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HGT vs. Gene loss
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Detecting gene loss using the gene trees and species tree
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Initial sequencing and analysis of the
human genome

International Human Genome Sequencing Consarliom *

aire Forad ar

rfu -,rslrxunra Feige 1r

The human genome holds an extraordinary trove of information about human development, physiology, medicine and evolution.
Here we report the results of an indernational collaboration to produce and make freely available a draft sequence of the human
genome. We also present an initial analysis of the data, describing some of the insights that can be gleaned from the sequence.

Hundreds of genes appear to have
resulted from horizontal gene transfer
from bacteria...
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zontal gene transfer from bacteria.

S . The human genome sequence revealed Pseudomonas
GEHES |05t durlng 113 genes that share a high degree of
E'd’0|l.lti0n identity with bacterial genes, bul are absent —— Dictyastelivim
in the completely sequenced genomes
7% ne of the main conclusions presented  of  Caenorhabditis — elegans,  Drosophila ;
m by the International Human Genome  melanogaster, Saccharomyces cerevisiae and 18 Om MAO
o Sequencing Consortium  is  that  Arabidopsis thaliana'. Do these genes repre-
“"hundreds of genes appear to have resulted  sent examples of horizontal gene transfer S Hs MAD-B
from horizontal gene transfer from bacteria  from bacteria to the vertebrate lineage, or ——100 100
at some point in the vertebrate lineage™.  were they present in both prokaryotes and
We naticed that a significant proportion  early eukaryotes, but subsequently lost RnMAO-B
ol these human genes have closely related  from all non-vertebrate  eukaryotic a5
orthologues in the primitive eukaryote lineages? Although this latter possibility Hs MAO-A
Dictvostelium. This observation supports may seermn unlikely, we recently identified a o
independent gene loss in multiple lineages  gene in Dictvostelium that is clearly an 5 100
(worm., fly, yeast, plants) rather than hori-  orthologue of the gene that encodes soluble ——— Kn MAD-A
Within the group of 113 genes proposed
to have entered the human genome by hori-
zontal gene transfer from bacteria, we have ) o
identified at least 11 that probably arose SyRAGIOkISHS
through normal evolution with gene loss in |58 _
several lineages, suggesting that gene loss is Micrococcus
not a rare event. With several ongoing 60
genomic  sequencing  projects  for  lower Mycobacterium

eukaryotes, it will be interesting to see how
marny genes have truly undergone horizontal
transler.

Figure 1 Phylogenetic analysis of monoamine cxidase (MAQ).
Numbers indicate values of bootstrap analysis (m=100). Hs,
Homo sapiens, Rn, Raftus norvegicus (rat); Om, Oncorhynchus
miykiss (rainbow trout)

Nature, 2001 411:1013-1014

Whole genome of
Dictyostelium discoideum




HGT iIs common to organisms at “higher” levels
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Rafflesia is a parasitic flowering plant,
and has no stems, leaves or true roots



Host-to-Parasite Gene Transfer in
Flowering Plants: Phylogenetic
Evidence from Malpighiales

Charles C. Davis'® and Kenneth J. Wurdack?

Horizontal gene transfer (HGT) between sexually unrelated species has recently
been documented for higher plants, but mechanistic explanations for HGTs have
remained speculative. We show that a parasitic relationship may facilitate HGT
between flowering plants. The endophytic parasites Rafflesiaceae are placed in
the diverse order Malpighiales. Our multigene phylogenetic analyses of Mal-
pighiales show that mitochrodrial (matR) and nuclear loci (185 ribosomal DNA
and PHYC) place Rafflesiaceae in Malpighiales, perhaps near Ochnaceae/
Clusiaceae. Mitochondrial nad18-C, however, groups them within Vitaceae,
near their obligate host Tetrastigma. These discordant phylogenetic hypotheses
strongly suggest that part of the mitochondrial genome in Rafflesiaceae was
acquired via HGT from their hosts.

Two conflicting hypotheses about the
phylogenetic placement of Rafflesiaceae

A matR, PHYC. 185

B nadiB-C

o
N




Massive horizontal transfer of mitochondrial genes e S

from diverse land plant donors to the basal
angiosperm Amborella

Ulfar Bergthorssont, Aaron 0. Richardson, Gregory ). Young, Leslie R. Goertzent, and Jeffrey D. Falmer®
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Department of Biology, Indiana University, Bloomington, [N 474053700

Contributed by l=ffrey D, Falmer, Nowenber9, 2004

sengeral plants are known to have acquired a single mitochondrial
gene by honzontal gene transfer (HGT), but whethar these or any
other plants have acquired many forelgn genes |s entirely unclear,
To address this gquestion, we focusad on Amborella vikhopoda,
because 1twas already knowen to possess ons horlzontally acguired
gene and becausa 1twas found In preliminary analyses to contaln
seogeral more, We comprehenshvely sequenced the mitochondrial
protein gene set of Amboralla, sequenced a varnable numbsar of
mitochondrial genes from 28 other diverse land plants, and con-
ducted phylogenatc analyses of thess sequences plus those al-
ready avallable, including the free sequancad mitochondrial ge-
nomes of anglospenms. Results Indicate that Amborefla has

Materials and Methods

Wi nsed primers for conserved regions of angiosperm mito-
chondrial genes inan attempt to PCR-amplify and sequence all
mitcchondrial protein genes from A srichepoda (primer =se-
quences available on request). Many Amborella Teactions pro-
docod mmltiple bands, belerogeneons se quence, or unreadabla
saquence; Lhese were cloned, and multiple (usually cight} clones
wire saquenced. This process yielded portions of 27 penes. We
then nsed POR o amplifty and sequnence as mamy of these 27
menes as possible, plus the foor genes already sequenced from
Armborefla mIDMNA, from 13 other angiosperms (soe 5. which
is published as supporting information on the PNAS we b site, for

Takukin
Anihoceros
Marchantia

nad6

34— H

z
Agave Philodendran
Hymphaca ia

acgjulred one or more coples of 20 of Its 31 known mitochonddal — qe gnd sources) and three gymnosperms. For each of thess 2 Phicendron
protein genas from other land plants, for a total of 26 forelan — plyng we carried out &1 PCRs with conserved mitochondrial fiarcnia il
genes, whersas no evidence for HG1_' was found In the fre primers. Selected genes were amplified and sequenced from 12 Amborella «— —hcaruth
sequencad genomes. Most of the Ambovelia wansfers are from o ygang) nona perms. PCR was performed under the Zam Lirigdlsndron

ather anglosparms (especlally eudicots), whearaas others are from
nonanglosparms, Including st striking cases of transfer fram (at
lzast three different) moss donors, Most of the transferred genes

Following conditions: 957 for 2 min, 35 cycles of 95°C for 30 =,
557 or 32°C for A s, T2°C for 2min, and 72°C for 5 min POR
products were cleaned by using 2 pl of FxoSAP-TIT (United

Zamia
Angiopteris
Psilatum

m
mhborella <— H

) iy
orellz
Corsinia | 57 100—— Pinus
3 Lunularia Marchaniia \— Zamia
Larchantia el T
o L e d':r!: e
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Fig. 1. Phylogenetic evidence for horizontal acquisition of genes from mosses and angiosperms in Amborelia. Shown are ML trees. Bootstrap values {100 ML
replicates) =50% are shown. HandV indicate Amborelfa genes of putatively horizontal and vertical transmission, respectively. Amborelia genes are in red, core
eudicot genes are in blue {basal eudicots commonly included are Platanus, Eschschalzia, and Mahaonia), and maoss genes are in green. Note that for nao?, cox2,
and naok, seed and nonseed plants were analyzed separately. Scale bars correspond to 0.01 substitutions per site.

are Intact, conslstentwith functional ity and/or recency of transfer.
Amboraifa mtDHE has sustained proportonately more HGT than
any other eukaryotlc, or perhaps even prokaryotic, genoms yat
examinad.

Palyiric!
States Bicchemical). Sequences were generated by using an AR Marchantia
A730 (Applied Bicsyslems). Sequence iraces were asse mblad and
trimmad by nsing CORONOODE ALIGNER 1.3.2.

Sequences were aligned by nsing either BIOEDIT or SE-AL

Ambaorella
Garovaglia

Thuidium
E — — Amborella
Brachythecium

Hookena
— Amborella

nadd> «— HGT
nad5
nadb
cox? «— HGT
nads

a0
g2 nad5
= I nad7 < HGT

Fig. 2.  Amborella acquired three genes from different moss donors. The
solid parts of the cladogram and nonparenthetical bootstrap values are from
the nad5 intron phylogeny of Fig. & The dashed lines and other bootstrap
wvalues indicate the relationship to the indicated mosses of the moss-derived
coxd and nao? genes of Lmboralla, as per the coxd gene tree of Fig. 1andthe
nady intron tree of Fig. &.
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Fig. 4. A. trichopoda leaf from a cloud forest at Massif de "Aocupinié
(Province Mord in Mew Caledonia) at 8071 m altitude. MNote the greenish
bryophyte {livervwort) grovwth covering the leaf tip, and the small spots of
lichens and other epiphytes elsewhere on the leaf. Photograph courtesy of
Sean Graham, Centre for Plant Research, University of British Columbia,
Wancouwver.



Gene ira nsfer from
parasmc to host plants

% lant mitochondrial genes are transmit-
"ted horizontally across mating barriers
w[th surprising frequency, but the
mechanism of transfer is unclear. Here we
describe two new cases of horizontal gene
transfer, from parasitic flowering plants to
their host flowering plants, and present
phvlogenetic and biogeographic evidence
that this occurred as a result of direct physi-
cal contact between the two. Our findings
complement the discovery that genes can be
transferred in the opposite direction, from
host to parasite plant’.
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Figure 1 Phylogenetic evidence for two horizontal transfer events of the gene aip7 into Plantage (blue). Seven Plantage atpl genes at the
top of the maximum-likelinood tree are intact, vertically transmitted, and rapidly evolving (scale reduced by 80%). The other two sets of
Plantago atp1 genes are pseudogenes (¢ acquired from parasitic plants in the Orobanchaceae (red) and Convalvulaceae (green). Boot-
strap values of aver 50% are shown. For methods, see supplementary information.

Figure 2 A parasitic dodder (Cuscoia calfornica) in flower, with its
haustoria penetrating a host tomato plant.
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Horizontal gene transfer of the algal nuclear gene
psbO to the photosynthetic sea slug Elysia chlorotica
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The sea slug Elysiz chiorotica acquires plastids by ingestion of its
algal food source Waucheria litorea. Organelles are sequestered in
the mollusc's digestive epithelium, where they photosynthesize
for months in the absence of algal nudeootoplasm. This is per-
plexing because plastid metabolism depends on the nudesar ge-
nome for =80% of the needed proteins. Two possible explanations
for the persistence of photosynthesis in the sea slug are (i} the
ability of V. litorea plastids to retain genetic autonomy andfor (i)
more likely, the mollusc provides the essential plastid proteins.
Under the latter scenario, genes suppeorting photosynthesis hase
be=en acquired by the animal wia horizontal gene transfer and the
encoded proteins are retargeted to the plastid. We sequenced the
plastid gencme and confirmed that it lacks the full complement of
genes required for photosynthesis. Im support of the second
scenario, we demonstrated that a nuclear gene of oxygenic pho-
tosynthesis, pshO, is expressed in the s=a slug and has integrated
inte the germline. The source of psbO in the sea slug is V. litorea
because this sequence is identical from the predator and prey
genomes. Evidence that the transferred gene has integrated into
sea slug nuclear DMA comes from the finding of a highly diverged
psb0 3¢ flanking sequence in the algal and mollusc nuclear homo-
logues and gene absence from the mitechondrial genome of E.
chloratica. We demonstrate that foreign organslle retention gen-
erates metabolic nowvelty ("green animals™) and is explained by
anastomosis of distinct branches of the tree of life driven by
predation and horizontal gens transfer.

200, Most of these latter examples are associated with parasitism or
phagotrophy, including the elegant swidies of HGT from the
ce-profteobacteria Wolbachis (o insects and nematodes (16-18), and
the finding of rhizobialdike genes in plant parasitic nematodes (19,
200, The exchange of genatic material between two eukaryolss is
extremely rare, or at least not well documented to date. The
best-studied cases include the transfer of mitochondrial TNA from
achlorophyllous or epiphytic plants to the mitochondrial genome
(mtDMAY of their dosely related photosynthetic hosts (21), the
exchange of transposons berween two animal (22 or two plant {273)
species, and the presence of plant genes in plant parasitic nematodes
(in addition to the rhizobial genes discussed previously), which are
hypothesized to be “defense™ genes whose products protect the
parasite from host detection (20).

The sacoglossan mollusc (sea slug) Elvsia chilorofica represents
a unique model system to study the potential for interdomain
HGT between two multicellular eukaryotes—in this case, from
a filamentous secondary (heterokont) alga (Maucheria ltorea ) 1o
a mollusc. This emerald green sea slug owes its coloring and
photosynihetic ability o plastids acquired during herbivorous
feeding (24-29). The plastids do not undergo division in the sea
slug and are sequesterad intracellularly in cells lining the finely
divided digestive divernticula. The plastids continué to carry out
photosynihesis, providing the sea slug with energy and carbon
during its approximately 10-month life span (27, 28). Long-term
plastid activity continues despite the absence of algal nuclei (27,
29y, and hence a source of nudear-encoded plastid-rargered




Vaucheria litorea
chloroplast genome
115,341 bp
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Cistanche deserticola ?

Haloxylon ammodendron
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Complete Chloroplast Genome Sequence of Holoparasite
Cistanche deserticola (Orobanchaceae) Reveals Gene
Loss and Horizontal Gene Transfer from Its Host
Haloxylon ammodendron (Chenopodiaceae)

Xi Li'®, Ti-Cao Zhang'®, Qin Qiao’', Zhumei Ren?, Jiayuan Zhao', Takahiro Yonezawa’,
Masami Hasegawa', M. James C Crabbe3, Jiangiang Li**, Yang Zhong'**

1 Ministry of Education Key Laboratory for Biodiversity Science and Ecological Engineering, School of Life Sciences, Fudan University, Shanghai, China, 2 College of Life
Science and Technology, Shanxi University, Taiyuan, China, 3 Faculty of Creative Arts, Technologies and Science, Institute of Biomedical, Environmental Science and
Technology, University of Bedfordshire, Luton, United Kingdom, 4 Wuhan Botanical Garden, Chinese Academy of Sciences, Wuhan, China, 5 Institute of Biodiversity
Science and Geobiology, Tibet University, Lhasa, China

Abstract

Background: The central function of chloroplasts is to carry out photosynthesis, and its gene content and structure are
highly conserved across land plants. Parasitic plants, which have reduced photosynthetic ability, suffer gene losses from the
chloroplast (cp) genome accompanied by the relaxation of selective constraints. Compared with the rapid rise in the
number of cp genome sequences of photosynthetic organisms, there are limited data sets from parasitic plants.

Principal Findings/Significance: Here we report the complete sequence of the cp genome of Cistanche deserticola, a
holoparasitic desert species belonging to the family Orobanchaceae. The cp genome of C deserticola is greatly reduced
both in size (102,657 bp) and in gene content, indicating that all genes required for photosynthesis suffer from gene loss
and pseudogenization, except for psbM. The striking difference from other holoparasitic plants is that it retains almost a full
set of tRNA genes, and it has lower dN/dS for most genes than another close holoparasitic plant, E. virginiana, suggesting
that Cistanche deserticola has undergone fewer losses, either due to a reduced level of holoparasitism, or to a recent switch
to this life history. We also found that the rpoC2 gene was present in two copies within C. deserticola. Its own copy has much
shortened and turned out to be a pseudogene. Another copy, which was not located in its cp genome, was a homolog of
the host plant, Haloxylon ammodendron (Chenopodiaceae), suggesting that it was acquired from its host via a horizontal
gene transfer.
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Rhus gall aphids and their host plants: a case study




Rhus gall aphids and their lifecycles

known as Woo-pei-tsze (Ff%F) or Chinese gall

specially refer to the aphid group parasitizing on Rhus species
to induce galls

economically important in Asia as traditional medicines as
well as sources of industrial tannin

lifecycles with alternating sexual and parthenogenetic
generations

unique in alternating hosts with Rhus species as primary
(summer) and mosses as secondary (winter) hosts

Aphid-Rhus association: at least 48 million years according to
fossil and biogeographic evidence (Moran, 1989)



Diversity of parasitic-host relationships

Rhus gall aphid

No of secondary hosts

Primary host

Schlechtendalia | S. chinensis 13

S. peitan 5

N ibofushi NA Rhus chinensis
Nurudea N. shiraii 8

N. yanoniella NA
Floraphis F. meitanensis 1 Rhus punjabensis

F. choui NA

K. rhusicola 1 Rhus potaninii
Kaburagia K. r. ovatirhusicola 2

K. r. ovogallis 12

K. r. ensigallis 14 Rhus punjabensis
Meitanaphis M. elongallis 4

M. flavogallis NA

M. microgallis NA Rhus potaninii
Melaphis M. rhois 1 Rhus typhina

Rhus glabra

From Zhang(1999) and Eastop and Hille Ris Lambers (1976)
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Phylogenetic analyses

Strict consensus tree

90 Mettanaphis elongallis
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100 Floraphis mettanensis
Floraphis chout
Schlechtendalia peitan

Melaphis rhets

Melaphidina
63

Fordini

100

96

Schlechtendalia chinensis

—
Nurudea b fushi

1134 Rhus chinensis

i: Kaburagia rhusicola ovogalli

Kaburagia rhusicola
1194 Rhus chinensis

I: Kaburagia rhusicola ensigalll

Nurtndea shiraii

Kaburagia rhusicola ovatirhius

80

62 Smynthurodes betae
Fordina /C Forda riccobonii

98

L: Pemphigus monophagu
1125 Rhus chinensis

Thecabius affinis

Prociphilus fraxinifal
62 — Aphis spiraecola

| I— Schizaphis graminim

100 Hormaphis cornu
{ Harmaphis similibetulae

Hamamelistes spinosus

 “Insertion” of one copy in Rhus taxa

Into the aphids tree

spryyche| (es-swpy

Strict consensus tree

62

Rhus potaninii

Rhus punjabensis

Rhus chinensis 1134 ——

Rhus chinensis 1125

Rhus chinensis 1194 ——

Rhus chinensis 1

Rhus chinensis2 ———

Rhus glabra

Rhus typhina

Pistacia chinesis

with HGT

without HGT

» Another copy is still in Rhus group



Questions and Hypothesis

Samples:

Year 1:

o Seedlings: 200 individuals

e Adult Leaves: 55 individuals
5% frequency for HGT

Year 2:
e Seeds: 370 individuals
o Seedlings: 180 individuals

Year 3:

* Repeated samples: 200 individuals

* Gene transfer or (mt) Genome transfer?



Detecting HGT with

next generation sequencing technology

Horizontal Gene Transfer by the
Parasitic Plant Striga hermonthica

Satoko Yoshida," Shinichiro Maruyama,® Hisayoshi Nozaki,® Ken Shirasu™*

orzontal gene transfer (HGT) plays an
Himpumm[ role in genome evolution (). In
plants, the majority of reported cases of
HGT have been hmited to exchanges between
plants and microbes, mitochondnial transfer, or the
translocation of mobile clements among related
species (7). Parasitic plants are known to be vec-
tors of mitochondrial HGT, but it has been unclear
whether they also mediate nuclear HGT (1, 2).
Striga hermonthica (Del) Benth. is a devas-
tating parasitic plant that infests members of the
grass family (Poaceae), including major crops
such as sorghum (Sorghum bicolor) and rice
(Oryza sativa). S. hermonthica belongs to the
eudicot Orobanchaceae family of the order
Lamiales (fig. 81) (3) and only infects monocot
plants. Thus, we reasoned that we may be able to
detect nuclear HGT, if it occurs, by identfying
monocot-specific genes in the hermonthica
genome. From a large-scale expressed sequence
tag analysis of S hermonthica (4), we found one
gene, designated ShContig 9483, which shows high
similarity to genes in sorghum and nice but has no

homologs m eudicots (fig. S2A and table S1) (5).
Southem blot analysis revealed ShContig 9483
cross-hybridzmtion signals from sorghum, and rice
to a lesser extent, reflecting its lower similarity,
whereas no signals were detected from other
closely related plants n Orobanchaceae nor from
any nonparasitic eudicots (fig. S2B). This indi-
cates that ShConfig9483 most likely ongmated m
the monocots before its transfer w0 S. hermonthica.

ShContigh483 encodes a 4d8—amino acid pro-
tein with unknown finetion. Phylogenetic anal
of ShContig9483 and related protem-coding
quences clusters 8. hermonthica with sorghum (Fi
1A). Ths tree conflicts with the phylogenetic posi-
ton of Striga (3), suggesting that S hermonthica
acquited ShConfigf483 from sorghum or a related
grass spocies. The S. hermonthica genomic regaon
contaning ShConig 9453 resides near a nuclear
gene encoding a putative cispreny rmsferase (fig.
S3A). In contrast to ShConfig9483, this putative
as-prenyltinsferase gene ffom S hemonthica
clugters with genes ffom other eudicot species
(fig. S3B).

The genomic sequences of the sorghum homo-
logs show simil to the ShConti 3 locus
from about 150 base pairs (bp) up- and 800 bp
downstream of the putative open reading frame
(ORF), except forseveral insertions and deletions
(Fig. 1B and fig. S4). The similanty to homologs
from Bradppodien and nice covers a shorter re-
mion with lower identities (Fig. 1B). The high con-
servation of sequence between 8. hemonthica and
sorghum outside the ORF suggest that transfer
was a relatively recent event. Indeed, a sequence
highly similar to ShConrig9483 was found i
& gesnerioides but not in Crobanche minor,
which is from a closely related genus (figs. S2B

and S5). These daa suggest that ncorporation of

the ShConfig9483 fragment occurred before spe-
cation of 8 hemonthica and 8. gesnerioides but
after differentiation of the genera Srriga and
Orobanche. Parasitic plants form an invasive or-
gan called a haustorium, which intercormeets ther
vasculature with thatoftheir hoss to allow transfer
of nutrients, water, and even mRNAs (2). Thus,
one possibility 15 that ShConfig9483 was ongi-
nally captured by 5. hermonthica as mRNA or
cDNA. Interestingly, we found 13 consecutive
adenine (A) nucleotides at the 3" end of the
ShContig9483 genomic region (fig. $4). This se-
quence may be indicative of a poly-A tail added o
a transcriptional unit of the orgnally ransferred
gene. In any case, our comparaive genomics anal-
ysis of a eudicot parasite and its monocot hosts
presents a clear case for nuclear HGT. Because
the method used 1n this study 1s lmited to the

Striga hermonthica ShContig9483
Sorghum bicolor Sb0015s004030

Sorghum bicolor Sb01g013250
Brachypodium distachyon Bradi2g36840
Brachypodium distachyon Bradi1lg00410
Oryza sativa LOC_Os01g56900

Triticum aestivum TAS0821_4565

Oryza sativa LOC_0Os07315430

Oryza sativa LOC_Os06g50870

Oryza sativa LOC_Os10g32020

" 0.1 i
B ORF
13zz I 34 513 ance
ShContigo483 | | 1L ]

Sb01g013250

ATe8
Sb0015s004030 [ |

4371

Bradilgoo41o [ |

LOC_Os01g56000

Yoshida et al. 2010, Science April 15
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What's new!

® The evolving story of rice evolution

® Intra-population genetic diversity of two wheatarass species along altitude gradient on the
Qinghal-Tiketan Plateau: its implication far conservation and utilization

® PlantInvasions in China: What |s to Be Expected in the Wake of Econamic Development?

@ Altered ecogystern carbon and nitrogen cycles by plantinvasion. a meta-analysis

® Genome-wide identification and evolutionary analysis ofthe plant specific SBP-boy transcription
factor family

@ Duplication and functional diversification of HAP2 genes leading o the origin of the seed-
developmental regulatory gene, LEAFY COTYLEDON1 (LEG1), in nonseed plant genames

® Association study of variants in two lon-channel genes (TSC and CLCNKB) and hypertension in
two ethnic groups in Mothwest China

Welcome to Institute of Biodiversity Science and Geobiology, Tibet University
in Lhasa & Center for Evolutionary Biology, Fudan University in Shanghai !
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