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Abstract. Intracranial infection is one of the most serious
complications following neurosurgery. It is well acknowledged
that bacteria and fungi are the main pathogens responsible for
postoperative intracranial infection. However, the microbial
community structure, including composition, abundance and
diversity, in postoperative intracranial infection is not fully
understood, which greatly compromises our understanding
of the necessity and effectiveness of postoperative antibiotic
treatment. The present study collected eight cerebrospinal
fluid (CSF) samples from patients with intracranial infection
following neurosurgical procedures. High-throughput amplicon
sequencing for 16S rDNA and internal transcribed spacer
(ITS) was performed using the Illumina MiSeq platform to
investigate the microbial community composition and diversity
between treated and untreated patients. Bioinformatics analysis
revealed that the microbial composition and diversity in each
patient group (that is, with or without antibiotic treatment) was
similar; however, the group receiving antibiotic treatment had a
comparatively lower species abundance and diversity compared
with untreated patients. At the genus level, Acinetobacter and
Staphylococcus were widely distributed in CSF samples from
patients with postoperative intracranial infection; in particular,
Acinetobacter was detected in all CSF samples. In addition,
five ITS fungal libraries were constructed, and Candida was
detected in three out of four patients not receiving antibiotic
treatment, indicating that the fungal infection should be given
more attention. In summary, 16S and ITS high-throughput
amplicon sequencing were practical methods to identify
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pathogens in the different periods of treatment in patients with
postoperative intracranial infection. There was a notable differ-
ence in microbial composition and diversity between the treated
and untreated patients. Alterations in the microbial community
structure may provide a signal whether antibiotic treatment
worked in postoperative intracranial infection and may assist
surgeons to better control the progression of infection.

Introduction

Postoperative intracranial infection is one of the most serious
complications that directly affects the success of cranioce-
rebral operations. Open craniocerebral injury, intracranial
lesions, neurosurgery and cerebrospinal fluid leakage due to
neurosurgery impair the peripheral tissue of the brain and
the blood-brain barrier, significantly increasing the incidence
of postoperative infection (1). Despite the administration of
preoperative antibiotic prophylaxis, the rate of intracranial
infection is 0.8-7%, but would be higher if treatment was not
provided (2). Postoperative intracranial infections caused
by bacteria, fungi, viruses and parasites have been reported,
with symptoms including, headache, lethargy, fever and even
death (3,4). Therefore, early diagnosis of postoperative intra-
cranial infection and characterization of infectious pathogens
in cerebrospinal fluid (CSF) samples is of great importance.
Currently, bacterial culture of CSF is considered the
‘gold standard’ in the diagnosis of intracranial infection,
guiding the optimal treatment by clinicians. However, bacte-
rial culture is time consuming, usually taking 2-3 days for
ordinary bacteria and longer for certain bacterial species
such as Mycobacterium tuberculosis to be identified (5,6).
Furthermore, bacterial culture from CSF samples is only
applicable to a limited number of bacteria, and many factors,
including nutrition, culture environment and contamina-
tion, influence the positive detection rate (7). For example,
Diplococcus pneumoniae, a common bacterium found in CSF,
is afastidious bacterium and its positive rate of bacterial culture
is quite low owing to cell death during sample collection and
culture (8). Bacterial culture of CSF is not able to meet the
requirements of early clinical diagnosis; thus, a new method to
identify all of the pathogens in CSF is urgently required.
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Rapidly developing high-throughput sequencing tech-
nology has provided an advanced platform for fast detection
and determination of bacterial communities in different
biological samples (9,10). In prokaryotes, 16S rDNA is an
important gene that encodes a small ribosomal subunit, and is
considered as a basis for species classification owing to its slow
rate of evolution over time (11). By sequencing the variable
regions with broad-range primers, the bacterial community
structure and the degree of evolution in a specific environment
may be analyzed (12). Similar to 16S rDNA, the internal tran-
scribed spacer (ITS) regions of fungal DNA can also be used
as taxonomic markers. Thus, 16S rDNA amplicon sequencing
(referred to as ‘16S sequencing’) has been widely applied in
human microbiome studies, offering a comprehensive picture
of the microbial community in specific samples (13-17). For
example, 16S sequencing has been used to examine the micro-
biota of patients with gallstones and diabetes mellitus (18,19).
16S sequencing was demonstrated to be able to determine
specific pathogens in CSF, including Neisseria meningitidis,
Streptococcus pneumoniae and Haemophilus influenzae (20)
and, importantly, it was also able to detect microbes that are
rarely found or even unknown (21).

In the present study, 16S and ITS amplicon sequencing
was conducted to determine the microbial composition of CSF
samples collected from eight patients with postoperative intra-
cranial infections. Bacterial and fungal community structures
(that is, composition, abundance and diversity) were further
compared between patient groups with and without antibiotic
treatment to confirm similarity and diversity.

Materials and methods

Patients and samples. CSF samples were collected from eight
patients at The Endoscopy Center of The People's Hospital
of Pingyang (Zhejiang, China). Seven of the patients were
diagnosed with intracranial infection following craniocerebral
operations, and one patient (sample 31) has had intracranial
fluid leakage for 10 years (see Table I for detailed patient infor-
mation). Prior to CSF sample collection, four patients (samples
2, 6, 50 and 54) had infections that were controlled with a
combination of vancomycin and sulperazone antibiotic treat-
ment, and the other four patients (samples 10, 15, 31 and 53)
exhibited high fever and other symptoms, but did not receive
antibiotic treatment. CSF samples were collected by lumbar
puncture under sterile conditions. For each patient, 1 ml of
CSF was collected into a sterile 1.5 ml microcentrifuge tube.
The remaining CSF (200-400 u1) that was left after routine and
biochemical examinations was stored at -20°C. All patients (or
the families of those patients who were unconscious or slipped
into a coma) in this study had been given an oral explana-
tion and signed the informed consent. The present study was
carried out in accordance with the protocol approved by Ethics
Committee of the Peoples Hospital of Pingyang.

DNA extraction. CSF (500 ul) was centrifuged at 12,000 x g for
1 min at 4°C, the supernatant was discarded and the precipitate
was used for DNA extraction. To promote the efficient lysis of
Gram-positive bacteria and fungi, and to enhance total DNA
yields, lysozyme (100 mg/ml; Sigma-Aldrich; Merck KGaA,
Darmstadt, Germany) was added to the lysis buffer that was
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included in the Invitrogen PureLink Genomic DNA Mini kit
(Thermo Fisher Scientific, Inc., Waltham, MA, USA). Total
DNA was extracted with the Invitrogen PureLink Genomic
DNA Mini kit (Thermo Fisher Scientific, Inc.), according to
the manufacturer's protocol. The concentration of genomic
DNA was quantified with the Qubit dsDNA HS Assay kit
(Thermo Fisher Scientific, Inc.). DNA quality and integrity
were measured with an Agilent 2100 Bioanalyzer (Agilent
Technologies, Inc., Santa Clara, CA, USA) and an Agilent
DNA 1000 kit (Agilent Technologies, Inc.), according to the
manufacturer's protocol.

Library construction and amplicon sequencing. 16S rDNA
and ITS libraries were constructed with a two-round poly-
merase chain reaction (PCR) amplification protocol; sterile
water was used as a negative control. In the first-round PCR,
a 470 bp gene segment of the variable (V)3-V4 regions of
the bacterial 16S rDNA was amplified with a 50 1 PCR
amplification system, which contained ~50 ng template DNA,
0.2 mM concentration of each PCR primer, 0.2 mM concen-
tration of each deoxynucleoside triphosphate, 2.5 U Platinum
Taq DNA polymerase High Fidelity and 1X PCR buffer. All
PCR reagents except for primers were obtained from Thermo
Fisher Scientific, Inc. The thermocycling conditions consisted
of 95°C for 3 min, followed by 25 cycles of 95°C for 30 sec,
60°C for 30 sec and 72°C for 30 sec. Fungal ITS region 1 was
amplified with the same PCR amplification system and ther-
mocycling conditions as 16S rDNA, except for the primers.
The primers used were as follows: 16S rDNA, 5'-TCGTCG
GCAGCGTCAGATGTGTATAAGAGACAGCCTACGG
GNGGCWGCAG-3' (forward; V3) and 5'-GTCTCGTGG
GCTCGGAGATGTGTATAAGAGACAGGGACTACHVGG
GTWTCTAAT-3' (reverse; V4); ITS region 1, 5-TCGTCG
GCAGCGTCAGATGTGTATAAGAGACAGCTTGGTCAT
TTAGAGGAAGTAA-3' (forward) and 5-GTCTCGTGGGCT
CGGAGATGTGTATAAGAGACAGGCTGCGTTCTTCAT
CGATGC-3' (reverse). The PCR products were confirmed by
1.2% agarose gel electrophoresis. In the second-round PCR,
the PCR products from the first-round were purified using
Agencourt AMPure XP beads (Beckman Coulter, Inc., Brea,
CA, USA), according to the manufacturer's protocol, and
used as the template, each sample was attached to a specific
barcode and sequencing adapter. Barcodes and sequencing
adapters formed part of the primers, and we synthesized the
primers based on sequences in a Nextera XT Index kit (cat.
no. FC-131-1001; Illumina, Inc., San Diego, CA, USA). Six
primers were used, and the sequences of primers were as
follows: N701-N704, CAAGCAGAAGACGGCATACGA
GAT [i7] GTCTCGTGGGCTCGG; and S501 and S502,
AATGATACGGCGACCACCGAGATCTACAC [i5] TCG
TCGGCAGCGTC. The i7 and i5 sequences incorporated
into the above primers were as follows: N701 i7, TCGCCT
TA; N702 i7, CTAGTACG; N703, TTCTGCCT; N704, GCT
CAGGA; S501 i5, TAGATCGC; and S502 i5, CTCTCTAT.
The PCR conditions were as follows: 95°C for 3 min followed
by 12 cycles of 95°C for 30 sec, 65°C for 30 sec and 72°C for
30 sec. The same PCR reagents were used as in first-round
PCR. Library concentrations were quantified with an Agilent
2100 Bioanalyzer with a DNA high-sensitivity chip according
to the manufacturer's protocol. 16S and ITS high-throughput
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Table I. Clinical information for the eight patients whose cerebrospinal fluids were used for sequencing.

Sample Age Antibiotic Main Cl Glucose Hemameba  Protein
no. (years) Sex Diagnosis treatment symptoms?® (mM/l)  (mM/1) (10%/1) (gl
2 48 Male Cerebellar Vancomycin, = Normothermia  124.5 3.8 5 1.265
hematoma sulperazone
50 53 Male Traumatic Vancomycin, = Normothermia  123.8 2.7 6,100 5.369
brain injury sulperazone
54 44 Male Ventricular Vancomycin, = Normothermia 113.5 14 200 1.836
hemorrhage sulperazone
6 37 Female Meningioma  Vancomycin, Normothermia  124.1 23 20 0.791
sulperazone
10 78 Female  Traumatic Untreated Fever, 922 0.9 510 1.568
brain injury headache
15 50 Male Cerebellar Untreated Fever, 128.1 5.8 1,140 1.253
hematoma headache
53 75 Male Thalamic Untreated Fever, 1134 3.0 950 3.152
hemorrhage headache
31 62 Female  Hypophysoma Untreated Fever, 1223 0.6 32,200 2.500
headache

*Symptoms were observed at the time of cerebrospinal fluid collecting.

amplicon sequencing was completed by Genewiz (Suzhou,
China) using the Illumina MiSeq (Illumina, Inc) sequencing
platform to generate 2x250 bp paired-end reads.

Bioinformatics analysis. Pandaseq (v2.7; http:/neufeldserver.
uwaterloo.ca/~apmasell/pandaseq_manl.html) was used to
merge paired-end reads withaminimumoverlap of 20 bp. Primer
and barcode sequences were trimmed by Trimmomatic (v0.30;
http://www.usadellab.org/cms/index.php?page=trimmomatic)
and chimeric sequences were removed with USEARCH (v8.0;
http://www.drive5.com/usearch/). The operational taxonomic
units (OTU) cluster was performed at the 97% sequence iden-
tity level by using the UCLUST algorithm in the Qiime (v1.7;
http://qiime.org/) bioinformatics software, and a representa-
tive OTU was selected from each cluster. Using the Silva_111
16S rRNA database (http://www.arb-silva.de) as a reference,
Ribosomal Database Project classifier (http:/rdp.cme.msu.
edu/classifier/classifier.jsp) was used to assign taxonomic ranks
to each OTU. To analyze inter- and intra-population diversity
of different samples, a- and B-diversity of CSF samples was
performed. Abundance-based coverage estimators (ACE) and
Chao estimators were carried out to calculate community
abundance; Shannon and Simpson indices were carried out
to evaluate community diversity (a-diversity). B-diversity
analysis was carried out to evaluate the differences in diversity
of community composition between the eight CSF samples,
which was performed using principal co-ordinates analysis
(PCoA) and unweighted pair group method with arithmetic
mean (UPGMA) clustering, which were based on distance
matrix of unweighted UniFrac.

Statistical analysis. Statistical analyses were performed
using SPSS (v19.0; IBM Corp., Armonk, NY, USA). Data
are presented as the mean + standard deviation. Shannon

and Chao 1 indices were compared using the Student's t-test.
The Wilcoxon rank-sum test was employed to detect inter-
individual community differences using R Project software
(https://cran.r-project.org; v3.1.2). P<0.05 was considered to
indicate a statistically significant difference.

Results

Overview of the 16S and ITS sequencing data generated from
CSF samples. The present study performed high-throughput
sequencing on 16S rDNA and ITS, to identify the composition
of bacteria and fungus in CSF samples from eight patients
with postoperative intracranial infection. 16S rDNA libraries
were successfully constructed for all the samples, whereas
only 5 ITS libraries were completed (Table II); construction
of a negative control library failed. Low-quality reads and
chimeric sequences were filtered from the raw data, which
left ~1.04 million reads that met the quality criteria for further
bioinformatics analysis. The average length of the 16S rDNA
and ITS sequences were 465 and 428 bp, respectively. The
total number of unique OTUs obtained from the 16S and ITS
sequences were 14,882 and 3,090, respectively, and the number
of OTUs identified within each individual sample ranged
between 743 and 7147 for 16S, and between 34 and 1621 for
ITS. Notably, the samples with the highest number of OTUs
were from patients who did not received antibiotic treatment;
in particular, the number of OTUs in sample numbers 10, 15
and 53 were higher compared with the other samples.

Composition and distribution of microbes in CSF samples.
The community structure (comprising composition, abun-
dance and diversity) of bacteria and fungi in the CSF samples
are shown in Fig. 1. At the phylum level, there were four
bacteria, including Proteobacteria, Firmicutes, Bacteroidetes
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Table II. DNA sequencing data generated from cerebrospinal fluid samples.

Raw Clean Effective Average

data® reads® ratio® (%) length (bp) OTUs
Sample
no. 16S ITS 16S ITS 16S ITS 16S ITS 16S ITS
2 347,784 118,656 95,245 57,745 274 48.7 466.23 433.54 2,373 38
50 126,430 0 48,445 0 383 0 462.30 0 743 0
54 108,344 0 20,276 0 18.7 0 47324 0 1,216 0
6 261,438 286,766 68,123 142,534 26.1 49.7 467.97 403.77 2,274 34
10 176,814 342,666 75,192 69,372 425 20.2 461.68 450.36 5,562 1,267
15 338,210 352,678 144,879 82,927 33.0 23.5 461.06 436.31 7,147 1,621
53 261,864 251 47 111,607 53,633 42.8 21.3 461.50 41595 6,770 885
31 180,686 0 68.970 0 32.8 0 466.55 0 904 0

*Generated with the lllumina MiSeq platform. "Generated by trimming the primer and special barcode sequences, removing the bases whose
quality value was <20 on both ends, filtering sequences <400 bp and removing chimeric sequences. “The ratio of the clean reads relative to raw
reads. ITS, internal transcribed spacer; OTUs, operational taxonomic units.

and Actinobacteria, that were detected at a higher relative
abundance than other phyla, with Proteobacteria identified as
the most common phylum in all samples (Fig. 1A). For fungi,
Ascomycota and Basidiomycota were the major phyla detected
in the CSF samples (Fig. 1C). To better characterize the
community structure, the microbial and fungal compositions
were analyzed at the genus level. The top eight bacterial genera
with the highest abundances were Shewanella, Klebsiella,
Psychrobacter, Granulicatella, Bifidobacterium, Bacteroides,
Staphylococcus and Acinetobacter, which accounted for
10.99-50.44% of bacterial abundance (Fig. 1B). The top eight
fungal genera that were identified included Leptosphaerulina,
Cladosporium, Malassezia, Tilletia, Pichia, Saccharomyces,
Candida and Peniophora, with a relative abundance of
21.63-76.83% (Fig. 1D).

Comparison of the community structure in CSF samples.
The community structures presented in Fig. 1 were compared
between the two groups of patients; that is, those patients
who received antibiotic treatment vs. those patients that did
not. Bacteroidetes and Firmicutes were the most abundant
bacterial phyla detected in patients that did not receive
antibiotic treatment (except for patient sample 31), whereas
Proteobacteria were more abundant in patients that received
treatment. The Wilcoxon rank sum test was performed to
detect interindividual community differences. At the genus
level, the bacterial composition within each group was similar
to each other (P>0.05). No significant differences between
the untreated and antibiotic-treated group were observed at
the fungal phylum level, however, at genus level, there was no
similarity to each other (P<0.05).

Although some microbes in CSF were highly abundant, the
distribution among the samples may be different. Acinetobacter,
Staphylococcus, Prevotella and Shewanella were the top
four most widely distributed genera, with Acinetobacter
being detected in all eight samples (Fig. 2). Cladosporium,
Malassezia, Candida and Trichosporon were the top four
most widely distributed fungal genera, and Cladosporium was

identified in all five samples examined. Notably, Klebsiella
was revealed to be highly abundant in untreated patient
sample 31, whereas its detection was minimal, if any, in the
other seven CSF samples; Staphylococcus was detected in all
samples except for sample 31.

a-diversity. To better evaluate the abundance and diversity
of pathogens in CSF, a-diversity bioinformatics analysis was
performed based on OTU data. ACE and Chao estimators
were calculated to determine community abundance, and the
Shannon and Simpson diversity indices were carried out to
evaluate the diversity of community. a-diversity results indi-
cated that the postoperative intracranial infections in patients
that were treated with antibiotics contained a low abundance
microbial community and had reduced within-sample diver-
sity, whereas the untreated patient infections contained high
abundance and within-sample diversity (Table IIT). The
a-diversity of the group of patients not receiving antibiotic
treatment was significantly higher (P<0.05) compared with the
group that did receive antibiotic treatment (Fig. 3).

B-diversity. B-diversity analysis was carried out to evaluate
the between-sample differences in composition of bacteria of
the eight CSF samples (Fig. 4). The results of PCoA indicated
that infected patients without antibiotic treatment (samples
10, 15 and 53, but not 31) had a similar bacterial and fungal
composition (Fig. 4A and B), and a similar situation was
observed in the treatment group, with all four samples (2, 6,
50 and 54) having a similar bacterial composition (Fig. 4A).
However, no similarity in the fungal composition between
individual samples (samples 2 and 6) in the antibiotic treat-
ment group was observed (Fig. 4B). In addition, the results
of heatmap analysis also demonstrated the similarity of the
bacterial composition within the antibiotic treatment group
and within the untreated group, excluding patient sample
31 (Fig. 4C). However, there was no similarity in the fungal
composition within the antibiotic treatment group, but some
similarity within the untreated group (Fig. 4D). The present
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Figure 1. Relative abundance and composition of bacteria and fungi in eight CSF samples. The top 20 bacterial (A) phyla and (B) genera, as well as the top 20
fungal (C) phyla and (D) genera in CSF samples obtained from postoperative patients with intracranial infections treated with antibiotics (samples 2, 6, 50 and
54) or untreated (samples 10, 15, 31 and 53). ‘Other’ denotes the relative abundance of bacteria or fungi that were not in the top 20. CSF, cerebrospinal fluid.
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Table III. Indices of bacterial alpha diversity in cerebrospinal fluid samples.

ACE? Chao* Shannon® Simpson®
Sample no. 16S ITS 16S ITS 16S ITS 16S ITS
2 2,697 38 2,537 38 5.56 1.88 0.90 0.52
50 860 0 799 0 393 0 0.84 0
54 1,631 0 1,497 0 592 0 091 0
6 2,618 34 2,463 34 6.65 2.54 0.94 0.65
10 7,684 1,387 7,307 1,321 8.28 491 0.98 0.93
15 8,605 1,776 8,203 1,691 8.51 6.24 0.98 0.96
53 8,826 926 8,429 896 8.39 5.23 0.98 0.95
31 1,068 0 998 0 4.13 0 0.79 0

*ACE and Chao were utilized to evaluate species abundance. "Shannon and Simpson were utilized to evaluate species diversity. ACE,

Abundance-based coverage estimators.
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Figure 3. Bacterial a-diversity in cerebrospinal fluid samples from eight patients with postoperative intracranial infection that have received antibiotic treat-
ment or were untreated. (A) Chao index for bacterial a-diversity. (B) Shannon index for bacterial a-diversity. n=4 per group. “P<0.01 vs. antibiotic treatment

group.

study performed UPGMA analysis based on distance matrix
of unweighted UniFrac to cluster CSF samples, and two clus-
ters were clearly generated. One cluster was composed of the
four samples from bacterial-infected patients who had been
treated with antibiotics, as well as the untreated patient sample
31, and the other cluster was composed of the remaining
samples from bacterial-infected patients (samples 10, 15 and
53) without antibiotic treatment (Fig. 4E). Simultaneously,
the untreated and antibiotic treatment groups were clustered
into two separate groups in fungal-infected patients (Fig. 4F).
B-diversity analysis also indicated a notable difference in the
CSF samples between patients with infections that had been
treated with antibiotics and those without antibiotic treatment.

Discussion

Intracranial infection is a common complication following
neurosurgery, with an incidence rate of postoperative
infection at ~10%. Previous studies have reported that post-
operative infections may be caused by CSF leakage, drainage,

surgery duration, longer hospital stays and multiple crani-
otomies (22-25). Although a number of previous studies
have focused on bacterial infection and have identified
Gram-positive Staphylococcus aureus as a main infection
agent of CSF, fungal infections are also an important risk that
should not be ignored (26,27). To characterize the pathogens
of intracranial infection, bacterial culture has been a gold
standard for CSF samples. However, owing to the specificity
of bacterial cultures, many potential pathogens could not be
cultured and identified. However, high-throughput amplicon
sequencing has provided an improved picture of the bacterial
composition, as well as the fungal composition, in human CSF
samples (28). To investigate microbial community structure,
the present study performed 16S rDNA sequencing for bacteria
and ITS sequencing for fungus on eight CSF samples from
patients with postoperative infections following neurosurgery.

Candida, Aspergillus and Cryptococcus were the main fungal
pathogens to be identified by previous studies (26,27); however,
many previous studies have focused on bacterial infection and
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Figure 4. Microbial B-diversity in CSF samples from patients with postoperative intracranial infection with or without antibiotic treatment. The PCoA plots
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the CSF samples. Unweighted pair group method with arithmetic mean cluster results for (E) bacterial and (F) fungal community in the CSF samples. n=8 for
bacteria; n=5 for fungus. CSF, cerebrospinal fluid; PCoA, Principal co-ordinates analysis.

ignored fungal infection, indicating that fungal infections
should be given more attention. In the present study, CSF
samples were examined by 16S and ITS sequencing, which
involved the successful construction of 16S rDNA libraries for
all eight of the samples, and an ITS library was completed for
five of the CSF samples (including two from patients treated
with antibiotics and three from untreated patients). The present
results demonstrated that bacterial infections were more

frequent than fungal infections in CSF samples. Therefore, it
was speculated that although fungal infection can be detected,
bacterial infections are predominant in postoperative intra-
cranial infection. Of note, the ITS data revealed that Candida
infection was present in the three CSF samples examined
from untreated patients, whereas it was not detected in the
two samples examined from patients with antibiotic treatment.
As the role of pathogens in the development of postoperative
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intracranial infection is complex, and various pathogens may
contribute to any individual case, it is important to identify
the composition of pathogens in each individual to allow the
rational use of antibiotics. Results from the present study
confirmed that ITS sequencing was an efficient method to
identify fungal infection and that Candida may be a major
risk factor of postoperative intracranial infection, similar to a
previous report (29). Although Cladosporium also had a higher
abundance in untreated patients, no similar reports were iden-
tified in the literature. At the genus level, bacterial infections
within each group appeared to be similar to each other on the
distribution of biological community, except sample 31 in the
untreated group as it clearly differed compared with the other
untreated samples (10, 15 and 53), whereas fungal infections
were more varied within each group.

At the phylum level, Proteobacteria, Firmicutes,
Bacteroidetes and Actinobacteria were identified as the most
prevalent bacterial infections, and this finding was consistent
with a previous report (28). At genus level, Acinetobacter,
Staphylococcus and Prevotella were top three genera in
the distribution of bacterial infection, with Acinetobacter
detected in all CSF samples. Acinetobacter baumannii are
Gram-negative bacteria with a high frequency of detection
in postoperative intracranial infections (24). Staphylococcus
is widely distributed on human skin, which is an important
source of hospital cross infection and is a main risk factor
for postoperative intracranial infection (24,30). In agreement
with a previous report (20), results from the present study
demonstrated that Acinetobacter and Staphylococcus were
the most prevalent bacteria in postoperative intracranial infec-
tion. Comparison of the composition and distribution in the
two groups of patients, with or without antibiotic treatment,
revealed that Bacteroidetes and Firmicutes were more abun-
dant in patients without antibiotic treatment (except for patient
sample 31), whereas Proteobacteria were more abundant in
patients receiving treatment. In addition, Staphylococcus and
Acinetobacter, which are commonly associated with intracra-
nial bacterial infection, were higher in the untreated group
compared with the treated group (except for patient sample 31),
indicating that antibiotic treatment could significantly elimi-
nate these main pathogens. Although other types of bacteria
had a higher abundance compared with Staphylococcus and
Acinetobacter in the untreated group and were also increased
compared with the treated group, few studies have reported
infections with these bacterial groups to be associated with
intracranial bacterial infection.

The results of bioinformatics analysis revealed that the
OTUs and a-diversity indices of the untreated patient group
were significantly higher than in patients receiving antibiotic
treatment, indicating that species abundance and diversity
were more plentiful. This result may be due to antibiotic treat-
ment eliminating various types of bacteria and fungi, which
results in reduced species diversity. Alterations in the micro-
bial community structure may provide a signal as to whether
antibiotic treatment worked in patients with postoperative
intracranial infection and may assist surgeons to better control
the progression of infection.

The present study also demonstrated that the community
structure of untreated patient CSF sample 31 was notably
different from others: Species abundance and microbial
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diversity were dominated by Klebsiella. Klebsiella are condi-
tional pathogenic bacteria that are extensively distributed on
the mucosal surfaces of humans, and are known to infect
people with immune deficiency syndromes such as diabetes
mellitus (31). Examination of the medical history revealed
that the patient from whom CSF sample 31 was obtained was
suffering from diabetes and CSF leakage, which may be related
to the type of infection observed in this patient. In cases of
long-term infection, a normal community structure similar to
that of a healthy adult may be destroyed; thus, Klebsiella may
develop into a dominant bacterial taxon and inhibit the growth
of other bacteria. Although this was the only sample collected
from a patient with CSF leakage, it serves as a reminder that
bacterial distribution may be effected by additional factors in
postoperative intracranial infection; particularly, if the patient
is suffering from other diseases simultaneously.

The present study does have some limitations such as the
sample size, which was the biggest problem in this study.
Another problem is that multiple samples could not be obtained
from the same patient at different time points, because the
patient may not be able to bear the lumbar puncture procedure
more than once. Additional CSF samples from patients with
postoperative intracranial infections in different periods of
treatment are being collected to validate the present results
and conclusions, with attempts at collecting specimen from
the same patient whenever possible.

In conclusion, 16S and ITS amplicon sequencing were
demonstrated to be practical methods for identifying patho-
gens in the development of intracranial infection. The present
study revealed that infections that are being controlled with
antibiotic treatment exhibit reduced within-sample diversity
compared with untreated infections. The results provided
proof that an alteration of community structure may be
considered as a signal of the efficacy of antibiotic treatment in
patients with postoperative intracranial infection. In addition,
future studies that investigate changes in the microbial CSF
of patients with postoperative intracranial infection following
different durations of antibiotic treatment and different lengths
of time after antibiotic treatment are required.
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