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Abstract

The biological mechanisms underlying emotional distress in HIV infection are likely to be 

complex but remain understudied. We investigated whether dysbiotic signatures in the gut 

microbiome of persons living with HIV (PLWH) are associated with their emotional status. 

We retrospectively examined the gut microbiome and clinical evaluation of 129 adults (94 

PLWH and 35 HIV−) enrolled at UC San Diego’s HIV Neurobehavioral Research Program. A 

subset of participants (32 PLWH vs. 13 HIV−) underwent an emotional assessment using the 

NIH Toolbox Emotion Battery summarized by three composite scores (negative affect, social 

satisfaction, and psychological well-being). We then sequenced the 16S rDNA V3-V4 regions 

from stool and performed taxonomic assignment using CLC Microbial Genomics Module. The 

gut microbiota profiles were evaluated in relation to participants’ emotional assessment. All 

analyses were done in R statistical software. We found that the relative abundance of aerotolerant 

bacteria was significantly higher in PLWH (p < 0.01) and was associated with a lifetime major 

depression diagnosis independently of HIV status (p = 0.05). Moreover, PLWH experienced 

significantly worse psychological well-being (p = 0.02), less social satisfaction (p = 0.03), and 

more negative affect (p = 0.02). Higher levels of aerotolerant bacteria were associated with worse 

psychological well-being (rho = −0.35, p = 0.02), less social satisfaction (r = − 0.42, p < 0.01), 

and more negative affect (rho = 0.46, p < 0.01). The association of aerotolerant bacteria with 

social satisfaction and negative affect was independent of HIV status (p < 0.05, for both). The 

over-representation of aerotolerant bacteria in the gut may reflect worse oxidative stress and 

barrier defects and may contribute to emotional distress during HIV infection.
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Introduction

It is estimated that more than 36 million people globally are living with HIV infection. 

The development of effective combination antiretroviral therapy (cART) has extended the 

lifespan of those infected with HIV and effectively shifted HIV infection from an acute 

to a chronic disease. People living with HIV (PLWH) are now reaching advanced age, 

which is associated with an increased incidence of comorbidities including cardiovascular 

disease, metabolic syndrome, liver and kidney disease, “accelerated” aging, neurocognitive 

impairment (Guihot et al. 2011; Kelley et al. 2009; Marin et al. 2009; Sauce et al. 2011). 

While cART effectively suppresses plasma viral load and promotes restoration of circulating 

CD4+ cell counts, the gut immune compartment remains deficient in several regards. CD4+ 

T cells in the gut are predominantly of a memory phenotype and more prone to activation 

by cytokines and gut microbial pro-inflammatory antigens such as lipopolysaccharide 

(LPS) (Catalfamo et al. 2012; Ciccone et al. 2010). Th17 cells play an important role in 

maintaining immune homeostasis and gut barrier integrity, limiting exposure to microbially 

encoded antigens that contribute to the observed chronic systemic inflammation (Bixler and 

Mattapallil 2013). HIV-infected individuals display disturbance of homeostasis in the gut 

as the result of depletion of gut Th17 cells and CD4+ Treg in circulation, and there is an 

increase in FOXP3+ Treg in the gut (Kanwar et al. 2010; Nilsson et al. 2006; Shaw et al. 

2011). This imbalance has been attributed to altered tryptophan catabolism by indoleamine 

2,3-dioxygenase produced by plasmacytoid dendritic cells (DCs) (Favre et al. 2010; Miller 

and Bhardwaj 2013).

Defects in the gut immune compartment directly impact gut barrier function, a hallmark 

of HIV infection (Hunt et al. 2014; Jiang et al. 2009). While it remains controversial what 

specifically causes reduced barrier integrity, the increased levels of circulating LPS represent 

a significant consequence of its occurrence (Marchetti et al. 2013). LPS derived from 

γ-Proteobacteria are highly antigenic and pro-inflammatory. Furthermore, LPS has direct 

negative effects on barrier integrity, thereby reinforcing chronic systemic inflammation. 

Translocation of LPS is strongly correlated with disease progression, morbidity, and 

mortality (Kuller et al. 2008; Rodger et al. 2009; Sandler et al. 2011).

The observed chronic immune activation and gut barrier defects in HIV-infected individuals 

have prompted several studies that evaluated potential dysbiosis of gut microbiota. Virtually, 

all studies have identified bacterial taxa that are over- and under-represented in cohorts of 

PLWH; however, these results are often contradictory with respect to the key taxa identified 

and the direction of change observed. These differences may be explained by small sample 

sizes, variations in geography and ancestry of the cohorts, and difficulties in controlling 

for confounding variables such as diet and lifestyle. A key limitation associated with 

most published studies of gut microbiota in PLWH is the lack of comprehensive clinical 

data that would allow sub-categorization of PLWH based on age, anti-retroviral treatment, 

duration of infection, prior severe immunosuppression, and others. Despite these limitations, 

certain microbiota signatures have been reported by multiple studies, including a reduction 

in bacterial diversity, Bacteroides spp. and an increased relative abundance of Prevotella 
spp. (Dillon et al. 2014; Lozupone et al. 2013; Mutlu et al. 2014; Vujkovic-Cvijin et al. 

2013; Wommack and Ravel 2013). The increased proportion of Prevotella spp. has been 
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associated with increased activation of CD40 expressing CD1c+ mDC (Dillon et al. 2016). 

The prevalence of Bacteroides spp. has been associated with the abundance of GALT iNKT 

cell populations and IL-4 production (Paquin-Proulx et al. 2017).

With the rise in use of cART, the increase in lifespan in PLWH has shed light on potential 

comorbidities including general and social anxiety and depression (Gaynes et al. 2015; 

Pence et al. 2006; Tesfaw et al. 2016). HIV-infected homosexual and bisexual men, 

for example, experienced hospitalization for anxiety and mood disorders 10% more than 

uninfected homosexual and bisexual men (Moore et al. 2016). They also show a 4% increase 

in readmission when compared with the average adult in the USA. Neuropsychiatric 

illnesses can contribute to and/or be worsened by a generally negative quality of life. 

Feelings of shame have been linked to loneliness, which itself correlates with health-related 

social aspects, in infected men and women (Vincent et al. 2017). Depression, in particular, 

has been shown to account for associations between HIV-related shame and emotional 

well-being. HIV-related stigma is not only related with anxiety, but also increases in anxious 

arousal (Brandt et al. 2017; Kamen et al. 2015). PLWH also report increased levels of 

early life stress when compared with HIV-negative adults (Pereira and Canavarro 2012). 

Such early life stress has been linked to lower amygdala response which in turn has been 

correlated to increases in neuropsychiatric symptoms such as anxiety, alexithymia, and 

depression.

An increasing number of studies have linked the gut microbiota with emotion and mood 

disorders (Jenkins et al. 2016; Petra et al. 2015; Sylvia and Demas 2018). However, there 

are no studies to date that focus on this association considering HIV status. We therefore 

examined whether dysbiotic signatures associated with HIV+ infection was correlated with 

different emotional states in a well-characterized cohort.

Methods

Study participants and sample collection

We retrospectively examined the gut microbiome of 129 adults (94 PLWH and 35 HIV−) 

with prospectively collected clinical samples and evaluations in the HIV Neurobehavioral 

Research Program cohorts at the University of California, San Diego (UCSD). Stool, 

sociodemographic, neuromedical, and clinical variables were collected for each participant. 

Lifetime major depression disorder (LT MDD) and history of substance use were 

assessed using structured interviews (First et al. 2002; Hasin et al. 1996; Ustun et al. 

1997) that follows the Diagnostic and Statistical Manual-IV edition criteria (American 

Psychiatry Association, 1994). Substance use disorder was defined as meeting the criteria 

for either abuse or dependence for any of the following substances: alcohol, cannabis, 

opioids, methamphetamine, cocaine, sedatives, and hallucinogens. In addition, a subset 

of participants (32 PLWH and 13 HIV−) underwent emotional assessment summarized 

in three composite scores assessed by the NIH Toolbox Emotion Battery (NIHTB-EB) 

(Babakhanyan et al. 2018). The study was approved by the UCSD Institutional Review 

Board and all participants provided informed consent. A summary of the study design is 

shown in Fig. 1.
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Microbial DNA isolation

Genomic DNA was isolated from 200 mg of stool using the QIAamp DNA stool kit 

(Qiagen) per manufacturer protocol with the inclusion of an additional step of bead beating 

for 5 min using the Thermo FastPrep instrument (MP Bio) to ensure uniform lysis of 

bacterial cells.

16S rDNA sequence analysis.—Multiplexed 16S rDNA libraries were prepared using 

standard 16S metagenomic sequencing library protocols from Illumina, using V3-V4 region 

of 16S rDNA for target amplification. We performed paired end reads (250 bp each end) 

sequencing using the Illumina MiSeq platform. Subsequent analysis was done in CLC 

Microbial Genomics Module 2.5 (Qiagen) and R. Paired end reads were merged (mismatch 

cost: 2, minimum score: 8, gap cost: 3, maximum unaligned end mismatches: 0) and 

trimmed to the same length. Additional quality filter steps were applied to exclude short 

reads, sequences with poor quality scores, and chimeras. We enumerated taxa using each 

unique 16S rDNA sequence (differing by 1 or more base pair) by BLAST using the NCBI 

16S rRNA database (Bacteria and Archaea) to identify best matches to taxa at the genus and 

species levels based on percent identity. Alpha and beta diversity measures were calculated 

using Qiime 2(Caporaso et al. 2010) and used to perform principal coordinates analysis 

(PCoA) on unweighted and weighted UniFrac distances (Lozupone and Knight 2005) and 

for the pairwise PERMANOVA tests.

Emotion battery.—The NIH Toolbox Emotion Battery (NIHTB-EB) was used to measure 

emotional states. Its 17 individual scales yield three composites: (1) negative affect, 

(2) social satisfaction, and (3) psychological well-being (Babakhanyan et al. 2018). The 

negative affect composites include aspects of anger, fear/anxiety, sadness/depression, and 

perceived stress. Social satisfaction includes emotional and instrumental support from 

others, quality of friendships, loneliness, perceived hostility, and perceived rejection. 

Psychological well-being encompasses life satisfaction, meaning and purpose in life, and 

positive affect. Raw scores for each composite and individual scales were converted to 

census-weighted standard scores (T-scores) based on published data (Babakhanyan et al. 

2018). The T-scores represent a participant’s emotional health compared with the average 

English-speaking adult in the USA. The three composites and individual scales were treated 

as separate continuous outcome variables for the purposes of analyses.

Statistical analyses.—All statistical analyses were performed using R statistical 

software. Association of categorical variables was assessed using a chi-squared test. A 

Mann-Whitney or t test was used to assess statistical difference in emotional states or 

taxonomic relative abundance between study groups (PLWH vs. HIV−) according to 

normality of variables evaluated by a Shapiro test with a significance of p < 0.05. 

Differences in beta-diversity were assessed with a PERMANOVA test. We performed 

univariate fixed effects linear models to determine the relationship between each taxon with 

emotional and clinical variables. Multivariate fixed effect linear or logistic regression models 

using HIV status as a covariate were used to determine independent associations between 

emotional states and the relative abundance of bacterial taxa while adjusting for HIV status 

and other covariates.
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Results

Participant’s characteristics

A summary of the socio-demographical and clinical variables is provided (Table 1). Study 

participants were 129 adults, 52% of whom were white, 83% male, and the median age 

and education were 52 and 14 years, respectively. HIV+ subjects (n = 94) had a median 

estimated duration of infection (EDI) of 20.2 years, with 95% of the participants receiving 

antiretroviral therapy (ART) and 90% with undetectable levels of HIV RNA in plasma. 

PLWH were more likely to be men than HIV− participants (p < 0.01), while there were 

no differences with respect to ethnicity/race, age, and level of education between PLWH 

and HIV− subjects. Fifty-two percent of all participants reported lifetime major depression 

disorder, and LT MDD was associated with HIV infection (p < 0.01).

Microbiome signatures by HIV status

The profiling of fecal microbiota by 16S rDNA sequencing of 94 PLWH and 35 HIV− 

subjects allowed the identification of multiple dysbiotic signatures distinguishing HIV+ 

microbiota. PLWH had significantly increased beta diversity in the fecal microbiota 

measured by weighted and unweighted UniFrac (p = 0.02 and p < 0.01, respectively) 

than HIV− microbiota. The patterns that emerged defined statistically significant differences 

in functionally coherent and taxonomically related species. We discerned four significant 

alterations in HIV+ microbiota. First, we identified a number of aerotolerant taxa, many 

but not all of which are normal residents of oral microbiota but not typically observed in 

“healthy” gut communities (Supplementary Table 1). The relative abundance of these taxa 

individually and collectively is over-represented in HIV+ microbiota (p < 0.01, Fig. 2a). 

Additionally, several Bifidobacterium spp. were under-represented, as was the aggregate 

relative abundance of all members of this genus in HIV+ subjects (p = 0.03, Supplementary 

Fig. 1a). More striking was the under-representation of all Bacteroides spp. profiled (p < 

0.01, Supplementary Fig. 1b). The median relative abundance of Bacteroides was 28% in 

HIV− and 5% in HIV+ microbiota. Finally, another striking signature was evident in all 

Prevotella spp. profiled. These taxa are uniformly increased in relative abundance in HIV+ 

microbiota. Prevotella median abundance was near detection limits in HIV− microbiota 

but is increased to over 20% in HIV+ microbiota (p = 0.015, Supplementary Fig. 1c). 

A dominant driver of this difference was the differential abundance of P. copri, a gut 

microbiota resident that was over-represented in HIV+ subjects.

We further explored these signatures and noted that among all participants, males displayed 

a significantly higher relative abundance of aerotolerant bacteria and Prevotella when 

compared with females (p < 0.01 for both, Fig. 2b and Supplementary Fig. 2a). Additionally, 

males had significantly lower levels of the Bacteroides than females (p < 0.01) while there 

was no statistical difference in Bifidobacterium based on biological sex (Supplementary 

Fig. 2b, c). These associations remained significant after adjusting for HIV status with 

the exception of the genus Bifidobacterium, for which HIV status was the main effect of 

the association, and the genus Prevotella, for which biological sex was the driver of the 

association (Supplementary Table 2). (See Table 3)
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Microbiome signatures and lifetime major depression disorder

We also evaluated the levels of these bacterial signatures among participants with and 

without a diagnosis of LT MDD in the whole study cohort. The levels of aerotolerant 

bacteria were significantly higher in subjects with LT MDD (p = 0.03, Fig. 2c) and there 

was a trend for lower levels of Bacteroides and Bifidobacterium (p = 0.06 for both, 

Supplementary Fig. 3a, b). While we also observed an increase in Prevotella in subjects 

with lifetime MDD, it did not reach significant levels (Supplementary Fig. 3c). A logistic 

regression model examining the association of these bacterial signatures on LT MDD 

adjusting for HIV status showed a borderline significant association between aerotolerant 

bacterial and LT MDD (p = 0.05, Supplementary Table 3).

Microbiome signatures and lifetime substance use disorder

Since we observed there was an association between HIV status and LT MDD, we further 

evaluated the levels of bacterial signatures associated with HIV status in participants with 

and without a LT SUD diagnosis in all subjects. The relative abundance of aerotolerant 

bacteria in participants with a LT SUD diagnosis was significantly higher (p = 0.04, 

Fig. 2d) than those without LT SUD. Additionally, the Prevotella and Bacteroides genera 

was significantly higher in participants with a LT SUD diagnosis (p < 0.01 for both, 

Supplementary Fig. 4a, b) while there was no statistical difference in the levels of 

Bifidobacterium genus (Supplementary Fig. 4c). In a multivariate logistic regression model 

investigating the association of LT SUD and the levels of the bacterial signatures while 

adjusting for HIV status, the Prevotella and Bacteroides genera remained associated with 

LT SUD (p = 0.02 and p < 0.01, respectively), while aerotolerant bacteria did not 

(Supplementary Table 3).

NIH toolbox emotion battery

A subset of the study participants composed of 32 PLWH and 13 HIV− adults underwent 

emotional assessment using the NIHTB-EB. All clinical and socio-demographical variables 

of this subset of participants are summarized in Table 2. PLWH had an average EDI 

of 20.7 years, 87% were on ART with 85% of these having undetectable levels of HIV 

RNA in plasma. PLWH reported significantly more negative affect (p = 0.02), less social 

satisfaction (p = 0.03), and less psychological well-being (p = 0.02) when compared with 

HIV− subjects (Fig. 3a–c). When investigating the differences on the individual emotion 

domains comprising these composites by HIV status, PLWH reported increased loneliness 

(p = 0.01) and less friendship (p < 0.01) within the domain of social satisfaction; increased 

sadness (p = 0.02), perceived stress (p = 0.03), and fear affect (p = 0.06) within the domain 

of negative affect; and reduced general life satisfaction (p = 0.01) and meaning and purpose 

(p = 0.02) within the domain of psychological well-being (Supplementary Table 4).

Microbiome associated with emotional disturbance

The overall coherence of the HIV dysbiotic signatures suggests the possibility of 

relating the functional potential of each bacterial group to clinical parameters of interest. 

We hypothesized that the dysbiotic signatures observed in HIV+ microbiota will be 

linked to variables pertaining to worse emotional status. To test this hypothesis, we 
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analyzed relationships between the relative abundance of each signature and variables of 

emotion battery testing. Higher levels of aerotolerant bacteria were correlated with worse 

psychological well-being (rho = − 0.35, p = 0.02). Less abundant Bacteroides was associated 

with worse negative affect (rho = − 0.36, p = 0.03). By contrast, higher levels of aerotolerant 

bacteria and Prevotella were associated with increased negative affect (rho = 0.46, p < 0.01; 

rho = 0.35, p = 0.03, respectively). The relative abundance of Bifidobacterium trended to 

positive correlation with social satisfaction (rho = 0.28; p = 0.06), whereas both aerotolerant 

species and Prevotella were negatively correlated (rho = − 0.42; p < 0.01; rho = − 0.34; p = 

0.02, respectively). These results are shown in Fig. 3d–f and Supplementary Table 5.

We examined individual domains within the Emotion Toolbox that reinforced the relevance 

of the dysbiotic signatures observed by HIV status. We noted higher levels of aerotolerant 

bacteria (rho = 0.31, p = 0.04) and lower levels of Bacteroides were associated with more 

fear affect (rho = − 0.30, p < 0.05) More abundant Bacteroides was positively correlated 

with friendship (rho = 0.37, p = 0.01), whereas higher levels of Lactobacillus, Prevotella, 

and aerotolerant species were negatively correlated (rho = − 0.34, p = 0.02; rho = − 0.47, p 
< 0.01; rho = − 0.38, p = 0.01, respectively). Higher levels of Prevotella were significantly 

correlated with more perceived hostility (rho = 0.30, p = 0.05). Less abundant Bacteroides 
and Bifidobacterium were correlated with more feelings of loneliness (rho = − 0.34, p = 

0.02 for both), whereas more abundant Lactobacillus, Proteobacteria, aerotolerant bacteria, 

and Prevotella were correlated with more loneliness (rho = 0.31, p = 0.04; rho = 0.33, p = 

0.03; rho = 0.50, p < 0.01; rho = 0.43, p < 0.01, respectively). Higher levels of Bacteroides 
were associated with more meaning and purpose (rho = 0.37, p = 0.01), whereas lower 

levels Prevotella, Lactobacillus, and aerotolerant species were also associated with more 

meaning and purpose (rho = − 0.37, p = 0.01; rho = − 0.30, p = 0.04; rho = − 0.30, 

p = 0.04). Similarly, Bacteroides were negatively correlated with sadness, i.e., depressed 

mood (rho = − 0.34, p = 0.02), whereas Prevotella and aerotolerant bacteria were positively 

correlated (rho = 0.39, p < 0.01; rho = 0.35, p = 0.02, respectively). The relative abundance 

of aerotolerant bacteria was negatively correlated with positive affect (rho = − 0.31, p = 

0.04). Finally, aerotolerant bacteria were associated with perceived stress (rho = 0.42, p < 

0.01). All results are summarized in Fig. 4 and Supplementary Table 5.

Since both HIV status and microbiome signatures showed associations with emotional 

states, we constructed a multivariate fixed-effect regression model to determine the 

independent effects of HIV and the microbiome, and any interaction effect associated with 

emotional states. The aerotolerant bacteria remained significantly associated with negative 

affect (p = 0.02) and social satisfaction (p = 0.03) after adjusting for HIV status (p = 0.06, 

p = 0.21, respectively, Table 3), while only HIV status trended for an association with 

psychological well-being. None of the emotional states showed any significant interaction 

between HIV status and the microbiome.

Discussion

Interest in the gut microbiota as a factor in PLWH disease progression and co-morbidities 

has increased in recent years. A number of studies have reported that HIV+ microbiota 

is dysbiotic in multiple taxa. Our results agree with several previous reports but also 
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highlight novel signatures of HIV microbiota. As detailed in other studies (Dillon et al. 

2016; Kaur et al. 2018), we noted an increased relative abundance of Prevotella spp., driven 

primarily by increased P. copri, the most dominant natural resident of the gut microbiota. 

One report to date has noted the increased relative abundance of aerotolerant microbes in 

PLWH (Dubourg et al. 2016; Gootenberg et al. 2017), in agreement with our analyses. We 

were unable to identify statistically significant differences in Faecalibacterium prausnitzii or 

other butyrate producers in this cohort. In summary, our efforts highlight a coherent set of 

HIV+ microbiota signatures. The over-representation of aerotolerant microbiota in PLWH 

is likely to reflect persistent oxidative stress in the gut environment of some HIV-infected 

individuals. Increased oxidative stress is expected to increase local concentrations of oxygen 

in the gut, providing a positive selective force for aerotolerant species. Our finding that 

the over-representation of aerotolerant species is potentially gender specific suggests that 

additional or alternative factors may contribute to the increased relative abundance of these 

taxa in HIV+ fecal microbiota. However, a key limitation while performing sex-based 

analysis and comparisons is the small sample size. Results from the NIH Toolbox Emotion 

Battery where not examined on the basis of sex in view of the fact that the male subset 

cohort is significantly bigger than the female subset size and this may preclude any 

conclusion from the NIH Toolbox Emotion Battery regarding sex.

Findings from this study support the conclusion that dysbiotic signatures in HIV+ 

microbiota are not neutral to host CNS function. The results repeatedly identify the 

increased relative abundance of Prevotella and aerotolerant species in association with 

variables of emotional and social experiences. Conversely, the reduced relative abundance 

of Bacteroides spp., in HIV+ microbiota, was associated with worse emotions. While not 

definitive evidence of causality, the coherent relationships of these taxa on host phenotype 

suggest that their functional impact may be significant and worthy of follow-up study 

to verify. It was somewhat surprising that the relative abundance of Bifidobacterium 
and γ-Proteobacteria were not as uniformly associated with the variables assessed here, 

given the positive relationships in the literature concerning Bifidobacterium and the pro-

inflammatory potential of LPS derived from Proteobacteria that is well recognized source of 

neuroinflammation (Qin et al. 2007; Zhao et al. 2019).

A number of studies have evaluated the relationship between gut microbiota composition 

and various psychiatric disorders, including depression (Maes et al. 2008, 2012, 2013). 

Indeed, transplantation of gut microbiota from patients with MDD confers depression-like 

behaviors to recipient mice (Kelly et al. 2016; Zheng et al. 2016). In a meta-analysis 

of studies investigating the relationship between gut microbiota and MDD, the relative 

abundance of Bifidobacterium was reduced compared with control subjects, consistent with 

our findings in PLWH, whereas the relative abundance of Bacteroides and Prevotella were 

mixed across studies (Cheung et al. 2019). This variability may relate to differences in 

inclusion/exclusion criteria employed or methods used for microbiota analysis.

We sought to understand whether the increased prevalence of aerotolerant microbes is a 

passive reflection of host gut dysfunction or may negatively impact host physiology and 

CNS function. Our results suggest that the increased prevalence of aerotolerant microbes, 

including most Prevotella spp. observed (except P. copri, a normal gut resident), is 
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associated with negative consequences on emotional and social function as assessed by 

the NIH Toolbox Emotion Battery. Aerotolerant microbes have been previously documented 

in a number of disease contexts including necrotizing enterocolitis (Mai et al. 2011), irritable 

bowel syndrome (Carroll et al. 2012), inflammatory bowel disease (Frank et al. 2007), and 

HIV (Dubourg et al. 2016). Given that increased oxidative stress contributes to impaired 

CNS function on neurodegenerative diseases (Dumitrescu et al. 2018), it remains unclear 

to what extent the presence of oral and/or aerotolerant microbiota in the gut of PLWH 

is limited to a consequence of oxidative stress or a contributing factor to HIV-associated 

emotional deficits.

Limitations of this study include a relatively small sample size and the cross-sectional 

design. In addition, there is observed variability (outliers) in taxa in both PLWH 

and uninfected controls, possibly reflecting other factors (lifestyle, diet, genetics, and 

environmental factors) that could be influencing the abundance of these taxa. Since the 

focus of this study was restricted to the differences in the median values between our groups, 

we used non-parametric comparative statistical tests to avoid any bias in our analysis. 

It is noteworthy that while some participants had tendencies of sharing higher or lower 

values in different emotional variables, the extreme case values were not always the same 

participants. Future research should evaluate the effects of interventions such as probiotics 

on gut microbial flora and mood. Metabolomics may help clarify the molecular mechanisms 

by which microbial abundance and diversity influence emotional state.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Fig. 1. 
Summary of study methods. Stool and clinical evaluation were collected from 129 adults 

(94 PLWH and 35 HIV−). A subset of participants (32 PLWH vs. 13 HIV−) underwent 

emotional assessment using the NIH toolbox emotion battery. The hypervariable region V3-

V4 was amplified from stool DNA and sequenced using the Illumina MiSeq. Bioinformatics 

and statistical analyses were performed using the CLC Microbial Genomics Module and R 

statistical Software, respectively
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Fig. 2. 
Levels of aerotolerant bacteria in the gut were significantly higher in a PLWH, b males, c 
subjects with a lifetime diagnosis of major depressive disorder [LT-MDD], and d subjects 

with a lifetime diagnosis substance use disorder [LT-SUD]
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Fig. 3. 
PLWH reported significantly more negative affect a, less social satisfaction b, and 

less psychological well-being c when compared with HIV− subjects. Higher levels of 

aerotolerant bacteria were associated with more negative affect d, less social satisfaction 

e, and less psychological well-being f
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Fig. 4. 
a Higher levels of aerotolerant bacteria were associated with more fear affect, b less 

friendship, c more loneliness, d less meaning and purpose, e more sadness, f less positive 

affect, and g more perceived stress
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Table 2

Clinical and socio-demographical characteristics in subset of participants with emotional assessment

Variables HIV+ (n = 32) HIV− (n = 13) p value*

Gender (M/F) 28:4 8:5 0.05

Race (W/NW) 16:16 7:6 1

Age 51 (47.5, 56.5) 54 (46, 58) 0.76

Education 13 (12, 16) 14 (13, 16) 0.17

EDI (years) 20.7 (11.8, 26.1) - -

Nadir CD4 (cells/μL) 93.5 (20.3, 240) - -

CD4 absolute (cells/μL) 586.5 (416.8, 798) - -

CD4 percent (%) 31.5 (25.9, 43.2) - -

CD8 absolute (cells/μL) 786 (586.5, 1039.3) - -

CD8 percent (%) 41.6 (38.7, 56.3) - -

CD4 CD8 ratio 0.7 (0.5, 1.2) - -

% on ART 87% - -

% RNA levels undetectable 85% - -

Clinical and socio-demographical characteristics in subset of participants with emotional assessment

M male, F female, W White, NW not White, EDI estimated duration of infection

*
The p value of a double tailed chi-squared or Mann-Whitney test

J Neurovirol. Author manuscript; available in PMC 2022 January 21.



A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript

Pérez-Santiago et al. Page 20

Ta
b

le
 3

M
ul

tiv
ar

ia
te

 a
ss

oc
ia

tio
n 

of
 e

m
ot

io
na

l s
ta

te
s 

w
ith

 le
ve

ls
 o

f 
or

al
 b

ac
te

ri
a 

ad
ju

st
in

g 
fo

r 
H

IV
 s

ta
tu

s

Te
rm

N
eg

at
iv

e 
af

fe
ct

P
sy

ch
ol

og
ic

al
 w

el
l-

be
in

g
So

ci
al

 s
at

is
fa

ct
io

n

C
oe

ff
ic

ie
nt

 e
st

im
at

e 
(S

td
. e

rr
or

)
p 

va
lu

e
C

oe
ff

ic
ie

nt
 e

st
im

at
e 

(S
td

. e
rr

or
)

p 
va

lu
e

C
oe

ff
ic

ie
nt

 e
st

im
at

e 
(S

td
. e

rr
or

)
p 

va
lu

e

A
er

ot
ol

er
an

t B
ac

te
ri

a
11

7.
8 

(±
 4

7.
2)

0.
02

−
 8

3.
1 

(±
 4

9.
8)

0.
10

−
 1

11
.6

 (
±

 5
1.

2)
0.

03

H
IV

 S
ta

tu
s

6.
4 

(±
 3

.3
)

0.
06

6.
7 

(±
 3

.5
)

0.
06

−
 4

.6
 (

±
 3

.6
)

0.
21

M
ul

tiv
ar

ia
te

 a
ss

oc
ia

tio
n 

of
 e

m
ot

io
na

l s
ta

te
s 

w
ith

 le
ve

ls
 o

f 
or

al
 b

ac
te

ri
a 

ad
ju

st
in

g 
fo

r 
H

IV
 s

ta
tu

s.
 N

eg
at

iv
e 

af
fe

ct
 a

nd
 s

oc
ia

l s
at

is
fa

ct
io

n 
re

m
ai

ne
d 

si
gn

if
ic

an
t a

ft
er

 a
dj

us
tin

g 
fo

r 
H

IV
 s

ta
tu

s

J Neurovirol. Author manuscript; available in PMC 2022 January 21.


	Abstract
	Introduction
	Methods
	Study participants and sample collection
	Microbial DNA isolation
	16S rDNA sequence analysis.
	Emotion battery.
	Statistical analyses.


	Results
	Participant’s characteristics
	Microbiome signatures by HIV status
	Microbiome signatures and lifetime major depression disorder
	Microbiome signatures and lifetime substance use disorder
	NIH toolbox emotion battery
	Microbiome associated with emotional disturbance

	Discussion
	References
	Fig. 1
	Fig. 2
	Fig. 3
	Fig. 4
	Table 1
	Table 2
	Table 3

