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A bs tr ac t

Background

Immunosuppression is associated with a variety of idiopathic clinical syndromes 
that may have infectious causes. It has been hypothesized that the cord colitis syn-
drome, a complication of umbilical-cord hematopoietic stem-cell transplantation, 
is infectious in origin.

Methods

We performed shotgun DNA sequencing on four archived, paraffin-embedded endo-
scopic colon-biopsy specimens obtained from two patients with cord colitis. Com-
putational subtraction of human and known microbial sequences and assembly of 
residual sequences into a bacterial draft genome were performed. We used polymerase-
chain-reaction (PCR) assays and fluorescence in situ hybridization to determine 
whether the corresponding bacterium was present in additional patients and controls.

Results

DNA sequencing of the biopsy specimens revealed more than 2.5 million sequencing 
reads that did not match known organisms. These sequences were computationally 
assembled into a 7.65-Mb draft genome showing a high degree of homology with 
genomes of bacteria in the bradyrhizobium genus. The corresponding newly dis-
covered bacterium was provisionally named Bradyrhizobium enterica. PCR identified 
B. enterica nucleotide sequences in biopsy specimens from all three additional patients 
with cord colitis whose samples were tested, whereas B. enterica sequences were absent 
in samples obtained from healthy controls and patients with colon cancer or graft-
versus-host disease.

Conclusions

We assembled a novel bacterial draft genome from the direct sequencing of tissue 
specimens from patients with cord colitis. Association of these sequences with cord 
colitis suggests that B. enterica may be an opportunistic human pathogen. (Funded 
by the National Cancer Institute and others.)
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Allogeneic hematopoietic stem-cell 
transplantation (HSCT) is a cornerstone 
of therapy for patients with certain hema-

tologic diseases and is associated with a risk of 
serious complications.1,2 Conditioning and anti-
microbial therapy can have direct toxic effects 
and alter the gut microbiome.3 Immunosuppres-
sion and the limited efficacy of immunologically 
naive stem cells in umbilical-cord HSCT can re-
sult in life-threatening infections, especially in 
the first year after transplantation.4 Gastrointes-
tinal toxicity is common after HSCT and can be 
manifested clinically as colitis.5-8 Several types of 
colitis affect patients undergoing transplantation; 
these include bacterial, viral, and parasitic types as 
well as colitis associated with graft-versus-host 
disease (GVHD).7,8

Recently, a syndrome of colitis that appears to 
be unique to patients undergoing umbilical-cord 
HSCT has been described.9 The syndrome termed 
“cord colitis” is clinically and histopathologically 
distinct from other known causes of colitis in 
patients undergoing HSCT. This syndrome of non-
bloody, frequent stools developed 3 to 11 months 
after umbilical-cord HSCT in 11 of 104 patients 
(11%) at a single center. Histopathological evalu-
ation of colon-biopsy samples revealed chronic 
active colitis and epithelioid granulomas, without 
evidence of known microbial pathogens, viral cyto-
pathic changes, or signs of GVHD. A traditional 
infectious-disease evaluation did not reveal a cause 
for this syndrome. The patients were eventually 
treated with metronidazole (in 11 patients) and a 
fluoroquinolone (in 9 patients); all 11 patients had 
a response to antibacterial therapy. A subset of 
patients had a relapse after the cessation of anti-
biotics, and all of these patients had a subsequent 
response to the reinitiation of antibacterial therapy.

It has been hypothesized that cord colitis is a 
manifestation of GVHD (rather than a distinct clin-
ical syndrome),10 a transfusion-mediated colitis,11 
colonic infection with Tropheryma whipplei,12 or an 
inflammatory disorder due to interactions between 
cord-blood stem cells in patients with double-
umbilical-cord transplants.13 We pursued the hy-
pothesis that this unusual form of colitis may be 
caused by an infectious organism. This hypoth-
esis was based on several factors, including the 
anticipated alterations in the gut microbiome, the 
immunologic deficits associated with umbilical-
cord stem cells, and the unique epidemiologic, 

clinical, and histologic characteristics of the 
syndrome.2-4

Investigators have previously used nucleic acid–
based approaches for the identification of patho-
gens, resulting, for example, in the discovery of 
T. whipplei (the causative agent in Whipple’s dis-
ease) and the Merkel-cell polyomavirus (the pro-
posed causative agent in Merkel-cell carcinoma 
of the skin).14-16 Such approaches have also shown 
other disease–microbe associations, such as that 
between Fusobacterium nucleatum and colorectal 
cancer.17,18

We performed shotgun DNA sequencing of 
biopsy specimens obtained from patients with 
cord colitis, followed by computational subtrac-
tion of human sequences and known microbial 
sequences. The resultant microbial and viral 
analysis of the biopsy-tissue components allowed 
for clear characterization of the metagenome in 
this idiopathic, antibiotic-responsive syndrome.

Me thods

Sample Selection

We chose all 11 affected patients in the original 
cohort at Brigham and Women’s Hospital9 for 
nucleic acid–based investigation. We initially lim-
ited the study to samples from a single institution, 
since there is substantial variation among cen-
ters in clinical approaches that are likely to affect 
the gut microbiome (e.g., the use of antithymocyte 
globulin, prophylactic and empirical antibiotic 
use, and GVHD prophylaxis). During review of the 
gastrointestinal-biopsy specimens from the origi-
nal cohort, we noted that 5 patients had under-
gone lower gastrointestinal endoscopy with biop-
sy both before and after the initiation of antibiotic 
treatment for cord colitis; 16 of these 23 colon-
biopsy specimens were selected for further in-
vestigation (Table 1). As controls, formalin-fixed, 
paraffin-embedded colon samples from 5 healthy 
persons who had undergone screening colonos-
copy and 3 patients who had undergone umbilical-
cord HSCT and had pathologically confirmed in-
testinal GVHD were used, as well as DNA from 
colon specimens obtained from 5 patients under-
going resection for colon cancer, as described pre-
viously.18 In addition, we obtained upper gastro-
intestinal–biopsy specimens from the duodenum 
and stomach from 3 patients from the initial co-
hort with cord colitis.
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We also obtained gastrointestinal-biopsy spec-
imens from a patient who was treated at Massa-
chusetts General Hospital for colitis after under-
going HSCT and who had some features that were 
consistent with cord colitis, in order to investigate 
the microbiome of a patient who had undergone 
HSCT at another institution. (Details are provided 
in the Supplementary Appendix, available with 
the full text of this article at NEJM.org.) The insti-
tutional review board at each institution approved 
the study. A waiver of the requirement for in-
formed consent was granted by the human re-
search committee at Partners HealthCare, which 
also approved the study.

DNA Extraction and Sequencing

After removal of the first 20 μm of each forma-
lin-fixed, paraffin-embedded block, we extracted 
DNA from two 20-μm sections with the use of a 
RecoverAll Total Nucleic Acid Isolation kit (Am-
bion). In cases in which extraction yielded more 
than 25 ng of DNA (in Patients 5 and 11),9 we 
pursued DNA sequencing. In cases in which extrac-
tion yielded 25 ng or less of DNA, we reserved the 
samples for validation studies (Fig. 1). Bar-coded 
libraries were prepared from pairs of samples ob-
tained before and after the initiation of antibiotic 
therapy in Patients 5 and 11, as described previ-
ously.18 Paired-end 76-bp or 101-bp massively paral-
lel sequencing was performed at separate sequenc-
ing centers for each patient in order to control for 
possible contamination (see the Supplementary 
Appendix for a detailed description of the con-
tamination analysis).

Computational Subtraction and Assembly 
of Unmappable Reads

We used PathSeq software, version 1.2 (www 
.broadinstitute.org/software/pathseq), to perform 
iterative computational subtraction of human 
reads, known microbial reads, and viral reads, as 
described previously.19 We used the Velvet soft-
ware package for de novo short-read assembly 
(assembly without the use of a reference genome) 
to generate contiguous overlapping sequences 
(contigs) from reads that were not mapped in 
the PathSeq analysis.20 We used the Basic Local 
Alignment Search Tool (BLAST) for nucleotide 
sequences (BLASTN) and proteins (BLASTX) to 
compare all contigs with the National Center for 
Biotechnology Information (NCBI) databases of 

nucleotide and protein sequences, which include 
all human, nonhuman eukaryotic, prokaryotic, 
and viral nucleic acid and amino acid sequences 
from nondraft genomes.

Nonhuman reads from samples 11b and 11d 
(from Patient 11) were pooled and subjected to de 
novo assembly with the use of two different soft-
ware packages: Velvet and ALLPATHS.20,21 Con-
tigs that formed the novel genome were aligned 
to the NCBI nucleotide-sequence database with 
the use of BLASTN.22 Contigs with a high degree 
of homology with bradyrhizobium species were 
represented to a similar depth of coverage, 
 suggesting a common origin. These contigs also 
had percentages of GC (guanine–cytosine) con-
tent similar to one another (Fig. S2 in the Sup-
plementary Appendix). We linked contigs to one 
another using paired reads to generate super-
contigs (see the Supplementary Appendix for a 
detailed description of assembly methods).

Comparative Genomic Analysis

The supercontigs that were generated by the 
de novo assembly formed the draft genome of 
a novel  organism, called Bradyrhizobium enterica 
(deposited as NCBI Bioproject PRJNA174084; 
accession number, AMFB00000000; strain 
name, B. enterica DFCI-1; www.broadinstitute.org/
annotation/genome/Bradyrhizobium_enterica.1/ 
MultiHome.html). We used the Prodigal annota-
tion tool23 to annotate the B. enterica genome. We 
used the PhyloPhlAn tool (http://huttenhower.sph 
.harvard.edu/phylophlan) to perform rooted phylo-
genetic analysis on a subset of 400 core genes, 
followed by bootstrap analysis to determine the 
strength of the predicted phylogenetic associations. 

Comparative genomic analysis was performed 
(for details, see the Supplementary Appendix). 
Global alignment of amino acid sequences was 
performed with the use of the Needleman–Wunsch 
algorithm,24 and percentage identity between 
each B. enterica gene and its closest homologue 
in B. japonicum was determined.

PCR Amplification of a B. enterica Target
and Human Actin Control

Primers for polymerase-chain-reaction (PCR) as-
says were designed against a poorly conserved re-
gion of the provisional B. enterica genome with the 
use of PrimerQuest (Integrated DNA Technologies) 
and were generated. These primers (forward prim  er, 
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5′-TCGAGGGCTACGGCTTGAAGATTT-3′; re verse 
prim er, 5′-ACAACGTGTTGCCGCCAATATGAG-3′) 
amplify a 367-bp target, which spans an 
 in ter genic region (supercontig 17 at base-pair 
position 152,156–152,522). Primers that tar-
get the human actin gene (forward primer, 
 5′-GCGAGAAGATGACCCAGATC-3′; reverse prim-
 er, 5′-CCAGTGGTACGGCCAGAGG-3′) amplify a 

102-bp target. A detailed description of PCR condi-
tions is provided in the Supplementary Appendix.

FISH Analysis

We used fluorescence in situ hybridization (FISH) to 
perform experiments on formalin-fixed, paraffin-
embedded colon-biopsy specimens obtained from 
patients with cord colitis and from controls. The 

Table 1. Clinicopathological Data Regarding Patients with Cord Colitis Included in the Metagenomic Discovery
and Validation Cohorts.*

Patient No. Sex Diagnosis Transplantation Details

 
Onset of Cord 

Colitis Syndrome 
after HSCT

 
 

no. of days

 4 F Acute myeloid leukemia Myeloablative UC-HSCT 103

 5 F Chronic myeloid leukemia Myeloablative UC-HSCT 158

 6 M Myelodysplastic syndrome Myeloablative UC-HSCT 167

 9 M Chronic lymphocytic leukemia RIC UC-HSCT 314

11 M Hodgkin’s disease RIC UC-HSCT 298

* Nucleic acid–based analysis was performed on 16 of the 23 biopsy samples listed here: Patient 4, samples a, b, c, and e; 
Patient 5, samples b, c, and d; Patient 9, samples b, c, d, e, and f; Patient 6, samples a and b; and Patient 11, samples b and d. 
Diagnosis refers to the diagnosis for which stem-cell transplantation was performed. C denotes ciprofloxacin, HSCT hemato-
poietic stem-cell transplantation, L levofloxacin, M metronidazole, NA not applicable, RIC reduced-intensity conditioning, 
and UC umbilical cord.

† This sample was one of four samples included in the discovery cohort. Details regarding the DNA analysis are provided 
in Tables S1 and S2 in the Supplementary Appendix.

‡ Patient 9 underwent an appendectomy several years before transplantation.
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experiments were carried out according to the 
method of Swidsinski, with both a bradyrhizobium-
specific probe and a eubacterial (universal bacte-
rial) probe.25,26 (See the Supplementary Appendix 
for detailed descriptions of FISH methods and 
competition experiments performed to show the 
specificity of the bradyrhizobium probe.)

R esult s

Shotgun Sequencing and PathSeq Analysis

DNA was extracted from the temporally distinct 
colon-biopsy specimens from Patients 5 and 11 
(samples 5b and 5c and samples 11b and 11d) 

(Table 1) and was used for massively parallel se-
quencing (Fig. 1). Bar-coded libraries were pre-
pared and subjected to sequencing on the Illu-
mina V3 Platform.19 Sequential computational 
subtraction of human reads and known microbial 
reads (including bacteria, archaea, viruses, and 
fungi) was performed with the use of PathSeq 
(Table S1 in the Supplementary Appendix).19 All 
data regarding nonhuman reads are deposited 
in the NCBI Sequence Read Archive (submission 
number, SRS386798). More than 2.5 million reads 
remained unmapped, suggesting the presence of 
abundant sequences that were absent from the 
reference databases used.

 

Timing and Type of Antibiotic Therapy after HSCT
Sample 

No.

Timing of 
Biopsy 
 after 

HSCT Biopsy Site

Initiation Termination

Initiation 
after 

Relapse

Termination  
after 

Relapse Stomach Duodenum Ileum Colon Sigmoid Rectum

day (type of therapy) no. of days

111 (M, C) 121 125 (M, C) 855 4a  30 x

4b 120 x

4c 180 x

4d 236 x x x x

4e 358 x x

181 (M, C) 271 278 (M, C) ongoing 5a  64 x

5b† 105 x

5c† 209 x x x

5d 526 x x x x

177 (M, C) 191 NA NA 6a  55 x

6b 205 x x

375 (M) 385 NA NA 9a −5553‡

9b 257 x

9c 312 x x x

9d 371 x

9e 481 x

9f 560 x

9g 642 x

9h 668 x

298 (M, L) 358 376 (M, L) 436 11a 205 x

11b† 266 x x x

11c 285 x

11d† 342 x x
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Genome Assembly and Comparative 
Genomic Analysis

A pooled set of nonhuman reads from samples 11b 
and 11d was subjected to de novo assembly.20,21 
The ALLPATHS software generated the largest 
number of total contigs that were over 2.5 kb in 
length. Ninety-nine contigs that were generated by 
this method were assembled into 89 supercontigs 
and manually reviewed; 1 supercontig (3621 bp) 
was removed, since it showed high sequence sim-

ilarity to a SEN virus.27 A 126-kb circular super-
contig (contig 32, supercontig 25) had a high 
degree of homology with a plasmid element from 
bradyrhizobium species BTAi1 (pBBta01; acces-
sion number, CP000495.1); this plasmid is absent 
in B. japonicum. The 88 remaining supercontigs all 
contained regions with a high degree of homol-
ogy with B. japonicum, which consists of a single 
circular chromosome of 9,105,828 bp; 86 of the 
88 supercontigs had a GC content of 60 to 66%. 

5 Patients with 16 colon-biopsy specimens

11 Patients with 53 gastrointestinal-biopsy specimens

Discovery cohort
2 Patients with 4 biopsy specimens

Validation cohort
3 Patients with 12 biopsy specimens

Shotgun sequencing

PCR-based detection
of candidate infectious
agent in additional
samples

Selection based on availablity of colon- 
biopsy specimens before and after

 antibiotic therapy

Total sequences

Unmapped sequences

Candidate infectious
agent

Human sequences
Known bacterial and viral

sequences

Validation of association between disease
and candidate infectious agent

≤25 ng of total DNA >25 ng of total DNA

Computational classification
of sequencing reads

Computational assembly of sequencing
fragments into genomes

6 col
33p9
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Figure 1. Sample Selection and Analyses.

Formalin-fixed, paraffin-embedded samples obtained from patients with cord colitis were selected for molecular 
analysis on the basis of clinical criteria. Patients for whom colon-biopsy samples were available for the period ranging 
from 120 days before antibiotic therapy to 200 days after such therapy were selected for inclusion in the initial co-
hort. DNA extraction and sequencing were followed by PathSeq analysis,19 in which computational subtraction was 
applied for the removal of human and known microbial sequences. The remaining unmapped sequencing reads and 
the reads with a high degree of homology with known microbial sequences were then computationally assembled into 
longer contiguous overlapping sequences (contigs) representing genomic fragments of a novel organism. Candidate 
pathogens, which were predicted by PathSeq analysis of the discovery cohort, were detected by targeted methods, 
such as polymerase-chain-reaction (PCR) assay, in the validation cohort.
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The resulting draft genome size (including the 
plasmid) was 7,645,871 bp, with a 64.4% GC con-
tent. (The genome sizes of most bradyrhizobium 
species range from approximately 7.5 to 10 Mb.) 
Given the known limitations of massively parallel 
sequencing in genome assembly,28 small areas of 
the genome probably remain unassembled. The 
high coverage of the genome suggests that most of 
it has been discovered. With the use of the Prodigal 
genome annotation tool, 7112 protein-encoding 
genes were predicted within the provisional ge-
nome23 (see the Supplementary Appendix for de-
tails regarding genome assembly and annotation).

Phylogenetic analysis with the use of  PhyloPhlAn 
generated a rooted phylogenetic tree (Fig. 2A). 
Bootstrap analysis revealed more than 99% 

consensus at all branch points except for one 
(circled in Fig. 2A), where the bootstrap value 
was 0.181. The organism was provisionally named 
B. enterica, given the close phylogenetic relation-
ship with B. japonicum and the human anatomical 
location where the organism was discovered. The 
amino acid sequence identity between homologous 
proteins in B. enterica and B. japonicum is shown in 
Figure 2B.29 A list of genes that are present in 
B. enterica and absent in B. japonicum is provided 
in the Supplementary Appendix.

Characterization of Microbial Sequences 
in Cord Colitis Samples

Assembly of long contigs corresponding to the 
draft genome of a novel organism was technically 

A Phylogenetic Location of B. enterica B Genomic Comparison of B. enterica and B. japonicum

Rhodopseudomonas palustris TIE 1 

Rhodopseudomonas palustris CGA009

Rhodopseudomonas palustris DX 1 

Rhodopseudomonas palustris HaA2 

Rhodopseudomonas palustris BisB5 

Rhodopseudomonas palustris BisB18 

Rhodopseudomonas palustris BisA53 

Bradyrhizobium species ORS278 

Bradyrhizobium species BTAi1 

Bradyrhizobium japonicum USDA 110 

 Bradyrhizobium enterica

Nitrobacter winogradskyi Nb 255 

Nitrobacter species Nb 311A 

Nitrobacter hamburgensis X14

Oligotropha carboxidovorans OM5 

Oligotropha carboxidovorans OM4 

Afipia species 1NLS2 

0.1

Amino acid identity to closest homologous gene 
in B. japonicum 

0% 100%

Genes present in B. enterica that are absent 
in B. japonicum  

Supercontig

Bradyrhizobium enterica

7.6 Mb (sequenced)
64.4% GC

Figure 2. Phylogenetic Analysis and Genomic Assembly of the Organism Associated with Cord Colitis and Comparison of the Provisional 
Genome for Bradyrhizobium enterica with the Genome of B. japonicum USDA 110.

A rooted phylogenetic tree showing the predicted evolutionary relationship between B. enterica and related species was constructed by 
means of multisequence alignment of 400 core, protein-coding genes (Panel A). Bootstrap analysis was performed showing more than 
99% consensus at all branch points except the circled one, where the bootstrap value was 18.1%. Shown is a Circos plot29 of the draft 
B. enterica genome, which was assembled with the use of unmappable reads from shotgun whole-genome sequencing of samples of cord 
colitis (Panel B). The draft genome, which is composed of linear contigs, is represented circularly in the middle track in order of descending 
contig size. A circular contig that probably represents a plasmid similar to that found in bradyrhizobium species BTAi1 was  excluded from this 
representation. On the inner track, dark blue lines that are perpendicular to the circular genome plot indicate genes present in B. enterica 
that are not present in B. japonicum USDA 110. On the outer track, the amino acid sequence identity of each B. enterica protein to its 
closest B. japonicum homologue is represented. In the middle track, each contig is represented by a dark green block, with its borders 
outlined in light green.
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possible because of the inferred high abundance 
of the novel organism and the oligoclonality of 
the microbiome in the samples obtained from pa-
tients with cord colitis. To determine the ratio of 
B. enterica to total bacterial reads in the four index 
samples, we once more performed PathSeq analy-
sis, with the addition of the draft B. enterica ge-
nome to the reference database. The most abun-
dant bacterial reads are presented in Table 2.

In Patient 5, the relative abundance of B. enterica 
reads in the posttreatment sample, as compared 
with the pretreatment sample, obtained from 
Patient 5 decreased by 84.4%. The posttreatment 
sample was obtained 28 days after the initiation 
of antibiotic therapy for the cord colitis syndrome 
(see the Supplementary Appendix for details). 
Similarly, in Patient 11, the relative abundance 
of B. enterica reads in the posttreatment sample, as 
compared with the pretreatment sample, decreased 
by 60.5%. The posttreatment sample was obtained 
44 days after the initiation of antibiotic therapy 
for relapsed cord colitis syndrome. B. enterica was 
the predominant bacterium in all four samples 
(Table 2). The most abundant human viruses 
that were identified on whole-genome sequenc-
ing are presented in Table S2 in the Supplemen-
tary Appendix. 

In contrast to the microbiome of colon sam-
ples from healthy controls30 and samples of nor-
mal colonic tissue obtained adjacent to colorectal 
tumors,18 known intestinal commensals (e.g., Pro
pi onibacterium acnes) were present at a much lower 
level than B. enterica, with the number of P. acnes 
reads ranging from 0.08 to 0.3% of the total num-
ber of B. enterica reads. Cytomegalovirus colitis 
had previously been diagnosed and treated in 
Patient 11. There was no histopathological evi-
dence of cytopathic changes associated with 
cytomegalovirus at the time that cord colitis 
was diagnosed.9 Of note, the number of cyto-
megalovirus reads was low and decreased fur-
ther in the analysis of the second biopsy sample 
(Table S4 in the Supplementary Appendix).

Detection of B. enterica in Controls 
and Additional Patients with Cord Colitis

PCR analysis was performed to investigate the 
differential abundance of B. enterica, as compared 
with total bacteria and total human cells, in pa-
tients with cord colitis as compared with healthy 
controls, patients with colon cancer, and patients 
who had undergone umbilical-cord HSCT and 
had pathologically confirmed GVHD. In addi-

tion to samples from these controls, colon-biopsy 
samples were obtained within 120 days before 
treatment and 200 days after treatment in three 
other patients with cord colitis. Given the very 
limited amount of DNA available in these sam-
ples, quantitative PCR studies were not possible. 
B. enterica was undetectable in all specimens from 
the three types of control tissue (Fig. 3A, 3B, and 
3C). The abundance of B. enterica in colon-biopsy 
samples from three additional patients with the 
cord colitis syndrome was inferred by the intensity 
of the band corresponding to the B. enterica PCR 
product, as compared with the actin PCR product 
(Fig. 3D, 3E, and 3F). According to this qualitative 
measurement, B. enterica was less abundant in sam-
ples obtained before the onset of cord colitis, was 
present in all samples obtained close to the time of 
diagnosis of cord colitis, and in some cases, de-
creased in abundance after antimicrobial treatment.

B. enterica was also detected in samples ob-
tained on stomach and duodenal biopsy from 
three patients with cord colitis (Patients 5, 6, 
and 11) who had upper gastrointestinal tract in-
volvement at the time of diagnosis (see the Sup-
plementary Appendix). Sequencing reads from 
B. enterica were also identified in samples ob-
tained on duodenal and gastric biopsy from a 
patient with colitis after HSCT at Massachusetts 
General Hospital (see the Supplementary Appen-
dix). This patient had some clinical and histo-
pathological features that were consistent with a 
diagnosis of cord colitis.

FISH was used to visualize B. enterica in for-
malin-fixed, paraffin-embedded colon samples 
from patients with cord colitis. Hybridization with 
both universal bacterial and bradyrhizobium 
probes showed the presence of a specific f luo-
rescence signal representing B. enterica within af-
fected tissue (Fig. 3G through 3K). This signal was 
absent in normal colon samples (Fig. 3L and 3M). 
All samples that were examined with the use of 
FISH were counterstained with 4′,6-diamidino-2-
phenylindole (DAPI) to visualize host-cell nuclei.

discussion

Conventional microbiologic tools can be used suc-
cessfully to detect many clinically significant in-
fectious organisms. However, many potentially 
infectious syndromes remain idiopathic. Deter-
mining a candidate causal agent in these diseases 
can be challenging and is often unsuccessful. Sev-
eral observers have predicted that new genomic 
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methods that are sensitive and unbiased may 
illuminate candidate agents in a subset of dis-
eases, as they have in selected circumstances pre-
viously.14-16,31

We used genomic tools to identify a new bac-

terial species, provisionally named B. enterica, in 
samples obtained from a cohort of patients with 
an idiopathic, antibiotic-responsive colitis syn-
drome with distinct histopathological features. 
Without a priori knowledge of the organism, we 

Table 2. Sequencing Reads for the 27 Most Abundant Bacteria in Four Samples from Patients with Cord Colitis
in the Discovery Cohort.*

Organism Sample No.

5b 5c 11b 11d

number of reads

Bradyrhizobium enterica 631,276 119,122 1,669,087 1,360,422

Delftia acidovorans 5,006 7,517 137 39

Stenotrophomonas maltophilia 2,740 3,615 130 50

Other delftia species† 2,103 2,975 371 113

Propionibacterium acnes 1,070 355 5,985 1,087

Bradyrhizobium japonicum 695 180 1,520 1,177

Ralstonia pickettii 678 148 1,295 419

Other bradyrhizobium species 542 110 1,146 887

Pseudomonas mendocina 460 76 1,276 417

Pseudomonas fluorescens 375 76 126 56

Rhodopseudomonas palustris 311 77 627 451

Acidovorax ebreus 208 101 682 290

Xanthomonas campestris 208 97 127 252

Alicycliphilus denitrificans 174 91 300 139

Ralstonia solanacearum 137 26 333 103

Other acidovorax species 123 78 349 174

Mesorhizobium opportunistum 99 94 111 50

Burkholderia gladioli 95 39 409 248

Pseudomonas aeruginosa 89 80 149 39

Methylobacterium radiotolerans 79 99 114 15

Escherichia coli 74 81 472 295

Rubrivivax gelatinosus 67 28 240 177

Other agrobacterium species† 46 11 769 269

Cupriavidus taiwanensis 46 60 29 19

Asticcacaulis excentricus 45 34 289 72

Agrobacterium tumefaciens 22 8 489 135

Fusobacterium nucleatum 8 2 142 217

Rothia mucilaginosa 5 5 313 14

Clostridium difficile 3 1 4 114

Streptococcus sanguinis 3 6 582 3

Lactobacillus reuteri 1 0 433 0

* PathSeq taxonomic classification was performed on all four sequenced samples obtained from Patients 5 and 11 with the in-
clusion of the Bradyrhizobium enterica draft genome in the reference database. Organisms are listed according to their abun-
dance in sample 5b. Additional details regarding the viral reads are provided in Table S4 in the Supplementary Appendix.

† Only one species was identified.
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assembled a novel bacterial genome and candi-
date human pathogen from a specimen of dis-
ease tissue. The unusual lack of diversity in the 
colonic microbiome after HSCT that we noted in 

these samples has been described previously.3 The 
abundance of B. enterica in the samples suggests 
that the syndrome is distinct from other known 
transplantation-associated colitis syndromes. The 
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Figure 3. Abundance of Bradyrhizobium enterica in Samples Obtained from Patients with Cord Colitis, as Compared 
with Control Samples.

B. enterica was more abundant in samples obtained from patients with the cord colitis syndrome (CCS) than in samples 
obtained from healthy controls, patients with colon cancer, or patients with graft-versus-host disease (GVHD). In addition, 
B. enterica was present in colon-biopsy samples from three additional patients with cord colitis. In Panels A through F, 
the top lanes show amplification of a B. enterica target after 35 cycles of a polymerase-chain-reaction (PCR) assay, and 
the bottom lanes show amplification of a human actin target after 35 PCR cycles. A lane containing reagents but no 
DNA (no-template control) is indicated by 0. Shown are results for five healthy control specimens (p1 through p5) 
(Panel A), five colon-cancer specimens (c1 through c5) (Panel B), three colon-biopsy specimens from patients with 
pathologically confirmed GVHD (g1 through g3) (Panel C), and DNA from temporally distinct colon-biopsy samples 
from Patient 4 (4a, 4b, 4c, and 4e) (Panel D), from Patient 9 (9b through 9f) (Panel E), and from Patient 6 (6a and 6b) 
(Panel F). Samples are displayed chronologically. Milestones in therapy for the three patients with cord colitis are indi-
cated by colored arrowheads. Microscopical images of colon tissue obtained from a patient with cord colitis are shown, 
including a section stained with hematoxylin and eosin (Panel G) and a corresponding section (Panels H through K), 
along with colon tissue from healthy controls (Panels L and M) stained with either a universal eubacterial probe (EUB, 
yellow) or a bradyrhizobium-specific probe (Brady) and counterstained with 4′,6-diamidino-2-phenylindole (DAPI, orange).
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organism appeared to be specific to patients with 
cord colitis; it was not present in various controls, 
including patients with intestinal GVHD.

The phylogenetic analysis showed that B. enterica 
was taxonomically related to plant endosymbionts 
such as B. japonicum, a nitrogen-fixing bacterium 
that has been used extensively, along with related 
organisms, in commercial agriculture.32 To date, 
bradyrhizobium species have not been associated 
with human disease. The draft genome of B. enter
ica appears to lack several genes that are critical 
for nitrogen fixation but does code for at least four 
filamentous hemagglutinin genes; these genes 
encode proteins that have been implicated in the 
binding of pathogenic bacteria, such as Bordetella 
pertussis, to human airway epithelium.33 Although 
B. enterica has yet to be cultured and its natural 
habitat has not yet been defined, it may not be 
an institution-specific organism. Our findings, 
though compelling, are insufficient to confirm an 
association between B. enterica and cord colitis. To 
assess the generalizability of such an association, 
future studies will need to focus on the identifica-
tion of patients with cord colitis at other institu-
tions and investigate the microbiome in these 
patients and in controls. We hypothesize that 
variations in institutional HSCT practices proba-
bly affect the composition of the gut microbiome 
and thus the incidence of cord colitis. We antici-
pate that the identification of additional cases of 
this rare disease will require a multicenter effort.

Organisms related to B. enterica have shown di-
rect or inferred sensitivity to fluoroquinolones34 
and metronidazole,35,36 the therapy that was effec-
tive in the treatment of patients with cord colitis 
in the original cohort.9 Genes encoding pyruvate–
ferredoxin oxidoreductase, which are predicted to 
have a critical role in the reduction of metronida-
zole and thus its activity,37,38 are present in the ge-
nome of B. enterica, a finding that supports the hy-
pothesis that B. enterica is the target of metronidazole 
therapy in patients with cord colitis. However, on 
the basis of the available data, it remains possible 
that bacterial clearance over time and resolution 
of symptoms may be the result of maturation of 
the transplanted immune system in affected 

patients and not a direct effect of antibiotic 
therapy.

Although we have not shown that B. enterica is 
the cause of cord colitis,39 we have dem onstrated 
the usefulness of sequencing-based tech nologies 
for the unbiased identification of  previously un-
discovered candidate human path ogens. We an-
ticipate that this reverse microbiology approach, 
in which the discovery of a novel microorganism 
is possible without a priori knowledge of the 
organism or its genome, will allow for the iden-
tification of additional potential pathogens.

Our initial work supports the presence of this 
novel bacterium at the genomic level, but addi-
tional biologic characterization is clearly needed. 
Isolation and culture of B. enterica and the genera-
tion and purification of native or recombinant 
target antigens for antibody development, for ex-
ample, will greatly aid in the determination of the 
medical significance and epidemiologic features of 
this organism. Investigation of the association 
between this organism and known colitis syn-
dromes (e.g., idiopathic human immuno deficiency 
virus–associated diarrheal illnesses, inflammatory 
bowel disease, and the irritable bowel syndrome) 
could be clinically informative. A description of 
the epidemiologic features of B. enterica in nor-
mal and diseased tissues and the identification 
of its natural habitat may lead to a better biologic 
and biomedical understanding of this organism. 
Finally, we must caution that although we have 
suggested a possible association between B. enterica 
and cord colitis, we have not shown that the as-
sociation is the cause or the consequence of the 
clinical syndrome, nor have we shown the gener-
alizability of the association in patients other than 
those in the original, single-institution cohort.
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