/10.1016/j.biortech.2023.129973
https://doi.org/10.1371/journal.pone.0061217
https://doi.org/10.1371/journal.pone.0061217
https://doi.org/10.1128/spectrum.01759-22
https://doi.org/10.1128/spectrum.01759-22
https://pubs.acs.org/doi/pdf/10.1021/es201792c
https://pubs.acs.org/doi/pdf/10.1021/es201792c
https://doi.org/10.1637/aviandiseases-D-22-00056
https://doi.org/10.1637/aviandiseases-D-22-00056
https://doi.org/10.3168/jds.2022-22267
https://doi.org/10.2217/fmb-2023-0232
https://doi.org/10.2217/fmb-2023-0232
https://doi.org/10.3168/jds.2015-10674
https://doi.org/10.3168/jds.2015-10674
https://doi.org/10.1093/bioinformatics/btr026
https://doi.org/10.1093/bioinformatics/btr026
https://doi.org/10.3168/jds.2013-7814
https://doi.org/10.3168/jds.2013-7814
https://doi.org/10.7171/jbt.20-3101-002
https://doi.org/10.1016/j.scitotenv.2021.146319
https://doi.org/10.1186/s13059-019-1891-0
https://doi.org/10.1186/s13059-019-1891-0
https://doi.org/10.1016/j.scitotenv.2022.159034
https://orcid.org/0000-0003-1960-603X
https://orcid.org/0000-0002-5416-9720
https://orcid.org/0009-0009-9441-9227
https://orcid.org/0000-0002-1672-1473
https://orcid.org/0000-0003-1265-1444
https://orcid.org/0000-0002-9214-2166
https://orcid.org/0000-0002-2524-9887
https://orcid.org/0000-0002-3910-1525

	Biochar supplementation affects the microbiome of recycled manure solids for cow bedding: a metagenomic analysis
	INTRODUCTION
	MATERIALS AND METHODS
	Sample Collection and Processing
	DNA extraction
	Amplification of 16S rDNA gene and Microbial Diversity Profiling through Next-Generation Sequencing
	Bioinformatics and Statistical analyses

	RESULTS
	Bacterial Populations in Biochar-supplemented Recycled Manure Solids
	Main Causative Agents of Bovine Mastitis Present in RMS
	Other Relevant Agents from a One Health Perspective Present in RMS

	DISCUSSION
	NOTES
	REFERENCES


