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Abstract. Acquired immune deficiency syndrome, caused by 
the human immunodeficiency virus (HIV), has been associ-
ated with intestinal dysbiosis, which includes an increase 
in the number of mucosa‑associated pathobionts. In the 
present study, the intestinal mucosal microbiota patterns of 
HIV‑infected patients were compared with those of healthy 
individuals in a population from Guangzhou, China. The gut 
microbiota of intestinal mucosal samples from 12 patients 
with HIV (transmission routes included sex and intravenous 
drug abuse) was compared with that of 12 healthy age‑ and 
sex‑matched controls. Gut microbial communities were 
profiled via sequencing of the bacterial 16S ribosomal RNA 
genes. Dysbiosis in HIV‑infected individuals was character-
ized by decreased α‑diversity, decreased levels of Firmicutes 
and increased levels of Proteobacteria. Furthermore, low mean 
counts of Lachnoclostridium, Roseburia, Thauera, Dorea and 
Roseburia inulinivorans, and high mean counts of Halomonas 
and Shewanella bacteria, were indicated to be HIV‑associated 

mucosal bacterial alterations. The relative abundance of 
Fusobacterium and Lachnoclostridium was significantly 
decreased, while that of Halomonas and Shewanella was 
significantly increased in patients with sexually transmitted 
HIV‑infection compared with healthy controls. Alterations of 
the gut microbiota during HIV infection were also indicated 
to be associated with the route of HIV transmission. Certain 
bacteria may be potential biomarkers for HIV infection in 
patients from Guangzhou, China.

Introduction

Acquired immunodeficiency syndrome (AIDS), caused by 
human immunodeficiency virus (HIV), suppresses the human 
immune system mainly through its effects on the CD4+ T‑cell 
compartment and has been extensively studied since the early 
1980s (1). The development of antiretroviral therapy (ART) 
and highly active ART have markedly reduced HIV‑associated 
morbidity and mortality, but complete eradication of this 
chronic infection is currently not feasible. Increasing evidence 
has suggested that the gut microbiota has an important role in 
the pathogenesis of AIDS, host deterioration and viral trans-
mission (2‑4). Studies have indicated increases in commensal 
bacteria, such as Pseudomonas, in the feces of patients infected 
with HIV and decreases in Lactobacilli and Bifidobacteria 
during the early stages of HIV infection, elevating the risk of 
gut dysbiosis (5). Furthermore, Brenchley et al (6) indicated 
that microbial translocation is a cause of systemic immune 
activation in chronic HIV infection and that the levels of 
certain bacterial products were elevated in HIV‑infected indi-
viduals.

The gut microbiota has attracted much attention due to 
its newly discovered role in the maintenance of human health 
and disease pathogenesis, particularly in association with the 
gastrointestinal tract (7). Studies have identified alterations 
in microbial diversity and bacterial composition between the 
fecal microbiota and intestinal mucosal microbiota of healthy 
individuals (3,8). Deep‑sequencing analysis of healthy volun-
teers has made it possible to characterize differences between 
fecal microbiota and intestinal mucosal microbiota  (9‑11). 
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These research studies have also demonstrated that the fecal 
microbiota and intestinal mucosal microbiota are two distinct 
microbial communities and that there is a requirement to 
further investigate them to gain a better understanding of the 
significance of alterations in the gut microbiota in different 
diseases. However, most prior studies on the gut microbiota of 
patients with HIV infection have focused on alterations in the 
fecal microbiota, while the intestinal mucosal microbiota has 
been investigated mostly in African and Caucasian popula-
tions.

In China, a national HIV epidemic has been declared in 12 
of the 31 provinces, and >10,000 individuals were living with 
HIV or AIDS in 2014 (12). However, studies on the association 
between the gut microbiota and HIV infection in China are 
currently limited. In a study performed in Zhejiang province 
of eastern China, Ling et al (13) indicated that the α‑diversity 
indices were not significantly different between healthy 
controls and patients infected with HIV, while the proportion 
of Firmicutes/Bacteroidetes was significantly elevated in HIV 
patients. Sun et al (14) performed a study in Shanghai and 
determined that the microbiota of individuals infected with 
HIV had a lower α‑diversity, with enrichment of Firmicutes 
and Proteobacteria at the phylum level and suppression 
of the bacterial class Clostridia and the bacterial families 
Ruminococcaceae and Lachnospiraceae. A previous study by 
our group (15), in which stool samples obtained from a popula-
tion in Guangzhou, China, were analyzed, also indicated that 
gut dysbiosis was more common among patients with AIDS 
and was characterized by a lower α‑diversity, low mean counts 
of Bacteroidetes, Faecalibacterium, Prevotella, Bacteroides 
vulgatus, Dialister and Roseburia inulnivorans, as well as 
elevated mean counts of Proteobacteria, Enterococcus, 
Streptococcus,  Lactobacillus,  Lachnoclostridium, 
Ruminococcus gnavus and Streptococcus vestibularis. 
However, these studies only analyzed fecal samples and did 
not explore the intestinal mucosa.

In the present study, for further exploration, the intestinal 
mucosal microbiota of healthy and HIV‑infected individuals 
from Guangzhou, China was examined. The intestinal 
mucosa of HIV‑infected patients was profiled by sequencing 
analysis to obtain the composition of the microbiota and 
identify potential universal and specific biomarkers for HIV 
infection. Furthermore, differences in the characteristics 
of the microbiota between patients who had been infected 
via different routes, i.e. sexual transmission and intravenous 
drug abuse (IDA), were determined. This investigation has 
the potential to improve the pathological outcomes and char-
acterize the intestinal mucosal microbiota of HIV‑infected 
individuals.

Materials and methods

Subjects. In total, 12 HIV‑infected patients and 12 healthy 
individuals were enrolled in the present study between March 
and October 2015 at the Institute for Infectious Diseases, 
Guangzhou No.  8 People's Hospital, Guangzhou Medical 
University (Guangzhou, China), for cross‑sectional compar-
ison of their intestinal mucosal microbiotas. The diagnosis of 
the HIV‑infected individuals was verified at the Guangzhou 
Center for Disease Control and Prevention using PCR and 

HIV‑1 antibody tests. According to the different routes of HIV 
infection, patients were divided into IDA and sexual transmis-
sion, and those who had a history/involvement in both should 
be excluded. Nine patients were treatment‑naïve and 3 patients 
with highly active antiretroviral therapy. Age‑matched and 
sex‑matched healthy volunteers were recruited from the same 
community (Table I). The exclusion criteria used were an age 
of <18 years, use of antibiotics or probiotics in the previous 
4 weeks, a history of inflammatory bowel disease, evidence 
of hepatitis B or C virus infection or other chronic diseases, 
as well as pregnant or breastfeeding individuals  (16). This 
study was approved by the Ethics Committee of Guangzhou 
No.  8 People's Hospital, Guangzhou Medical University 
(Guangzhou, China). All individuals enrolled provided written 
informed consent to participate.

Sample collection and extraction of bacterial genomic DNA. 
Terminal ileum mucosal biopsies were obtained during colo-
noscopy using disposable flexible biopsy forceps. The samples 
to be used for bacterial genomic DNA extraction were imme-
diately transferred to the laboratory and were stored at ‑80˚C. 
Total DNA was extracted from samples using a DNeasy Blood 
and Tissue Kit (Qiagen GmbH). DNA concentrations were 
determined using a NanoDrop 2000 Bioanalyzer at 260 nm 
(Thermo Fisher Scientific, Inc.). All DNA samples were stored 
at ‑20˚C prior to PCR amplification and Illumina sequencing 
was performed.

PCR amplification and Illumina sequencing. The primers, 
V4‑515 forward, 5'‑GTGCCAGCMGCCGCGGTAA‑3' and 
V4‑806 reverse, 5'‑GGACTACHVGGGTWTCTAAT‑3', were 
used to amplify the bacterial 16S ribosomal RNA V4 frag-
ments. PCR was performed using Phusion® High‑Fidelity PCR 
Master Mix (New England Biolabs). The PCR products were 
combined with equal volumes of a loading buffer (containing 
SYBR‑Green) before electrophoresis was performed on 
2% agarose gel. DNA samples between 400 and 450 bp in 
length were identified as bright strips and were selected for use 
in subsequent experiments. Sequencing libraries were gener-
ated using the TruSeq DNA PCR‑Free Sample Preparation 
Kit (Illumina, Inc.) following the manufacturer's protocol and 
index codes were added. Library quality was assessed using 
a Qubit 2.0 Fluorometer (Thermo Fisher Scientific, Inc.) and 
an Agilent Bioanalyzer 2100 system (Agilent Technologies). 
Thereafter, the library was sequenced using the Illumina 
HiSeq 2500 platform (Illumina, Inc.).

Data analysis. The sequences were analyzed using the QIIME 
software (version 1.7.0) package (17). In‑house Perl scripts 
were used to analyze α‑diversity within the samples and 
α‑diversity among the samples (18). First, reads were filtered 
out using QIIME quality filters. Subsequently, the program 
pick_de_novo_otus.py was used to select operational taxo-
nomic units (OTUs) by generating an OTU table. Sequences 
with ≥97% similarity were assigned to the same OTU. A 
representative sequence of each OTU was explored for further 
annotation. An RDP classifier  (19) was used to annotate 
taxonomic information of each representative sequence. 
α‑diversity was determined through Shannon, Chao  1, 
Observed_species and PD_whole_tree indices to analyze the 
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complexity of species diversity in each sample (computed 
with core_diversity_analysis.py script within QIIME) (17,20). 
Wilcoxon rank‑sum test was used to compare the α‑diversity 
differences between groups within SPSS (version  22.0; 
IBM Corp.). Subsequently, β‑diversity was generated within 
QIIME by using weighted and unweighted Unifrac distance 
matrices. UniFrac distances are appraised as the distance 
between bacterial communities explaining phylogenetic 
relationships between bacteria (21,22). Cluster analysis was 
performed prior to principal component analysis (PCA), which 
was applied to reduce the dimension of the original variables, 
using the FactoMineR package and ggplot2 package in R soft-
ware (version 2.15.3). Significant differences between specific 
taxa were analyzed using analysis of variance followed by 
post‑hoc t‑tests, with Bonferroni and Benjamini‑Hochberg 
false discovery rate corrections applied for multiple testing. 
Linear discriminant analysis  (LDA) effect size  (LEfSe) 
analysis [http://huttenhower.sph.harvard.edu/lefse/] was used 
to identify differences in taxa present between groups. First 

step, the non‑parametric factorial Kruskal‑Wallis rank‑sum 
test was used to detect taxa with significant differential 
abundance. Subsequently, biological consistency was inves-
tigated using a set of pairwise tests among subclasses using 
the Wilcoxon rank‑sum test. Finally, the Linear Discriminant 
Analysis (LDA) was used to estimate the effect size of each 
differentially abundant trait. α‑values of 0.05 were used for 
the Kruskal‑Wallis sum‑rank test and a threshold of 3.6 was 
chosen for logarithmic LDA scores (23).

Results

Intestinal mucosal bacterial diversity among HIV patients. 
Notably, α‑diversity refers to bacterial diversity, particularly 
the richness of each taxon within an environment/host, while 
β‑diversity compares similarities or differences in commu-
nities between environments/hosts. Shannon (P=0.02418), 
Chao  1 (P=0.03872), Observed_species (P=0.03324) and 
PD_whole_tree (P=0.51370) indices were used to compare 
richness estimators and it was indicated that the Shannon, 
Chao 1 and Observed_species indices of the intestinal mucosal 
microbiota were significantly lower compared with those of the 
healthy controls (Figs. 1A and S1). To reveal the effect of HIV 
infection on the composition of the microbiota, β‑diversity 
comparison (PCA) was used to identify similarities in micro-
bial community structure. The results of the PCA suggested 
that the microbiota of patients with HIV infection differed 
substantially from that of healthy individuals (Fig. 1B).

Intestinal mucosal bacterial composition in patients with 
HIV. Bacterial community structure was compared between 
the HIV‑infected group and the healthy group. Firmicutes, 
Proteobacteria, Bacteroidetes and Actinobacteria were the 
most predominant phyla, which constituted 82% of the 
intestinal mucosal samples of HIV‑infected patients and 
healthy controls (Fig. 2A). The proportions of Proteobacteria 
(42.04  vs.  36.05%) and Bacteroidetes (17.58  vs.  13.23%) 
were elevated in HIV‑infected patients compared with 
those in the controls, while the proportions of Firmicutes 

Figure 1. (A) Shannon index demonstrating decreased α‑diversity in HIV‑infected individuals. (B) PCA indicated differences in the clustering of bacterial 
communities based on HIV infection status. Each dot represents a single mucosal sample. *P<0.05. Mp, HIV patients; Mh, healthy controls. PCA, principal 
component analysis; HIV, human immunodeficiency virus.

Table I. Baseline clinical characteristics for each group of 
subjects.

	 HIV-infected	 Healthy controls
Item	 (n=12)	 (n=12)

Sex (female/male)	 6/6	 6/6
Age (years)	 40.0±10.58	 36.1±9.67
CD4+ cell count (1/µl)	 94.92±41.439	 NA
Viral load (HIV-1 RNA	 5.65±2.384x105	 NA
copies/ml)
Route of transmission
  Intravenous drug abuse	 3	 NA
  Sex	 9	 NA

Values are expressed as the mean ± standard deviation. ND, not 
assessed; HIV, human immunodeficiency virus.
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(22.35 vs. 28.97%) and Actinobacteria (1.06 vs. 3.99%) were 
lower in HIV patients compared with the controls.

For further analysis of changes at lower taxonomic 
levels (genus level), the microbiota was compared between 
healthy controls and HIV‑infected patients using an LEfSe 
analysis. This analysis revealed 11 discriminative features 
(|LDA  score|  >3.6). Lachnoclostridium, a Firmicute, was 
abundant in the healthy control samples, while Halomonas 
and Shewanella, which are Proteobacteria, were abundant in 
the samples of HIV‑infected patients. At the genus and species 
levels, Halomonas (P=0.008) and Shewanella (P=0.009) were 
the most abundant in the intestinal mucosal microbiota of 
HIV patients compared with in the healthy controls, while the 
levels of Lachnoclostridium (P=0.030), Roseburia (P=0.047), 
Thauera (P=0.033), Dorea (P=0.015) and Roseburia inulini-
vorans (P=0.023) were significantly lower in HIV‑infected 
patients than in the healthy controls (Figs. 2B and 3).

Association between the route of HIV transmission and 
intestinal mucosal microbiota. HIV‑infected patients were 
divided into two groups based on the route of HIV transmis-
sion: Sex or IDA. Subsequently, the microbial community 
structures were compared between these two groups and 
with the healthy control group. The results indicated that 

the microbiota differed significantly between healthy group 
and sexually transmitted HIV‑infected group but there were 
no significant differences between IDA HIV‑infected group 
versus the healthy group or sexually transmitted HIV‑infected 
group  (Fig.  4A). Furthermore, LEfSe analysis revealed 
17 discriminative features (|LDA score| >3.6) in the gut micro-
biota of individuals with sexually transmitted HIV infection 
compared with healthy controls and the relative abundances 
of Fusobacterium and Lachnoclostridium were significantly 
lower, while those of Halomonas and Shewanella were signifi-
cantly higher (Fig. 4B).

Discussion

The present study was the first to compare between the 
intestinal mucosal microbiota of HIV‑infected patients and 
healthy individuals in a population from Guangzhou, China, 
using 16s‑sequencing. The results demonstrated that the 
mucosal bacterial communities of HIV‑infected patients were 
suppressed, compared with those of healthy controls. The 
gut microbiota of HIV‑infected patients contained higher 
proportions of potentially pathogenic bacteria, including 
Halomonas and Shewanella. In addition, the gut microbiota 
of HIV‑infected patients was composed of lower proportions 

Figure 2. (A) Relative abundance of intestinal mucosal bacteria of different phyla; (B) LDA modeling of the bacterial hierarchy in HIV‑infected patients and 
healthy controls. Groups: Mp, HIV patients; Mh, healthy controls. c_: class; o_: order; f_: family; g_: genus; HIV, human immunodeficiency virus; LDA, linear 
discriminant analysis.
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of Lachnoclostridium, Roseburia, Thauera, Dorea and 
Roseburia inulinivorans, compared with that of healthy 
controls.

Compared to a traditional fecal microbiota analysis, changes 
in the mucosal microbiota are able to more accurately reflect 
changes in the gut microbiota of a patient's intestine (24,25). 

Figure 3. Intestinal mucosal bacterial abundance by (A) genus and (B) species. The mean values of the relative abundances of bacteria in the groups are 
presented in the left‑hand panel, while the differences in relative abundance of bacteria between groups and their P‑value are presented in the right‑hand panel. 
Groups: Mp, patients with human immunodeficiency virus; Mh, healthy controls.

Figure 4. (A) PCA showing differences in the clustering of bacterial communities. (B) LDA modeling of the bacterial hierarchy between sexually transmitted 
HIV patients and healthy controls. Groups: Sex, patients with sexually transmitted HIV; IDA, HIV infection via intravenous drug abuse; Mh, healthy controls. 
p_: phylum; c_: class; o_: order; f_: family; g_: genus; HIV, human immunodeficiency virus; LDA, linear discriminant analysis; PCA, principal component analysis.
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The samples used in the present study were collected from 
the end of the ileum and due to anatomical particularities, 
different mucosal bacteria that were previously underreported 
were identified. Traditional fecal sample sequencing tech-
niques are likely to be affected by dietary structure and air 
exposure. Intestinal mucosa, as a part of human tissue, also 
reflects ethnic differences, which may better reflect coloniza-
tion of gut microbiota in different populations and cultures. 
Dinh et al (26) and Lozupone et al (16) assessed American 
subjects to determine the association between HIV infection 
and fecal microbial changes. They indicated that the micro-
biota of HIV‑infected individuals in the US was similar to that 
of healthy individuals from agrarian populations of Malawi 
and Venezuela. Overall, this noticeable phenomenon indicated 
that the bacterial composition is also dependent on the envi-
ronment and diet.

The present study was the first to assess intestinal mucosal 
samples in patients with HIV from Guangzhou (China). An 
increased abundance of bacteria of the phylum Proteobacteria, 
as well as decreased abundance of the phylum Firmicutes, was 
detected in HIV‑infected patients. Dillon et al (3) observed 
similar changes at the phylum level in mucosal samples of 
HIV‑infected patients. However, the present study focused 
exclusively on Chinese subjects. The relative abundances of 
the Proteobacteria, Halomonas and Shewanella were indi-
cated to be higher in the mucosal microbiota of HIV‑infected 
individuals than in healthy subjects. Proteobacteria are known 
as conditional pathogens that mediate the inflammatory 
response and may elicit an immune response. Of note, the 
relative abundances of Halomonas and Shewanella, which are 
extremely rare in the human gut, were significantly elevated 
in patients infected with HIV. At present, there are no other 
reports of these two bacterial strains in the gut microbiota in 
HIV infected patients, to the best of our knowledge. These 
two genera of bacteria tend to thrive in seawater and industrial 
nitrification environments  (27‑29). Therefore, Halomonas 
and Shewanella may be specific biomarkers for HIV‑infected 
individuals in Guangzhou, China, particularly in coastal areas.

The present study also provided a comparison of the gut 
microbiota between HIV‑infected patients infected through two 
different transmission routes to identify pivotal biomarkers that 
may be associated with the transmission route of HIV infection. 
In the largest study to date that examined the gut microbiota of 
HIV‑infected individuals, Noguera‑Julian et al (30) indicated 
that a high Prevotella/low Bacteroides enterotype in stool 
specimens, was highly associated with males who have sex 
with males, regardless of their HIV infection status. This may 
explain the perceived association between this enterotype 
and HIV infection status in prior studies that did not control 
for sexual behavior. In the present study, the abundances of 
Fusobacterium and Lachnoclostridium were significantly 
lower, while those of Halomonas and Shewanella were signifi-
cantly higher in individuals with sexually transmitted HIV 
compared with patients with IDA. However, the current results 
indicated that the microbiota differed significantly between the 
healthy group and sexually transmitted HIV‑infected group 
but there were no significant differences between the IDA 
HIV‑infected group versus healthy group or sexually trans-
mitted HIV‑infected group, the reason is unknown and may 
be further elucidated in the future. The present study was the 

first to attempt to compare mucosal microbiota communities 
between two routes of transmission in a Chinese HIV‑infected 
population.

Several limitations of the present study should be noted. 
First, the samples were collected from patients who had already 
been diagnosed with HIV; therefore, the results did not indi-
cate whether the changes in the gut microbiota were a cause or 
an outcome of HIV infection. HIV infection has been associ-
ated with host‑microbe interactions, which may trigger the 
mucosal immune response, and which may have confounded 
the present results. Since sampling was performed while each 
patient underwent colonoscopy, the entire sample population 
was subjected to intestinal cleansing through drinking laxative, 
which may have led to changes in the gut microbiota. Based 
on previous studies (31‑33), intestinal cleansing may affect the 
structure of the gut microbiota, leading to changes including 
decreases in abundances at the family level, causing changes in 
the abundances of Latobacillaceae and Enterobacteriaceae, 
as well as at the genus level, causing changes in the abun-
dances of Blautia, Butyricicaccus and Mucispirillum. The 
results of the present study were not significantly different 
from those of previous studies. However, the effect of intes-
tinal cleansing on the intestinal microbiota requires to be 
addressed in future studies. Furthermore, alterations of the 
gut microbiota are dynamic, and due to a lack follow‑up data 
and a more diverse patient population, it was not possible to 
evaluate long‑term gut microbial changes or include more 
mucosal samples. A previous study by our group reported that 
the abundance of Lachnoclostridium was elevated in stool 
samples of patients with HIV infection (15); however, in the 
present study, the relative abundance of Lachnoclostridium 
was lower. The reasons for this difference may be as follows: 
i)  Different sources of samples (feces  vs.  terminal ileum 
mucosal biopsies); ii)  influence of intestinal preparation 
(use of laxatives prior to colonoscopy); iii) anti‑viral drugs 
for HIV may have a large influence on the gut microbiota. 
Villanueva‑Millán et al (34) indicated that different anti‑viral 
drugs for HIV produced different effects on the α‑diversity 
of HIV patients and these differences were closely associ-
ated with changes at lower taxonomic levels (genus level and 
species level) rather than at the phylum level. Nowak et al (35) 
reported that anti‑AIDS drugs may decrease the levels of the 
most abundant bacteria, Prevotella, and increase the levels 
of pathogenic bacteria, including Peptoniphilus, Finegoldia, 
Anaerococcus and Campylobacter, compared with those in 
untreated HIV‑infected individuals. Therefore, longitudinal 
and functional studies are required to better understand the 
role of the gut microbiota of patients with HIV at different 
treatment stages.

Overall, changes to the gut microbiota during HIV infec-
tion are influenced by factors including ethnicity, sex, age, 
geography, dietary habits, lifestyle, operational factors, sample 
type and treatment (36‑39). In the present study, alterations in 
the intestinal mucosal microbiota and dysbiosis were identi-
fied in HIV‑infected patients from Guangzhou, China. The 
results confirmed that the gut microbiota contains promising 
biomarkers for non‑invasive evaluation of routes of HIV 
transmission and they may help to develop principles that 
guide HIV management. Increased abundance of the phylum 
Proteobacteria and decreased abundance of the phylum 
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Firmicutes are important characteristics of the intestinal 
mucosal microbiota of patients with HIV. The determination of 
elevated levels of Halomonas and Shewanella may lay a foun-
dation for establishing a set of microbiota‑based biomarkers 
for the diagnosis of HIV. In the future, larger, long‑term studies 
that include metabolomic approaches and culturomics may 
help identify the association between a specific gut microbiota 
composition and HIV infection.

In conclusion, the present study indicated that the intestinal 
mucosal microbiota of patients with HIV had an increased 
abundance of Proteobacteria and a decreased abundance of 
Firmicutes bacteria in a population from Guangzhou, China. 
Certain bacteria, such as Halomonas and Shewanella, may 
be potential biomarkers for HIV infection in this population. 
Alterations to the intestinal mucosal microbiota during HIV 
infection were indicated to be associated with the route of HIV 
transmission.
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