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Abstract
Purpose: To examine a) whether there are significant differences in gut microbial diversity and in the abundance of gut microbial
taxa; and b) differences in predicted functional pathways of the gut microbiome between those participants with high co-occurring
symptoms and those with low co-occurring symptoms, prior to neoadjuvant chemotherapy and radiation therapy (CRT) for
rectal cancer. Methods: Rectal cancer patients (n ¼ 41) provided stool samples for 16 S rRNA gene sequencing and symptom
ratings for fatigue, sleep disturbance, and depressive symptoms prior to CRT. Descriptive statistics were computed for
symptoms. Gut microbiome data were analyzed using QIIME2, LEfSe, and the R statistical package. Results: Participants with
high co-occurring symptoms (n ¼ 19) had significantly higher bacterial abundances of Ezakiella, Clostridium sensu stricto,
Porphyromonas, Barnesiella, Coriobacteriales Incertae Sedis, Synergistiaceae, Echerichia-Shigella, and Turicibacter compared
to those with low co-occurring symptoms before CRT (n ¼ 22). Biosynthesis pathways for lipopolysaccharide, L-tryptophan,
and colanic acid building blocks were enriched in participants with high co-occurring symptoms. Participants with low
co-occurring symptoms showed enriched abundances of Enterococcus and Lachnospiraceae, as well as pathways for
b-D-glucoronosides, hexuronide/hexuronate, and nicotinate degradation, methanogenesis, and L-lysine biosynthesis.
Conclusion: A number of bacterial taxa and predicted functional pathways were differentially abundant in patients with high
co-occurring symptoms compared to those with low co-occurring symptoms before CRT for rectal cancer. Detailed examination
of bacterial taxa and pathways mediating co-occurring symptoms is warranted.
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Rectal cancer is one of the most common cancer diagnoses

affecting both women and men; more than 43,000 individuals

in the United States were diagnosed with rectal cancer in 2020

(Siegel et al., 2020). While preoperative concomitant che-

motherapy and radiation therapy (CRT) has improved local

control of rectal cancer and survival, it often produces acute

adverse effects including gastrointestinal (e.g., diarrhea, nau-

sea, vomiting), micturition problems, sexual dysfunction, pain,

as well as behavioral symptoms such as fatigue, sleep distur-

bance and depressive symptoms with negative impacts on qual-

ity of life (Herman et al., 2013; O’Gorman et al., 2014).

However, even before CRT treatment begins, patients with

rectal cancer experience co-occurring symptoms associated

with their initial recent cancer diagnosis, their tumors and/or

psychological stress (Gunn et al., 2013; Lee et al., 2018; Tantoy

et al., 2016). High pretreatment symptom burden can lead to

delays in starting curative therapy, poorer tolerance of radiation

or chemoradiation, or exacerbation of expected symptoms dur-

ing therapy (Gunn et al., 2013). To the best of our knowledge,

there is a paucity of literature on symptom co-occurrence of

fatigue, sleep disturbance and depressive symptoms reported

by rectal cancer patients before treatment initiation. These

three symptoms can form a psychoneurological symptom clus-

ter (George et al., 2020). High pretreatment co-occurrence of

psychoneurological symptoms can be long-lasting and are also

associated with worse quality of life (Tometich et al., 2018). To

date, effective interventions targeting co-occurring symptoms

are lacking in part because biological mechanisms that lead to

co-occurrence of psychoneurological symptoms have not been

identified. A better understanding of the biological underpin-

nings of psychoneurological symptom co-occurrence may lead

to effective treatments and/or better symptom management.

The etiology of and mechanisms driving the co-occurrence

of cancer-related symptoms remain poorly understood.

Recently, the role of maladaptive alterations in gut microbiota

composition (referred to as dysbiosis) resulting in unbalanced

production of microbiota byproducts has been linked to gut

inflammation, aberrant gut-brain communications (Sko-

nieczna- _Zydecka et al., 2018), and co-occurrence of symptoms

(González-Mercado, Henderson, et al., 2020). Gut dysbiosis

can be caused by environmental, psychological and physical

stressors (Bajinka et al., 2020; Carter et al., 2019; Clark &

Mach, 2016; Galley et al., 2014). Preclinical studies demon-

strated that stress leads to dysbiosis and altered hypothalamic-

pituitary-adrenal (HPA) axis activity in mice (Neufeld et al.,

2011). In rectal cancer patients, we previously reported the

association between fatigue or sleep-disturbance scores and gut

microbial alpha diversity during CRT (Gonzalez-Mercado

et al., 2019; Gonzalez-Mercado, Pérez-Santiago, et al., 2020),

as well as significant correlations between the abundances of

Bacteroides and Blautia and co-occurring symptoms at the end

of CRT (González-Mercado, Henderson, et al., 2020). This

pilot study aims to build on our recent work by examining

differences in gut microbial diversity (alpha diversity and taxa

abundances) between those with high co-occurring symptoms

and those with low co-occurring symptoms prior to initiation of

CRT. We also investigated the predicted functional pathways

of the gut bacterial taxa that differed between those with high

and those with low co-occurring symptoms prior to initiation of

CRT. Our results provide preliminary evidence of associations

of gut dysbiosis with symptom co-occurrence and on phenoty-

pic characteristics of patients at-risk for higher cancer-related

symptoms.

Methods

All work was approved by the Southeastern Academic Medical

Center prior to data collection. Study participants were newly

diagnosed adult rectal cancer patients scheduled to receive

CRT, and recruited between July 2017 and April 2019.

Informed consent was obtained from each participant. The

inclusion criteria are as follows: male and female patients aged

�18 years scheduled to receive CRT for locally advanced rec-

tal cancer and able to provide written informed consent in

Spanish or English. The exclusion criteria included: history

of other cancers; history of digestive disorders such as: irritable

bowel syndrome; diagnosed psychiatric and/or sleep disorders;

comorbidities associated with sleep disturbance (e.g., sleep

apnea); and use of insomnia medications, antibiotics, probio-

tics, prebiotics, steroids, or immune-suppressant agents within

1 month prior to sample-collection. Data from 41 participants

who completed the study procedures for the pre-CRT visit were

used.

Fatigue was assessed using the seven-item Patient-Reported

Outcome Measures Information System-Fatigue (PROMIS-F;

scores range 7–35) and sleep disturbance with the eight-item

PROMIS-Sleep Disturbance (PROMIS-SD; scores range

8–40). Scores were totaled and divided by the number of items

answered to compute the mean score. A conversion table avail-

able in the manual was then used to translate this score into a

T-score for each participant. The T-score re-scales the raw

score into a standardized score with a mean of the US general

population equal to 50 and standard deviation of 10 (PROMIS,

2015). Depression was assessed by the clinician-rated 17-item

Hamilton Rating Scale for Depression (HAM-D17; Hamilton,

1960), using the conventional Structured Interview Guide for

the HAM-D (Williams, 1988) with scores ranging from 0 to

50 for the HAM-D17. For the three instruments, higher scores

reflect more severe symptoms. The psychometric properties of

the instruments are well documented (Bagby et al., 2004;

Buysse et al., 2010; Cella et al., 2002, 2019; Yang et al.,

2019). The Cronbach a values for the PROMIS-F,

PROMIS-SD, and the HAM-D17 were 0.90, 0.92, and 0.86 at

the pre-treatment visit. A cutoff score of �15, has been used

previously in cancer patients to screen for depression, with

higher scores indicating more symptoms of depression (Lydiatt

et al., 2008). Study participants were dichotomized into two

groups based on the T-scores for the PROMIS and the total

score for the HAM-D17. Those with a T-score < 55 in both

the PROMIS-F, PROMIS-SD, and < 14 the HAM-D17 were

assigned to the “low co-occurring symptoms” (n ¼ 22 or 54%
of all participants) group and those with at least two of the three
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symptom measures exceeding the cut-off for greater symptom

severity (i.e., T-score > 55 for either PROMIS measures, �15

for the HAM-D17) were assigned to the “high co-occurring

symptoms” group (n ¼ 19 or 46% of all participants).

16S rRNA Gene Sequencing

Briefly, total DNA was isolated from 250 mg stool aliquots

collected prior to initiation of CRT using the Power Soil DNA

Isolation kit (MoBio, Carlsbad, CA), per manufacturer’s pro-

tocol. The V3-V4 regions of the 16 S rRNA gene were ampli-

fied and sequenced using Illumina’s 16 S rRNA gene library

preparation and MiSeq 2� 300 bp sequencing platform. Reads

were trimmed at a Q ¼ 25 threshold using Trim Galore! v0.44,

denoized into amplicon sequence variants (ASVs) using the

DADA2 plugin in QIIME2-2019.17, and the resulting ASVs

were taxonomically assigned against the SILVA v132 database

using a naı̈ve Bayes classifier. The ASV table was rarefied to

5,929 sequences per sample and used for alpha and beta diver-

sity calculations in QIIME2. MetaCyc (Caspi et al., 2020) path-

way abundances were predicted from the rarefied table using

QIIME2’s q2-picrust2 plugin (Langille et al., 2013).

Statistical Analysis

Participants were grouped into two subgroups for statistical

analyses: those with low co-occurring symptoms and those

with two or more (high) co-occurring symptoms reported

before CRT. Descriptive statistics including frequency, percen-

tages, medians, and interquartile ranges, were calculated for

participant demographic and disease characteristics. We used

a two-tailed Fisher’s Exact or Mann-Whitney test to assess

statistical differences between group characteristics.

For 16 S rRNA sequencing analysis, the linear discriminant

analysis (LDA) effect size (LEfSe) method (Segata et al., 2011)

was used to identify bacterial genera significantly different

between the co-occurring symptom groups. Metagenomic

inference based on MetaCyc pathways was performed on the

ASV count table collapsed at the genus level using QIIME2’s

q2-picrust2 plugin (Langille et al., 2013). Differentially abun-

dant predicted gene pathways between the co-occurring symp-

tom groups were identified with LEfSe. All statistical tests

were performed with a p-value significance threshold of 0.05.

Results

Study participants (n ¼ 41) had a mean age of 60.2 + 11.4

years and 61% were male. Before CRT, 19 participants (46%)

experienced high co-occurring symptoms, while 22 partici-

pants (54%) experienced low co-occurring symptom. Partici-

pants reporting high co-occurring symptoms did not differ

significantly from participants with low co-occurring symp-

toms by age, pre-treatment hemoglobin levels, or body mass

index (BMI) (p > 0.05). Descriptive statistics for participant

characteristics and symptom ratings are reported in Table 1.

Bacterial Diversity and Composition

Three of four indices of bacterial alpha diversity (i.e., Shannon,

Pielou’s Evenness, Faith’s PD) in stool samples collected from

participants in the high co-occurring symptom group were

lower than those in the low co-occurring symptom group, but

the difference was not statistically significant (Table 2). LEfSe

analysis (Segata et al., 2011) showed that participants in the

high co-occurring symptom group had significantly higher bac-

terial abundances of Ezakiella, Clostridium sensu stricto, Por-

phyromonas and Barnesiella (family Porphyromonadaceae),

Coriobacteriales Incertae Sedis, Synergistaceae/Synergistales/

Synergistia/Synergistestes, Escherichia-Shigella, and Turici-

bacter in comparison to participants in the low co-occurring

symptom group (Figure 1).

Predicted Functional Pathways

In addition to examination of bacterial abundances, the func-

tional potential (i.e., the impact of the production of physiolo-

gically active synthesis products produced by gut bacterial taxa)

estimated from the 16 S rRNA gene content in the participants’

gut was done. MetaCyc pathway abundances were predicted

from bacterial general abundances (Langille et al., 2013).

LEfSe analysis (Segata et al., 2011) on MetaCyc pathway abun-

dances indicated that participants with high co-occurring symp-

toms were enriched for lipopolysaccharide (LPS),

L-tryptophan, and colanic acid building blocks biosynthesis

pathways (Kruskal-Wallis p < 0.05). The low co-occurring

symptom group were enriched for b-D-glucoronosides, hexur-

onide/hexuronate, and nicotinate degradation pathways, as well

as pathways for methanogenesis and L-lysine biosynthesis

(Kruskal-Wallis p < 0.05; Figure 2).

Discussion

Why some rectal cancer patients report experiencing co-

occurring symptoms prior to treatment while others do not is

an unanswered question. Although the reasons for co-occurring

symptoms before treatment are thought to be multifactorial

(Gunn et al., 2013; Langford et al., 2016; Lin et al., 2020),

prior work by our group showed an association between gut

microbial composition and co-occurring symptoms during

CRT (González-Mercado, Henderson, et al., 2020). We con-

ducted the current prospective clinical study to investigate

whether there are significant differences in gut microbial diver-

sity, taxonomic composition, and predicted functional path-

ways between rectal cancer patients with high as compared

to low co-occurring symptoms before CRT. While our findings

must be treated as preliminary until they are independently

replicated, our findings suggest that abundance of some gut

microbial taxa and predicted pathways may play a role in

symptom occurrence prior to treatment for rectal cancer.

Although LEfSe analysis (Segata et al., 2011) predicted several

candidate taxa and pathways that were enriched in participants

with high or low co-occurring symptoms, we focus our
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discussion on taxa and pathways that were either intercorre-

lated or taxa/pathways previously shown to be relevant to gut

microbiome functions.

Low Bacterial Diversity Indices Do Not Associate
With Co-Occurring Symptoms

Recent evidence by our group (González-Mercado et al. 2019;

González-Mercado, Pérez-Santiago, et al., 2020) and others

(Wang et al., 2015) suggests that gut microbial dysbiosis may

play an important role in the pathogenesis of common symp-

toms including depressive symptoms, sleep disturbance, and

fatigue. In this study, we observed no significant differences

in microbial alpha diversity between rectal cancer patients with

high as compared to low co-occurring symptoms before CRT.

Species richness and evenness, except for observed OTUs,

were slightly lower in patients with co-occurring symptoms.

This observation is also consistent with our preliminary data in

which we observed no significant differences in alpha diversity

in rectal cancer patients at the end of CRT with high as com-

pared to those with low co-occurring symptom severity

(González-Mercado, Henderson, et al. 2020). In contrast, we

(González-Mercado, Pérez-Santiago, et al., 2020) and others

(Kleiman et al., 2015; Wang et al., 2015) have also observed

reduced fecal microbiome diversity in associated with fatigue,

depressive symptoms, or sleep disturbance among oncology

patients. Although gut microbiota perturbation is typically

associated with a lower species diversity, this is not always the

case. In some cases, an increase in the low abundance species

(Triplett et al., 2020), resulting in altered composition or abun-

dance while diversity is maintained.

Participants With High Co-Occurring Symptoms Have
Greater Abundance of Gammaproteobacteria Genera
and Predicted Lipopolysaccharide Functional Pathways

We observed increased abundances of Gram-negative

anaerobic or facultative anaerobic bacteria, specifically

Escherichia-Shigella (phylum Proteobacteria) and Synergista-

ceae in participants with high compared to low co-occurring

symptoms. We previously observed higher abundances of

Escherichia in patients reporting CRT-related fatigue in a small

Table 1. Demographic and Clinical Characteristics of Study Participants (n ¼ 41).

Characteristics

Low Co-Occurring symptom
Group

(n ¼ 22)

High Co-Occurring Symptom
Group

(n ¼ 19) p-Value*

Sex (male), n (%) 13 (59) 12 (63)
Stage, n (%)

II 7 (32) 3 (16)
III 15 (68) 16 (84)

Race, n (%)
Non-Hispanic White 9 (41) 10 (54)
Hispanic White 10 (45) 7 (38)
African American 3 (14) 1 (4)
Asian 0 1 (4)

Marital status, n (%)
Married/partnered 16 (72) 10 (54)
Single/divorced 6 (28) 9 (46)

Occupation, n (%)
Working 13 (59) 11 (58)
Retired 6 (27) 5 (26)
Disability 3 (14) 4 (16)

Pretreatment symptoms exceeding cut-point, n (%)
All low 22 (100)
Fatigue þ SD þ Depression 9 (46)
Fatigue þ SD 7 (38)
Fatigue þ Depression 3 (16)

Raw symptom scores
PROMIS-F; Median (IQR) 12.0 (10, 16) 23.0 (21,26) 0.001
PROMIS-SD; Median (IQR) 17.5 (12, 22) 32.0 (29, 36) 0.001
HAM-D17; Median (IQR) 6.0 (1,12.5) 15.5 (5, 19) 0.06

Age, Median (IQR) 58.0 (52, 72) 60.0 (50,60) 0.80
HgB, Median (IQR) 13.3 (11.3, 14) 11.8 (11.2, 13.7) 0.84
BMI, Median (IQR) 25.5 (21.9, 27.7) 26.7 (22.9, 31.8) 0.36

Note. BMI ¼ body mass index; CRT ¼ neoadjuvant chemotherapy and radiation therapy; F ¼ fatigue; HAM-D ¼ Hamilton Rating Scale for Depression; Hgb ¼
hemoglobin levels; IQR ¼ interquartile range; PROMIS ¼ Patient-Reported Outcome Measures Information System; SD ¼ sleep disturbance. Possible raw score
ranges for the PROMIS-F, PROMIS-SD, and HAM-D17 are 7–35, 7–35, and 0–50, respectively.
*p-value for two-tailed Fisher’s Exact or Mann-Whitney test.
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sample (n ¼ 13) of rectal cancer participants (González-

Mercado, Pérez-Santiago, et al., 2020). Escherichia–Shigella

IgA coating index was positively correlated with anxiety and

depression in individuals with chronic inflammatory disease

(Liu, Yuan, et al., 2020). Induction of Proteobacteria is a poten-

tial hallmark of intestinal inflammation (Kaser et al., 2010),

which may facilitate the translocation of bacteria and

microbial-mediated metabolites (e.g., LPS) into systemic cir-

culation, inducing aberrant activation of the immune system

that can influence neural processes and contribute to the devel-

opment of cancer-related symptoms (Jakobsson et al., 2010;

Jordan et al., 2018; Rea et al., 2020). Future research focusing

on host and bacterial markers indicative of inflammation

(e.g., C-reactive protein, tumor necrosis factor-alpha [TNFa],

interleukin (IL)-6, IL-1b)) and intestinal permeability (e.g.

fatty acid binding protein, fecal calprotectin) will be instrumen-

tal in connecting gut microbial activity with gut permeability,

brain function and co-occurring symptoms.

Consistent with the enriched presence of Gram-negative

bacteria in the gut of participants with high co-occurring symp-

toms, biosynthetic pathways for LPS, a component of the

Gram-negative bacterial outer membrane, and colanic acid,

an extracellular polysaccharide specific to Enterobacteriaceae

and Proteobacteria (Nikaido, 2003), were similarly enriched in

this group of participants. Biosynthetic pathways for LPS have

been widely characterized in E. coli (Bertani & Ruiz, 2018),

and the development of inhibitors of LPS biogenesis are being

considered to treat infections caused by Gram-negative bac-

teria (Bertani & Ruiz, 2018). Also, LPS, present solely in

Gram-negative bacteria, has been proposed as a marker of

microbial translocation (Giloteaux et al., 2016). Among oncol-

ogy patients, elevated serum LPS levels was associated with

the development of diarrhea and worsening of fatigue after

pelvic RT (Wang et al., 2015). Enrichment of biosynthetic

pathways for LPS production have also been associated with

depressive symptoms among young adults (Liu, Rowan-Nash,

et al., 2020). Of central relevance to the finding that enrichment

in biosynthetic pathways that produce LPS is the fact that many

studies have now demonstrated that LPS is capable of inducing

sickness behavior and the constellation of symptoms

experience in oncology patients, including disrupted sleep, fati-

gue, and depressive symptoms (Lasselin et al., 2020). Interest-

ingly, previous studies using shotgun metagenomic sequencing

of stool samples from colorectal cancer patients revealed the

positive correlation between the abundances of certain bacteria

(e.g., Porphyromonas found in our study) and LPS biosynthetic

pathways (Dai et al., 2018). This suggests that cancer and its

treatment can exacerbate the occurrence and severity of symp-

toms in part via microbial dysbiosis.

Participants With High Co-Occurring Symptoms Have
Greater Abundance of Turicibacter Genera
and Potential Enrichment of the Biosynthetic Pathway
for L-Tryptophan

Abundance of the Turicibacter genus, which were recently

linked to depression (Kelly et al., 2016), was also identified

among participants with high as compared to low co-occurring

symptoms. Some strains in the genus Turicibacter (e.g. Turi-

cibacter sanguinis) have been associated with increased fecal

serotonin levels (Hoffman & Margolis, 2020), a neurotransmit-

ter involved in a wide range of functions in the central nervous

system and periphery. Serotonin dysregulation has been pro-

posed as a mechanism contributing to cancer-related symptoms

including fatigue, sleep disturbance, and depression (O’Hig-

gins et al., 2018). It is increasingly clear that gut neurocompe-

tent metabolites, including serotonin, can affect gut-brain axis

signaling centrally and impact symptoms (Skonieczna-
_Zydecka, et al., 2020). One hypothesis is that low levels of

serotonin (5-HT) in the brain may occur as a result of elevated

proinflammatory cytokines activating the tryptophan- and

5-HT degrading enzyme indoleamine2,3-dioxygenase. This

may lead to depressed HPA axis activity and cortisol activity,

possibly causing cancer related-sleep disturbances and mood

disorders (O’Higgins, 2018).

Enrichment in the biosynthetic pathway for L-tryptophan

was also observed in participants with high co-occurring symp-

toms. Tryptophan is a serotonergic precursor (Desbonnet et al.,

2008). Because tryptophan biosynthesis activity is negatively

regulated by tryptophan (Yanofsky, 1981), the enrichment of

Table 2. Comparison of Alpha Diversity Indexes Between Participants Who Had Developed High Co-Occurring Symptoms and Those Who
Developed Low Co-Occurring Symptoms Before CRT for Rectal Cancer (n ¼ 41).

Diversity Index

Low Co-Occurring Symptom
Group

(n ¼ 22)

High Co-Occurring Symptom
Group

(n ¼ 19) p-Value*

Median (IQR) Median (IQR)
Shannon 6.66 6.49 0.87
Observed OTU 157.5 158 0.60
Pielou’s Evenness 0.91 0.89 0.28
Faith’s PD 12.47 12.28 0.89

Note. CRT ¼ chemotherapy and radiation therapy; HAM-D ¼ Hamilton Rating Scale for Depression; OTU ¼ operational taxonomic units, PD ¼ phylogenetic
diversity; PROMIS-F ¼ Patient-Reported Outcome Measures Information System-fatigue; PROMIS-SD ¼ Patient-Reported Outcome Measures Information
System-sleep disturbance.
*p-value for two-tailed Kruskal-Wallis test.

González-Mercado et al. 517



tryptophan biosynthesis pathways in participants with high

co-occurring symptoms may reflect low tryptophan levels in

the gut. This finding, if validated in an independent cohort and

extended by measurement of peripheral serotonin, would have

important implications for symptom management. Evidence of

improvements in a wide variety of conditions related to sero-

tonin imbalance (e.g. depression, insomnia, fibromyalgia)

have been reported after treatment with the serotonin precursor,

5-hydroxytryptophan (5HTP) (Birdsall, 1998; Mora-Villalobos

& Zeng, 2018). Additionally, some evidence from animal

models suggest that the consumption of probiotics, such as

Bifidobacteria infantis, can increase plasma levels of trypto-

phan and reduce levels of pro-inflammatory cytokines such as

IL-6 and TNFa with evidence of an antidepressant effect

Figure 1. Cladogram showing differentially abundant taxa between participants with high co-occurring symptoms and participants with low
co-occurring symptoms before chemotherapy and radiation therapy (CRT), based on linear discriminant analysis (LDA) for effect size. Bacterial
taxa significantly enriched (p < 0.05) in participants with high-occurring symptoms were indicated with black nodes, while those enriched in
participants with low co-occurring symptoms were indicated with white nodes.

Superpathway of lipopolysaccharide biosynthesis
Superpathway of L-tryptophan biosynthesis

Methanogenesis from acetate 
Superpathway of β-D-glucuronosides degradation 

Superpathway of hexuronide and hexuronate degradation 
Nicotinate degradation I
L-lysine biosynthesis VI

LEfSe analysis - MetaCyc pathways

High co-occurring symptoms Low co-occurring symptoms

Figure 2. Predicted MetaCyc pathways that were differentially abundant between participants with high-occurring symptoms and participants
with low co-occurring systems before chemotherapy and radiation therapy (CRT), based on linear discriminant analysis (LDA) for effect size.
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(Desbonnet et al., 2008). Clinical trials of probiotics and/or

pharmacology interventions targeting the biosynthetic pathway

for L-tryptophan may offer innovative tools for prophylaxis of

cancer-related symptoms.

Participants With Low Co-Occurring Symptoms
Have Greater Abundance of Lachnospiraceae Family
and Genus Enterococcus and Predicted Lysine
Biosynthesis Functional Pathways

Consistent with our prior study, the present study found a sig-

nificantly higher abundance of the Lachnospiraceae family and

genera Blautia and Ruminococcus in the stool of participants

from the low co-occurring symptom group (González-

Mercado, Henderson, et al., 2020). This is a relevant factor

as, according to Markowiak-Kopeć and Śli _zewska (2020),

Blautia and Ruminococcus are predominant genera involved

in the production of short-chain fatty acids (SCFAs). SCFAs,

such as acetate, propionate, and butyrate (90%–95% of the

SCFAs present in the colon), are metabolites formed by gut

microbiota from complex dietary carbohydrates that play a

pivotal role in maintaining homeostasis in humans (Parada

Venegas et al., 2019; Vinolo, Rodrigues, Hatanaka, et al.,

2011). Besides their important role as fuel for intestinal epithe-

lial cells, SCFAs regulate several leukocyte functions, includ-

ing the suppression of pro-inflammatory cytokine production

(Park et al., 2007; Vinolo, Rodrigues, Hatanaka, et al., 2011).

Indeed, animal studies have shown that propionate and butyrate

inhibit the expression of pro-inflammatory mediators (e.g.,

TNF-a) in rat neutrophils, an effect that seems to involve

attenuation of NF-kB activation (Vinolo, Rodrigues, Hatanaka,

et al., 2011; Vinolo, Rodrigues, Nachbar, & Curi, 2011) while

butyrate administration has been associated to higher levels of

the anti-inflammatory cytokine IL-10 (Vinolo, Rodrigues,

Nachbar, & Curi, 2011; Zhang et al., 2016). Other investiga-

tions have shown that butyrate and valproic acid (inhibitors of

histone deacetylase [HDAC] activity) appear to exert promis-

ing anti-neuroinflammatory and neuroprotective effects in the

central nervous system (H. J. Kim et al., 2007; Singh et al.,

2014). Also, there is evidence from in vitro models that SCFAs

(e.g., hexanoic and octanoic acids) inhibit the development of

pathogenic microorganisms such as Escherichia coli likely due

to the damaging effects of SCFAs on Escherichia coli mem-

branes (Rodrı́guez-Moyá, & Gonzalez, 2015; Royce et al.,

2013). As such, it is plausible that higher abundance of

SCFA-producing bacteria (Blautia and Ruminococcus) may

be a critical element in the gut microbiome of rectal cancer

patients as it may trigger the strong anti-inflammatory response

associated with lower symptoms.

Recently, the effectiveness of therapeutics and nutritional

interventions containing SCFAs or their derivatives in the treat-

ment of behavioral symptoms and in inflammatory conditions

has been a subject of extensive investigations and reviews

(Stilling et al., 2016; Vinolo, Rodrigues, Nachbar, & Curi,

2011). One study of health volunteers (n ¼ 30) suggest that

consumption of g-aminobutyric acid (GABA)-containing

beverages was associated with a significant reduction of both

psychological and physical fatigue and improvement in task-

solving ability (Kanehira et al., 2011). Neuropharmacological

agents containing butyrate (e.g., GABA) are being tested for its

anti-fatigue (Chen et al., 2016) and sleep quality improving

(S. Kim et al., 2019) effects. Beta-hydroxybutyrate has been

examined for the treatment of depressive symptoms in animal

models (Yamanashi et al., 2017). Administration of sodium

propionate (also a SCFA) induces antidepressant-like effects

in animal models (Li et al., 2018). Interestingly, the stool from

participants with low co-occurring symptoms had a greater

abundance of the genus Enterococcus, which includes strains

(e.g., Enterococcus faecium) that have been associated with the

production of an acidic environment (Hanchi et al., 2018),

shown to have beneficial effects (e.g., protection of the intest-

inal villi morphology, improvements in immunity, and optimi-

zation of the intestinal flora) when used in conjunction with

Clostridium butyricum as probiotics in weaned piglets (Wang

et al., 2019). Enterococcus and Porphyromonadaceae abun-

dances may also be affected by rectal cancer itself or by treat-

ment side effects. For example, abundance of the genera

Enterococcus, which includes strains (e.g., Enterococcus fae-

calis) and the family Porphyromonadaceae (abundant in high

co-occurring symptoms participants) has been previously asso-

ciated with colorectal cancer (Balamurugan et al., 2008).

Participants with low co-occurring symptoms had a greater

abundance of taxa predicted to be enriched in lysine biosynth-

esis pathways. The fact that the lysine pathway is one of the

main pathways for butyrate synthesis suggests that amino acids

could also play an important role in butyrate synthesis (Vital

et al., 2014). Metagenomic analysis revealed that a high per-

centage of publicly available genomes contained a butyrate-

producing pathway (mean, 19.1%; range, 3.2% to 39.4%), with

the lysine pathway (mean, 11.2%) being among the most pre-

valent ones (Vital et al., 2014). Further, the conversion of

lysine to the beneficial SCFAs butyrate and acetate by Intesti-

nimonas AF211 in a synthetic medium have been demonstrated

(Bui et al., 2015). These findings also have potential implica-

tions for future interventional studies since L-lysine and

L-arginine supplementation is effective in treating anxiety-

related conditions in humans (Lakhan & Vieira, 2010). Of note,

lysine and leucine supplementation significantly reduced fati-

gue in animal models after treadmill stress test and forced

swimming test (H. Y. Kim et al., 2016).

Limitations

The main limitation of the study is its modest sample size,

which limited the sophistication of the statistical modeling

permitted (i.e., controlling for potential covariates such as age,

sex, body mass index). Replication of these findings in a larger,

independent sample may permit more comprehensive analyses

of gut microbiome measures in relation to symptoms in this

population. If replicated, similar studies of microbial dysbiosis

in relation to other symptoms and cancers would be warranted.
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Another limitation is the insufficient resolution of bacterial spe-

cies with 16 S rRNA gene sequence analysis. Future studies

employing shotgun metagenomic sequencing may resolve gut

bacterial taxa beyond the genus level. Additionally, pathway

predictions based on 16 S rRNA data may not provide an accu-

rate overview of the functional potential and expressed functions

of the gut microbiome. These predictions should be validated

through metagenomics, metatranscriptomics, and other experi-

mental approaches. Our study and future follow-up studies could

inform the development of biomarkers for the diagnosis and

management of pre-treatment symptom burden.

Conclusion

This pilot study highlights, for the first time, significant differ-

ences in gut microbial communities between participants with

high co-occurring symptoms and those with low co-occurring

symptoms before CRT for rectal cancer. We observed enriched

abundances of pro-inflammatory gram-negative bacterial taxa,

including Escherichia-Shigella and Synergistaceae and path-

ways related to LPS biosynthesis in patients with co-occurring

symptoms. Patients with low co-occurring symptoms showed

increased abundances of SCFA-producing Lachnospiraceae

and Enterococcus and pathways related to bacterial growth

on carbon substrates. Large-scale, prospective studies that

include species and pathway identification are needed to verify

the clinical significance of our findings.

Acknowledgments

We thank all the staff at Tampa General Hospital Cancer Center, the

Cancer Care team at AdventHealthTampa, and the St. Joseph’s Hos-

pital Cancer Institute for the collaborative clinical recruitment sup-

port. This study would not have been possible without the participants.

We also thank the Biobehavioral Laboratory at University of South

Florida’s College of Nursing for Illumina sequencing support.

Author Contributions

Gonzalez-Mercado, V. contributed to conception and design, contrib-

uted to acquisition and interpretation, drafted manuscript, critically

revised manuscript, gave final approval, and agrees to be accountable

for all aspects of work ensuring integrity and accuracy. Lim, J. con-

tributed to design, contributed to analysis and interpretation, critically

revised manuscript, gave final approval, and agrees to be accountable

for all aspects of work ensuring integrity and accuracy. Yu, G con-

tributed to design, contributed to analysis and interpretation, critically

revised manuscript, gave final approval, and agrees to be accountable

for all aspects of work ensuring integrity and accuracy. Penedo,

F. contributed to interpretation, critically revised manuscript, gave

final approval, and agrees to be accountable for all aspects of work

ensuring integrity and accuracy. Bernabe, R. contributed to interpreta-

tion, critically revised manuscript, gave final approval, and agrees to

be accountable for all aspects of work ensuring integrity and accuracy.

Tirado-Gomez, M. contributed to interpretation, critically revised

manuscript, gave final approval, and agrees to be accountable for all

aspects of work ensuring integrity and accuracy. Pedro, E. contributed

to acquisition, critically revised manuscript, gave final approval, and

agrees to be accountable for all aspects of work ensuring integrity and

accuracy. Aouizerat, B. contributed to conception and design,

contributed to interpretation, critically revised manuscript, gave final

approval, and agrees to be accountable for all aspects of work ensuring

integrity and accuracy.

Declaration of Conflicting Interests

The author(s) declared no potential conflicts of interest with respect to

the research, authorship, and/or publication of this article.

Funding

The author(s) disclosed receipt of the following financial support for

the research, authorship, and/or publication of this article: This article

was made possible by the National Institute of Nursing Research

(NINR) of the National Institutes of Health (NIH) under award num-

ber F32NR016618. Research reported in this publication was sup-

ported by the University of Puerto Rico NIH–funded awards

2U54MD007587 and CA096297/CA096300. The content is solely the

responsibility of the authors and does not necessarily represent the

official views of the National Institutes of Health.

ORCID iD
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