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Brucella suis infection was diagnosed in a man from Ton-
ga, Polynesia, who had butchered swine in Oregon, USA.
Although the US commercial swine herd is designated
brucellosis-free, exposure history suggested infection from
commercial pigs. We used whole-genome sequencing to
determine that the man was infected in Tonga, averting a
field investigation.

n August 2013, a man in his 20s from Tonga, Polynesia,
who had moved to the United States in June 2010, was
examined in a hospital in Portland, Oregon, after experi-
encing 4 weeks of fever, night sweats, headache, produc-
tive cough, shortness of breath, and weight loss. He also
reported pleuritic chest pain and abdominal pain radiating
to his back. A computed tomography scan showed lung
and liver abnormalities. Blood cultures grew Brucella suis
biovar 1. After treatment with oral sulfamethoxazole (800
mg 3x/d), trimethoprim (160 mg 3x/d), and doxycycline
(100 mg 1x/d); and intravenous gentamicin (580 mg 3x/d),
the infection resolved. Because Brucella infection is a re-
portable condition in Oregon, the case was referred to the
Oregon Health Authority Acute and Communicable Dis-
ease office, and authority personnel informed the Oregon
Department of Agriculture’s veterinary officials that the
patient had routinely purchased pigs from a local farm for
home slaughter, suggesting the patient may have contracted
B. suis from commercial swine.
The US commercial swine herd is considered to be
free of B. suis; however, B. suis is endemic among feral
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swine and occasionally has infected domestic swine (/,2).
Slaughter surveillance, primarily by using the buffered
acidified plate antigen test, is conducted routinely to iden-
tify such events to prevent the re-establishment of B. suis in
the commercial swine herd and to protect workers.

The Study

Serum from sows culled on the farm in question had been
collected during routine slaughter surveillance. Two weak-
ly positive results during the previous 3 years were inves-
tigated by following the guidelines in the USDA Swine
Brucellosis  Control/Eradication  State-Federal-Industry
Uniform Methods and Rules (3); no brucellosis was con-
firmed. Although feral swine reside in Oregon, none had
recently been reported near the farm.

The case-patient’s lack of exposure to feral swine and
a known exposure to commercial swine required further in-
vestigation. An epidemiologic investigation to evaluate the
commercial herd’s infection status would require testing of
swine on the premises and related farms, and tasks such
as tracing sales from the herd and testing swine possibly
exposed to swine brucellosis by temporary movement of
boars to or from farms for breeding purposes. Such investi-
gations can be costly, especially if there has been extensive
movement of swine in and out of the herd.

Whole-genome sequencing (WGS) and single-nucle-
otide polymorphism (SNP) analyses can provide increased
resolution to identify the source of infections without con-
ducting more expensive field investigations (4). The Na-
tional Veterinary Services Laboratories (NVSL) had im-
plemented WGS and SNP analysis as the primary means of
genotyping B. abortus and Mycobacterium bovis isolates
and applied this information to identify sources of other
outbreaks. Although a project to sequence B. suis isolates
from animals of US origin was in process at the time of this
investigation, few had been sequenced. To rapidly investi-
gate the case in Oregon, laboratory staff from the Centers
for Disease Control and Prevention extracted and provided
DNA from the isolate recovered from the Oregon patient,
and the NVSL sequenced 59 B. suis biovar 1 isolates re-
covered from US-origin animals. Oregon was declared
free of swine brucellosis in 1987 (http://www.oregon.gov/
ODA/programs/AnimalHealthFeedsLivestockID/Animal-
Diseases/Pages/AnimalDiseases.aspx), and the NVSL did
not have archived isolates from Oregon or surrounding
states. Consequently, isolates selected for sequencing were
mostly from the southern United States and had been re-
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covered from domestic swine and cattle during 1993-2013
(online Technical Appendix 1, http://wwwnc.cdc.gov/EID/
article/21/1/15-0843-Techappl.pdf). A few isolates were
selected from dogs, horses, and humans, all of whom,
based on data from epidemiologic investigations, likely
had contact with feral swine.

To obtain the whole-genome sequences, we sequenced
B. suis DNA on a MiSeq instrument (Illumina, San Diego,

CA, USA) using 2x250 paired-end chemistry and the Nex-
tera XT library preparation kit (Illumina), targeting 100%
coverage. FASTQ files from the instrument were put through
the NVSL in-house analysis pipeline (https://github.com/
USDA-VS). Reads were aligned to B. suis isolate 1330
(GenBank Reference Sequence accession nos. NC_017250
and NC 017251) by using BWA (5) and Samtools (6). We
processed BAM files (6) by using the Genome Analysis
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Toolkit best-practice workflow (7). SNPs were called by us-
ing the UnifiedGenotyper from the toolkit, outputting SNP to
variant call files (7—9). Results were filtered by using a mini-
mum Phred (http://www.1000genomes.org/node/101) qual-
ity score (scaled probability of SNP presence) of 300 and al-
lele count of 2. From the variant call files, SNPs gathered
were output in 3 formats: an aligned FASTA file (http://www.
ncbi.nlm.nih.gov/BLAST/blastcgihelp.shtml); a tab-delimit-
ed file with the position location and SNPs grouped and sort-
ed; and a phylogenetic tree created by using RAXML (/0).
We visually validated SNPs using the Integrative Genomics
Viewer (/7). Sequencing files were deposited in the National
Center for Biotechnology Information Sequence Read Ar-
chive (SRA) under the Bioproject PRINA251693 (http://
www.ncbi.nlm.nih.gov/bioproject/?term=PRINA251693;
online Technical Appendix 1).

Initially, as evidenced by the 60 isolates described, the
United States could not be ruled out as a source because of
a lack of resolution. Two approaches were considered to
improve the resolution of the B. suis database: sequence
enough isolates originating in the United States to assess
the likelihood that any US-origin isolate would closely
match, or sequence isolates originating from Tonga and de-
termine whether they were clustered with the isolate from
the case-patient in Oregon. The difficulty in obtaining iso-
lates from representative feral swine throughout the United
States precluded the first option as a viable solution. To
obtain isolates from Tonga, we contacted the Ministry of
Primary Industries in New Zealand for assistance; its staff
members provided DNA from 7 B. suis isolates recovered
from patients who were from Tonga. New Zealand is not
known to have B. suis in its feral or commercial swine pop-
ulations; therefore, humans with diagnoses of B. suis had
likely been infected in another country.

We constructed a maximum-likelihood phylogenetic
tree comprising the Oregon human isolate, the 59 field iso-
lates from the United States, and the 7 isolates from New
Zealand recovered from patients from Tonga (Figure). The
branch labeled as OutGroup_suis3 roots the phylogenetic
tree, and the A node is the most recent common ancestor
(MRCA) for all isolates. Three lineages evolved from the
MRCA. Initially, the Oregon human isolate was the only
representative in its lineage. Without the perspective of
the Tonga isolates, a US source for this isolate could not
be ruled out because it shared the same MRCA as 2 other
lineages occurring within the United States. All additional
Tonga—origin isolates clustered tightly with the Oregon hu-
man isolate share a common ancestor at the B node. The
Oregon human isolate is anchored by 2 additional com-
mon ancestors: C and D. In addition to the phylogenetic
tree, a table displaying divergent SNPs of closely related
isolates, including nucleotide calls and the positions with-
in the genome, was created for transparency and clarity

Identification of Source of B. suis Infection

(online Technical Appendix 2, http://wwwnc.cdc.gov/EID/
article/21/1/15-0843-Techapp2.pdf ). Often, 1 or 2 SNP
calls inform the epidemiology of a case. For example, the
08-924 isolate recovered from a patient in Tonga in 2008
has 1 additional SNP (a thymine at position 1809039 on
chromosome 2) from sharing a common ancestor with the
Oregon isolate.

Conclusions

WGS and SNP analysis effectively concluded that this
case-patient was infected in Tonga and not by swine in the
United States. Thus, widespread testing of domestic swine
was not conducted; agricultural trade continued without
restrictions, and postexposure treatment of contacts par-
ticipating in home slaughter or meat preparation was not
needed. This case also demonstrates the value of and need
for an international database of validated WGS isolates that
can be used by both human and animal health officials in
their respective and collaborative epidemiologic investi-
gations. Finally, this case highlights the benefits of a One
Health (http://onehealthinitiative.com/) approach between
public and animal health, including state, federal, and in-
ternational authorities.
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|dentification of the Source of Brucella suis Infection of a Human by Using Whole
Genome Sequencing, United States and Tonga

Technical Appendix 1

Technical Appendix 1 Table. Characteristics of hosts and Brucella suis isolates from the United States and Tonga

Host Host Host state  Host county Genome
country  country of of or parish of Host Year Bioproject Biosample Mean coverage
Isolate identification/origin of origin _ residence residence residence species  recovered accession no. accession no. SRA run coverage (%)
NVSL_BS1_1330 N/D N/D N/D N/D N/D N/D PRJINA251693 SAMNO03768240 SRR2058923 163.663X 100
B93-0078_FL_Cow USA USA FL Osceola Cattle 1993 PRJINA251693 SAMNO03768289 SRR2058972 178.572X 100
B93-0364_GA_Dog USA USA GA Ben Hill Dog 1993 PRJINA251693 SAMNO03768290 SRR2058973 114.465X 100
B93-0748_HI_Cow USA USA HI Hawaii Cattle 1993 PRJINA251693 SAMNO03768291 SRR2058974 133.207X 100
B93-0820_SC_Swine USA USA SC Richland Pig 1993 PRJINA251693 SAMNO03768292 SRR2058975  148.28X 100
B94-0322_LA_Swine USA USA LA Washington Pig 1994 PRJINA251693 SAMNO03768293 SRR2058976 158.633X 100
B94-0444_TX_Swine USA USA TX Robertson Pig 1994 PRJINA251693 SAMNO03768294 SRR2058977 167.435X 100
B94-0564_OK_Horse USA USA OK Atoka Horse 1994 PRJINA251693 SAMNO03768295 SRR2058978 42.2018X 99.99
B95-0322_AR_Swine USA USA AR Pope Pig 1995 PRJINA251693 SAMNO03768296 SRR2058979 164.585X 100
B95-0512_OH_Dog USA USA OH Lawrence Dog 1995 PRJINA251693 SAMNO03768297 SRR2058980 159.536X 100
B99-1007_TX_Cow USA USA X Kleberg Cattle 1999 PRJINA251693 SAMNO03768298 SRR2058981 114.116X 100
B00-0133_OH_Swine USA USA OH Washington Pig 2000 PRJINA251693 SAMNO03768241 SRR2058924 144.365X 100
B00-0234_OH_Feralpig USA USA OH Washington  Pig, feral 2000 PRINA251693 SAMNO03768242 SRR2058925  156.42X 100
B00-0468_HI_Cow USA USA HI Hawaii Cattle 2000 PRJINA251693 SAMNO03768243 SRR2058926 157.994X 100
B00-0489_FL_Cow USA USA FL Okeechobee Cattle 2000 PRJINA251693 SAMNO03768244 SRR2058927 32.8519X 99.99
B00-0729_TX_Swine USA USA TX Navarro Pig 2000 PRJINA251693 SAMNO03768245 SRR2058928 110.543X 100
B00-0771_AL_Swine USA USA AL Clarke Pig 2000 PRJINA251693 SAMNO03768246 SRR2058929 97.1904X 100
B05-1320_IA_SwineD USA USA IA Louisa Swine 2005 PRJINA251693 SAMNO03768247 SRR2058930 165.883X 100
B05-1324_|IA_SwineD USA USA 1A Louisa Swine 2005 PRJINA251693 SAMNO03768248 SRR2058931 134.984X 100
B05-1325_|A_SwineD USA USA IA Louisa Swine 2005 PRJINA251693 SAMNO03768249 SRR2058932 144.038X 100
B05-1326_IA_SwineD USA USA IA Louisa Swine 2005 PRJINA251693 SAMNO03768250 SRR2058933 144.209X 100
B05-1333_IA_SwineD USA USA IA Louisa Swine 2005 PRJINA251693 SAMNO03768251 SRR2058934 216.366X 100
B05-1335_|IA_SwineD USA USA IA Louisa Swine 2005 PRJINA251693 SAMNO03768252 SRR2058935 146.144X 99.87
B05-1336_IA_SwineD USA USA 1A Louisa Swine 2005 PRJINA251693 SAMNO03768253 SRR2058936 177.157X 100
B05-1338_IA_SwineD USA USA 1A Louisa Swine 2005 PRJINA251693 SAMNO03768254 SRR2058937 109.356X 100
B06-0059_OK_Cow USA USA OK Blaine Cattle 2005 PRJINA251693 SAMNO03768255 SRR2058938 87.2441X 100
B06-0902_TN_Feralpig USA USA TN UNK-NL Pig, Feral 2006 PRJINA251693 SAMNO03768256 SRR2058939 157.207X 99.93
B10-0144_FL_Cow USA USA FL Hardee Cattle, 2009 PRJINA251693 SAMNO03768257 SRR2058940 193.056X 100
Holstein
B10-1082_TX_CowA USA USA TX Kleberg Cattle 2010 PRJINA251693 SAMNO03768258 SRR2058941 219.891X 100
B11-0001_TX_Cow USA USA TX Henderson Cattle 2010 PRJINA251693 SAMNO03768259 SRR2058942 144.575X 100
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Host Host Host state  Host county Genome
country  country of of or parish of Host Year Bioproject Biosample Mean coverage
Isolate identification/origin of origin residence residence residence species  recovered accession no. accession no. SRA run coverage (%)
B11-0093_TX_SwineB USA USA X Titus Pig, 2010 PRJINA251693 SAMNO03768260 SRR2058943 172.609X 100
Hampshire
B11-0171_FL_Cow USA USA FL Hardee Cattle, 2010 PRJINA251693 SAMNO03768261 SRR2058944 211.483X 100
Holstein
B11-0172_TX_SwineB USA USA X Titus Pig, 2010 PRJINA251693 SAMNO03768262 SRR2058945 120.728X 100
Yorkshire
B11-0193_TX_Cow USA USA X Robertson Cattle 2010 PRJINA251693 SAMNO03768263 SRR2058946 165.877X 100
B11-0200_TX_Cow USA USA X Cherokee Cattle 2011 PRJINA251693 SAMNO03768264 SRR2058947 131.654X 100
B11-0203_WI_Human Laos USA Wi N/D Human 2010 PRJINA251693 SAMNO03768265 SRR2058948 182.251X 100
B11-0234_FL_Feralpig USA USA FL Palm Beach  Pig, feral 2011 PRJINA251693 SAMNO03768266 SRR2058949 190.261X 100
B11-0281_FL_Cow USA USA FL Okeechobee Cattle, 2011 PRINA251693 SAMNO03768267 SRR2058950 287.636X 100
Holstein
B11-0438_FL_Cow USA USA FL Pasco Cattle 2011 PRJINA251693 SAMNO03768268 SRR2058951  184.45X 99.99
B11-0440_FL_Cow USA USA FL Hardee Cattle 2011 PRINA251693 SAMNO03768269 SRR2058952 199.548X 100
B11-0443_TX_Cow USA USA X Liberty Cattle 2011 PRINA251693 SAMNO03768270 SRR2058953  215.99X 100
B11-0452_FL_Feralpig USA USA FL Polk Pig, feral 2011 PRJINA251693 SAMNO03768271 SRR2058954 161.119X 100
B11-0460_MS_Feralpig USA USA MS Bolivar Pig, feral 2011 PRINA251693 SAMNO03768272 SRR2058955 187.912X 100
B11-0471_TX_Cow USA USA X Washington Cattle 2011 PRJINA251693 SAMNO03768273 SRR2058956 200.059X 100
B11-0525_HI_Cow USA USA HI Hawaii Cattle, 2011 PRJINA251693 SAMNO03768274 SRR2058957 184.934X 100
Angus
B11-0527_TX_CowA USA USA X Kleberg Cattle 2011 PRINA251693 SAMNO03768275 SRR2058958 124.746X 100
B11-0549_FL_Feralpig USA USA FL Marion Pig, feral 2011 PRJINA251693 SAMNO03768276 SRR2058959 21.9847X 100
B11-0552_TX_CowA USA USA X Kleberg Cattle 2011 PRINA251693 SAMNO03768277 SRR2058960 175.004X 100
B11-0566_TX_Cow USA USA X Mason Cattle 2011 PRINA251693 SAMNO03768278 SRR2058961 43.4882X 99.99
B11-0586_FL_Feralpig USA USA FL Hillsborough  Pig, feral 2011 PRJINA251693 SAMNO03768279 SRR2058962 196.554X 100
B11-0603_TX_CowC USA USA X Hildago Cattle 2011 PRINA251693 SAMNO03768280 SRR2058963 131.457X 100
B12-0577_TX_CowC USA USA X Hidalgo Cattle 2012 PRINA251693 SAMNO03768281 SRR2058964 309.082X 100
B12-0598_TX_CowA USA USA X Kleberg Cattle 2012 PRJINA251693 SAMNO03768282 SRR2058965 145.342X 100
B12-0604_TX_Cow USA USA X Washington Cattle 2012 PRINA251693 SAMNO03768283 SRR2058966 158.646X 100
B12-0608_FL_Cow USA USA FL Hardee Cattle, 2012 PRINA251693 SAMNO03768284 SRR2058967 172.491X 100
Holstein
B13-0195_TX_Feralpig USA USA X Houston Pig, feral 2013 PRINA251693 SAMNO03768285 SRR2058968 181.158X 100
B13-0198_TX_Feralpig USA USA X Houston Pig, feral 2013 PRINA251693 SAMNO03768286 SRR2058969 197.406X 100
B13-0216_TX_Dog USA USA X Wood Dog, 2013 PRJINA251693 SAMNO03768287 SRR2058970 171.956X 100
American
bulldog
B13-0219_OR_Human Tonga USA OR N/D Human 2013 PRJINA251693 SAMNO03768288 SRR2058971 207.254X 100
B13-0257_TX_Swine USA USA X Houston Pig 2013 PRINA251693 SAMNO03768299 SRR2058982 144.993X 100
B13-0260_OK_Dog USA USA OK Canadian Dog 2013 PRJINA251693 SAMNO3768300 SRR2058983  168.06X 100
79-0349NZ_Tonga_Human Tonga New N/A N/A Human 1979 PRJNA251693 SAMNO03768301 SRR2058984 192.373X 100
Zealand
78-1616NZ_Tonga_Human Tonga New N/A N/A Human 1978 PRINA251693 SAMNO03768302 SRR2058985 167.943X 100
Zealand
07-1318NZ_Tonga_Human Tonga New N/A N/A Human 2007 PRINA251693 SAMNO03768303 SRR2058986 177.514X 99.99
Zealand
07-1559NZ_Tonga_Human Tonga New N/A N/A Human 2007 PRJINA251693 SAMNO03768304 SRR2058987 173.205X 100
Zealand
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Host Host Host state  Host county Genome
country  country of of or parish of Host Year Bioproject Biosample Mean coverage
Isolate identification/origin of origin residence residence residence species  recovered accession no. accession no. SRA run coverage (%)
08-583NZ_Tonga_Human Tonga New N/A N/A Human 2008 PRJINA251693 SAMNO3768305 SRR2058988 177.836X 100
Zealand
08-924NZ_Tonga_Human Tonga New N/A N/A Human 2008 PRJINA251693 SAMNO03768306 SRR2058989  151.22X 100
Zealand
13-908NZ_Tonga_Human Tonga New N/A N/A Human 2013 PRJINA251693 SAMNO03768307 SRR2058990 208.926X 100
Zealand

N/D, no data available; N/A, not applicable.
Sequencing files were deposited in the National Center for Biotechnology Information Short Read Archive under the Bioproject PRINA25169.
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