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Abstract

Background Metagenomic analysis targeting the 16S

rRNA gene has made it possible to characterize the vast

array of microorganisms contained in the gut.

Aim The purpose of this study was to evaluate how gut

microbiota change in intensive care unit (ICU) patients in

the acute phase after admission.

Methods This prospective observational cohort study

investigated 12 patients admitted to a single ICU of a large

urban tertiary referral hospital. All patients were mechan-

ically ventilated on admission. Fecal samples were col-

lected from patients on days 1–2, 2–4, 5–8, and 7–10 after

admission. DNA was extracted from fecal samples, and

16S rRNA deep sequencing was performed to monitor gut

changes.

Results Bacteria belonging to the phyla Firmicutes or

Bacteroidetes were predominant in each sample. We

observed serial dynamic changes in the percentages of

Bacteroidetes and Firmicutes that were significantly

altered during study period (p\ 0.05). A ratio of Bac-

teroidetes to Firmicutes (B/F ratio) of[10 was seen in four

of the six patients who died, whereas a B/F ratio of\0.10

was seen in only one of the six deaths. None of the sur-

vivors had a B/F ratio of [10 or \0.10. There was a sta-

tistical difference in the B/F ratio between the dead patients

and survivors (p = 0.022).

Conclusions Dynamic changes in gut microbiota at the

phylum level of ICU patients during the acute phase were

identified by high-throughput DNA sequencing. An

extreme imbalance in gut microbiota may be associated

with prognosis in critically ill patients.
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Introduction

The human gastrointestinal tract contains a diverse variety

of microorganisms. Normal gut microbiota contain an

estimated 1014 microbes [1] representing over 1000 dif-

ferent species of bacteria belonging to 190 different

genera [2], the majority of which reside in the host colon

[3]. They have important roles in human health, including

metabolism and homeostasis of the immune system.

Recently, many reports have revealed that changes in gut

microbiota are related to metabolic [4], autoimmune [5],

and chronic liver diseases [6] such as diabetes mellitus,

inflammatory bowel diseases, and nonalcoholic steato-

hepatitis, respectively. Thus, disorder of the intestinal

bacterial microbiota is connected with various diseases

and is called ‘‘dysbiosis’’ [7]. Dysbiosis has been con-

firmed to occur not only in chronic diseases but also in

acute illnesses. In the ICU setting, Shimizu et al. quan-

titatively evaluated the changes in gut microbiota and the

environment in patients with systemic inflammatory

response syndrome (SIRS). The patients with SIRS had

100–10,000 times fewer total anaerobes, including those

of Bifidobacterium and Lactobacillus, and 100 times more

Staphylococcus bacteria compared with those in healthy

volunteers. The most dominant factors associated with

mortality and septic complications were the numbers of

total obligate anaerobes [8]. These findings indicate that

more detailed investigation of obligate anaerobes, the

dominant bacteria in commensal microbiota, should be

performed to elucidate the role of microbiota in critically

ill patients.

However, most microbes in the human body cannot be

identified by culture methods because they are anaerobic

and lose their symbiotic relationship once they are taken

outside the body [9]. Thus, it is unclear how the compo-

sition of the whole gut microbiota changes during acute

illnesses using conventional culture methods [10].

Metagenomic analysis targeting the 16S rRNA gene has

been developed as a method to determine the microor-

ganisms present in samples. This method is based on

amplification of bacterial 16S rRNA genes and their anal-

ysis with massively parallel processing [11]. It has allowed

researchers the opportunity to perform sequence-based

studies of organisms and environments previously thought

to be inaccessible, including obligate anaerobes and other

microorganisms that cannot alive outside their hosts with-

out symbionts [12].

The purpose of this study was to evaluate by a

metagenomic procedure how gut microbiota change in

intensive care unit (ICU) patients in the acute phase of

critical illness.

Methods

Enrollment

This study was approved by the institutional review board

of Osaka University Hospital. The study was conducted in

the ICU of the emergency department of Osaka University

Hospital, an academic urban tertiary referral hospital in

Suita, Osaka, Japan, from February 2014 to August 2014.

The ICU has 17 beds and treats 885 patients in 2014. Formal

consent for participation in this study was obtained from

each patient or their next of kin. Patients requiring

mechanical ventilation at the time of admission were

enrolled in this study. All patients were intubated. We

included 12 patients in the study group. Exclusion criteria

included postoperative patients with surgery of the rectum,

patients with perianal infections, and patients expected to be

on mechanical ventilation for\3 days. Seven healthy sub-

jects were also included as a control group. They had never

taken antibiotics and had not been admitted to hospitals

within 6 months before participating in the current study.

Study Protocol

This study was an observational prospective cohort study.

Enteral nutrition with Glucerna�-Ex (Abbott Japan Co.,

Ltd.) was started in the study subjects via nasogastric tube

within 48 h of admission if there were no contraindications.

An attending doctor determined both the class of antibiotics

and duration of antibiotics use. Fecal samples were col-

lected serially from patients during hospitalization on days

1–2, 2–4, 5–8, and 7–10 after admission. Fecal samples in

the control group were collected serially in the same way.

All samples were collected by inserting a sterile cotton-

tipped swab 1–2 cm beyond the anus and rotating the swab

for several seconds. Swabs were placed in sterile centrifuge

tubes and immediately stored in a freezer at -78 �C until

use. DNA was extracted from these fecal samples using a

Power Soil DNA extraction kit (MOBIO). To monitor

changes in gut microbiota in the study population, 16S

rRNA deep sequencing was performed on an Ion PGM

sequencer using a 318 chip and an Ion PGM Sequencing

400 Kit (both, Life Technologies). The resulting sequences

were analyzed with the QIIME pipeline [13].

Patient Data Collection

Patient age, sex, Acute Physiology and Chronic Health

Evaluation (APACHE II) score, and diagnosis were

recorded on admission. The Sequential Organ Failure

Assessment (SOFA) score was also recorded every day
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during hospitalization. Each patient’s final outcome and

date of death were also archived.

Statistical Analysis

Sample size was computed based on feasibility. With 12

patients and 7 controls, the analysis was thought to have

85 % power at a two-sided significance level of 5 % to

detect 1.5 standard deviation difference in the means of the

outcome variables in which the standard deviation was for

the corresponding outcome variable. Patient baseline

demographic and clinical variables are presented as

mean ± standard deviation. The composition of the five

phyla of gut microbiota is presented as percentages. The

absolute differences in percentage on each day from the

percentage recorded on the first day of feces collection

were used as variables to assess changes in gut microbiota.

In order to account for dependencies in repeatedly mea-

sured observation within a subject, linear mixed-effect

model was used to assess the differences between the

patient and the control groups. Variance–covariance esti-

mation was done with a basis on compound symmetry

assumption. The mixed model was used in a similar

manner way for the analysis of gut microbiota. Statistical

analysis was performed using SPSS (version 22, SPSS,

Chicago, IL). A significance level of two-sided 0.05 was

used for statistical inferences.

Results

Patient characteristics are shown in Table 1. The study

group comprised eight men and four women with a mean

age of 66.9 ± 23.8 years. The admitting diagnosis was

trauma in four patients, cardiac arrest in four patients,

sepsis in three patients, and acute respiratory distress syn-

drome in one patient. APACHE II and SOFA scores at

admission were 23.9 ± 12.4 and 7.1 ± 4.1, respectively.

During the study period, each patient required mechanical

ventilation and received systemic antibiotics intravenously.

Enteral nutrition was administered within 48 h from

admission in nine patients and was not administered in

three patients due to complications with enteral feeding.

Once enteral nutrition was started, it was continued until

the patient was discharged or died. The course of antibi-

otics and the starting day of enteral nutrition are shown in

Table 1. Six patients died due to exacerbation of the pre-

senting disease, and the remaining six patients survived. The

Table 1 Patient characteristics

Patient Age/sex Admitting diagnosis APACHE II score SOFA score Antibiotics EN starting day Outcome

1 60/M ARDS 20 8 AZM, DRPM

VCM

Day 1 Dead

2 81/M Sepsis 33 12 CLDM

MEPM, PCG

Day 3 Dead

3 35/F Head trauma 24 13 CEZ, MEPM

VCM

None Dead

4 75/M CA 41 11 ABPC/SBT

AZM

None Dead

5 92/F Sepsis 12 3 ABPC/SBT

MEPM

Day 2 Dead

6 84/M CA 38 10 ABPC/SBT None Dead

7 27/M Sepsis 1 0 CLDM, LZD

MEPM, PCG

Day 2 Survived

8 100/F CA 32 6 ABPC/SBT

CAZ

Day 3 Survived

9 83/F Head trauma 24 6 ABPC/SBT

CEZ

Day 3 Survived

10 65/M Head trauma 22 5 ABPC/SBT Day 2 Survived

11 66/M CA, AMI 33 9 ABPC/SBT Day 3 Survived

12 35/M Pelvic trauma 7 2 CAZ

CEZ

Day 3 Survived

AMI acute myocardial infarction, ABPC/SBT ampicillin/sulbactam, APACHE Acute Physiology and Chronic Health Evaluation, ARDS acute

respiratory distress syndrome, AZM azithromycin, CA cardiac arrest, CAZ ceftazidime, CEZ cefazolin, CLDM clindamycin, DRPM doripenem,

EN enteral nutrition, LZD linezolid, MEPM meropenem, PCG benzylpenicillin, SOFA Sequential Organ Failure Assessment, VCM vancomycin
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control group was comprised of seven men with a mean

(±SD) age of 39.6 ± 8.3 years. There were two patients

whose APACHE II scores were\10. In the case of patient 7,

he suffered from cervical necrotizing fasciitis resulting from

pharyngitis and required intubation to maintain his airway.

His vital signs and laboratory data were almost normal on

admission day. Patient 12 suffered from pelvic fracture,

bladder injury, and urethral injury. At admission, although

his circulation was not stable due to hemorrhage, other

biochemical factors were almost normal. So, these patients’

APACHE II scores were not so high.

The taxonomic composition of the gut microbiota in

each patient at the phylum level as determined by the

metagenomic analysis of feces is shown in Fig. 1. The

major five phyla of human gut microbiota are Bac-

teroidetes, Firmicutes, Proteobacteria, Actinobacteria, and

Fusobacteria. Bacteroidetes or Firmicutes was the pre-

dominant phylum in most patients at the first sampling on

admission day, whereas Fusobacteria was predominant in

only one patient. The composition of the gut microbiota

was not stable in any of the patients, and dynamic changes

were observed in all 12 patients.

The relative proportion of each major phylum is shown

in Fig. 2. The serial composition of Bacteroidetes decreased

in three patients over the time course but increased in six

patients. The absolute percentage difference from the first

day of feces collection in the study group increased sig-

nificantly compared with that in the control group

(p = 0.014). The serial composition of Firmicutes

decreased in six patients over the time course but increased

in two patients. The absolute percentage difference from the

first day of feces collection in the study group also increased

significantly compared with that in the control group

(p = 0.008). The serial compositions of Proteobacteria,

Actinobacteria, and Fusobacteria in the study patients were

not statistically different from those in the control group.

Serial changes in the composition of gut microbiota

were also evaluated by the ratio of Bacteroidetes to Fir-

micutes (B/F ratio). The changes occurring in the B/F ratio

are shown in Fig. 3. Extremes of the B/F ratio were

observed in five of the six patients who died. The B/F ratio

was[10 in four of these six patients, whereas it was\0.10

in only one of the six. None of the survivors had a B/F ratio

[10 or \0.10 during the study period. There was a sta-

tistical difference in the B/F ratio between the dead patients

and the survivors (p = 0.022).

Discussion

This is the first report, to our knowledge, to estimate the

change in gut microbiota serially during the acute phase in

ICU patients via 16S rRNA deep sequencing. The major

findings of this study are that (1) the gut microbiota of ICU

patients changes dynamically during the acute phase of

severe illness, and (2) the changes in gut microbiota may

be associated with patient prognosis.

The gut is an important target organ for stress after

sepsis, trauma, burn, and shock [14]. Dysfunction of the

intestinal epithelium, the immune system, and commensal

bacteria in the gut is thought to cause the development of

infectious complications and multiple organ dysfunction

syndromes. The gut is the ‘‘motor’’ of multiple organ

failure [15]. The use of antibiotics [16], vasoactive agents,

agents to neutralize gastric secretions, sedatives or anal-

gesic agents that impair intestinal motility [17], and diet

Fig. 1 Taxonomic composition of the gut microbiota at the phylum

level as determined by metagenomic analysis. Color coding:

blue = Bacteroidetes, red = Firmicutes, green = Proteobacteria,

orange = Actinobacteria, yellow = Fusobacteria, gray = others.

Hospital day of death is indicated by black circles on the time line
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Fig. 2 Serial changes of the

major five phyla in the patient

group and control group. The

serial compositions of

Bacteroidetes and Firmicutes

changed significantly more in

the critically ill patients than in

the control group (p = 0.014,

0.018, respectively). The serial

compositions of Proteobacteria,

Actinobacteria, and

Fusobacteria were not

statistically different
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[18] may correlate with changes in gut microbiota. In ICU

settings, many patients are under severe insult from con-

ditions such as trauma, sepsis, stroke, and cardiac failure,

and they require many drugs. Their food intake and types

of nutrition are also restricted. Thus, it is highly possible

that disruptions of gut microbiota could occur in patients

with critical illness during the acute phase. We previously

reported alteration of the gut microbiota and environment

in patients with severe SIRS [8]. However, the changes in

gut microorganisms were evaluated by culture, which can

detect and count only certain species of bacteria and cannot

provide a complete picture of the gut microbiota.

Metagenomic analysis has recently been developed that

now makes it possible to see the overall picture. Zaborin

et al. [19] reported by means of 16S rRNA analysis that the

diversity of gut microbiota in humans significantly

decreased, and pathogenic bacteria—the genera Entero-

coccus and Staphylococcus and the family Enterobacteri-

aceae—comprised the majority of gut microbiota during

prolonged critical illness. The changes that occur in gut

microbiota in the acute phase of critical illness, however,

have yet to be thoroughly evaluated with metagenomics

analysis. We believe that the present study is the first to

assess the serial changes in gut microbiota in the acute

phase of ICU patients by metagenomics analysis.

Bacteroidetes and Firmicutes, two major phyla of gut

microbiota in humans, are involved in the regulation of

lipid and bile acid metabolism to maintain energy home-

ostasis in the host [20]. Ley et al. [21] reported that the

relative abundance of Bacteroidetes decreases and that of

Firmicutes increases in obese people compared with lean

people. Other reports also suggested similar changes in

obese and lean patients [22]. However, another group

reported opposite gut changes in obese patients, meaning

that Bacteroidetes increased in obese patients [23]. Thus,

there is some controversy regarding the role of Bac-

teroidetes and Firmicutes in gut microbiota. In addition,

Mariat et al. [24] demonstrated that the ratio of Firmicutes

to Bacteroidetes of the human microbiota changes with

age. In the present study, the proportions of Bacteroidetes

and Firmicutes changed significantly over the time course

in the ICU, and extreme changes in the B/F ratio were

observed in almost all of the patients with a poor prognosis.

These results indicate that extreme changes in the com-

position of gut microbiota might influence or be associated

with patient outcome. The reason for this alteration in gut

microbiota was not clear, but there may be correlations

with the antibiotics used, intestinal epithelial perfusion, and

nutrition. It was also unclear whether the change in B/F

ratio affected the metabolism or environment in the human

intestine. Further study is needed to evaluate the factors

that can disrupt gut bacterial microbiota and whether

extreme alterations in gut microbiota are associated with

patient prognosis.

This study has some limitations. First, it is a preliminary

study and the sample size is too small to determine the

cause of the changes in gut microbiota. Second, the

metagenomic method used in this study can only evaluate

the relative composition of microorganisms in samples, and

thus we could not evaluate the absolute numbers of

microorganisms in the patients in this study. Third, the

analysis of gut microbiota was limited to the phylum level

in this study. The main purpose of the current study was to

evaluate the big-picture changes in gut microbiota. To

understand changes in the gut more precisely, the gut

microbiota must be analyzed at the subphylum level in a

future study.

Conclusions

Dynamic changes in gut microbiota in ICU patients during

the acute phase were identified by high-throughput DNA

sequencing. An extreme imbalance of gut microbiota might

Fig. 3 Serial changes in the ratio of Bacteroidetes to Firmicutes (B/

F ratio) in the patient group and control group. A B/F ratio of[10 was

seen in four of the six patients who died (black circles), whereas a B/F

ratio of\0.10 was seen in only one of the six patient deaths. None of

the survivors (triangles) had a B/F ratio [10 or [0.10 during the

study period. There was a statistical difference in the B/F ratio

between the dead patients and the survivors (p = 0.022)
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be associated with prognosis in critically ill patients. The

B/F ratio might be used in the future as a predictive factor

of prognosis in the critically ill patient. Further study is

needed to confirm these points.
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