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Abstract. Aphids belonging to the three genefai-  Key words: Planthopper — Aphid — Fungus —
beraphis, Glyphinaphisand Cerataphiscontain extra- Symbiosis —Symbiont — Uricase — Uric acid —
cellular fungal symbionts that resemble endocellularYeast-like — PTS

yeast-like symbionts of planthoppers. Whereas the sym-
biont of planthoppers has a uricase (urate oxidase; EC

1.7.3.3) and recycles uric acid that the host stores, no urig..oquction
acid was found irTuberaphis styraciand its fungal sym-

biont did not exhibit the uricase activity. However, the Almost all homopterans harbor either eukaryotic or pro-

fl:nf’ail. syg;l:or;}ts of ttglehsae ?ph'?;t’. |gclu_(éllngeth::]'gof Okaryotic endosymbionts (Buchner 1965). These symbi-
Sge dI(;V\:anesS forvme r'ce:/se pge 'Vengg ;nsal 2.5 ofs’therggts are obligatory and thought to play an important role
pseudog ' uricase. sequen ysSIS Of they nitrogen metabolism of their hosts (Houk and Griffiths
genes revealed that deleterious mutations occurred ind

pendently on each lineage Gllyphinaphisand Tubera- 91980). Nitrogen metabolism in the symbiotic system has

. . 4 . . n [ xtensivel ially in aphids. Wher
phis,while no such mutation was found in the lineage of been studied extensively, especially in aphids ereas

i . ) the great majority of aphid species contain the bacterial
Cerataphis.These genes were almost identical to thosesymbiont, Buchnera, endocellularly (Buchner 1965;

cloned from the symbionts of planthoppers, though thq\/Iunson et al. 1991), a few groups of the tribe Cerata-
host aphids and planthoppers are phylogenetically dis- | '

tant. To estimate the phylogenetic relationship in detailngjsl?_llii;e :Xr%i'?gﬁ?:l (I\?Lg]:; t?ﬁ;eh;a/eﬁixéﬁc:rlgjlar
between the fungal symbionts of aphids and those o&e Y '

lanthobpers. a gene tree was constructed based on t Buchner 1958, 1965; Fukatsu and Ishikawa 1992;
Ee enggs 01: thg ficase V\(Ianes il Lé.n their flankin Ukatsu et al. 1994). These aphids comprise monophy-
qu url g Inciuding : ' %tic three generaluberaphis, Glyphinaphignd Cera-

regions. As a result, the symbionts of planthoppers an aphis (Fukatsu et al. 1994). While the roles played by

Tuberaphisaphids formed a sister group against those o Buchnerain the host’s nitrogen metabolism are well un-

Glyphinaphisand Cerataphisaphids with high bootstrap derstood (Sasaki and Ishikawa 1995; Douglas 1998;
confidence levels, which strongly suggests that symbi- ’ '

. .. Shigenobu et al. 2000), the metabolic roles of these
qnts have been horlzontally,transferred from the aphldsYLSS are totally unknown. In this regard, it is notewor-
lineage to the planthoppers’.

thy that planthoppers bear YLSs that resemble those of
aphids (Buchner 1965; Noda 1977; Chen et al. 1981).
Molecular phylogenetic analyses have shown that the
* Present addressinstitute of Physical and Chemical Research YLSs .Of pIanthoppers and that of the aphTauberaph]s
(RIKEN), Wako-shi, Saitama 351-0198, Japan styraci,belong equally tp the class Pyrenomycetes in the
Correspondence toHajime Ishikawa;e-mail: iskw@biol.s.u-  Subphylum Ascomycotina (Noda et al. 1995; Fukatsu
tokyo.ac.jp and Ishikawa 1996). Evidence suggests that the YLS of
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the brown planthoppelilaparvata lugensjs involved  and Ishikawa 1997). For detection of uric acid in eggs and whole
in the host's nitrogen metabolism (Sasaki et al. 1996.tissues of aphids, reverse-phase high-performance liquid chromatogra-

. hy was employed (Hongoh and Ishikawa 1997).
HongOh and Ishikawa 1997)' The planthopper prOduceg Uricase assay was performed basically as described before (Sasaki

ahd stores uric acid in its tiss_ue When fed on diets rich ir_‘et al. 1996; Hongoh et al. 2000). Insects, isolated YLSs, and mycelia of
nitrogen and recycles the uric acid under adverse condinonsymbiotic fungi were frozen in liquid nitrogen and crushed into a
tions (Hongoh and Ishikawa 1997). In this process, it isfine powder. The powder was suspended in\.Iris-HCI buffer (pH

the uricase of the YLS that mobilizes uric acid (Sasaki et®-25) containing 5 it dithiothreitol (DTT), 2 nM EDTA, 10% glyc-
al. 1996 Hongoh et al 2000) erol, and a protease inhibitor cocktail (Boehringer Mannheim). The

. . . mixture was subjected to the purification steps including treatment with
In this study, in an effort to learn the origin and evo- yrotamine sulfate and ammonium sulfate as described previously

lution of association between homopteran insects angsasaki et al. 1996). The resulting mixture was dialyzed against10.1
their fungal symbionts, we examined whether the YLSsTris-HCI buffer (pH 9.25) containing 5 ki DTT overnight. The uri-
of Cerataphidini aphids play a similar role in the host's ¢ase activity of a sample, thus prepared, was determined by the de-

. crease in absorbance at 292 nm (Hongoh et al. 2000). One unit was
metabolism to that of the planthopper. Also, we com defined as the amount of enzyme necessary to converhdl of uric

pared, from an evolutionary point of view, several Uri- acid into allantoin in 1 min at 25°C and pH 9.25.
case genes of YLSs of homopteran insects and nonsym- Protein concentration was estimated using the Bio-Rad protein as-
biotic fungi that are thought to be phylogenetically say (Bradford 1976) with bovine serum albumin as a standard.

related to YLSs. )
DNA Preparation

Materials and Methods Whole insect tissues were ground to powder in liquid nitrogen, and
DNA was extracted according to the method described by Fukatsu and
Ishikawa (1996).

DNE extraction from isolated YLSs df. styraciandN. lugensvas
performed using Zymolyase-100T (Seikagaku) as described before
A gall of Tuberaphigor Hamiltonaphi$ styraci(family Aphididae) on (Hongoh et al. 2000).

a twig of Styrax obassiavas collected at Chichibu, Saitama, Japan. DNA extraction from nonsymbiotic fungi was performed using
Aphids in the gall were sorted out, and their YLSs were isolated aspNAZOL (GIBCO). Mycelia peeled off the agar plate were frozen in
described before (Hongoh et al. 2000). Other Cerataphidini aphidsjiquid nitrogen and ground until powdered. The powder was suspended

Insects and Fungal Symbionts

Tuberaphis taiwana, T. takenouchii, Cerataphis franssendGlyphi-  in DNAZOL solution and processed according to the manufacturer's

naphis bambusaayere collected in Taiwan (Fukatsu et al. 1994) and instruction. The purified DNA was resuspended in 181rfiris—HCI

their DNA samples were provided by Dr. Fukatsu. buffer (pH 7.5) containing 1 M EDTA (TE buffer) and stored at
Nilaparvata lugensand Laodelphax striatellugfamily Delphaci- -30°C.

dae; planthoppers) were maintained on rice seedlings at 25°C under a
16-h light:8-h dark photoperiodic regime. Isolation of their YLSs was RN\ A Preparation
also performed as above.

Acyrthosiphon pisun{family Aphididae) were maintained on ) o _ )
young broad bean plant¥jcia faba, at 20°C under a 16-h light:8-h Isolated YLSs and mycelia of the nonsymbiotic fungi were frozen in
dark regime. Eggs and adultslafichnus tropicaligfamily Aphididae) ~ liquid nitrogen and ground vigorously to a fine powder. The powder
were collected on the campus of Tamagawa University, Tokyo. was suspended in Trizol solution (GIBCO) and processed according to

Other homopterangRicania japonica(family Ricanidae: a plant- the Trizol manual. The resulting precipitate was dissolved in diethyl-
hopper),Geisha distinctissimgfamily Flatidae; a planthopperJetti- pyrocarbonatf (DEPC)-treated,® and treated with DNase | (Gen-
gella spectrafamily Tettigellidae; a leafhopper), ardephotettix cic- H_unter) at 37°C for 30 min. Total .R_NA was extracted from th(_e _solutlon
ticeps(family Deltocephalidae; a leafhopper), were collected at Aizu, with phenol/chlorqform and precipitated in ethanol. The purified total
Fukushima, Japan, and stored at -80°C until processed. RNA was stored in 75% ethanol at -30°C.

Nonsymbiotic Fungi Primers

. . . Primers used in this study for polymerase chain reactions (PCRs) and
Three deuteromycetous fungi, which were phylogenetically shown t0ggqencing are listed in Table 1. The degenerate primers, UO1 and
belong to the class Pyrenomycetes (Nikoh and Fukatsu 2000), Wergjng were designed based on the consensus amino acid sequences of
used in this studyPaecilomyces tenuipesere collected from a lepi- fungal uricases (Hongoh et al. 2000). The primers, UO17B, UOAP4,
dopteran worm at Amami-Ooshima, Kagoshima, Japan, and provideginr1 UoAP1. 5R3A. 5R2A. 5R2B. 5R3B. 5R4B. UOS55. UO3R2
by Dr. Nikoh as a culture on a yeast extract peptone dextrose (YEPD);5ro' jo558. UOSS’B UOAP3. and UOS5C were design’ed based

agar plate Beauveria bassianand Tolypocladium niveumvere pur- on the sequence of the uricase gendlofugensYLS (Hongoh et al.
chased from the Institute of Fermentation, Osaka (IFO), culture C°"2000). Primers of the PO57TO'-4, and B1-4 series were designed

lection (B4848 and T31669, respectively). These fungi were mai”'based on the sequences of the uricase genBs thuipes, T. niveum,

tained on Czapec yeast autolysate agar (CYA) plates containintg 5 m 5,4 g passianarespectively. The locations of these primers on the
sodium urate at 20°C in the dark. uricase genes are shown in Fig. 1.

Detection of Uric Acid and Uricase Activity Detection of a Uricase Gene froi styraciYLS

Uric acid in whole tissues of planthoppers and leafhoppers was deA uricase gene on the genomeTofstyraciYLS was detected basically
tected using uricase as described before (Sasaki et al. 1996; Hongadtcording to the method we described previously (Hongoh et al. 2000).
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Table 1. Primers used in this study for PCR, reverse transcriptase reaction, and sequencing

Specific primers for uricase genes of fungal endosymbionts

uo17B 5-ACGACTATCTCTGCACGTACCT-3
UOAP4 5-AAGGACACCCACGCACTACCC-3
UOR1 5-AGATGACCATAAGCTGCCTCAT-3
UOAP1 5-ATGGTGTTCTTGTAGGTGTC-3
5R3A 5-TGATGATGGAAGCGAAGAGCTC-3
5R2A 5-GGCGACGTGAATATGGCTGTA-3
5R2B 5-CGCATGGACGTTGACGGGAA-3
5R3B 5-CCCACAGCTTCATCAAAGACG-3
5R4B 5-GCGAAACGCGCAACGTCCAC-3
UO55 5-GTCGAGCAGAGCGCTGCTAAG-3
UO3R2 3-TCGCTGTATTACTCTCGAGCTG-3
UOR2 5-GCTCAAAATTGTGCTTGTTAGGCA-3
uO55B 5-ATCTCAGTTGGCACGGTGGCA-3
UO55B' 5'-TGCCACCGTGCCAACTGAGAT-3
UOAP3 5-CTGATACGGTTTGGCGGAG-3
UO55C 3-GGATAACGACTAGCACGGCT-3

Consensus primer sets for fungal uricase genes

uo1 5'-TACGGCAAGGACAAYGT-3
uogz 5'-CAYTTDATNAGNCCRTTNGG-3

Consensus primer sétfor fungal 18S rDNA

NS1 5'-GTAGTCATATGCTTGTCTC-3
NS2 5-GGCTGCTGGCACCAGACTTG-3

Specific primers for the uricase gene Réecilomyces tenuipes

HO 5'-CGCTACGGCAAGGACAATGTCC-3

HO’ 5'-GGACATTGTCCTTGCCGTAGCG-3

H1' 5'-ACGCAGACGACGGTCTCGGTCGTCACGCTGTGC-3
H2' 5-GACGGTGTTCTTCATGGAGTCGGTGGCGACGAC-3
H3 5'-CATCAACAGCGGCATCGCCGACCTCACCGTCC:3
H4 5'-TCACGGCTTTATCCGCGACGAGTTCACCAC-3

H6 5'-ACTTGAGCTGGCACAAGGGCATCAAGAGCACCG-3
H7' 5'-CTCGACCTTGATGAGGCCCGTTGG-3

Specific primers for the uricase gene Ddlypocladium niveum

TO' 5'-TCACGGGTGACCTTGAGGA-3

T2' 5-GTGTTCTTSATGGAGTCGGTGG-3
T3 5'-CTGGCCTGACGGTCCTTAAGAGC-3
T4 5-TGGCTTCGTGCGCGACGAGTTC-3

Specific primers for the uricase gene B¢auveria bassiana

B1' 5-CTCGATGGCGCCCTCGAGGAGC-3
B3 5'-CGGACCTCACGGTGCTCAAGAGC-3
B4 5'-ACGGCTTCGTCCGCGACGACTTC-3

Primers for reverse transcriptase reactions

5-PRT 5P-AGGGTGGTGAAC-3
3'-Adaptor 3-GGCCACGCGTCGACTAGTAC-3

2These primers were designed by White et al. (1990).

Purified DNA from whole tissues oF. styraciwas completely digested PCRs in this study were performed using EX-Taq polymerase
with one of the restriction enzymeépa, EcoRV, Hindlll, and Sad (Takara).

(Takara). The digested DNA was electrophoresed on 0.7% GTG-

Agarose (FMC) and transferred onto Hybond GAmersham). The Detection of Uricase mRNAs from styraciYLS

transferred DNA was hybridized with a PCR product from the uricase

gene ofN. lugensYLS as a probe. PCR for producing this probe was Purified total RNA from the isolated YLSs df. styraciwas subjected
performed using the primers UOR1 and UOR2 (Table 1), and theto a reverse transcriptase reaction, performed with random hexamers
products were labeled witffP-deoxycytidine Striphosphate (dCTP),  and Superscript Il (GIBCO), according to the manufacturer’s instruc-
using a Bca-BEST DNA Labeling Kit (Takara). Hybridization was tion. An aliquot of the reaction mixture was subjected to PCR using the
performed as described before (Hongoh et al. 2000). Signals werelegenerate primer set UO1 and U@Bd the specific primer set UOR1
detected and analyzed by a MacBAS-2500 image analyzer (Fuji Film)and UO55B for amplification of uricase cDNA and using the primers
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Fig. 1. Location of primers used in this studf. Primers for the uricase genes of the symbiotic fungi, represented by thatlofensYLS. B
Primers for the uricase genes of the nonsymbiotic fungi, represented by fatesiuipes. Open boxespresent the two exons of the uricase genes.
For the sequences of these primers, see Table 1.

NS1 and NS2 for that of cDNA of 18S rRNA (Table 1). Products from Big-Dye Terminator (Perkin Elmer). The subcloned plasmids as tem-
the former PCR were purified with agarose gel electrophoresis andlates were prepared in an Automatic DNA Isolation System (Kurabo).
Geneclean Il (BIO 101) and cloned into pCR TOPO of a TOPO TA For direct sequencing, PCR products were purified with the Spin Col-
cloning kit (Invitrogen). The clones were sequenced. umn S-300HR (Pharmacia) for templates.

Cloning of Uricase Genes from Fungal Symbionts Sequence Analysis
of Homopterans
GENETYX-MAC V8 (Software Development) was used for basic

The entire uricase genes and their flanking regions from YLSs of theanalysis of sequences except a multiple alignment of gene sequences,
aphids and planthoppers were amplified by PCR using the primergvhich was performed by DNASIS-MAC V3.7 (HITACHI), using Hig-

designed based on the sequence of the uricase gedelogensYLS gins’s (1991) method. Distances in synonymous and nonsynonymous
(Table 1). The PCR products were purified, cloned as above, andites were calculated according to the method described by Li (1993).
sequenced. Phylogenetic analysis was performed by MEGA V1.01 (Kumar et al.

1993) with TreeExplore V2.12 (Tamura 1999) and PHYLIP V3.573

Cloning of Uricase Genes and Their cDNAs from (Felsenstein 1993).

Nonsymbiotic Fungi
Results
A reverse transcriptase reaction was performed with an oligo(dT)-

polylinked adapter primer and Superscript Il (GIBCO). An aliquot of Apsence of Uric Acid ifT. styraci
the reaction mixture was subjected to PCR using the degenerate prim-

ers, UO1 and UO3. The products were purified, cloned as above, and The presence of uric acid in the whole tissue was exam-
Sequenced-l < of the Bend redion of g ined forT. styraciand other homopteran species. No uric
For analysis of the Send region of cONA nested PCR was per- o4 \yas found ir. styracior two other aphids contain-

formed using the adapter primer and the specific primers (Table 1). The . .
products were purified, cloned and sequenced. ing Buchnerawhile appreciable amounts were detected

A 5'-Full RACE Core Set (Takara) was used for analysis of the 5 in planthoppers and leafhoppers (Table 2). Since homop-
end region of cDNA, according to its protocol. A reverse transcriptaseterans, in general, do not excrete uric acid (Bursell 1967;
reaction was performed using thé-jghosphorylated primer,”PRT, Houk and Griffiths 1980; Sasaki et al. 1996; Hongoh and

a_nd the products were circularized or concatemerized with T4 R.NAIShikawa 1997), the presence of uric acid in the latter two
ligase. These products were used as templates for nested PCR with the

two specific primer sets (Table 1 and Fig. 1). The products were pu-grOUpS is taken to suggest that the compound is utilized

rified, cloned, and sequenced. in these insects.
Uricase genes were amplified by PCR using the specific primers
(Table 1). The products were directly sequenced. Absence of Uricase Activity ifi. styraci
DNA Sequencing Uricase activity was not detected in either the whole

tissue ofT. styracior its isolated YLSs, while activity of
Clones were sequenced using an ABI PRISM 310 autosequenced-2 and 19.8 mU/mg protein was detected in the whole
Samples were prepared using the DNA Cycle Sequencing Kit withtissue ofN. lugensand its isolated YLSs, respectively.
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Table 2. Presence of uric acid in whole tissues of homopteran insects

Uric Symbiont
Species acid type
Auchenorrhyncha
Fulgoroidea
Nilaparvata lugens + Yeast-liké
Laodelphax striatellus + Yeast-liké
Ricania japonica + Yeast-lik&
Geisha distinctissima + Yeast-lik&
Cicadelloidea
Tettigella spectra + Bacteriaft
Nephotettix cicticeps + Bacteriaft
Sternorrhyncha
Aphidoidea
Tuberaphis styraci - Yeast-liké
Acyrthosiphon pisum - Bacteriaf
Lachnus tropicalis
Adult - Bacteriaf
Egg -

#Houk and Griffiths (1980).
b T. Fukatsu, personal communication.
¢ Fukatsu and Ishikawa (1992).

Fig. 2. Southern hybridization analysis of a genomic mixtureTof
styraciand its symbiont. The genomic mixture was completely digested

Detection of a Uricase Gene and lts mRNAs from with one of the four restriction enzymes. A PCR product from the
T. styraciYLS uricase gene dfl. lugensYLS was used as a probe.Apd; 2, EcaRV;

3, Hindlll; 4, Sad.

The result that neither uric acid nor uricase activity was
detected inT. styraci prompted us to detect a uricase 1 2
gene and its transcripts ih styraciYLS. As a result, a
single copy of putative uricase gene was detected b
Southern hybridization on a genomic mixture Taf sty-
raci and its YLS (Fig. 2). Whereas a probe that was
prepared based on the uricase genéNoflugensYLS
successfully detected the gene, probes prepared based
that of Drosophila virilis (X57114) did not (data not
shown), suggesting that the uricase gene detected h
was not of the insect, but of the YLS.
RT-PCR detected two transcripts of the uricase gen

of T. styraciYLS (Fig. 3). Sequencing of these two tran- Fig. 3. Detection of transcripts of the uricase gene frdmstyraci

scripts revealed that they were completely identical t0y|'s rt.pcRr was performed with total RNA extracted from the iso-
each other except for an insert of 100 bp and that theifated YLSs. The primers NS1 and NS2 (Table 1) were used for the

seqguence was 96% identical to that of the uricase gene aimplification of cDNA of 18S rRNA (lanes 1 and 2), and UOR1 and

N. lugensYLS. In spite of this high identity, an insert of UO55B' (Table 1 and Fig. 1) were used for the uricase cDNA (lanes 3
dinucleotide was found in the cDNA df. styraciYLS, "0 4)- 1, ~RT; 2, #RT; 3, -RT; 4, +RT; 5, 100-bp ladder (GIBCO).

which probably caused a frameshift mutation (Fig. 4).

T. taiwana, T. takenouchii, G. bambusaadC. frans-

seni,as well as for those of the planthoppeks,stria-
Cloning and Sequencing of Uricase Genes from tellus, R. japonicaand G. distinctissimaTheir coding
Symbionts of Aphids and Planthoppers sequences that were split by single introns and the de-

duced amino acid sequences are aligned in Figs. 4 and 5,
Since the uricase cDNA of. styraciYLS was almost respectively. The complete sequence data including
identical to that ofN. lugensYLS, we attempted to am- those on flanking regions will appear in the DDBJ/
plify entire lengths of uricase genes and their flankingEMBL/GenBank nucleotide sequence databases with the
regions from several YLSs by PCR, using the specificaccession numbers listed in the legend to Fig. 4.
primers designed based on the sequence of the geévie of It should be noted that the uricase genes cloned from
lugensYLS (Table 1). Entire lengths of uricase genesthe YLSs of T. styraci and T. taiwana shared the
were successfully amplified for the YLSs &f styraci, frameshift mutation described above and, in addition, a

3 4 5

<4600bp
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- - . e ee e . e ras - LERE TN

Gb YLS: nonsense mutation

639 : CTGTATTACTCTCGAGCTGTTTGCCCAAGACGACTCCCCCAGCGTGCAAAACACCATGTACAAGATGTGCCAGCAGATTC 718

L3 2 T I 718
T T 718
639:.. 718
632: ..o
632: .
355: 434
633: . 710
639:. .. . 718
639:. . LA . C.Gan.. . LGo.l....CL 718
564:. CT. A c... G...A..AG.G.......C.. R .6..6.C..C. 643
639:. .CT.6C6C. GC LC...A..AG. . C.... 718
PN :‘ -

Gb YLS: frameshift mutation | ———» intron
719:TCAATGTCCTTCCccACAcccAAAGcGTGACGTACGTTTTGccTAACAAGCACAATTTTGAGCTCGETCAGTCTGATT-— 796
719: 796
719: 796
719: 796
712: 791
712: 791
435: 512
711: 788
719: 796
719:.66...C.G. R . 792
644: .€GG.G.. . A.T.T.A.C.AG. .CTAC...TCGC....C LT, JofAL T 717
719:.76GC..C.6.C..GC.GGT.AGC.AG.. . TAC...TCGC....C..T......T. L JAC..T.CT..-- 796

. PO e or hee ve wnekee o Arenrre oFF ae
797:

797:
797:
797:
792:
792:
S13:
789:
797:
793:--T. C G TAACA TC.T.A-
718:--G. .AA.T..GA.AGTA-~-~
797:--TT..ACTTTC.C.CGA..T...

859:CTAAC—TTGGGTTCTATTCCC——

937
934
.. 937
.. 937
.. 934
. 938
652
926
. 951
. 903
. 823
. 912

938: 987
935: 234
938:. 987
938:. 987
935:. 984
939:. 988
653:. 702
927: 976
952: AP PN PN .. 1001
904:.7..G6....C...T..C..6.. . B T R L EEL LR .. 953
824:. ST L TGATGGCCCT . .  TCCAAGCTG. . . 891
913:.G6..G. .-G CLLC TGACGACCCTA - TCCAAGCTG. . A] 980
PRRT vae ks we v aseres “r ae we s T
stop codon
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Fig. 4. Comparison of the sequences of the coding region and introrLs, Laodelphax striatellus(AB038699); Rj, Ricania japonica
of the uricase genes of the symbiotic and nonsymbiotic fungi. The(AB038700); Gd,Geisha distinctissim@AB038701). For aphids: Ts,

deleterious mutations found in the uricase genes of the YLSE. of
styraci, T. taiwanaandG. bambusaare indicated byarrowheadsA

Tuberaphis styraci(AB038702); Ttw, Tuberaphis taiwana
(AB038703); Ttk, Tuberaphis takenouch{iAB038704); Gb,Glyphi-

conserved region for splicing in the intron (Legoux et al. 1992) is naphis bambusagAB038705); Cf,Cerataphis fransser(AB038706).

boxed.Names of the organisms used are abbreviated as below, witlFror nonsymbiotic fungi:

T. niveum;Tolypocladium niveum

accession numbers for complete sequences including flanking regiongAB038708); B. bassianaBeauveria bassiangAB038707); and P.

in parentheses. For planthoppers: Nilaparvata lugengAB027293);

tenuipesPaecilomyces tenuipg&B038709).
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motif A motif B

N1 YLS 1:MPYVSVAlﬁYGWRVLKVSRDAGIGVQ’I'VTEMTIRC—LIEGDIEASY’ICAm 59
Ls YLS B A PR 59
Rj YLS T P F 59
Gd YLS IEPRRRR N AU N..T.oo.n... B R 59
Ts YLS R e Teeieaaaan R Yeooonnnn 58
Ttw YLS PSR R R T U, L’ P, 58
cf YLS T To.... A..... E ! O 59
T. niveum l:..... ) W O R T...AT...H..... VC.-.L....D....E|...V..... 59
B. bassiana 1: ..H....-.WW.V.L..A..T...QJ)...V..... 34
P. tenuipes 1:..S.TA..|...... .LF.TH..PNT..HS...-.VV.V.L..... S...RJ|...v..... 59

** Kk * Kk ok ok ok ok ok k ok * * * ok * ok Xx * *x kK*x % * k * Kk k  kkkokk

_ Cu-binding site
Nl YLS 60 : STKNTJL Y ILAKQHRVNPPELFASIISSHFIQKYSHIHVADVDI I THRWLRMDVDGKPHPH 119
Ls YLS 60: . Veoooieeaan ... 119
Rj YLS 2T A Veeeeeieeenns ... 119
Gd YLS 60 e e Veeoieiiaan .. 119
Ts YLS 1 Voo ... 118
Ttw YLS 1 T PP Ve ... 118
cf YLS [P AU ;S P Veeeunnn I.... ... 119
T. niveum 60:..... LF...... P.T...... ALG...V.o..ooo... N.TVW....V........ ... 119
B. bassiana 35:.M...FF...... P.T...... ATLGA...E........ N...V.K..V..H...R.|... 94
P. tenuipes 60:.M...NFV..... P.T...... ATVGA. .VDT.P..... A.RVV.T..A.IR...R.... 119

EEEEES *hkkhkkhkk * Khhkkkkk * ok * kkkkk * * k*x * *Kk Khkhkk*k

_ motif C
Nl YLS 120 : S§TKDAGETRNVHVNAKRQDGIATASSIVGLYLLRSTGSRFGGFVRDEFTTLPESWDRIL 179
Ls YLS 120: . 4ot D S e 179
Rj YLS 120: . 4eeeeeeiiannn - ORI T P 179
Gd YLS 120:. ..ot Hoooooioninnaaoo e IR T 179
Ts YLS 119:. 4. .ol e Tee  F S 176
Ttw YLS 119: 4o, e I... F S 176
cf YLS 120:. o, Hooooiiiioniaooo et R TR 179
T. niveum 120:.J.......... EARVS.K....LT.A.A. . TV...... A : S A.T..... 179
B. bassiana 95:.|V.EGE.K...RTRVS.RG...VN.GLSD.TV...... LLH... .. Dow.n.. T....M 154
P. tenuipes 120:.JV.ESE.K.T.AAR.S.RA....N.G.AD.TV...... LH..I......... T....M 179

** x * kK * * k% * * kkkk kk Kk kk khkkk Kk kkkk

motif D
N1 YLS 180 : ATDVDASWKWSKFANLEAVEQSAAKFDAAWESARCITLELFAQDIJSPSVONTMYKMCQQT 239
Ls YLS 180:.cceeeeceennn. 5 PPN (R A 239
Rj YLS 180:cceeeeenennnnn 5 AR PR A 239
Gd YLS 180 ceeeeeenannn. 5 A APAPRPRPUNY NP S 239
Ts YLS 177:Deeeeennnnnnn A0 T Kevovvwoooooe i doeenaaibonn 236
Ttw YLS 177:Deeecennnn.. 775 2 O A, 236
cf YLS 1802 .. ceeeennnnnn. TR Moo ool ...R. 239
T. niveum  180:S...... C..KT..DVK...ET.P...K...A..N...K...E. ].A....... L ..E.. 239
B. bassiana 155:S....... D.IA.PD.A..RDA.PE. .R.HKA..N..FKR..E.N.A...A...| .SED. 214
P. tenuipes 180:S....... D.AV.PD.A..RAA.TR....H.A..D...RR..N.N.A...A...| .SED. 239
* ok ok ok ok ok * * ** * *k Kk *k  kKk **k Kk k kkk kkhkkkk *
region 1
N1 YLS 240 : LN\VLPDTQSVTYVI PNKHNFELDIJSWHGGIQNTGKQAEI YVPQTCPNGLIKCEVSRS--- 296
Ls YLS 240: . i A --- 296
Rj YLS 240: . ... A --- 296
Gcd YLS 240: . i N --- 296
Ts YLS 237:. Al ..... Ao Povennn. --- 293
Ttw YLS 237: . ALN.L AL e Povrnnn. --- 293
Cf YLS 240:..AI...... S R --- 206 Fig. 5. Comparison of the
T. niveum 240:.DAV...E..A.S|.......... ...N.LK...ED..V..... < --- 296  deduced amino acid sequences of
B. bassiana 215:.KAV.NINK.Y.S]....Y..... ...K..K....D..V....SN...... V....DGPS 274 uricases of Symbiotic and
7. renuipes B0 R VS S N T T TP # nonsymbiotic fungi. The consensus
motifs [motifs A—D and region 1

N1 YLS 297:-—- (Hongoh et al. 2000; Koyama et al.
Ls YLS 297:--- 1996)] and the putative
Rj YLS 297:--~ copper-binding site (Chu et al.
Gd YLS 297: == 1996) areboxed.It is noted that the
Ts YLS 294:--- . .
Ttw YLS 2941 - uricases of the symbionts arfd
cf YLS 2971 niveumlack the standard PTS-1 at
T. niveum 297:--- the C-terminal extremity. The
B. bassiana 275 277 abbreviated names of species are
P. tenuipes 300 PTS-1 302 the same as in Fig. 4.

deletion of 350 bp in the '5flanking region. InT. ta-  genes of the YLSs ofs. bambusa@andC. fransseniln
kenouchii,the deletion was larger, up to about 800 bp,the former, however, two nonsense mutations and a de-
reaching 300 bp downstream from the initiation codon.letion of dinucleotide that probably caused a frameshift
These uricase genes shared 96% nucleotides with that efere found. Positions of these mutations are summarized
N. lugensYLS, even in the 3flanking region. The large in Fig. 6. In the latter, no loss-of-function mutation was
deletion and the frameshift were not found in the uricaseound.
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Fig. 6. Deleterious mutations on the

TATA box uricase genes of fungal symbionts of
5' Y l D 3' Cerataphidini aphidsOpen boxesepresent
N.lugens YLS I the two exons of the uricase genes.
, , Arrowheadsindicate the location of
T. styraci YLS 5 _L I l I _ 3 putative TATA boxes. InTuberaphis
T. taiwana YLS

species, the 'Sflanking region, including
the putative TATA box, was largely
. 5' |:l_'D—3 deleted. In addition, an insert of
T. takenouchii .S — dinucleotide in the coding region causes
TATA box frameshifts inT. styraciYLS andT.

5 ¥ I:I 3' taiwanaYLS. In G. bambusag/LS, two
G bambusae VLS | I nonsense mutations )(were found in

A frameshift mutation addition to the deletion of a dinucleotide.

A frameshift mutation

Detection of Uricase Activity in Nonsymbiotic Fungi Tv ratio was determined by MEGA V1.01 and found to

_ o _ be biased in these fungal uricase genes. High Ts/Tv ra-
To examine the effects of symbiosis on the evolution oftjgs were estimated among the uricase genes of the sym-
uricases of the symbionts, uricase activity and sequencasionts, which were 2.8-3.8 in aphid YLSs and 3.5-8.1 in
of uricase genes from nonsymbiotic fungi were deter-pjanthopper YLSs. In contrast, the Ts/Tv ratios in non-

mined for the sake of comparison. symbiotic fungi were as low as 0.58-0.68.
Uricase activity was detected in all three deuteromy-

cetes used in this study. The activities were 25, 15, and
30 mU/mg protein forP. tenuipes, B. bassianandT.  Synonymous and Nonsynonymous Substitutions in
niveum,respectively. Uricase Genes

Since no deleterious mutation was found in the uricase
gene ofC. fransseniYLS, it was conceivable that the
product is active and plays a certain role unlike in YLSs

Entire or partial segments of uricase genes and theiPf Tqbgraphisand Qlyphinaphisaphids. o assess this
cDNAs were cloned and sequenced from the nOnsymbipossmnlty, dJdy (distance at synonymous sites/distance

otic fungi. Sequences of coding regions and the amindt NONSynonymous sites) ratios were estimated among
acid sequences deduced therefrom were aligned togethg}e fungal uricase genes and are shown in Table_4. If two
with those of the YLSs in Figs. 4 and 5, respectively. All genes have beer} inactive and free frf’m sele(?tlon pres-
of the deuteromycetous uricase genes were split b ure since they bifurcated, the theoretidgtl ratio be-

single introns at the positions corresponding to those o ween them should be no more than 1.0. Actually, the

the symbionts. Deduced molecular weights, isoelectrid a0 Was 1.1 in the comparison betwenstyraciYLS

points, lengths, identities, and carboxyl extremities areand T. taiwana YLS, while the ratios were 3.0-7.5

compared in Table 3. The highet predicted for the among the YLSs of planthoppers and among the non-

uricases oP. tenuipesaandB. bassianavere due mostly symb|p\t(|E Sfungc;.CHfowever, ;‘Tgn cgmtf)arebd be;vxI/_eSTén
to an increase in arginine residues in variable regions. SY"ac! YLS andC. fransseni¥LS or G. bambusad/'Ls,

The carboxyl extremity of the uricase @t niveum the dJ/dy ratio was as high as 8.6 or 3.5, respectively,

was Ser—-Arg-Ser, the same as that of the YLSs, whil@mh of which substantially exceeded 1.0 (Table 4).

those of the other two nonsymbiotic fungi were Ser—
Lys—Leu, which represents the standard peroxisomal tarPhongenetic Analysis of Uricase Genes
geting signal, PTS-1 (Table 3, Fig. 5).

Cloning and Sequencing of Uricase Genes and Their
cDNAs from Nonsymbiotic Fungi

The phylogenetic relationship of the YLSs was estimated
GC Content and Transition/Transversion by a gene tree of uricase constructed using the neighbor-
Substitution Rate joining method (Fig. 7). The YLSs of planthoppers and

Tuberaphisaphids formed a sister group against the
GC contents and rates of transition/transversion substiYLSs of the Glyphinaphisand Cerataphisaphids, with
tutions (Ts/Tv ratio) in the uricase genes were estimatedbootstrap confidence levels as high as 93-100. The maxi-
High GC contents were observed through all the uricasenum-likelihood tree constructed by PHYLIP V3.573
coding regions, which were 57.2-58.5% in the YLSs andwas completely compatible with the neighbor-joining
61.8-66.9% in the nonsymbiotic fungi. In the YLSs, the tree (data not shown). The topology of the maximum-
GC content was also high in the noncoding regions, eskkelihood tree was not significantly affected by chang-
pecially in the 5 flanking region (62.2—-66.7%). The Ts/ ing the Ts/Tv ratio setting from 2.0 to 10.0.
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Table 3. Comparison of the length, molecular weight (MW), isoelectric poit}, (B-teminal tripeptide and identity (%) agairi$t lugensYLS
among the uricases from symbiotic and nonsymbiotic fungi (MW andgre deduced from the amino acid sequences)

Identity”

Length Carboxyl
Organism (aa) MW d terminus aa nt
N. lugensYLS 296 32,882 6.06 -SRS 100.0 100.0
L. striatellusYLS 296 32,918 591 -SRS 98.3 98.0
R. japonicaYLS 296 32,892 5.99 -SRS 98.3 98.3
G. distinctissimarLS 296 32,879 6.13 -SRS 97.6 98.0
C. fransseniYLS 296 32,919 6.18 -SRS 94.9 94.2
T. niveum 296 32,714 5.62 -SRS 77.0 78.4
B. bassian — — 7.03 —SKL 64.0 68.5
P. tenuipes 302 33,432 7.67 —SKL 61.9 67.7
#aa, amino acids; nt, nucleotides.
® The sequence was not completed.
Table 4. Distances in synonymousld) and nonsynonymousiy) sites for the uricase gerfes
Comparison ds dy dd/dy
N. lugensYLS-L. striatellusYLS 0.0595 + 0.0003 0.00789 + 0.00001 75
L. striatellus YLS-G. distinctiYLS 0.0253 £ 0.0001 0.00498 + 0.00001 5.1
N. lugensYLS-G. distinctiYLS 0.0397 + 0.0001 0.0133 + 0.0000 3.0
T. styraciYLS-T. taiwanaYLS 0.0217 £ 0.0001 0.0195 £ 0.0003 1.1
T. styraciYLS-G. bambusa&'LS 0.0921 + 0.0004 0.0267 +0.0001 35
T. styraciYLS-C. franssenlLS 0.133 £ 0.001 0.0154 £ 0.0000 8.6
P. tenuipes—B. bassiana 0.474 +0.020 0.0966 + 0.0002 4.9

2The distances and standard errors were calculated according to the method described by Li (1993). The alignment gaps and the nonsense mutation
in G. bambusaé&/LS were excluded.

Discussion gested that an active uricase had been playing a certain
role in fungal symbionts of aphids, at least, in the past.
Otherwise, thed/d, ratios in the comparison between
the Cerataphidini aphid species should have been nearly

styraci YLS was shown to have a frameshift mutation 1:0- In reality, this was true only when compared be-
(Fig. 6). The large deletion in the’ Slanking region is tween theTuberaphisspecies (Table 4). Wheh styraci

also important, because the putative TATA box was lostY LS was compared wits. bambusa&'LS, though their
due to this deletion (Fig. 6). These data indicate thatUricases are no longer active (Fig. 6), tyly ratio was
unlike planthoppersT. styracidoes not have a uric acid- s high as 3.5 (Table 4). Comparison betw&estyraci
mediated nitrogen recycling system. Since loss-of-YLS andC. franssenlYLS showed an even higher ratio,
function mutations in the uricase genes were also found-6 (Table 4). Taking these higl/dy values together
in the YLSs of othefTuberaphisspecies an&. bambu- ~ With the result that no loss-of-function mutation was
sae(Fig. 6), it is likely that a uric acid-mediated nitrogen found in the uricase gene @f. fransseniLS (Fig. 4), it

recycling system does not exist in aphids that harbotS possible that the uricase of this YLS still retains its
fungal endosymbionts. activity and plays a certain role in the YLS’s own nitro-

That uric acid was detected in the four species ofgen metabolism. Itis conceivable that the uricase used to
planthoppers suggests that a uric acid-mediated nitrogelpe necessary for a nonsymbiotic ancestor or ancestors of
recycling system generally exists in planthoppers. Inter-YLSs and that endosymbiosis with aphids, which were
estingly, uric acid was also detected in leafhoppers thatlevoid of uricotelic ability, somehow lowered their de-
bear bacterial endosymbionts (Buchner 1965; Houk anghbendence on the uricase activity. Probably, this led to the
Griffiths 1980) (Table 2). It is likely that the presence of fixation of deleterious mutations such as deletion and
uric acid is related not to the type of symbiont, but to theframeshift on the uricase genes of many YLSs, while
phylogenetic lineage of host insects. This suggests thdatansseniYLS alone happened to escape such mutations.
loss of the uricotelic ability of aphids occurred in their  Endosymbiosis itself may have facilitated a spread of
very early stage of evolution. deleterious mutations. It has been shown Bathnera

Although the uricase activity is not necessary for thehave accumulated more deleterious mutations on their
aphid—fungus symbiosis as discussed above, it was sugenes, as a result of acceleration of the evolutionary rate,

Neither uric acid nor uricase activity was detected’in
styraci (Table 2). In addition, the uricase gene f
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100 T. styraci YLS
Aphid's
symbionts

98 T.taiwana YLS
T. takenouchii YLS

100 |- G distinctissima YLS

R.japonica YLS Planthopper's

gf— o4 N. lugens YLS symbionts
69 triatellus YLS
100 . striatellus
G bambusae YLS Aphid's
C. fransseni YLS | symbionts
T. niveum E
B. bassiana Non-.symb, otic
| fungi
100 P. tenuipes
A
0.05

Fig. 7. Phylogenetic analysis of the uricase genes of the fungal sym-quences of the uricase genes of the nonsymbiotic fungi were used as
bionts. A bootstrap tree from the distance method (neighbor-joining)outgroups. The distances were calculated using the Tamura—Nei (1993)
was constructed by MEGA V1.01. The entire uricase genes with theirdistance, because of the biased base contents and Ts/Tv ratios of these
introns and flanking regions (total 2012 sites) were subjected to theuricases (see text). The bootstrap test (Felsenstein 1985) was performed
analysis, with alignment gaps excluded pairwisely. The coding se-with 500 resamplings. The tree was condensed by a 50% cutoff level.

compared with their free-living relatives (Moran 1996; YLSs were found only in the three genera in the tribe
Lambert and Moran 1998; Wernegreen and MoranCerataphidini among the number of aphids surveyed to
1999). Like Buchnera,YLSs are vertically transmitted date, implying that the replacement®dichneraby YLS
through host’s generations and reproduce only in aris an extremely rare event. In addition, the molecular
asexual manner (Noda 1977). This implies that the efphylogenies of YLSs and their host aphids based on 18S
fective population size of YLSs is relatively small and rDNA sequences were concordant with each other, sup-
that the chance for interstrain recombination is limited.porting their view (T. Fukatsu, personal communication).
In addition, they experience a bottleneck effect at eachiraking these together, the most plausible scenario is as
host's generation. These factors may have caused fallows: a fungus that was once acquired by a lineage of
spread of deleterious mutations through the population€erataphidini aphids became YLSs, one of which was
of YLS in a relatively short period of evolution. transferred afterward to the lineage of planthoppers.
Phylogenetic analysis based on 18S rDNA sequences It has been suggested that the common ancestor of all
has suggested a monophyletic relationship betweepxtant aphid species acquired a bacterium about 200 mil-
YLSs of aphids and those of planthoppers (Fukatsu andlon years ago, which eventually becamechnerasym-
Ishikawa 1996). Indeed, our analysis based on their uribionts (Munson et al. 1991; Moran et al. 1993; Moran
case gene sequences strongly supported this view (Fignd Baumann 1994). It has also been suggested that only
7). In this regard, it is necessary to discern between thén a lineage of Cerataphidini was tBeichnerasymbiont
two alternatives: (1) independent acquisitions of thereplaced later by a fungus, the ancestor of extant YLSs
same or closely related fungi by the two lineages and (2JFukatsu et al. 1994). If this is the case, it follows that the
horizontal transfer of a symbiont that was acquired bytransfer of YLSs from an ancestor ®fiberaphisaphids
one lineage to the other. Our results clearly favor theto the lineage of planthoppers, as assumed above, is a
second alternative. If it had not been for the horizontalfairly recent event, suggesting that the recycling of uric
transfer of a symbiont, acquisition of the symbiont by acid exploiting YLS is a recent innovation in the lineage
aphids and planthoppers would have had to occur, abf planthoppers. In this context, it is noticeable that the
least, four times independently to form the tree depictediricase genes of planthopper YLSs remain active and
in Fig. 7. Fukatsu et al. (1994) claimed that acquisition ofthose ofTuberaphisYLSs do not. This implies that the
YLSs by aphids should have been a single event becausgicase gene of an ancestor dfiberaphisYLSs re-
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mained functional, at least, until being transferred to aFukatsu T, Aoki S, Kurosu U, Ishikawa H (1994) Phylogeny of Cera-
planthopper and fixed deleterious mutations later in a t@phidini aphids revealed by their symbiotic microorganisms and
relatively short Iength of time basic structure of their galls: Implications for host-symbiont coevo-

. lution and evolution of sterile soldier castes. Zool Sci 11:612-623
YLSs of aphids and planthoppers are thought to shar|e_|_ ins DG, Bleasby AJ, Fuchs R (1991) CLUSTAL V: | g
- Higgins , Bleasby AJ, Fuchs : Improve
a common ancestor belonglng to the class Pyrenomy software for multiple sequence alignment. CABIOS 8:189-191

cetes (Fukatsu and Ishikawa 1996). Indeed, our results _ o _
s est that the uricase of one of the renomvceto Eongoh Y, Ishikawa H (1997) Uric acid as a nitrogen resource for the
ugg uri Py Yy u brown planthopperNilaparvata lugensStudies with synthetic di-

fu_ngi: Tolypocladium niveumshar?s a common featu.re ets and aposymbiotic insects. Zool Sci 14:581-586

with thF’_Se of YLSs. In t.hese uricases, the C'termmalHongoh Y, Sasaki T, Ishikawa H (2000) Cloning, sequence analysis,
extremities were deleted in common, and as a result, they ang expression iEscherichia coliof the gene encoding a uricase
lack a standard PTS-1, Ser—Lys—Leu (Fig. 5). This tri- from the yeast-like symbiont of the brown planthoppiilapar-
peptide is known to comprise a necessary and sufficient vata lugensinsect Biochem Mol Biol 30:173-182

peroxisomal targeting signal (Terlecky et al. 1996). As aHouk EJ, Griffiths GW (1980) Intracellular symbiotes of the Homop-
peroxisomal protein, all the eukaryotic uricases se- tera. Annu Rev Entomol 25:161-187

quenced to date have the consensus signal sequence, S@yama Y, Ichikawa T, Nakano E (1996) Cloning, sequence analysis
Ala—basic-Leu (Terlecky et al. 1996). The C-terminal and expression iiEscherichia coliof the gene encoding th€an-
tripeptide, Ser—Arg—Ser, shared by YLSs dhchiveum dida utilis urate oxidase (uricase). J Biochem 120:969-973

implies a close relationship among these fungi. Kumar Si Tamura_ K, Nei M (199‘3) MEGA (Mole_cular e_volutionary
genetic analysis). Pennsylvania State University, University Park

Lambert JD, Moran NA (1998) Deleterious mutations destabilize ribo-
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