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The advent of next-generation sequencing (NGS) technologies has made it

possible to investigate microbial communities in various environments,

including different sites within the human body. Therefore, the previously

established belief of the sterile nature of several body sites, including

human blood, has now been challenged. However, metagenomics investiga-

tion of areas with an anticipated low microbial biomass may be susceptible

to misinterpretation. Here, we critically evaluate the results of 16S targeted

amplicon sequencing performed on total DNA collected from healthy

donors’ blood samples while incorporating specific negative controls aimed

at addressing potential bias to supplement and strengthen the research in

this area. We prepared negative controls by increasing the initial DNA

quantity through sequences that can be recognized and subsequently dis-

carded. We found that only three organisms were sporadically present

among the samples, and this was mostly attributable to bacteria ubiqui-

tously present in laboratory reagents. Despite not fully confirming or deny-

ing the existence of healthy blood microbiota, our results suggest that

living bacteria, or at least their residual DNA sequences, are not a com-

mon feature of human blood in healthy people. Finally, our study poses

relevant questions on the design of controls in this research area that must

be considered in order to avoid misinterpreted results that appear to con-

taminate current high-throughput research.

Introduction

The high diversity within the prokaryotic domain

allows bacteria and archaea to thrive in almost every

environment of the world, including other organisms.

Notably, bacteria inhabit many human tissues forming

symbiotic relationship with the host, constituting the

so-called microbiome, a crucial entity considered on

par with human organs [1]. Under physiological

conditions, our immune system and physiological bar-

riers such as the gut-vascular and the blood–brain
barriers prevent the microbial colonization of districts

that should remain sterile in healthy subjects. This

understanding has prevailed until recent years when

advancement in next-generation sequencing (NGS) has

enabled a cost-effective molecular survey of microbes
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in body habitats, challenging established beliefs.

Among these faiths, there is the view that the blood of

healthy subjects is a sterile environment [2].

Recent NGS technologies have revealed the presence

of bacterial genera such as Pseudomonas, Propionibac-

terium, Halomonas, Streptomyces, Sphingomonas,

Staphylococcus, Leifsonia, Bacillus, Flavobacteria, Ser-

ratia etc. in healthy blood samples [2–5].
However, authors highlighted potential source of

contamination and procedural errors in these studies.

As early as 2001, Nikkari et al. [6] documented the

presence of 16S DNA in healthy blood samples and

empathized that bacteria detected may derive from

used reagents or incorrect sampling. In detail,

microbes from skin flora including Cutibacter, Strepto-

coccus, Sphingomonas, and Bacillus genera are well rec-

ognized to contaminate blood cultures, with the

venepuncture process introducing skin microbes into

the samples [7–9].
Moreover, due to the high sensitivity of NGS

sequencing to noises and contaminants [5,6,10], it has

been established that the presence of contaminants,

referred to as “kitome”, is unavoidable in both DNA

extraction and PCR kits, especially when targeting low

microbial biomass environments such as blood [10–15].
The sequencing procedure can itself contribute to

ecological diversity inflation in samples, introducing

potential issue like “index hopping”, polymerase errors

and contamination from residual sequences deriving

from prior sequencing runs [13,16]. Furthermore,

PCR-based analysis of low bacterial biomass tissues

involves off-target amplification of the host DNA due

to the overwhelming prevalence of human cells [17].

Despite these challenges, many authors have hypoth-

esized that DNA reads obtained from sequencing

healthy blood samples may belong to bacteria charac-

teristic of this human district, proposing the existence

of a “human healthy blood microbiota” (HBM).

Remarkably, in 2022, Khan and colleagues defined the

existence of a blood microbiota as “already estab-

lished”, speculating that bacteria from organs, espe-

cially the gut, may translocate into the circulatory

system without epithelial impairment using a yet

unknown mechanism [18].

According to current literature [2], the potential HBM

is mainly composed by Proteobacteria. The out-of-gut

origin of blood microbes contrasts with the

well-established prevalence of Firmicutes, Bacteroidetes

and Actinomycetes in the gut [18,19]. Other authors sug-

gest that a more likely source of blood bacteria may be

the skin or the oral mucosa [2,18]. Conversely, in 2016,

Santiago and colleagues explored the serum microbiota

composition in cirrhotic patients and reported that 69%

of the identified bacterial sequences in their negative

controls belonged to the Proteobacteria phylum [5],

mimicking the profile often attributed to the healthy

blood microbiota. In 2023, Tan and collaborators raised

a strong counterpoint, reporting no common species

among 9770 healthy human blood sequences collected

from databases and concluding that hypothetical blood

microbiota members may be sporadic microbes that

transiently migrate in the bloodstream [20]. This would

not be the first occurrence of contrasting results regard-

ing the existence of a microbiota in an environment con-

ventionally defined as sterile. For instance, in 2019 de

Goffau et al. [21] showed that there was no evidence to

support the recently hypothesized human placenta

microbiome and that almost all of the related signals

sourced from contaminations.

Regardless, it is crucial to consider that the detected

DNA sequences may originate from destroyed bacteria

rather than viable ones, with relevance for the concept

of microbiota as a community of living organism that

interact among themselves and with the host in defin-

ing the so-called holobiont [22].

In addition, in this intricate scenario adopting differ-

ent DNA extraction protocols could further compli-

cate this research, impacting the quality, quantity and

purity of extracted DNA or its preservation, subse-

quently affecting the detectable bacterial sequences in

the blood [15,18,23–25].
Given the complexities mentioned above, delving

into this challenging topic requires many precautions,

notably the inclusion of negative controls in the

study design. However, this undertaking is not always

straightforward, particularly with negative controls com-

posed of pure sterile water, which are often challenging to

sequence. In fact, obtaining such traditional negative con-

trols for this study has not been successful either. This dif-

ficulty hampers our ability to finely discern which reads

may be influenced by the several biases described.

So, the primary aim of this study was to investigate

the microbial composition of healthy human blood,

employing custom controls that may permit the dis-

crimination between contaminants and potential blood

commensals. The ultimate goal was to provide insights

into the potential existence and characteristics of

HBM, while investigating the similarities between its

profile and monitored artifacts sourced from the

sequencing itself. To take into account potential pecu-

liarities which may arise from using a certain kit, we

extracted the DNA of each enrolled subject and con-

trol employing two different DNA extraction kits, as

described in the Materials and methods section.

Including two samples for each subject has also the

purpose of inspecting their reciprocal similarities and
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differences. In fact, on this matter, if we assume that a

characteristic bacterial community exists, then we

expect such intra-subject differences to be minimal

when compared to the inter-subject difference, or at

least being explicable by recurrent patterns in line with

being sourced by using different kits. Notwithstanding,

our main aim is not to draw conclusions about the

two kits performances but to explore and challenge

the HBM hypotheses in more than a way, while also

considering the eventuality that a hypothetical blood

microbe may be detectable by only a certain kit.

Therefore, although a performance comparison cannot

be avoided by reporting the results, any related statis-

tics have been computed. In this regard, we underline

that this study has not been designed to employ statis-

tics beyond that required to process the DNA reads,

in order to avoid tricky conclusions when addressing

the following simple (yet challenging) question: “how

far can the supposed HBM microbiota profile be mim-

icked by sheer artifacts?”. Delving into the noises of

this type of analysis is crucial to pursue the researches

on this topic, because confirming the presence of com-

mensal bacteria or their DNA fragments in healthy

blood would valid the hypothesis regarding their

interaction with the immune system, potentially unveil-

ing new valuable biomarkers.

Results

Percentage of reads retained after quality and

abundance filtering

The sequencing of all samples was successful, except

the failure of the DNA sample extracted with the

QIAamp� DNA Microbiome Kit. A total of 690 228

reads has been obtained of which 451 628 (65.4%)

originated from samples extracted with the QIAamp�
DNA Microbiome Kit and 238 600 (34.6%) from sam-

ples extracted with the DNeasy� Blood & Tissue Kit.

From a further check, the obtained data showed dif-

ferent sequencing depths among the samples although

they have been sequenced in the same lane and run

(Fig. 1). Indeed, the negative control samples consist-

ing in DNA from Escherichia coli pure culture (ENC,

see Materials and methods), extracted with the two

kits feature the largest number of reads, amounting to

56.3% of the total obtained reads. Excluding ENC

samples, the majority of acquired reads were discarded
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Fig. 1. Bar plots displaying the abundances of reads in samples as a whole (green), after quality filters (magenta) and after contaminant

removal (dark magenta). The percentage of removed off-target reads is reported at the top of each bar. The healthy samples are labeled as

“H” while the controls are labeled as “ENC” or “OTC” (see Materials and methods). The labels’ suffixes “_M” and “_B” represent the

extraction conducted with either the QIAamp� DNA Microbiome Kit or DNeasy� Blood (M) & Tissue Kit (B) respectively. The Y-axis is

scaled to enhance the visibility of lower read abundances.
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during the quality filtering steps, leaving an average of

7.5% of sequences for subsequent analyses. Specifi-

cally, samples processed with QIAamp� DNA Micro-

biome Kit exhibited a lower loss of reads after filtering

compared to samples processed with DNeasy� Blood

& Tissue Kit (9.3% vs 4.0%). The abundance of

human off-targets DNA was significantly lower in

samples extracted though QIAamp� DNA Micro-

biome Kit (3.8% of total sequences) compared to the

samples extracted with the DNeasy� Blood & Tissue

Kit (40.8% of total sequences).

The additional filters based on relative abundances

and prevalence had a limited impact on decreasing the

reads’ number, excluding approximately the 0.2% of

the original reads (Fig. 1).

Although the majority of reads have been discarded

through the aforementioned filters, each sample

appears to be saturated (Fig. 2). Therefore, it is con-

ceivable that increasing the sequencing depth would

not lead to the identification of further bacteria.

Taxa distribution in the whole dataset

After filtering, the dataset retained a total of 25 genera

(Table 1), among which 23 successfully classified at

genus rank and two classified only at family rank. All

the genera were members of 6 phyla, namely Proteo-

bacteria, Actinobacteriota, Bacteroidota, Firmicutes,

Verrucomicrobiota, and Campilobacterota phyla. Any-

way, the complete list of genera and samples in which

they were found is provided in Table 1. Of note, each

genus has been identified in at least one sample, using

both DNA extraction kits, with the exception of Flavo-

bacterium and Lachnospiraceae_ND3007 which were
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Fig. 2. Saturation analysis on genera performed after removing Escherichia coli from the controls where it was used as spike. The X-axis

represents the number of remaining reads after the filters (the “sample depth”), while the Y-axis indicates the number of distinct bacterial

genera observed at each sampling depth. Each sample is visualized as a separate line in the plot, showing how the observed genus

richness varies with different levels of sequencing depth. The healthy samples are labeled as “H” while the controls are labeled as “ENC”

or “OTC” (see Materials and methods). The labels’ suffixes “_M” and “_B” represent the extraction conducted with either the QIAamp�
DNA Microbiome Kit or DNeasy� Blood (M) & Tissue Kit (B) respectively.
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detected only in samples extracted with DNeasy�
Blood & Tissue Kit. However, nearly every genus was

also detected in the negative controls, as discussed in

more detail below. In addition, almost every genus is

potential contaminants according to our literature

research.

Comparison of control and blood sample

microbial profiles

The most abundant phyla in blood samples were Pro-

teobacteria (60.67%), Actinobacteriota (16.37%), Fir-

micutes (10.42%), Actinobacteriota (16.37%), and

Verrucomicrobiota (2.01%) (Fig. 3A) while the five

most represented genera were Burkholderia-

Caballeronia-Paraburkholderia (51.94%), Leifsonia

(13.87%), Sphingomonas (5.53%), Bacteroides (5.56%),

and Clostridia UCG-014 (3.18%) (Fig. 3B).

Apart from their abundances, each of these taxa’s

traces were found in control samples as well. Specifi-

cally, the abundances in the control consisting in

eukaryote off-target DNA (OTC) extracted with

DNeasy� Blood & Tissue Kit, closely resemble those

observed in blood samples. Furthermore, upon remov-

ing E. coli reads from the control samples (used

as spike signal) the relative abundances of the contam-

inant bacteria become more apparent (Fig. 4A,B).

Consequently, the abundances in negative controls

closely resembled those observed in blood samples

(Fig. 4A,B).

We further compared samples’ profiles through a

principal coordinate analysis (PCoA) which revealed

dissimilarity between the controls and the blood sam-

ples. Only the OTC sample extracted with DNeasy�
Blood & Tissue Kit clustered with blood samples

(Fig. 5A). The same analysis after excluding E. coli

from those controls showed that three out of four con-

trols closely resemble blood samples, strongly suggest-

ing a similar abundance profile. The only exception

was the OTC sample extracted with the DNA Micro-

biome kit, which exhibited a distinct profile, position-

ing in the region that was originally occupied by E.

coli controls (Fig. 5B). Moreover, with the exclusion

of OTC samples, the two extraction kits did not lead

to notably different profiles for each sample pair.

When considering samples derived from the same

Table 1. Table of all identified bacterial taxa. The presence is confirmed when a particular genus is found in at least one sample within the

groups, denoted by an asterisk (*) in the corresponding column. The four groups are: C-DBT (controls processed with DNeasy� Blood &

Tissue Kit), C-MIC (controls processed with QIAamp� Microbiome kit), B-DBT (blood samples processed with DNeasy� Blood & Tissue Kit)

blood samples and B-MIC (blood samples processed with QIAamp� Microbiome kit). The taxa reported as potential contaminant in previous

published papers (references listed in method section) are denoted by an asterisk in the column “KNOWN”.

Phylum Genera C-MIC C-DBT B-MIC B-DBT KNOWN

Proteobacteria Escherichia-Shigella * * * * *

Proteobacteria Burkholderia-Caballeronia * * * * *

Actinobacteriota Leifsonia * * * * *

Proteobacteria Sphingomonas * * * * *

Actinobacteriota Cutibacterium * * * * *

Bacteroidota Bacteroides * * * * *

Firmicutes Clostridia_UCG-014 * * * *

Proteobacteria Methylobacterium-Methylorubrum * * * * *

Verrucomicrobiota Akkermansia * * *

Firmicutes Ruminococcus * * * *

Proteobacteria Family Xanthobacteraceae * * * * *

Campilobacterota Helicobacter * * *

Proteobacteria Pseudomonas * * * *

Actinobacteriota Bifidobacterium * * * *

Bacteroidota Flavobacterium * * *

Firmicutes Lactobacillus * * *

Firmicutes Phascolarctobacterium * *

Firmicutes Roseburia * * *

Firmicutes Lachnospiraceae_ND3007 * * *

Bacteroidota Alistipes * * *

Bacteroidota Prevotella * * * *

Firmicutes Christensenellaceae_R-7 * * *

Firmicutes Family Lachnospiraceae * * * *

Firmicutes Subdoligranulum * * * *

Firmicutes Coprococcus * * *
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subject, some pairs exhibit greater dissimilarity, while

others appear more similar, seemingly without a dis-

cernible pattern (Fig. 5A,B). Since the OTC sample

extracted with QIAamp� DNA Microbiome kit

showed an unexpected excess of E. coli reads we moni-

tored its relationship with other samples by removing

E. coli associated reads. As expected, this simple E.

coli purging brought this sample in agreement with

other samples, reasonably indicating a specific contam-

ination during processing (Fig. 5C).

Investigating the unexpected behavior of the

mis-positioned OTC mice control that clustered in the

E. coli region, we observed that the large majority of

the reads in this control were actually dominated by

E. coli reads. The removal of such reads, reasonably

deriving from cross-contamination by E. coli samples,

led in fact to a greater decrease of the two main coor-

dinates (indicating less variation among samples) and

the positioning of the contaminated OTC much closer

to all other samples that eventually appear as ensemble

of unresolved individuals in the community.

Three genera, Coprococcus, Lactobacillus, and Phas-

colarctobacterium, were exclusively identified in blood

samples and absent in negative controls (Fig. 6A). More

specifically, each of these three genera was found in

lower abundance in no more than three samples from

different donors and from samples processed with dif-

ferent extraction kits (Fig. 6B). Furthermore, we also

consider informative to highlight that the low cumula-

tive abundances of these bacteria required an important

edit to the Y-axis of this figure (explained in the related

caption) in order to allow their visualization.

Discussion

The ongoing discussion on the sterility of healthy

blood has significant implications for the upcoming

research, especially in the physiology field. Neverthe-

less, our study underscores that exploring this topic is

a complex journey fraught with challenges stemming

from both technical and environmental sources, intro-

ducing noise and contaminants.

Fig. 3. Comparison of percentage abundance of the five most abundant phyla (A) and genera (B) in negative controls and samples before

removing Escherichia coli from the controls where it was used as spike. “Others” includes every taxon below rank 5. The healthy samples

are labeled as “H” while the controls are labeled as “ENC” or “OTC” (see Materials and methods). The labels’ suffixes “_M” and “_B”

represent the extraction conducted with either the QIAamp� DNA Microbiome Kit or DNeasy� Blood (M) & Tissue Kit (B) respectively.
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We explored the presence of a potential blood

microbiome in samples from six healthy subjects, uti-

lizing two distinct DNA extraction kits: one specifi-

cally designed for extracting microbial DNA from

blood and the other intended to eliminate human

DNA while isolating microbial DNA. In addition, we

introduced two control samples rich of known micro-

bial DNA for an easier identification and exclusion:

one comprising mice DNA (off-target control), and

another enriched with E. coli DNA. In our experience,

negative controls consisting of pure sterile water are

often challenging to sequence due to the insufficient

total amount of DNA detected after PCR, especially

given the cycle number characteristic of the conven-

tional Illumina protocol. While this outcome validates

the overall sterility of the workflow, it does not allow

us to discern which reads may stem from the various

biases described. To overcome this limitation, we

hypothesize the possibility of “enhancing” these nega-

tive controls by increasing the initial DNA quantity

through sequences that can be recognized and subse-

quently discarded.

Firstly, we noted an unsuccessful sequencing attempt

for one healthy blood sample processed with the

QIAamp� DNA Microbiome Kit. However, all other

samples, including the corresponding sample from the

same subject processed with the DNeasy� Blood &

Tissue Kit, and even the negative controls, were suc-

cessfully sequenced. Nevertheless, we view this issue as

a valuable clue regarding the estimable microbiota

richness, at least for this particular subject.

Overall, the samples obtained using the DNeasy�
Blood & Tissue Kit feature a high number of

off-target sequences despite the specificity of the used

primers, implying an extremely low bacterial biomass,

if any. Conversely, the samples obtained through the

QIAamp� DNA Microbiome Kit, designed to remove

host DNA, were nearly devoid of host sequences.

However, irrespective of the DNA extraction kit, only

a limited number of sequences for each sample passed

Fig. 4. Comparison of percent abundance of the five most abundant phyla (A) and genera (B) in negative controls and samples after

removing Escherichia coli from the controls where it was used as spike, thereby enabling a clearer comparison with the blood samples,

differently from the unadjusted representation in Fig. 3. “Others” includes every taxon below rank 5. The healthy samples are labeled as

“H” while the controls are labeled as “ENC” or “OTC” (see Materials and methods). The labels’ suffixes “_M” and “_B” represent the

extraction conducted with either the QIAamp� DNA Microbiome Kit or DNeasy� Blood (M) & Tissue Kit (B) respectively.
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the quality filters during the FASTQ processing, except

for the E. coli controls which underwent processing

with no substantial loss of reads. This outcome con-

firms both the unusual behavior of the blood sample

sequences and the processing effectiveness.

Similar challenges were also encountered during the

processing of the OTC samples. Indeed, Glassing and

colleagues reported that when sequencing DNA

extracted from blood samples with the MoBio Power-

Max� Soil DNA Isolation Kit, they obtained around

2000 sequences [11]. However, despite the significantly

greater depth of sequencing, only 25% of these

sequences were identified as prokaryotes [11]. Addi-

tionally, the authors noted that only minor traces of

the genera Anaerostipes, Mogibacterium, Subdoligranu-

lum, Halocella and Sphingobium were exclusively pre-

sent in their blood samples and not in blank controls,

as per their abundance filters.

Among these genera only reads from Subdoligranu-

lum have been identified in our blood samples as well

as in our controls. Specifically, in our dataset, after

applying the abundance filters, only 25 genera were

detected, despite the permissive thresholds used. In

agreement with previous reports, the most abundant

phylum that we have observed in blood samples is

Proteobacteria. Given the speculations about the

potential sources of bacteria in healthy blood, it is

noteworthy that this phylum has been reported as the

most abundant in the healthy lungs [26]. However, it is

also frequently the most abundant in blank controls

[5,14], a pattern consistent with our control samples.

Notably, the most abundant genera identified in

blood samples were found also in each control, exhi-

biting the same abundances profile, particularly in the

mice DNA control processed with DNeasy� Blood &

Tissue Kit and in the E. coli controls after discarding

the spike signal. Probably explanations of these results

include the possibility that these bacteria originate

from an environmental contamination. These remnants

could than been sequenced alongside the off-target

DNA. However, we observed a distinct microbial pro-

file in the mice DNA control processed with the

QIAamp� DNA Microbiome Kit. We assume that

the variability in controls processed with different kits

could be attributed to (a) differences in the “kitome”

of the two extraction kits; (b) stochastic amplification

of extremely low abundant DNA templates [27,28]; (c)

different contaminants present in various samples

within a single sequencing lane [29].

Finally, to further explore the distinctive features

distinguishing healthy blood samples from the con-

trols, we checked which bacterial DNA have been

exclusively sequenced in the blood samples.

This analysis revealed that the genera Coprococcus,

Lactobacillus and Phascolarctobacterium have been

identified only in blood samples, regardless of the

extraction kit used, but only in a limited number of

specimens. This outcome can be attributed to their

actual presence in the healthy blood of only some indi-

vidual or, alternatively, to a shared portion of the

kitome present in both extraction kits or introduced

by the PCR reagents. Notably, these sequences were

produced in some samples in our dataset, with the

exception of the controls.

In detail, both Lactobacillus and Coprococcus are

recognized as common bacteria of intestinal flora and

as possible contaminants from the DNA extraction kit

[11,30]. Meanwhile, Phascolarctobacterium is also an

intestinal commensal genus, not reported as known kit

contaminants, but identified in traces in only two out

six subjects. It is relevant to know that many contami-

nants are often associated to gastrointestinal tract or

skin [11] whereas the community profile of our sam-

ples doesn’t align with either of those environments.

Moreover, as far as we know, Phascolarctobacterium

has not been identified in any other research on

healthy blood microbiota. Conversely, Coprococcus

was reported as a potential blood bacterium by Jagare

and colleagues. However, its abundance overcame the

threshold chosen by the authors only in the blood of

patients with gut disease, not in healthy subjects and

negative controls, where it was also detected [31].

For these reasons, we cannot conclusively assert that

these bacterial traces are common features of human

blood. On the other hand, it is still relevant to under-

line that defining a contaminants list by just compar-

ing the genera names between analyzed samples and

controls it is not a faultless method, for example,

because some taxon may be characteristic of both the

sample types [32]. In addition, phylogenetic clades can

be missed depending on the employed 16S primers

having these not a truly “universal” coverage [33,34];

thus, we can assume that a hypothetical healthy blood

common bacterium is missing in our dataset. In light

of this, it is in our view that, despite the undoubted

usefulness of highlighting certain potential taxa, a

metagenomics approach performs at its finest when the

overall profile is analyzed. Accordingly, hereby we

emphasize the substantial profile overlap between

blood sample and controls. The most abundant genera

in our dataset are constantly present in every blood

sample, and each of these taxa is detected in every

control and also reported as common contaminants

originating from reagents [10,11,30]. Furthermore, also

their relative abundances are very similar between

samples and controls. We consider this outcome
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remarkable because these genera alone constitute the

majority of our dataset (about the 75% of the total

abundance for each sample, excluding the OTC con-

trol extracted with QIAamp� DNA Microbiome kit).

Even considering the high sensitivity of PCR amplifi-

cation, the prevalence of well-known contaminants as

the most abundant genera implies an abundance of the

hypothetical true healthy blood bacteria close or equal

to zero. Although it is conceivable that some bacteria

or related DNA sequence in laboratory kits may over-

lap with those found in the healthy blood, it seems

improbable that this holds true for each of them. A

slight difference between few samples and the controls

has been observed in the PCoA plot which is com-

puted considering every genus besides the most abun-

dant ones; however, this difference is still negligible

Fig. 5. Principal Coordinate Analysis (PCoA) representing the computed Hellinger distances among samples. The label on each point shows

the type of control samples or the identity of the 6 healthy donors. (A) Non-processed samples. (B) Samples after removing Escherichia coli

specific reads from the ENC. (C) Samples after removing E. coli specific reads from all the controls. OTC (off-target control): genomic DNA

form C2C12 cultured mouse cells. ENC (E. coli negative control): genomic DNA from E. coli.

Fig. 6. Taxa distribution. (A) Venn diagram illustrating the number of genera shared among controls (gray) and blood samples obtained using

extraction kits (coral, blue). (B) Stacked bar plot representing the cumulative percentage abundance of the three genera exclusive to the

healthy blood group. Abundance is calculated by summing up the percentage abundance across each sample (12 samples, totalling 1200%).

The Y-axis breaks between 50 and 1200 have been hidden to improve the visibility of lower values.
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when compared to the inter-subject differences. Even

justifying this latter result by taking into account a

hypothetic major bias sourced by using different kits,

we consider the proximity between most of the sam-

ples and the controls to be meaningful. At this regard,

it is also important to note that the first two principal

components of the PCoA have not explained most of

the data variability by themselves and that the blood

samples have not been positioned in a distinct cluster,

despite the employed controls are sheer monitored

artifacts sourced from a theoretical “empty” environ-

ment. Nevertheless, we do not rule out the possibility

that some living bacteria, or at least traces of them,

may sporadically and transiently be present in blood-

stream of healthy subjects. However, such occurrence

does not match with an established ecological commu-

nity such as the microbiota.

Conclusions

Our analyses and methodologies strongly support the

relevance of considering issues and risks when explor-

ing the healthy blood environment or similar ones

through the 16S rRNA NGS. Based on our data, we

cannot definitively affirm or deny the existence of

healthy blood bacteriota. However, the described

results cast relevant doubts on the notion that certain

bacteria, or their residual DNA sequences, are a com-

mon and distinctive feature of the healthy human

blood. Consequently, we firmly emphasize that, at cur-

rent state of knowledge, further, extremely careful

research is needed before asserting the existence of a

healthy blood microbiota.

Materials and methods

Sample collection and DNA extraction

In this study, we collected EDTA-anticoagulated whole

blood from six young and healthy Italian volunteers (three

male and three female), ranged in age from 25 to 35 years.

Including both the genders has been designed to prevent

missing results about hypothetical characteristic bacteria

featured only in a certain physiology during the profiling of

the main elements of the HBM, and it has not the purpose

to represent the entire population due to both variability

and rare occurrences that clearly would require many more

samples and a different study design. The whole collection

and extraction procedures have been performed with care-

ful attention to avoid every source of external contamina-

tions. For each subject, the first mL of blood has been

discarded to reduce the risk of contamination from

skin microbes. Once collected, the samples have been

immediately processed using gloves, pipettes and biological

hoods thoroughly cleaned with bleach and ethanol.

In addition, two different types of controls, prepared by

inflating the initial DNA quantity through sequences that

can be recognized and subsequently discarded, have been

included. Specifically, our controls included (a) the

off-target DNA control (OTC) from C2C12 cells (immor-

talized mouse myoblast cell line) cultured in Dulbecco’s

modified Eagle medium (DMEM) supplemented with fetal

bovine serum (FBS) 10%, penicillin and streptomycin and

washed three times in phosphate buffered saline (PBS) solu-

tion before being collected; (b) the microbial DNA from a

E. coli negative control (ENC) extracted from an overnight,

kanamicin selected LB culture of kanamycin resistant

E. coli strain K12 at 1 : 1000 inoculum. In particular, the

ENCs play a role also as positive controls to test the over-

all success of the library preparation and sequencing before

discarding their spikes, due to the assured traces of actual

bacterial DNA.

For both samples and controls, we used two different

DNA extraction kits, namely the DNeasy� Blood & Tissue

Kit (Qiagen, Hilden, Germany) (specifically designed for

the purification of total DNA from the blood environment)

and the QIAamp� DNA Microbiome Kit (Qiagen)

(designed for enhancing the purification of DNA from

intact bacterial cells though lysis of host cells and enzy-

matic digestion of free DNA prior to the lysis of bacteria),

following manufacturer instructions. Both kits were

unsealed for the first time specifically for this research

work. Hence, a total of 16 DNA samples has been collected

from 6 subjects and 2 controls.

16S sequencing and bioinformatics analysis

The extracted DNA was sent to IGA Technology Services

(Udine, Italy) for 16S amplicon paired-end sequencing (2

9 300 cycles, 50 000 reads) on the MiSeq Illumina plat-

form, according to the Illumina 16S Metagenomic Sequenc-

ing Library Preparation protocol. In particular, the V3–V4
hypervariable region has been amplified using the primer

pair 341F (CCTACGGGNGGCWGCAG) and 805R

(GACTACNVGGGTWTCTAATCC) [35].

The demultiplexed sequence reads were processed in the

QIIME2 2022.8 environment [36]. Briefly, the sequencing

primers and the reads without primers were removed using

the CUTADAPT tool. DADA2 was used to perform

paired-end reads filtering, merging and chimeras removal

steps after trimming low quality nucleotides from both for-

ward and reverse reads. Hence, ASVs (amplicon sequence

variants) were generated and the taxonomic assignments

were performed through Vsearch using the SILVA SSU

database (release 138). Every sequence unassigned at the

domain taxonomic level or associated to chloroplasts or

mitochondria according to SILVA has been discarded.

Moreover, every cross-amplified host DNA has been
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identified and removed by aligning the ASVs to GRCm39

(murine reference genome) and GRCh38.p14 (human refer-

ence genome) [37] through BOWTIE2 2.2.5 [38]. Finally, every

genus with a mean relative abundance less than 0.01%

(computed considering also the host DNA in the total

library size) has been removed to further avoid probable

contaminants [11,32]. Such threshold has been chosen

according to literature research, considering the nature of

the samples (potentially low biomass environments) and

prioritizing the accuracy over the sensitivity in order to

decrease the risk of mislabeling sequences as contaminants

[32]. In addition, every genus found in less than 3 out of 12

blood samples has been considered as a potential contami-

nant or at least as far from being a “common” healthy

blood bacteria and accordingly discarded. The analysis of

bacterial communities was performed in R 4.3.0. The pack-

ages PHYLOSEQ 1.44.0 [39], VEGAN 2.6-4 [40] and GGPLOT2

3.4.2 [41] were used to plot data and results. A rarefaction

analysis on genera was performed on every sample using

the function rarecurve (step 100 reads), further processed

to highlight saturated samples (arbitrarily defined as sam-

ples with a final slope in the rarefaction curve with an

increment in genus number per reads < 1e-4). The most

abundant bacteria have been defined according to average

percentage abundance among the samples. The taxa have

been highlighted as potential contaminants in Table 1

whereas reported as such or featured in negative controls in

the hereby listed literature [9,10,14,30,42]. Principal Coordi-

nate Analyses (PCoAs) were performed using the Hellinger

distance on Hellinger transformed genera abundances to

address the compositional nature of the data [43].

Finally, a Venn diagram has been used to display the

genus shared between ENCs and blood samples. Further

details about the processing of reads and the subsequent

bacterial community analysis are reported as a publicly

available scripts (see Data availability statement section).

Ethics approval and consents

This study was performed in compliance with standards set

by the Local Ethic Committee Area Vasta Centro (CEAVC

13725_bio, April 18 2023) and the Declaration of Helsinki.

All methods were carried out in accordance with relevant

guidelines and regulations. All participants gave their

informed written consent.

Strength and limitations of this study

Although a modest number of subjects have been

recruited for this study, we assert the reliability of our

conclusions as they were derived by identifying consis-

tent patterns and presences that are expected to be

characteristic of a particular environment, rather than

relying solely on statistical comparisons with a larger

sample size. To strengthen our observations, the pre-

sent data are in agreement with findings frequently

reported in other larger-scale studies. Of course,

expanding the number of samples and controls would

strengthen our conclusion. However, taking into

account the above-mentioned agreement with other

studies, enrolling further subjects would be useful

mostly to infer rare occurrences, while the primary

aim of this paper is to examine the hypothesis of

HBM by simply comparing its main abundances with

controls. Of note, we have highlighted a concurrence

in the profiles of our controls and the healthy blood

samples, a finding that we consider highly informative

regardless the number of samples.

Furthermore, our study paves the way to designing

a more targeted procedural approach in this research

area or, at least, aims to underscore the need for pre-

cautions that must be adopted when exploring such

topics through NGS. Implementing relative abundance

filters is advisable to avoid contaminants and sequenc-

ing errors in low bacterial biomass environments but,

inevitably, arbitrary threshold values are applied. In

this regard, we settled our thresholds after an accurate

investigation of the literature attempting to achieve

permissive yet efficient filtering strategies. Finally, it is

important to point out that we purposely did not per-

form in silico decontaminations based on the compari-

son with the controls. This choice was made to focus

on evaluating results achievable by sequencing the

blood samples and the kitome itself, without incorpo-

rating statistics whenever possible. Alternative

approaches, such as the use of decontamination algo-

rithms, may change the estimated taxonomic profile of

the blood samples. However, this study has not been

designed to use such methods, which would perform

better with more samples and not DNA inflated nega-

tive controls. In all cases, the raw reads in FASTQ

format are released as publicly available (see below) to

allow any re-analysis with different settings.
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