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Expressed sequence tags (ESTs) for the basal angiosperms Amborella trichopoda (Amborellaceae) and the
water lily Nuphar advena (Nymphaeaceae) have proven valuable in identification of gene pairs to study the
timing of duplication events relative to the most recent common ancestor (MRCA) of all extant angiosperms.
Here we discuss how ESTs for these taxa are also useful for deducing gene families that were present in
the MRCA of all flowering plants. For example, 4,572 gene clusters identified in an analysis of the rice and
Arabidopsis proteomes contained putative orthologs of Amborella or Nuphar. Homologs of many develop-
mentally important genes were identified from Amborella or Nuphar in these gene clusters. This number
of ancestral genes is expected to increase as the number of Amborella and water lily ESTs increases. Genes
found unduplicated in the rice and Arabidopsis genomes may be especially useful for phylogenetic analyses
including diverse angiosperm lineages. We identify 595 of these single copy genes with putative orthologs in
Amborella or Nuphar. Phylogenetic analysis of one of these nuclear single-copy genes encoding the enzyme
carboxymethylenebutenolidase yields a topology that places Amborella and Nuphar as the sisters to all other
extant lineages of angiosperms and is generally consistent with current angiosperm phylogenies based mainly
on chloroplast, mitochondrial, and nuclear ribosomal sequences.
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Since their introduction, expressed sequence tags
(ESTSs) have proven to be the most efficient way to char-
acterize the expressed gene set in plants and other or-
ganisms. The initial utility of ESTs, and still their most
common use, is to leverage research within a species,
such as genome mapping, gene and genome annotation,
estimation of the number of expressed genes (Wang &
al., 2005), building microarrays for expression analy-
sis, and finding genes associated with particular traits.
Although most ESTs are derived from model and crop
species in the Poaceae and core eudicots, the avail-
ability of large EST sets from a diverse array of angio-
sperms (215 have over 5,000 ESTs; see http:/plantta
tigr.org/) has enabled a wide range of analyses that focus
on the utility of ESTs for comparative studies in these
plants. These studies include analyses of gene families in
multiple organisms (Kim & al., 2004, 2005, 2006; Zahn
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& al., 2005a, b, 20064, b; Yoo & al., 2006); comparative
studies of genome history and duplication (Blanc & Wolfe,
2004; Cui & al., 2006; Schlueter & al., 2004); and the
identification of nuclear genes for phylogenetic analysis of
organismal relationships (De la Torre & al., 2006; Whit-
tall & al., 2006).

Amborella trichopoda Baill. is a small, evergreen,
dioecious shrub endemic to the island of New Caledo-
nia and the sole living representative of the monotypic
Amborellaceae (Stevens, 2001). Nuphar advena (Aiton)
W.T. Aiton is a member of the water lily family (Nympha-
eaceae) and is commonly known as spatterdock or yellow
pond lily, with a geographic range extending throughout
eastern North America (Wiersema & Hellquist, 1997).
Nuphar advena has a genome size of 2,772 MB/1C, while
that of Amborella trichopoda is only 870 MB/1C (Cui
& al., 2006). Nearly all molecular phylogenetic studies
have placed Amborella and Nymphaeales as basal lin-
eages of angiosperms with either Amborella alone, or
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Amborella + Nymphaeaceae as sister to all other angio-
sperms (Mathews & Donoghue, 1999; Parkinson & al.,
1999; Qiu & al., 1999; Soltis & al., 1999; Barkman &
al., 2000; Graham & Olmstead, 2000; Zanis & al., 2002;
Borsch & al., 2003; Hilu & al., 2003; Stefanovic & al.,
2004; Leebens-Mack & al., 2005). Nuphar is sister to the
rest of Nymphaeaceae (Les & al., 1999; see also Yoo &
al., 2005).

A striking observation stemming from phylogenetic
analyses has been the identification of numerous mito-
chondrial sequences from Amborella that have apparently
been acquired through horizontal transfer from plants as
diverse as eudicots, monocots, and mosses (Bergthorsson
& al., 2003, 2004). Analyses of mitochondrial sequences
of water lilies (and other basal angiosperms) have shown
no similar evidence for horizontal transfer (Bergthors-
son & al., 2004). There has not yet been an evaluation of
the possibility that horizontal gene transfer has impacted
expressed nuclear genes in these species.

By studying the genetic diversity present in the basal-
most angiosperm lineages, we can gain insights into the
genetic characteristics of the most recent common ances-
tor of all extant angiosperms. Evidence from floral tran-
scriptome sequencing in Amborella and Nuphar provides
important information on potential genome duplications
that occurred early in angiosperm history, identification
of the common set of angiosperm genes, the potential for
functional horizontal gene transfer of nuclear-encoded
genes, and single-copy phylogenetic markers from the
nuclear genome. In addition, by studying the basalmost
angiosperm lineages, we will be able to polarize the direc-
tion of changes observed in genes and gene families in
monocot and eudicot lineages to infer whether characters
are ancestral or derived.

In this paper we demonstrate the utility of the Am-
borella and Nuphar ESTs in comparative genomics and
phylogenetic analysis, as well as review previous research
using these ESTs in comparative sequence analysis to de-
tect genome duplication and improve gene family analysis
by providing a root to angiosperm clades.

[l MATERIALS AND METHODS

Tissue sampling and collection. — EST libraries
were built from RNAs isolated from premeitoc flower
buds (Albert & al., 2005). Nuphar flower buds were col-
lected from a single population of Nuphar advena plants
growing at Black Moshannon Lake, Black Moshannon
State Park, Centre County, Pennsylvania. Buds were
sampled from the smallest sizes obtainable (ca. 0.3 mm)
through initiation of meiosis (13 mm diameter).

Premeiotic (< 2 mm in diameter) flower buds of Ambo-
rella were collected from plants maintained at the National
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Tropical Botanical Garden, Kauai, Hawaii, U.S.A. Buds
of male flowers were collected from plants 980644-018,
980631-019, 980631-013, 980647-010, and 980647-008,
which correspond to NTBG vouchers DL8346, TF6481,
and DHL8350, for 980644, 980631, and 980647, respec-
tively. Buds of female flowers were collected from plants
980631-019, 980631-015, 980647-002, 980647-005, and
980647-006, which correspond to NTBG vouchers TF6481
and DHL8350 for 980631 and 980647, respectively.

EST sequences and unigene assembly. — Com-
plementary DNA (cDNA) libraries were constructed from
RNAs isolated from premeiotic flower buds of Ambo-
rellatrichopoda and Nuphar advena, and EST sequencing
was performed as described in Albert & al. (2005). ESTs
and unigenes (assembled contigs of ESTs) for Amborella
trichopoda and Nuphar advena are available through the
Plant Genome Network (PGN) website (http:/www.pgn
.cornell.edu), and are indicated there as build #4 for Am-
borella and build #2 for Nuphar.

Classification of Amborella and Nuphar unigenes
using PlantTribes and INPARANOID groups. — In
this study, we used two classification systems to provide
putative homology groups at two levels of resolution to aid
in the tentative identification of the sequences captured
in the study. Tribes (Enright & al., 2002, 2003; Albert &
al., 2005; Wall & al., 2008) approximate gene families,
while INPARANOID groups (Remm & al., 2001) repre-
sent a finer-grained analysis intended to recover putative
sets of orthologs. Amborella and Nuphar unigenes were
sorted into putative homology groups using tBLASTX.
“Best hits” with e-values stronger than 10~ (Altschul &
al., 1990) were used to assign unigenes into PlantTribes
(http:/ifgp.huck.psu.edu/tribe.php) and INPARANOID
groups composed of Arabidopsis and rice proteins using
a similar BLASTx approach.

PlantTribes is a database of putative gene families
based on TribeMCL clustering of the Arabidopsis and rice
proteomes (Enright & al., 2002, 2003; Albert & al., 2005;
Wall & al., 2008). For this analysis, we used the Arabidop-
sis thaliana genome version 5 and Oryza sativa version 3
(http:/ffgp.huck.psu.edu/tribe.php)INPARANOID groups
are putative orthologous groups of genes, based on pair-
wise comparison of two genomes, in this case Arabidopsis
thaliana and Oryza sativa (Remm & al., 2001). TribeMCL
and INPARANOID clustering both use blast e-values as
a distance metric. Whereas TribeMCL clusters genes ir-
respective of the taxon from which genes are sampled, the
INPARANOID algorithm identifies gene pairs sampled
from two focal taxa with minimal distances and then
grows clusters by including all genes within each taxon
that have smaller distances than the minimal cross-species
distance. As a consequence, INPARANOID clusters only
include genes for which cross-species gene pairs are found
with an e-value below some threshold (107 in this study).
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Table 1. Reproductive development genes present in the Amborella and Nuphar unigenes. A subset of the PlantTribe and
INPARANOID gene clusters listed in the Appendix (Taxon online issue) shows unique Nuphar and Amborella genes as-
sembled from Floral Genome Project EST sequences with PGN unigene IDs (see http://pgn.cornell.edu). Deduced gene
sequences are organized by PlantTribe and INPARANOID cluster identity based on the placement of the best BLAST hitin
Arabidopsis. #ESTS = number of EST sequences comprising the unigene; INPAR = INPARANOID, or putative orthologous
group assignment; #ATH or #OSA = number or Arabidopsis thaliana or Oryza sativa genes assigned to the indicated
INPARALOG group; BEST ATH = identity of Arabidopsis thaliana best BLAST hit; E-VALUE = probability of best BLAST
best hit by random occurrence; Description = brief annotation for putative ortholog in Arabidopsis thaliana.

UNI'ID  Taxon #ESTS INPAR #ATH #OSA BEST ATH E-VALUE Description
AP2 (tribe 34)
197035 Amborella 1 645 1 1 Atlgl5130 4.00E-50  Hydroxyproline-rich glycoprotein family
protein
359307 Nuphar 1 645 1 1 At1gl5130 1.00E-91  Hydroxyproline-rich glycoprotein family
protein

195946 Amborella 2 6,860 1 1 At1g44835 4.00E-11  YbaK/prolyl-tRNA synthetase family pro-
tein contains Pfam PF04073

195738 Amborella 2 7,435 1 2 Atlgl5360 2.00E-48  AP2 domain-containing transcription fac-
tor family protein similar to SP|P16146
PPLZ02 protein {Lupinus polyphyllus}
200316 Amborella 1 At3g16770 2.00E-17  AP2 domain-containing protein RAP2.3
(RAP2.3) identical to G1:2281631 [Arabi-
dopsis thaliana]
BEL-1 like Homeobox (tribe 319)

196074 Amborella 2 5,278 1 1 At2g35940 4.00E-08 Homeodomain-containing protein con-
tains “Homeobox” domain signature,
Prosite:PS00027

199304 Amborella 1 5,278 1 1 At2935940 5.00E-46 Homeodomain-containing protein con-
tains “Homeobox” domain signature,
Prosite:PS00027

198226 Amborella 1 5,479 2 3 At2g16400 10.00E-68 Homeodomain-containing protein

355770 Nuphar 5,479 2 3  At4g34610 1.00E-39 Homeodomain-containing protein similari-
try to homeotic protein BEL1, Arabidopsis
thaliana, PIR2:A57632

199146 Amborella 1 Atlg75410 2.00E-17 BELZ1-like homeodomain 3 protein (BLH3)
identical to BEL1-like homeodomain 3
(G1:13877515) [Arabidopsis thaliana]

[EEN

HENZ2-like (tribe 383)

199223 Amborella 1 172 1 1 At2g06990 2.00E-101 HUA enhancer 2 (HENZ2) / DExH-box
RNA helicase, putative nearly identical to
HUA enhancer 2 [Arabidopsis thaliana]
G1:16024936

HUAL-like (tribe 270)

197734  Amborella 1 795 1 1 At3g60240 3.00E-81  Eukaryotic translation initiation factor 4F,
putative / elF-4F, similar to SP|Q03387 elF-
(iso)4F subunit P82-34 {Triticum aestivum};
contains Pfam profiles PF02854, PF02847

199465 Amborella 1 795 1 1 At3g60240 1.00E-30 Eukaryotic translation initiation factor 4F,
putative / elF-4F, similar to SP|Q03387
elF-(iso)4F subunit P82-34 {Triticum
aestivum}; contains Pfam profiles PF02854,
PF02847

353520 Nuphar 2 795 1 1 At3¢g60240 3.00E-25 Eukaryotic translation initiation factor 4F,
putative / elF-4F, similar to SP|Q03387
elF-(is0)4F subunit P82-34 {Triticum
aestivum}; contains Pfam profiles PF02854,
PF02847
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Table 1. Continued.
UNIID  Taxon #ESTS INPAR #ATH #OSA BEST ATH EVALUE Description

356799 Nuphar 1 795 1 1 At3g60240 7.00E-24  Eukaryotic translation initiation factor 4F,
putative / elF-4F, similar to SP|Q03387
elF-(is0)4F subunit P82-34 {Triticum
aestivum}; contains Pfam profiles PF02854,
PF02847

357998 Nuphar 1 795 1 1 At3¢g60240 1.00E-23  Eukaryotic translation initiation factor 4F,
putative / elF-4F, similar to SP|Q03387
elF-(is0)4F subunit P82-34 {Triticum
aestivum}; contains Pfam profiles PF02854,
PF02847

195721 Amborella 2 1,214 1 2  At5g57870 4.00E-58  Eukaryotic translation initiation factor 4F,
putative / elF-4F, similar to SP|Q03387
elF-(is0)4F subunit P82-34 {Triticum
aestivum}; contains Pfam profiles PF02854,
PF02847

198740 Amborella 1 4,694 1 1 At3912680 6.00E-68  Floral homeotic protein (HUAL) identical to
floral homeotic protein HUA1 [Arabidopsis
thaliana] gi|16797661|gb|AAK01470

359956  Nuphar 1 4,694 1 1 At3g12680 5.00E-16  Floral homeotic protein (HUAL) identical
to floral homeotic protein HUAL [Arabi-
dopsis thaliana] gi|16797661|gb|AAK01470
KNAT-like Homeobox (tribe 364)

196230 Amborella 2 641 1 1 At5g45380 2.00E-108 Sodium:solute symporter family protein
contains Pfam profile: PF00474
352987  Nuphar 2 641 1 1 At5g45380 3.00E-50  Sodium:solute symporter family protein

contains Pfam profile: PF00474

195913 Amborella 2 4,123 2 1 At5g25220 10.00E-122 Homeobox protein knotted-1 like 3
(KNAT3) SP:P48000 from [Arabidopsis
thaliana]

200829 Amborella 1 At1g62990 5.00E-55 Homeodomain transcription factor
(KNAT7) contains Pfam profiles: PF03789,
PF03790, PF03791; G1:11878229

353349  Nuphar 2 At1g62990 2.00E-77  Homeodomain transcription factor
(KNAT7) contains Pfam profiles: PF03789,
PF03790, PF03791; G1:11878229

354722  Nuphar 1 At1g62990 2.00E-59  Homeodomain transcription factor
(KNAT7) contains Pfam profiles: PF03789,
PF03790, PF03791; G1:11878229

Late embryogenesis abundant (LEA) protein genes
(tribe 1183)

199266 Amborella 1 4,239 1 2 At2g44060 4.00E-43  LEA family protein similar to ethylene-
responsive late embryogenesis-like protein
[Lycopersicon esculentum] G1:1684830;
contains Pfam profile PF03168

353849  Nuphar 2 4,239 1 2 At2g44060 9.00E-32  LEA family protein similar to ethylene-
responsive late embryogenesis-like protein
[Lycopersicon esculentum] G1:1684830;
contains Pfam profile PF03168

(tribe 1226)

201407 Amborella 1 3,446 1 1 At3g50790 2.00E-31 LEA protein, putative similar to Picea
glauca late embryogenesis abundant protein
(EMBS8), PID:g1350545 SP|Q40863; con-
tains Pfam profile PFO0561



Duarte & al. « Amborella and Nuphar ESTs TAXON 57 (4) « November 2008: 1110-1122

Table 1. Continued.
UNIID  Taxon #ESTS INPAR #ATH #OSA BEST ATH EVALUE Description

(tribe 1962)

359931  Nuphar 1 9,059 2 2 At3g15670 8.00E-11  LEA protein, putative similar to SP|P13934
Late embryogenesis abundant protein 76
(LEA 76) {Brassica napus}; contains Pfam
profile PF02987

MADS (tribe 54)
196124 Amborella 2 7,104 2 2 At2g45650 3.00E-81 MADS-box protein (AGL6)
353948 Nuphar 2 7,104 At2g45650 1.00E-72 MADS-box protein (AGL6)

196122 Amborella 6 7,150 3 1 At5g15800 1.00E-70  Developmental protein SEPALLATAL /
floral homeotic protein (AGL2) (SEP1)
SP:P29382 from [Arabidopsis thaliana]

198461 Amborella 1 7,150 3 1 At5g15800 3.00E-28  Developmental protein SEPALLATAL/
floral homeotic protein (AGL2) (SEP1)
SP:P29382 from [Arabidopsis thaliana]

199780 Amborella 1 7,150 3 1 At5g15800 7.00E-50 Developmental protein SEPALLATAL /
floral homeotic protein (AGL2) (SEP1)
SP:P29382 from [Arabidopsis thaliana]

353945  Nuphar 2 7,150 3 1 At5g15800 5.00E-57 Developmental protein SEPALLATAL /
floral homeotic protein (AGL2) (SEP1)
SP:P29382 from [Arabidopsis thaliana]

356714  Nuphar 1 7,150 3 1 At5g15800 5.00E-55  Developmental protein SEPALLATAL/
floral homeotic protein (AGL2) (SEP1)
SP:P29382 from [Arabidopsis thaliana]

197826 Amborella 1 7,165 2 2 Atlg26310 2.00E-08 MADS-hox protein, putative strong similar-
ity to DNA-binding protein [Brassica rapa
subsp. pekinensis] G1:6469345, SP|Q41276
Floral homeotic protein APETALAL
(MADS C) {Sinapis alba}; contains Inter-
Pro accession IPR002100

357070 Nuphar 1 7,165 2 2 Atlg69120 1.00E-29  Floral homeotic protein APETALAL (AP1)
/ agamous-like MADS box protein (AGL7)
identical to SP|P35631 Floral homeotic
protein APETALAL (AGLY7 protein) {Ara-
bidopsis thaliana}

197771 Amborella 1 7,352 3 1 At4g18960 4.00E-49  Floral homeotic protein AGAMOUS (AG)
contains an ACG start codon

199356 Amborella 1 7,352 3 1 At4g18960 3.00E-82  Floral homeotic protein AGAMOUS (AG)
contains an ACG start codon

354351 Nuphar 5 7,352 3 1 At4918960 8.00E-70  Floral homeotic protein AGAMOUS (AG)
contains an ACG start codon

196610 Amborella 2 7,688 3 1 At3g57230 4.00E-31 MADS-box protein (AGL16) MADS-box
transcription factor Pfam domain PF00319,
PF01480.25K

353295  Nuphar 5 8,089 1 2 At5g20240 1.00E-22  Floral homeotic protein PISTILLATA (PI)
contains Pfam profiles PF01486: K-box
region and PF00319: SRF-type transcription
factor

353627 Nuphar 12 8,089 1 2 At5g20240 2.00E-57  Floral homeotic protein PISTILLATA (PI)
contains Pfam profiles PF01486: K-box
region and PF00319: SRF-type transcription
factor

196410 Amborella 2 8,530 1 1 At3g54340 6.00E-16  Floral homeotic protein APETALA3 (AP3)
198366 Amborella 1 8,530 1 1 At3g54340 9.00E-12  Floral homeotic protein APETALA3 (AP3)

N
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Table 1. Continued.
UNIID  Taxon #ESTS INPAR #ATH #OSA BEST ATH EVALUE Description

356264 Nuphar 1 8,530 1 1 At3g54340 1.00E-21  Floral homeotic protein APETALA3 (AP3)

358723 Nuphar 1 8,530 1 1 At3g54340 5.00E-10 Floral homeotic protein APETALAS3 (AP3)

198454  Amborella 1 At5g60910 6.00E-28  Agamous-like MADS box protein AGL8
(Floral homeotic protein AGL8) (FRUIT-
FULL)

199447  Amborella 1 At5g60910 8.00E-29  Agamous-like MADS box protein AGL8
(Floral homeotic protein AGL8) (FRUIT-
FULL)

354424  Nuphar 2 At5g13790 7.00E-19  Floral homeotic protein AGL-15 (AGL15)

358550 Nuphar 1 At5g52550 1.00E-07  Expressed protein

NAC (tribe 40)
359836 Nuphar 1 5,184 1 1 At1g65910 3.00E-11  No apical meristem (NAM) family protein

similar to jasmonic acid 2 G1:6175246
from [Lycopersicon esculentum]; simi-
lar to NAC2 (GI:6456751) {Arabidopsis
thaliana}

200647 Amborella 1 6,674 2 2 At3g10500 1.00E-57  No apical meristem (NAM) family protein
similar to to NAC2 (G1:645671) [Arabidop-
sis thaliana]; contains Pfam PF02365

353976  Nuphar 2 6,674 2 2 At3g10500 2.00E-47  No apical meristem (NAM) family protein
similar to to NAC2 (G1:645671) [Arabidop-
sis thaliana]; contains Pfam PF02365

198513 Amborella 1 7,263 2 1 At4g35580 5.00E-39  No apical meristem (NAM) family protein
similar to TIP [Arabidopsis thaliana]
G1:9408601; contains Pfam profile PF02365

354384 Nuphar 2 8,211 1 2 At5g64530 2.00E-13  No apical meristem (NAM) family protein
contains Pfam PF02365

359550 Nuphar 1 8,211 1 2 At5g64530 2.00E-13  No apical meristem (NAM) family protein
contains Pfam PF02365

198860 Amborella 1 At5g17260 10.00E-35 No apical meristem (NAM) family protein

contains Pfam PF02365: No apical mer-
istem (NAM) domain;

199787 Amborella 1 At1g69490 5.00E-68  No apical meristem (NAM) family protein
similar to N-term half of NAC domain
protein NAM [Arabidopsis thaliana]
G1:4325282

354376 Nuphar 2 At1g69490 1.00E-35 No apical meristem (NAM) family protein
similar to N-term half of NAC domain
protein NAM [Arabidopsis thaliana]
G1:4325282 Scarecrow (tribe 75)

201039 Amborella 1 2,631 2 1 At2g01570 4.00E-24  Gibberellin response modulator (RGAL) /
gibberellin-responsive modulator identical
to GB:Y11336, member of SCARECROW

family

353821 Nuphar 2 6,625 3 4 At4g00150 6.00E-51  Scarecrow-like transcription factor 6
(SCL®6)

355941  Nuphar 1 6,625 3 4 At2g45160 1.00E-10  Scarecrow transcription factor family
protein

357635 Nuphar 1 At3g03450 1.00E-19  Gibberellin response modulator, putative /

gibberellin-responsive modulator, puta-
tive similar to GAI (G1:2569938), RGA1
(GB:AAC67333) and RGA2 (G1:2339980)
[Arabidopsis thaliana]
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Table 1. Continued.
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UNI'ID  Taxon #ESTS

INPAR #ATH #OSA BEST ATH EVALUE Description

YABBY (tribe 807)

200518 Amborella 1 7,720 2 3

352904 Nuphar 2 7,720 2 3
353882 Nuphar 6 7,720 2 3
195711 Amborella 2 8,500 1 2
353063 Nuphar 4 8,500 1 2

At2g45190 4.00E-55

At2g45190 4.00E-53

At2g45190 3.00E-57

At2926580 2.00E-34

At2g26580 2.00E-40

Axial regulator YABBY1 (YABBY1) /
abnormal floral organs protein (AFO) /
filamentous flower protein (FIL)

Axial regulator YABBY1 (YABBY1) /
abnormal floral organs protein (AFO) /
filamentous flower protein (FIL)

Axial regulator YABBY1 (YABBY1) /
abnormal floral organs protein (AFO) /
filamentous flower protein (FIL)

Plant-specific transcription factor YABBY
family protein contains Pfam profile:
PF04690

Plant-specific transcription factor YABBY
family protein contains Pfam profile:
PF04690

In our experience, INPARANOID clusters are typically,
but not always, nested within TribeMCL clusters (e.g., see
Table 1; and the Appendix in Taxon online issue).

Phylogenetic analysis using a single copy nuclear
gene. — To illustrate the utility of the Amborella and
Nuphar ESTs in phylogenetic analysis, we chose a single-
copy nuclear gene for which sequences are available from
both Amborella and Nuphar, and also for a diversity of
eudicot and monocot species. Clones for ESTs from this
gene were sequenced on both strands to obtain a high-
quality finished sequence for phylogenetic analysis. In-
ternal primers were designed using MacVector (Accelrys,
San Diego, California) when necessary. Additional se-
quences for phylogenetic analysis were obtained from the
TIGR gene indices (Lee & al., 2005) and additional FGP
unigenes from PGN (http://pgn.cornell.edu).

Amino acid sequences were aligned using MUSCLE
(Edgar, 2004), and nucleotide alignments were created
by forcing the DNA sequence onto the protein alignment
using CLUSTAL W (Higgins & al., 1994). Alignments
were manually inspected and adjusted. Nucleotide align-
ments were used to produce phylogenies using maximum
parsimony (MP), neighbor-joining (NJ), and maximum
likelihood (ML). Appropriate models of sequence evo-
lution for NJ and ML analyses were determined using
MODELTEST (Posada & Crandall, 1998). Phylogenetic
analyses were performed using PAUP 4.0b10 (Swofford,
2001). All MP and ML analyses were based on a heuristic
search with 10 random sequence additions and tree bisec-
tion-reconnection branch swapping. Bootstrapping was
also performed with 1,000 replicates for MP and NJ and
250 replicates for ML analyses using a heuristic search
with random sequence addition.
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[ ResuLts

Description of Amborella and Nuphar EST se-
quences. — A general description of the Amborella and
Nuphar EST sets is provided in Albert & al. (2005). From
these species, floral EST sequencing yielded a total of
8,489 and 8,442 ESTs from Amborella and Nuphar, re-
spectively (Albert & al., 2005). Clustering these ESTs to
combine sequences putatively derived from the same gene
reduced these to 6,099 and 6,205 unigene (putative gene)
sequences, respectively (Albert & al., 2005). Of the 6,099
Amborella unigenes, 3,970 were sorted into a PlantTribe
using BLAST, and 3,478 have a BLAST best hit (with
e-value greater than 10™°) into an Arabidopsis and rice
INPARANOID group. Of the 6,205 Nuphar Unigenes,
4,445 belong to a PlantTribe, and 3,898 were classified
using BLAST into an Arabidopsis and rice INPARANOID
group (Appendix in Taxon online issue). By comparing the
non-redundant set of INPARANOID groups identified in
Amborella and/or Nuphar, we estimated that there was a
minimal set of 4,572 genes in the ancestral angiosperm that
have orthologs in Arabidopsis and rice (Fig. 1D; Appendix
in Taxon online issue). In addition, by comparing the non-
redundant set of PlantTribes identified in Amborella and/
or Nuphar, we estimated that of those gene families that
existed in the common ancestor of all angiosperms, a mini-
mal set of 2,857 gene families has been retained in both
monocots and eudicots (Fig. 1D). The putative functional
categories of the non-redundant set of INPARANOID
groups from Amborella and Nuphar (ancestral orthologs of
genes present in Arabidopsis and rice) were deduced using
the Gene Ontology (GO) information for Arabidopsis best
BLAST hits (Fig. 1A-C). Because Tribes approximate
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gene families and INPARANOID groups approximate
orthologous groups present in both monocot (rice) and
eudicot (Arabidopsis) genomes, their presence in the
basal angiosperms could be used to root a gene tree
or infer anestral characteristics of that group of genes.
MADS-box genes are critical floral regulators (Becker &
Theissen, 2003; Irish, 2003; Zahn & al., 2006b), and their

A.Cellular components
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evolution has been analyzed, including sequences from
Amborella and Nuphar (Becker & Theissen, 2003; Irish,
2003; Kim & al., 2004, 2005; Zahn & al., 2005a, b). In
addition, several other families with important plant and
floral developmental function were identified in the EST
sets (Table 1). Members of the AP2 (Reichmann & Meye-
rowitz, 1998; Kim & al., 2006) and NAC families (Olsen

B. Molecular Function
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Fig. 1. Characterization of the Amborella and Nuphar ESTs and insights into the ancestral angiosperm. The classifica-

tion of the nonredundant set of Amborella and/or Nuphar

Tribe and INPARANOID groups into slim Gene Ontology (GO)

categories is shown in Fig. 1A-C. The best BLAST hit into Arabidopsis was used to classify the Amborella and Nuphar
unigenes into slim GO categories. Each histogram provides four values per functional category, based on the presence
of at least one gene from Amborella and/or Nuphar in a plant tribe (“Ancestral Tribes”) or INPARANOID group (“Ancestral
INPARANOID”). INPARANOID groups with at least one Amborella or Nuphar gene, irrespective of the other taxon, are
counted as “Amborella” or “Nuphar”. The number of Amborella and Nuphar Unigenes sorted into INPARANOID groups

and PlantTribes, along with overlap is shown in 1D.
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& al., 2005) are involved in floral development, among
other functions. Homologs were also found for several
genes involved in RNA processing and silencing such as
members of the ARGONAUTE, HEN1, HUAL, HUA2, and
other families; many of these regulate genes involved in
floral and developmental function (Ma, 2005; Zahn & al.,
2006b). Many genes that are homologous to those involved
in hormone signaling such as PINOID, PIN1, BRI1, ARFs,
SCARECROW, IAAs, ERFs and ETR1 (Gazzarrini & Mc-
Court, 2003) were also detected among the Amborella and
Nuphar unigenes. Several genes encoding proteins that
may function in seed and embryo development were also
identified, including LEA, PcG (polycomb-group), endo-
1,4-beta-glucanase and members of the YABBY family (Es-
hed & al., 2001; Yamada & al., 2001, 2004; Chanvivattana
& al., 2004; Ingouff & al., 2005). The identification of
homologs of known regulators of development and signal
responses suggests that many of these processes are con-
served in basal angiosperms. Some Amborella or Nuphar
unigenes were assigned to Tribes (gene families) but not to
any INPARANOID group with probability stronger than
107°. These could represent novel gene lineages in these
basal angiosperms, or be a reflection of assignment uncer-
tainty for unigenes that are less than full length.
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In addition to the identification of putative homologs
of genes with known regulatory functions, other Ambo-
rella and Nuphar unigenes were found to encode proteins
that contain domains known to be important for develop-
ment, including the DNA-binding homeodomain, MYB,
bZIP, bHLH, and WRKY domains, as well as protein-pro-
tein and other interaction motifs WD-40, F-box, zinc fin-
gers and zinc knuckles. Moreover, Amborella and Nuphar
genes might also be involved in cell-cell signaling such as
the putative receptors containing an LRR domain, which
might function as receptors for plant peptides, including
members of the CLAVATA3 family (Ito & al., 2006).

There are 353 Amborella and 342 Nuphar unigenes
with a best BLAST hit (threshold of 10™°) to one of the
1574 Arabidopsis and rice 1:1 PlantTribes that contain
a single member from Arabidopsis and rice (Appendix
in Taxon online issue). These 1:1 PlantTribes represent
gene families that have not expanded despite the genome
duplications that likely occurred during angiosperm his-
tory, including those on the specific lineages leading to
Arabidopsis (Vision & al., 2000; Simillion & al., 2002;
Vandepoele & al., 2002) and rice (Paterson & al., 2004; Yu,
2005). There are 100 pairs of Amborella and Nuphar uni-
genes that were sorted by BLAST to these 1: 1 PlantTribes.

Fig. 2. Using single copy nuclear genes Majority rule 100 Arabidopsis
for organismal phylogeny. The gene used Tribe 4609 - At2g32520 ﬂ )
to construct the tree shown, carboxy- Zgrlbo;(ymethylenebutenolldase 100 Brassica
’ n
methylenebutenolidase, is an example of a 1,000 MP BS replicates Populus
single copy nuclear gene identified using 1v2°5000a3 gg fep'li_catfs
a comparative genomic approach to the pro- repiicates Gossypium
teomes of Arabidopsis and rice. Unigenes 59 .
; 58 —— Glycine
sampled from throughout the angiosperms 53 100
were used to illustrate their potential in > 52 00 i': Glycine
elucidating orgar_nsmal phylogeny as well 91 99 98 Medicago
as the conservation of single or low copy 100
throughout the angiosperms, in spite Vitis
of repeated rounds of duplication in the 100 Lycopersicon
angiosperm tree of life, as inferred by other ﬂ
studies (Blanc & Wolfe, 2004; Schlueter & 100 Solanum
al., 2004; Lee & al., 2005; Cui & al., 2006). Mesembryanthemum
While the information contained in this one 23 o
gene is not sufficient to provide an entirely o1 52 ryza
resolved tree, especially at the base of the 100 84 Hordeum
angiosperms, it provides resolution similar 100 a1
) Sorgum
to other single-gene analyses from other 100 100
markers. 58 ;go Zea
56 Acorus
220 Liriodendron
100 Nuphar
Amborella
Welwitschia
100 [ Pinus
99 L picea
97
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These nuclear protein-coding genes have the potential to
be used for phylogenetic analysis across all angiosperms,
as illustrated in Fig. 2. However, current sequence data
from a single nuclear gene are not sufficient for resolving
the branching order of Amborella and Nuphar or several
internal nodes (Fig. 2; data not shown for other genes).

[l oiscussion

Utility of Amborella and Nuphar ESTs in compar-
ative sequence analyses. — Amborella and the water
lilies (Nymphaeales) either form a clade, sister to all other
extant flowering plant lineages, or Amborella and then the
water lilies are successive sisters to all other angiosperms
(Mathews & Donoghue, 1999; Parkinson & al., 1999; Qiu
&al., 1999; Soltis & al., 1999; Barkman & al., 2000; Gra-
ham & Olmstead, 2000; Zanis & al., 2002; Borsch & al.,
2003; Hilu & al., 2003; Stefanovic & al., 2004; Leebens-
Mack & al., 2005). The EST sequences described in this
paper are being mined for genes that may allow us to re-
solve the positions of the Amborella and water lily lineages
at the base of the angiosperm phylogeny (see discussion
of 1:1 PlantTribes, below). Regardless of their relation-
ship to each other relative to the rest of the angiosperms,
however, the placement of Amborella and Nuphar genes in
gene family phylogenies can elucidate duplication events
early in angiosperm history. The placement of Amborella
or Nuphar sequences in gene-family phylogenies can re-
veal whether duplication events predate or postdate the
most recent common ancestor of Amborella, the water
lilies, and all other angiosperms by the identification of
duplicated gene clades and whether Amborella or Nuphar
sequences are located within the clade (duplication prior to
the diversification of the basal angiosperms) or are placed
sister to a set of clades (duplication after the diversification
of the basal angiosperms). Further, meta-analyses of gene
families can be used to test hypotheses of when gene and
whole-genome duplication events occurred. More refined
molecular evolutionary analyses and expanded sequence
datasets from basal angiosperms may be able to test the
hypothesis that gene and genome duplications spawned
the evolutionary innovations associated with the early
radiation of flowering plants (Darwin, 1903).

The MADS-box transcription factor gene family has
been the focus of much research on the genetic basis of
floral evolution (Zahn & al., 2006b). Except for AP2, Ara-
bidopsis genes specifying the genetically defined func-
tions in the classical ABC model of floral development
(Coen & Meyerowitz, 1991) are MIKC-type MADS-bhox
genes: APETALAL (A class), PISTILLATA and APETALA3
(B class, GLOBOSA and DEFICIENS in Antirrhinum), and
AGAMOUS (C class; PLENA in Antirrhinum). According
to the quartet model (Theissen & Saedler, 2001), these
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ABC-function MADS-domain proteins interact with each
other and with the MADS-domain SEPALLATA proteins
to form quaternary complexes (Honma & Goto, 2001) that
regulate specification of floral organ identity. These and
other MIKC-type MADS-box genes have been classified
based on clade membership (Becker & Theissen, 2003).
The placement of Amborella and water lily homologs in
phylogenetic analyses of PISTILLATA + APETALA3 (Aoki
& al., 2004; Kim & al., 2004), AGAMOUS (Kramer &
al., 2004; Zahn & al., 2006a), and SEPALLATA (Zahn &
al., 2005a) clades reveal gene duplications predating the
diversification of the angiosperm crown group. Given the
role of these genes in floral development, these dupli-
cation events, particularly of the SEPALLATA subfam-
ily, are hypothesized to have played a role in the origin
of the flower (Zahn & al., 2005a). Whether duplication
events in the PISTILLATA +APETALA3, AGAMOUS, and
SEPALLATA clades occurred simultaneously through a
single ancient whole-genome duplication (Buzgo & al.,
2005) remains an open question.

Phylogenies of nuclear genes also provide a means of
assessing the possible acquisition of functional nuclear-
encoded genes through horizontal transfer, as has been
proposed for mitochondrial sequences in Amborella, but
not water lilies (Bergthorsson & al., 2004). In published
gene family phylogenies to date, including those for phyto-
chromes (Mathews & Donoghue, 1999), numerous MADS-
box genes (Aoki & al., 2004; Kim & al., 2004; Zahn & al.,
2005a), the AP2 family (Kim & al., 2006), RNA polymerase
11 (Nickerson & Drouin, 2004), YABBY genes (Fourquin &
al., 2005), Amborella and water lilies are found in a phy-
logenetic position consistent with a basal position among
extant angiosperm lineages. This is true as well in the
tree presented in this paper. This observation is consistent
with vertical (standard) inheritance of each of the genes
examined above and highlights the very different dynamic
observed for mitochondrial sequences in Amborella. The
mechanism by which apparently xenologous sequences
are taken up and then incorporated into the mitochondrial
genome of this species remains a fundamental problem in
plant genetics and genomics (Bergthorsson & al., 2004).
However, the evidence at this point suggests that these dy-
namics may not extend to the expressed nuclear genes that
have been studied thus far, as well as additional single-copy
nuclear genes we have examined (data not shown).

Detecting ancient genome duplications. — Stud-
ies in Arabidopsis indicate that there were at least two and
possibly three or more whole genome duplications in the
evolutionary history of Arabidopsis (Vision & al., 2000;
Blanc & al., 2003; Bowers & al., 2003). Additional studies
utilizing EST sequences for the identification of genome du-
plication have inferred whole genome duplications through-
out the evolutionary history of diverse angiosperms (Blanc
& Wolfe, 2004; Schlueter & al., 2004; Cui & al., 2006).
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Recent work using ESTs from Amborella and Nuphar indi-
cated that there was a concentration of duplicate gene pairs
consistent with ancient genome duplication in the Nuphar
lineage, but no detectable signal of a similar ancient genome
duplication event in Amborella (Cui & al., 2006). This pro-
vides evidence for an ancient paleopolyploidy event shared
by all angiosperms except Amborella.

Single-copy nuclear genes for organismal phy-
logeny. — As a result of pervasive gene duplication, most
nuclear genes in angiosperms are part of gene families.
This has often deterred researchers from using nuclear
genes (other than RNA genes) in phylogenetic reconstruc-
tion in angiosperms because of the difficulty of isolating
all members of a gene family in each taxon for accurate
phylogenetic reconstruction (e.g., Sang, 2002; Crawford
& Mort, 2004; Small & al., 2004; Hughes & al., 2006).
In addition, there is evidence from yeast that phylogenies
based on paralogous genes with asymmetric divergence
are misrepresentations of the organismal phylogeny (Fares
& al., 2005). These difficulties in using nuclear genes in
phylogeny reconstruction are relieved by adopting a high-
throughput approach for the identification of single- or
low-copy nuclear genes. Using PlantTribes, we have identi-
fied 1,574 putative single- or low-copy nuclear genes that
contain only one member from Arabidopsis and only one
member from rice. By adding unigenes from a wide va-
riety of flowering plants to these 1: 1 PlantTribes, we can
identify putative single-copy gene families and construct
multiple sequence alignments for phylogenetic analysis.
Including unigenes from basal lineages aids in the iden-
tification of single- or very low-copy nuclear genes that
would be widely distributed among all flowering plants
and permits using sequences from Amborella and Nuphar
as outgroups for angiosperm-wide analysis if correspond-
ing sequence data from gymnosperms are missing. Al-
though individual gene trees do not provide sufficient
resolution across the entire tree, we hypothesize that these
single-copy genes will be valuable phylogenetic markers,
especially given that we already have sequences from the
basal angiosperms for rooting the tree (Fig. 2). The addi-
tion of basal taxa improves the ability to properly root the
angiosperm phylogeny (Leebens-Mack & al., 2005).

The applications featured in this paper reflect the
many uses of Amborella trichopoda and Nuphar advena
ESTs and the importance of these organisms in the study
of the evolution of flowering plants. The genes identified
by the ESTs suggest possible molecular bases for the evo-
lution of floral structure and development. Future work
will develop comprehensive search strategies for finding
genes in EST sets that may be most useful for organis-
mal phylogeny reconstruction and comparative sequence
analysis, using the basal position of these two lineages to
elucidate the mysteries of the ancestral angiosperm and
the origin of the flower.
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