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Abstract

Crisp et al. recently reported that 145 human genes
have been horizontally transferred from distant
species. Here, I re-analyze those genes listed by Crisp
et al. as having the highest certainty of having been
horizontally transferred, as well as 17 further genes
from the 2001 human genome article, and find little
or no evidence to support claims of horizontal gene
transfer (HGT).

Introduction
A recent study by Crisp et al. [1] re-examined a claim, ori-
ginally made in the landmark 2001 human genome paper,
that bacteria had horizontally transferred 223 genes into a
vertebrate ancestor of humans [2]. That claim was refuted
soon after the original report [3, 4]. Using an alignment-
based scoring scheme, the study by Crisp et al. [1] re-
ported that 145 human genes, including 17 of those from
the 2001 study, had been horizontally transferred from
distant species. Here, I describe a re-analysis of these 17
genes and of the 28 highest-confidence genes newly
claimed by Crisp et al. [1] to have been horizontally trans-
ferred, taking a more skeptical perspective, and find little
or no evidence to support claims of horizontal gene
transfer (HGT).
Hundreds of eukaryotic genomes and thousands of bac-

terial genomes have been sequenced in the 15 years since
the human genome was published. In their recent report,
Crisp et al. [1] argue that, with the availability of this far
larger collection of genomes, the likelihood of false HGT
findings that are actually the result of gene loss is now
greatly reduced. Their reanalysis, which was based on a
combination of BLAST searches and phylogenetic trees,
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identified hundreds of “foreign” genes in animals; this led
them to claim that HGT “has occurred on a previously
unsuspected scale in metazoans” and that it is a significant
factor in animal evolution.
In this study, I re-examined the claims of Crisp et al. [1]

focusing on the human genes. Instead of using a large-
scale, automated analysis, which by its very nature could
enrich the results for artifactual findings, I looked at each
human gene individually to determine whether the evi-
dence is sufficient to support the conclusion that HGT oc-
curred. An important principal here is that extraordinary
claims require extraordinary evidence: there is no doubt
that the vast majority of human genes owe their presence
in the human genome to the normal process of inheritance
by vertical descent. Thus, if other, more mundane pro-
cesses can explain the alignments of a human gene se-
quence, these explanations are far more likely than HGT.

Results
For my re-analysis, I re-aligned the 17 human genes that
were originally reported as having undergone bacterial-
vertebrate transfer (BVT), a finding that has been rejected
by our work [3] and that of others [4, 5], but re-claimed
by Crisp et al. [1] (Table 1). I found that the evidence does
not support HGT for any of them. (One important point
worth noting here is that Crisp et al. listed some of these
genes as “confirmed” by Salzberg et al. [3]. This was not
the case; our previous study invalidated most of the previ-
ously claimed HGT events, but was not able to dismiss all
of them. Our study made it clear that we did not consider
the presence of the remaining genes to be the result of
HGT events.) Crisp et al. [1] reported a total of 145 hu-
man genes that they claimed to be the result of HGT; 39
of these are labeled in their highest confidence group,
class A. Of these 39, seven are included in the first group
of 17, leaving 32 newly claimed HGT events. I examined
these 32 class A genes (Table 2) and again find no evi-
dence for HGT. A detailed, gene-by-gene description of
these analyses can be found in Additional file 1 and the

© The Author(s). 2017 Open Access This article is distributed under the terms of the Creative Commons Attribution 4.0
International License (http://creativecommons.org/licenses/by/4.0/), which permits unrestricted use, distribution, and
reproduction in any medium, provided you give appropriate credit to the original author(s) and the source, provide a link to
the Creative Commons license, and indicate if changes were made. The Creative Commons Public Domain Dedication waiver
(http://creativecommons.org/publicdomain/zero/1.0/) applies to the data made available in this article, unless otherwise stated.

Salzberg Genome Biology  (2017) 18:85 
DOI 10.1186/s13059-017-1214-2

http://crossmark.crossref.org/dialog/?doi=10.1186/s13059-017-1214-2&domain=pdf
https://genomebiology.biomedcentral.com/articles/10.1186/s13059-015-0607-3
mailto:salzberg@jhu.edu
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/publicdomain/zero/1.0/


Ta
b
le

1
Re
-a
na
ly
si
s
of

17
hu

m
an

ge
ne

s
cl
ai
m
ed

as
ex
am

pl
es

of
ho

riz
on

ta
lg

en
e
tr
an
sf
er

G
en

e
gr
ou

p
nu

m
be

r

En
se
m
bl

ge
ne

ID
G
en

e
na
m
e

Be
st
m
et
az
oa
n,
no

n-
ch
or
da
te

m
at
ch

Be
st
no

n-
m
et
az
oa
n
m
at
ch

Ex
pl
an
at
io
n

Sp
ec
ie
s

Bi
t
sc
or
e

Sp
ec
ie
s

Bi
t
sc
or
e

C
ris
p
et

al
.

Th
is
st
ud

y

1
EN

SG
00
00
01
66
74
3,

EN
SG

00
00
01
83
74
7,

EN
SG

00
00
00
05
18
7,

EN
SG

00
00
01
83
54
9

A
cy
l-C

oA
sy
nt
he

ta
se

m
ed

iu
m
-c
ha
in

fa
m
ily

m
em

be
rs
1,
2A

,3
,a
nd

5

Li
ng

ul
a
an

at
in
a
or

Ap
ly
sia

ca
lif
or
ni
ca

68
6

D
es
ul
fo
to
m
ac
ul
um

th
er
m
oc
ist
er
nu

m
or

D
.k
uz
ne
ts
ov
ii

66
8

Ba
ct
er
ia
lH

G
T

N
o
H
G
T

2
EN

SG
00
00
00
47
45
7

C
er
ul
op

la
sm

in
(fe
rr
ox
id
as
e)

Ex
ai
pt
as
ia
pa
lli
da

(s
ea

an
em

on
e)

89
8

Kl
eb
so
rm

id
iu
m

fla
cc
id
um

(a
lg
a)

54
3

Pl
an
t
H
G
T

N
o
H
G
T

3
EN

SG
00
00
01
07
61
8,

EN
SG

00
00
02
65
20
3

Re
tin

ol
-b
in
di
ng

pr
ot
ei
n
3

N
on

e
St
ac
ke
br
an

dt
ia
na

ss
au
en
sis

15
2

Ba
ct
er
ia
lH

G
T

G
en

e
lo
ss

4
EN

SG
00
00
01
81
01
9,

EN
SG

00
00
01
24
58
8

N
A
D
(P
)H

de
hy
dr
og

en
as
e,

qu
in
on

e
1
an
d
2

L.
an

at
in
a
or

Ca
pi
te
lla

te
le
ta

24
5

Si
no

rh
iz
ob
iu
m

fre
di
i

20
4

Ba
ct
er
ia
lH

G
T

N
o
H
G
T

5
EN

SG
00
00
01
32
74
4

A
sp
ar
to
ac
yl
as
e
(a
m
in
oc
yc
la
se
)
3

Sa
cc
og
lo
ss
us

ko
w
al
ev
sk
ii

26
2

O
sc
ill
at
or
ia
sp
.P
C
C
10
80
2

24
9

Ba
ct
er
ia
lH

G
T

N
o
H
G
T

6
EN

SG
00
00
01
70
96
1,

EN
SG

00
00
01
05
50
9,

EN
SG

00
00
01
03
04
4

H
ya
lu
ro
na
n
sy
nt
ha
se

1,
2,
an
d
3

Pa
pi
lio

xu
th
us

78
Li
ch
th
ei
m
ia
ra
m
os
a

33
3

Fu
ng

al
H
G
T

Ra
te

va
ria
tio

n

7
EN

SG
00
00
01
75
80
6

M
et
hi
on

in
e
su
lfo
xi
de

re
du

ct
as
e
A

Lo
tt
ia
gi
ga
nt
ea

30
2

Pl
eu
ro
ca
ps
a
sp
.P
C
C
73
19

30
6

Ba
ct
er
ia
lH

G
T

N
o
H
G
T

8
EN

SG
00
00
00
95
59
6

C
yt
oc
hr
om

e
P4
50
,

fa
m
ily

26
,s
ub

fa
m
ily

A
,

po
ly
pe

pt
id
e
1

C.
te
le
ta

39
6

G
ei
tle
rin
em

a
sp
.P
C
C
74
07

30
2

Ba
ct
er
ia
lH

G
T

N
o
H
G
T

9
EN

SG
00
00
01
13
79
0

En
oy
l-C

oA
,h
yd
ra
ta
se
/

3-
hy
dr
ox
ya
cy
lC

oA
de

hy
dr
og

en
as
e

L.
an

at
in
a

64
5

Ca
ps
as
po
ra

ow
cz
ar
za
ki

58
2

Pr
ot
is
t
H
G
T

N
o
H
G
T

10
EN

SG
00
00
01
66
53
2

Ri
bo

so
m
al
m
od

ifi
ca
tio

n
pr
ot
ei
n
rim

K-
lik
e
fa
m
ily

m
em

be
r
B

A.
ca
lif
or
ni
ca

14
3

Ki
ta
sa
to
sp
or
a
ch
ee
ris
an

en
sis

19
4

A
rc
ha
ea
lH

G
T

Ra
te

va
ria
tio

n

11
EN

SG
00
00
01
72
50
8

C
ar
no

si
ne

sy
nt
ha
se

1
Cr
as
so
st
re
a
gi
ga
s

61
4

Pe
rk
in
su
s
m
ar
in
us

15
1

Pr
ot
is
t
H
G
T

N
o
H
G
T

C
ol
um

ns
5
an

d
7
co
nt
ai
n
th
e
bi
ts
co
re
s
of

th
e
be

st
BL

A
ST

al
ig
nm

en
t
to

a
ge

ne
fr
om

th
e
sp
ec
ie
s
in

co
lu
m
ns

4
an

d
6.

G
en
e
gr
ou

p
nu

m
be
r
(c
ol
um

n
1)

re
fe
rs

to
th
e
nu

m
be

r
us
ed

in
th
e
m
ai
n
te
xt

Salzberg Genome Biology  (2017) 18:85 Page 2 of 5



Ta
b
le

2
Re
-a
na
ly
si
s
of

ge
ne

s
cl
ai
m
ed

to
be

ne
w
ly
di
sc
ov
er
ed

hu
m
an

ho
riz
on

ta
lg

en
e
tr
an
sf
er
s
(H
G
T)

in
th
e
C
ris
p
et

al
.[
1]

st
ud

y

G
en

e
ID

G
en

e
na
m
e

Re
su
lts

fro
m

C
ris
p
et

al
.[
1]

st
ud

y
Re
su
lts

fro
m

th
is
st
ud

y

H
G
T

in
de

x
So
ur
ce

H
G
T

ta
xo
n

Be
st
no

n-
ch
or
da
te

m
et
a-

zo
an

m
at
ch

Bi
t
sc
or
e

Be
st
no

n-
ch
or
da
te

m
et
a-

zo
an

m
at
ch

M
at
ch
in
g

pr
ot
ei
n
ID

Bi
t
sc
or
e

N
ew

H
G
T

in
de

x

EN
SG

00
00
00
70
26
9

C
14
or
f1
01

33
7

Pr
ot
is
t

B4
LP
G
6

37
Li
ng

ul
a
an

at
in
a

XP
_0
13
40
90
33

56
6

–1
92

EN
SG

00
00
01
02
80
5

C
er
oi
d-
lip
of
us
ci
no

si
s,
ne

ur
on

al
5

84
Pr
ot
is
t

E3
M
ZU

2
39

Lo
tt
ia

gi
ga

nt
ea

XP
_0
09
05
97
70

33
8

–2
15

EN
SG

00
00
01
16
72
1

PR
A
M
E
fa
m
ily

m
em

be
r
1

72
Pr
ot
is
ta

A
8M

VS
2

44
N
o
hi
ts

EN
SG

00
00
01
57
35
8

PR
A
M
E
fa
m
ily

m
em

be
r
15

45
Pr
ot
is
ta

F1
SU

Y5
89

N
o
hi
ts

EN
SG

00
00
02
32
42
3

PR
A
M
E
fa
m
ily

m
em

be
r
6

45
Pr
ot
is
ta

F1
SU

Y5
92

N
o
hi
ts

EN
SG

00
00
01
17
11
5,

EN
SG

00
00
01
42
61
9,

EN
SG

00
00
01
42
62
3,

EN
SG

00
00
01
59
33
9

Pr
ot
ei
n-
ar
gi
ni
ne

de
im

in
as
e,
ty
pe

s
2,
3,
1,
5

46
4

Ba
ct
er
ia

B4
JS
81

45
Pr
ia
pu

lu
s
ca
ud

at
us

XP
_0
14
67
01
76

56
0

–5
1

EN
SG

00
00
01
25
45
8

5′
,3
′-n

uc
le
ot
id
as
e,
cy
to
so
lic

13
5

Ba
ct
er
ia

E3
LP
71

39
Sa
cc
og

lo
ss
us

ko
w
al
ev
sk
ii

XP
_0
06
82
50
56

22
2

–4
8

EN
SG

00
00
02
05
30
9

5′
,3
′-n

uc
le
ot
id
as
e,
m
ito

ch
on

dr
ia
l

10
8

Ba
ct
er
ia

B5
D
JB
4

41
L.
an

at
in
a

XP
_0
13
40
45
49

23
7

–8
8

EN
SG

00
00
01
33
56
1,

EN
SG

00
00
01
33
57
4,

EN
SG

00
00
01
79
14
4,

EN
SG

00
00
01
96
32
9,

EN
SG

00
00
02
13
20
3

G
TP
as
e,
IM
A
P
fa
m
ily

m
em

be
rs
6,
4,
7,
5,
an
d
1

51
Pl
an
t

F1
Q
N
I4

94
Cr
as
so
st
re
a
gi
ga

s
XP

_0
11
43
75
97

20
8

–6
3

EN
SG

00
00
01
36
15
3

LI
M

do
m
ai
n
7

47
Pr
ot
is
t

H
9J
LZ
2

86
S.
ko
w
al
ev
sk
ii

XP
_0
06
81
36
20

26
8

–1
35

EN
SG

00
00
01
36
83
0

Fa
m
ily

w
ith

se
qu

en
ce

si
m
ila
rit
y
12
9,
m
em

be
r
B

74
Pr
ot
is
t

G
6D

B4
6

44
Ac
ro
po

ra
di
gi
tif
er
a

XP
_0
15
77
44
62

11
5

3

EN
SG

00
00
01
40
71
8

Fa
t
m
as
s
an
d
ob

es
ity

as
so
ci
at
ed

97
Pl
an
t

C
9J
4C

3
92

S.
ko
w
al
ev
sk
ii

A
LR
88
58
8

34
2

–1
53

EN
SG

00
00
01
48
28
8

G
lo
bo

si
de

al
ph

a-
1,
3-
N
-a
ce
ty
lg
al
ac
to
sa
m
in
yl
-

tr
an
sf
er
as
e
1

91
Ba
ct
er
ia

A
8Q

E8
7

39
Ci
m
ex

le
ct
ul
ar
is

XP
_0
14
24
03
67
.1

37
93

EN
SG

00
00
01
54
12
2

A
nk
yl
os
is
,p

ro
gr
es
si
ve

ho
m
ol
og

(m
ou

se
)

12
9

Pr
ot
is
t

F5
G
XN

7
90

S.
ko
w
al
ev
sk
ii

XP
_0
06
81
82
12

38
8

–1
69

EN
SG

00
00
01
72
75
7

C
of
ili
n
1

31
Fu
ng

i
B3
S0
K8

80
H
el
ob

de
lla

ro
bu

st
a

XP
_0
09
01
12
17

10
8

3

EN
SG

00
00
01
75
57
3

C
hr
om

os
om

e
11

op
en

re
ad
in
g
fra
m
e
68

60
Fu
ng

i
D
6W

Q
69

48
S.
ko
w
al
ev
sk
ii

XP
_0
02
74
04
03
.1

15
7

–4
9

EN
SG

00
00
01
77
18
1

Ri
bo

so
m
al
m
od

ifi
ca
tio

n
pr
ot
ei
n
rim

K-
lik
e
fa
m
ily

m
em

be
r
A

74
A
rc
ha
ea

E1
G
H
X3

52
Ap

ly
sia

ca
lif
or
ni
ca

XP
_0
12
93
61
56

12
4

2

EN
SG

00
00
02
12
90
7

M
ito

ch
on

dr
ia
lly

en
co
de

d
N
A
D
H

de
hy
dr
og

en
as
e
4
L

69
Pr
ot
is
t

P1
55
54

68
Xe
no

tu
rb
el
la

bo
ck
i

YP
_8
50
98
4

67
71

EN
SG

00
00
02
16
93
7

C
oi
le
d-
co
il
do

m
ai
n
co
nt
ai
ni
ng

pr
ot
ei
n
7

48
Pr
ot
is
t

A
7S
D
V0

64
N
o
hi
ts

EN
SG

00
00
02
42
26
5

Re
tr
ot
ra
ns
po

so
n-
de

riv
ed

pr
ot
ei
n
PE
G
10

52
Fu
ng

i
G
0M

W
G
3

49
N
o
hi
ts

EN
SG

00
00
02
56
06
2

A
BO

bl
oo

d
gr
ou

p
(H
is
to
-b
lo
od

gr
ou

p
A
BO

sy
st
em

tr
an
sf
er
as
e)

84
Ba
ct
er
ia

H
3I
N
K7

37
S.
ko
w
al
ev
sk
ii

XM
_0
06
82
58
40

21
8

–9
7

Th
e
H
G
T
in
de

x,
de

fin
ed

by
C
ris
p
et

al
.[
1]

as
th
e
di
ffe

re
nc
e
in

th
e
be

st
bi
ts
co
re

of
a
BL
A
ST

m
at
ch

to
a
no

n-
m
et
az
oa

n
an

d
a
m
et
az
oa
n
sp
ec
ie
s,
is
sh
ow

n
al
on

g
w
ith

th
e
bi
ts
co
re

of
th
e
be

st
m
et
az
oa
n

m
at
ch
.T
he

be
st
m
et
az
oa

n
m
at
ch

ex
cl
ud

ed
an

y
m
at
ch
es

to
th
e
ph

yl
um

Ch
or
da

ta
fo
r
th
es
e
hu

m
an

ge
ne

s.
A
ll
of

th
e
ge

ne
s
in

th
is
ta
bl
e
w
er
e
re
po

rt
ed

by
Cr
is
p
et

al
.[
1]

as
hi
gh

-c
on

fid
en

ce
(c
la
ss

A
)H

G
T.

Th
e
re
co
m
pu

te
d
H
G
T
in
de

x
(la
st
co
lu
m
n)

is
co
m
pu

te
d
by

su
bt
ra
ct
in
g
th
e
bi
ts
co
re

of
be

st
no

n-
m
et
az
oa
n
fo
un

d
by

C
ris
p
et

al
.[
1]

fr
om

th
at

of
th
e
be

st
no

n-
ch
or
da

te
m
et
az
oa
ns

fo
un

d
by

th
e
ne

w
se
ar
ch
es

re
po

rt
ed

he
re
.“
N
o
hi
ts
”
m
ea
ns

th
at

no
si
gn

ifi
ca
nt

al
ig
nm

en
ts
w
er
e
fo
un

d
to

an
y
no

n-
ch
or
da

te
m
et
az
oa
ns

a F
or

PR
A
M
E
fa
m
ily

m
em

be
rs

1,
6,

an
d
15

,t
he

pr
ot
is
t
al
ig
nm

en
t
fo
un

d
by

C
ris
p
et

al
.[
1]

is
a
fa
ls
e
po

si
tiv

e
ca
us
ed

by
co
nt
am

in
at
io
n.

Se
e
m
ai
n
te
xt

fo
r
de

ta
ils

Salzberg Genome Biology  (2017) 18:85 Page 3 of 5

http://www.ncbi.nlm.nih.gov/protein/585672308?report=genbank&log==rotalign&blast_rank=2&RID=MGJH7DW001R#lnkMGJH7DW001R%23Show%20report%20for%20ref%7CXP_006818212.1%7C


sequences of the genes in Tables 1 and 2 can be found in
Additional file 2.
Of the 17 genes from the original human genome paper

that Crisp et al. [1] claim are true examples of HGT, my
analysis finds that 12 genes fail to pass the authors' own
BLAST-based test for HGT, because their closest metazoan
match has a bitscore that is greater than the best non-
metazoan match (Table 1). Of the 28 genes representing
new claims of HGT (Table 2), 26 fail the initial screen for
HGT candidates, either because they fail the original
BLAST bitscore test, because they represent contaminants
in draft genomes, or because they are known mitochondrial
or retrotransposed genes. The remaining seven genes (five
from Table 1 and two from Table 2) include three close
paralogs (HAS1–3) and thus represent four hypothesized
HGT events. A combination of gene loss and evolutionary
rate variation is more than adequate to explain these genes:
among other reasons, the alignments and bitscores are the
result of screening more than 20,000 human genes, and
one might expect a few genes from this large set to be lost
(or to have evolved slightly more rapidly) in the non-
chordate genomes.
One reason that better BLAST results were found in the

current study could well be that this study used data from
May 2016, whereas Crisp et al.'s study used data from
January 2013. A large number of additional genomes have
been deposited in public archives during the three years
between the two analyses. These species were not available
to the previous study and thus the orthologous genes from
these taxa were missed. Insofar as this explanation is cor-
rect, it strengthens the argument for gene loss as the ex-
planation for the (very few) human genes that still have
better BLAST matches in non-metazoans than in non-
chordate metazoans.
Another factor is that because only non-chordates are

considered, the alignments and bitscores between a hu-
man gene and these very distant relatives are necessarily
quite weak. This distant relationship makes it more
likely that some genes will not be found simply because
the sequence has diverged too much for a pairwise align-
ment to detect it.
This study focuses only on human genes, but recent

claims of high levels of HGT in other animals have also
been reported. The most dramatic claim was the recent
report that up to one-sixth of the genes in the tardigrade
(Hypsibius dujardini) had been laterally transferred from
other species [6], but that claim was quickly shown to be
a false result due primarily to contamination of the gen-
ome assembly [7]. In Crisp et al. [1], contamination
seems to be a likely explanation for the three human
genes (PRAME family members 1, 6, and 15) reported as
high-confidence HGT events, and a closer scrutiny of
other automatically identified HGT candidates might re-
veal other cases. (Contamination has been reported to

create false signals of HGT as far back as 2002 [8].) My
re-examination here suggests that HGT is very rare ra-
ther than widespread in vertebrate genomes, and that
every hypothesized HGT event needs to be subjected to
careful scrutiny.
As we wrote in 2001 [3], “the argument for lateral

gene transfer is essentially a statistical one, necessarily
so because of the inherent impossibility of observing
events that may have occurred in the distant past”.
When searching a large set of genes against an even lar-
ger database, one must recognize that such large-scale,
automated searches will inevitably find unusual results
that include genes that were lost or evolved more rapidly
in multiple lineages. Because HGT is such an unlikely
event, the results of automated searches should be sub-
jected to individual, close scrutiny with an eye toward
explaining them through more mundane processes be-
fore concluding that these anomalies represent novel
biological discoveries. As demonstrated here, a re-
analysis using the latest genome databases shows that
other than the well-known mitochondrial genome trans-
fer and retrovirus-mediated events, no genes have been
horizontally transferred into the human genome.

Methods
Ensembl identifiers for all genes proposed as examples of
HGT were obtained from Crisp et al. [1] and validated by
retrieving them from the Ensembl database (www.ensem-
bl.org). Genomes and protein sequences were obtained
from the National Center for Biotechnology Information
(NCBI; www.ncbi.nlm.nih.gov) and UniProt (www.unipro-
t.org). Protein sequences were aligned individually using
the blastp program and the non-redundant protein data-
base, nr, available through the BLAST server at NCBI
(https://blast.ncbi.nih.gov) or for direct download from
the same source. To aid analysis, searches were run
against the entire database and again with the phylum
Chordata (taxon 7711) excluded from the results, which
did not affect bitscores.
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