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Abstract. This study provides a phylogenetic/ Key words: 16S rRNA — Plastid — Nonphotosyn-
comparative approach to deciphering the processes utthetic — Insertion — Repair —Polytoma — Prototheca
derlying the evolution of plastid rRNA genes in genomes
under relaxed functional constraints. Nonphotosynthetic

green algal taxa that belong to two distinct classes, Chlo-

rophyceae Rolytomg and TrebouxiophyceaeP(oto-  Introduction

thecd, were investigated. Similar to the situation de-

scribed previously for plastid 16S rRNA genes in o ) ] )
nonphotosynthetic land plants, nucleotide substitutiorEvolution is often associated with loss of_functlon_s and/
levels, extent of structural variations, and percentage AT" Structures. One of the most dramatic evolutionary

values are increased in nonphotosynthetic green algd@SSes iS the loss of photosynthesis in green plants. Al-

compared to their closest photosynthetic relatives. How!hough “green” lineages are usually defined by their abil-

ever, the mutational processes appear to be different iffY ©© Q’hotosynthesize, many nonphotosynthetic “green
many respects. First, with the increase in AT contentPlants,” both land plants and green algae, are known.
more transversions are notedfolytomaand holopara- Among suc.h.llneage's are the parasitic nonphotosynthetlc
site angiosperms, while more transitions characterize thgheloparasitic) angiosperms (e.g., Scrophulariaceae/
evolution of the 16S rDNA sequences Rrototheca. Orobanchaceae) and the strictly heterotrophic (“color-
Second, although structural variations do accumulate if€SS") unicellular green algae (e.g>plytoma, Polyto-
both Polytomaand Prototheca(as well as holoparasitic Mella, Prototheci In both land plants and green algae,
plastid 16S rRNAs), insertions as large as 1.6 kb charloss of photosynthesis has occurred more than once: at

acterize the plastid 16S rRNA genes in the former least five times in Scrophulariales (dePamphilis et al.

whereas significantly smaller indels (not exceeding 241997), at least four times among nonasterid plants (Nick-

bp) seem to be more prevalent in the latter group. Thdent et al. 1998), and at least four times in green algae
differences in evolutionary rates and patterns within andRUMPf et al. 1996; Huss et al. 1999).

between lineages might be due to mutations in replica- "€ nonphotosynthetic land plants and green algae
tion/repair-related genes: slipped-strand mispairing idnvestigated to date have been found to contain degen-

likely the mechanism responsible for the expansion oferate plastids (leucoplasts) and/or plastid DNA (e.g., de-
insertions inPolytomaplastid 16S rRNA genes. Pamphilis and Palmer 1990; Machado and Zetsche 1990;

Haberhausen et al. 1992; Vernon 1996; Nickrent et al.
1997b). Leucoplast genomes in nonphotosynthetic plants
are reduced in size and number of genes compared with

Correspondence toAurora M. Nedelcug-mail: nedelcua@u.arizona.  their counterparts in photosynthetic relatives (e.g., Mor-
edu den et al. 1991; Wolfe et al. 1992a; Nickrent et al. 1997b).




671

The retention of a degenerate but potentially active Although information on plastid genes in nonphoto-
plastid genome in all secondarily nonphotosyntheticsynthetic plants is currently accumulating (e.g., Wolfe
green plants is attributed to the presence of unidentifiegind dePamphilis 1997, 1998; dePamphilis et al. 1997;
plastid genes whose protein products are thought to b¥oung et al. 1999), the forces and the mechanisms in-
indispensable for the well-being of the organism (e.g.,volved in the evolution of leucoplast genes are not fully
Wolfe and dePamphilis 1998). It thus follows that the understood. The questions addressed in this study
gene expression machinery is still present and may b#clude (i) What are the patterns and trends that charac-
active in these degenerate plastids. Genes coding fderize the evolution of plastid 16S rRNA genes in non-
components of the leucoplast transcriptional/translationphotosynthetic green algal lineages? (i) Are these evo-
al apparatus (e.g., rRNAs, tRNAs, elongation factors,utionary patterns and trends similar or different among
ribosomal proteins) indeed have been found in manyeterotrophic green algal groups and between green al-
holoparasitic plants (e.g., dePamphilis and Palmer 199¢9@e and parasitic angiosperms? and (i) Which are the
Wimpee et al. 1991; Wolfe et al. 1992a; Nickrent et al. potential evolutionary forces and mechanisms underly-
1997a; Lohan and Wolfe 1998) as well as nonphotosyning the evolgtion of plastid genes in nonphotosynthetic
thetic green algae (Vernon 1996; Vernon et al. in press)dreen algal lineages? _ _
Although there is evidence that plastid genes are tran- A comparative/phylogenetic approach can provide
scribed in some parasitic plants (e.g., Ems et al. 19g95information on these evolutionary processes and help
Nickrent et al. 1997a), the actual cellular localization asdiStinguish between general and lineage-specific phe-
well as the functionality of their products awaits further nomena. It 'S_ in this light thf”‘t in the present study non-
investigations. In addition, the transcription of plastid photosynthetic green algal lineages from two green glgal
genes is dependent upon components of the Cytosoligroups,Pontomaand Prototheca,have been investi-
expression machinery (such as RNA polymerase), Whiclgated. The former belongs to the class Chlorophyceae,

substitute for the plastid-encoded counterparts whos hereas_the latter is included m_the Trebouxiophyceae
. . sensurFriedl 1995).Polytomaconsists ofChlamydomo-
coding regions became pseudogenes (Lusson et al.

1998) naslike biflagellate algae that affiliate with at least two

Generally, it is believed that the plastid translationaldIStInCt chlamydomonadalean clades (Rumpf et al.

machinery in nonphotosvnthetic plants is subiected to1996), wherea®rotothecaspecies are nonflagellate al-
inery | P Y Icp IS subj e that are related t€hlorella species (Huss et al.

less stringent selection because, subsequent to the loss )

photosynthesis in these lineages, translation levels drop '

(e.g., Morden et al. 1991; Wolfe et al. 1992b; dePamphi-

lis et al. 1997). Indeed, some leucoplast genes that fea-

ture accelerated rates of DNA sequence evolution, hav®aterials and Methods

undergone major structural changes and/or have become

pseudogenes (e.g., Wolfe et al. 1992b, c¢; dePamphilis dihe classification, species names, source, and strain numbers of the

al. 1997: Nickrent et al. 1997a: Wolfe and dePamphiIistaxa |nve§t|g§ted, as well as the gccegsmn numbers of the sequences
analyzed in this study, are summarized in Tables 1 and 2. Algal cultures

1998)-_ However, a StL_de on the eV0_|Ut|0n of _the 9€N&yere grown in the media indicated in Table 1. Cultures were axenic and
encoding the plastid ribosomal protein SP92) in the  checked for bacterial contamination before nucleic acid extraction. To-
Scrophulariaceae/Orobanchaceae lineage (which cortal DNA and RNA were extracted as described previously (Nedelcu et
tains free-living and parasitic plants) revealed that not a”aI. 1996, 2000). Total DNA fron®. oviformeand therrn16 sequence

hol it to h lerated ratamss of P. obtusunwere kindly provided by Dawne Vernon and C. William
oloparasites appear 10 have accelerated ratap Birky, Jr. PCR amplifications were performed using a Stratagene Ro-

evolution; on the other hand, some hemiparasites (i.€pocycler and Platinum Tag DNA Polymerase High-Fidelity, Elongase
photosynthetic parasites) do show increased rates (dé&nzyme Mix, and SuperScript One-Step RT-PCR System (Life Tech-
Pamphilis et al. 1997). In addition, different mechanismsnologies). PCR primer sequences and their positions relative to the

. Lo . cherichia colicounterpart are summarized in Table 3. Where more
seem to be mdependently acting in the Scrophulanacea@/zn one PCR product was obtained, the major bands were individually

Oropanchgceae lineage: _lessening O'f functional congycised, and the DNA was extracted, purified, and reamplified. The
straints might be responsible for the increased rate OPCR products were cleaned using a Qiagen Gel Extraction Kit and/or
nonsynonymous substitutions, but variations in muta-PCR Purification Kit and sequenced on both strands using the auto-

tional or repair mechanisms are Iikely responsible for themated sequencing facilities at the Laboratory for Molecular Systemat-
.Ics and Evolution, University of Arizona, Tucson (http://www.arl.arizona.

observed differences in Synonymous rates (depamphlhgdullmse/). Sequences were aligned using Clustal V, and the align-
et al. 1997). Furthermore, the increased rate of NONSYNments were refined manually, based on conserved secondary structure
onymous substitutions was shown to be lineage specifiteatures. Phylogenetic analyses were performed using PAUP version
(Nickrent et al. 1998). Lineage-specific processes mayt0 (Swofford 1998); gaps and unalignable regions were manually
also be responsible for differences in the retention of <,szchL_Jded from the analyses using MacClade version 4.0 (Madison and
hotosynthetic genebcl, among the holoparasi@ro- Madison 2000). Bootstrap analyses (100 replications) were conducted
p y . 9 o g P .. using the default settings in PAUP. Homology searches were per-
banchespecies examined by Wolfe and dePamphilistormed via BLAST (Altschul et al. 1990) at the National Center for

(1997, 1998). Biotechnology Information (NCBI). Base composition, transition/
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Table 1. Classification, species name/strain number, source, andlable 3. PCR primers used to amplify chloroplast 16S rDNA
growth media for the taxa whose plastid 16S rRNA sequences wersequences
obtained in this study

E. coli
Classification Taxon Source/stréin Mediun? Primer Sequence (30 3) coordinate
Chlorophyceae Forward
Polytoma uvella Polytoma uvella UTEX 964 PM ms-3 GCGGCATGCTTAACACATGCAAGTCG E.c.39
clade A GTTTGATCCTGGCTCAC E.c.11
Polytoma mirum SAG 62-3 PM B GAGGCGAAAGCGCTCTACTAG E.C.722
Chlamydomonas UTEX 225 mM E CGCTGAGAGACGAAAGCTATGG E.c.754
applanata 964/Sa TCCGACGATTCATCGGT —
Polytoma oviforme Polytoma SAG 62-27 PM ins
clade oviforme Reverse
QOutgroup Scenedesmus  UTEX 78 BM ms-3 GCTGACTGGCGATTACTATCGATTCC  E.c.1362
obliquus C CGCTACCATAGCTTTCGTCTC E.c.780
Trebouxiophyceae D ACGGGCGGTGTGTAC E.c.1392
Protothecaclade  Prototheca UTEX 1533 MM F CCTAGTAGAGCGCTTTCGGCC E.c.742
wickerhamii 964/ CTCGCCGCATTTCTAATGCGGTG —
ins3
2UTEX, Culture Collection of Algae at the University of Texas at  62-27/ GGCTACCTATAGGTAAACGTTGCCCGC —
Austin; SAG, Culture Collection of Algae at the University of Gottin- ins3

gen, Gottingen, Germany.

PBM, basal medium (Oh-Hama and Hase 1980); FRtjytomella
medium (Burton and Moore 1974); mM, minimal medium (Starr and
Zeikus 1993); MM, malt medium (Wolff and Kuck 1990). mirumSAG 62-3,Polytoma uvelldJTEX 964,Polytoma
oviforme SAG 62-27, Prototheca wickerhamiUTEX
1533) as well as to two photosynthetic relativ€hia-
mydomonas applanatdd TEX 225 and Scenedesmus
Accession numbér obliquusUTEX 78). The first five sequences were ob-
tained from PCR amplifications of total DNA, whereas

Table 2. Accession numbers of the sequences used in this study

Taxon 16STONA ~ 18STNA  the sixth came from the amplification of a cDNA.
Chlamydomonas applanata/humicola AF394204*  U13984 Of the six species whose plastid 16S rRNA genes
Chlamydomonas moewusii X15850 u41174 (rrn16) were amplified in this work, two, i.eP. ovi-
Chlamydomonas reinhardti J01395 M32703  formeand P. uvella,yielded PCR products of a larger
Chiorella ellipsoidea x12742 e size than expected. Attempts to amplify (from both ge-
Chlorella protothecoides X65688 X56101 _ p ' p np 9
Chlorella vulgaris AB001684 X13688 nomic DNA and total RNA) pla_stldrn16 sequences
Polytoma obtusum AF374187 U22935 from another nonphotosynthetic green algal taxon,
Polytoma oviforme AF394207*  U22936 Polytomella parvaproved unsuccessful.
Polytoma mirum AF394203* u22934
Polytoma uvella AF394208*,  U22943

AF394209* Phylogenetic Analyses
Polytomella parva — D86497
ggtgmggz jﬁgﬁlrhamus% XA7F4309046205* X63519 Phylogenetic analyses using nuclear 18S rDN#18)
Prototheca wickerhami263-11 X74309 X74003 (:_L344 sites) as well as plastiin16 Sequences_ (106?_
Nephroselmis olivacea X74754 AF137379  Sites) were performed to assess the phylogenetic position
Scenedesmus obliquus AF394206*  X56103 of the taxa investigated and to identify their closest green

relatives. In addition to the sequences obtained in this
work, a number of sequences already available in Gen-
Bank were used (Table Z3. parvawas included in these
transversion ratios, repeated sequence analyses, and nucleotide substnalyses as the third nonphotosynthetic chlorophycean
tutions per site analyses were done using Gene Runner (Hastings SOWneage ands. obliqutusas a representative of the non-

ware, Inc., Hastings, NY) and the Molecular Evolutionary Analysis . .
(MEA) package (Moriyama and Powell 1997). Nucleotide substitutionsChIamydomonadalean ChlorOphycean clade; the prasino

per site were estimated based on the two-parameter method of KimurRNYt€ Nephroselmis olivaceaequences were Use_d to
(1980). Transition/transversion ratios were assessed using a Tamul®ot the trees. The trees were constructed using neighbor-

@ Asterisks indicate sequences obtained in this work.

and Nei (1993) method in MEA. joining and parsimony analyses and produced roughly
the same results (data not shown), with one exception
Results (discussed below). Figure 1 shows the relative affilia-

o ) tions of the taxa, as suggested by nuclearl8 and
PCR Amplification of Plastid 16S rDNA Sequences g aqtiqrm16 sequences (Figs. 1A and B, respectively).
This work reports six new plastid 16S rDNA sequencesThe phylogenetic analyses presented here are intended to
belonging to four nonphotosynthetic tax&adlytoma  provide a phylogenetic framework for this work and to
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A B
18S IDNA 16S IDNA
" C. reinhardtii C. reinhardtii
_D_ P. parva — C. applanata —_
94 i Polytoma
100l rC- applanata 93 . o_o[R mirum u: ;Ita
po| ,P. uvella 964 100 P. obtusum clade
100 P. mirum o7 P. uvella 964 —
00 27
P. obtusum C. moewusii — Polytoma
C. moewusii 90 P. oviforme oviforme
L - — clade
60 P. oviforme LS. obliquus
S. obliquus - 04 C. protothecoides -
C. protothecoides 52 P. wikerhamii 263-11 Prototheca
P. wickerhamii 263-11 9 P. wickerhamii 1533 clade
P. zopfii P. zopfii —
N. olivacea L N. olivacea
——— 0.01 changes 0.05 changes
C 165 IDNA
—— C. vulgaris

C. protothecoides

88

P. wickerhamii 263-11

P. wickerhamii 1533

P. zopfii

L C. ellipsoidea

N. olivacea
0.05 changes

Fig. 1. Neighbor-joining phylogenetic trees using nuclear 18S rDINA&nd chloroplast 16S rDNAR andC) sequences. Full species names are
indicated in Table 2; nonphotosynthetic taxa ardahdface.Numbers indicate bootstrap values (maximum parsimony, 100 replications, heuristic
search). Branch lengths correspond to evolutionary distances.

facilitate the discussion of patterns and trends in the evo- The relationships among chlorophycean taxa depicted
lution of plastid 16S rRNA genes in these nonphotosyn-in Figs. 1A and B are consistent with affiliations previ-
thetic lineages; most of the affiliations in these trees haveusly suggested by other phylogenetic studies using
been previously supported or discussed by others—semuclear 18S rRNA sequences (e.g., Rumpf et al. 1996; C.
below. In addition, these phylogenetic analyses prove th&V. Birky, Jr., and P. Mackowski, personal communica-
algal plastid nature of the sequences PCR-amplified irtion). Such relationships include the following: @®.

this work (i.e., they exclude the possibility of a mito- parvais more closely related t€. reinhardtii than to
chondrial or bacterial contaminant). Overall, these phy-other Chlamydomonasaxa (from 18S rRNA data); and
logenetic analyses suggest that photosynthesis was lo§t) the two Polytomaclades,P. uvellaandP. oviforme,
independently at least three times in the evolution of theappear to be more closely related @ applanataand
chlorophycean group and at least twice within the tre-Chlamydomonas moewusiiespectively, than to each
bouxiophycean clade. other. It should be noted that the nuclear and chloroplast
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Table 4. Comparison of plastidrn16 features from nonphotosynthetic strains relative to their closest known green relative (in boldface)

Strairf
Trait Capp Pmir Pobt Puve Cmoe Povi Cpro Pw263-11 Pw1533 Pzop
AT% 48.7 53.4 53.6 54.1 50.4 51.6 51.2 53.6 54.45 63.1
Substitution per site 0.162 0.161 0.173 0.109 0.045 0.112 0.321
SD 0.012 0.012 0.013 0.010 0.006 0.010 0.020
TSITV 1.518 1.466 1.191 1.378 1.097 1.196 1.514
Insertions/deletions
Small insertions (1-5 bp) 4 5 5 4 2 4 9
Small deletions (1-24 bp) 6 8 7 0 0 7 10
Large insertions (86—1600 bp)
Number 0 1 2 1 0 0 0
Size (bp) — 228 86/1600 1197 — —
AT% — 83.3 88.3/81.7 67.2 — — —

@Capp, C. applanataPmir, P. mirum Puve P. uvellg Cmoe C. moewusjiCpro, C. protothecoidesPw263-11 P. wickerhamii263-11;Pw1533
P. wickerhamiil533;Pzop P. zopfii

trees in Figs. 1A and B are congruent. Moreover, anotheGene Sequence and Structure of Plastitl6 in
plastid genetufA—coding for the elongation factor Tu— Nonphotosynthetic Green Algae
suggests the same affiliations between the féalytoma

taxa and their green relatiyes (l_mpublished data). In the analyses presented below, the nonphotosynthetic
The phylogenetic relationships among the treboux-

ioph . . dh hel I green algae are organized in three groups comprising
lophycean taxa investigated here are, nevertheless, legg;, photosynthetic and nonphotosynthetic species. The

clear. Consistent with previous suggestions (e.g., Huss ade designation and composition are as follo®s:
al. 1999), in both nuclear and plastid treRsototheca uvella (P. uvella, P. obtusum, P. mirurand C. ap-

species appear to be more closely relate€Ctdorella o515y P oviforme (P. oviformendC. moewus)i and
protothecoideshan to otheChlorellaspecies. In nuclear p i iheca (P. wickerhamil533, P. wickerhamii263-
trees, the relative position of tHerotothecataxa, how- 11, P. zopfiiand C. protothecoides)Fig. 1B). Plastid
ever, changes with the number and type of species ggn16 sequences have been aligned separately for each
well as the type of analysis; the closest relative®f  ¢jade (alignments are available from the author). For
protothecoidess eitherPrototheca zopfi[in parsimony consistency, the sequences in the three alignments
analyses (data not shown; Huss et al. 1999), with lowspanned the same region of the gene, that is, the sequence
support] orPrototheca wickerhamiB63-11 (with Iow  that corresponds tB. coli 87-1324 coordinates. Table 4
support) (Fig. 1A). In plastid trees, on the other hand, thesymmarizes features of these genes in comparison with
closest relative ofC. protothecoidess alwaysP. wick-  tnejr counterparts in the closest known green relatives

erhamii 263-11; in the same trees, howeveX, zopfii (the latter are presented in boldface in Table 4).
branches either at the base of the clade (Fig. 1B) or as a

sister lineage td. wickerhamiil533 (Fig. 1C). The in-

stability of theProtothecalineages in both nuclear and P. uvellaClade

plastid trees might be related to the relatively long With the exception of the 86-bp and 1.6-kb insertions
branches featured bl. zopfii nuclear and chloroplast in P. uvellaand the 1.2-kb insertion iR. obtusumthe
rDNA sequencesP. wickerhamii 1533 chloroplast three sequences can be easily aligned with a set of chlo-
rrnl6, as well asC. protothecoideswuclearrrn18 (Fig.  roplast homologues. In addition, the thrieelytomase-

1), and can be attributed to the “long-branch attraction’quences can be folded into secondary structures that re-
phenomenon (Felsenstein 1988; Huss et al. 1999). Intereal all the conserved regions known to be important for
estingly, the twdP. wickerhamiistrains that were used in proper function (Vernon et al. in press; unpublished
this study, 263-11 and 1533, are very divergent in plasticddata).

rrml6 sequence and they do not form a monophyletic The plastidrrn16 in this clade varies greatly both in
group (Figs. 1B and C). A shared common ancestry obase composition and nucleotide sequence. The AT con-
the threeProtothecaspecies andC. protothecoidegto  tent of the threePolytomaplastid rrnl6 sequences is
the exclusion ofC. vulgarig is strongly supported by the higher than that of th€. applanatahomologue with the
presence of a 20-bp insertion (relativeGovulgarig in most AT-rich sequence being that®f uvella.The num-

all four taxa (arounck. coli 1015), as well as 15 sites ber of estimated nucleotide substitutions per site is also
where the four taxa share the same change relati@ to high in all threePolytomataxa (i.e., up to 18.5% higher
vulgaris (either substitution or indel; data not shown). than the value obtained when the counterpart regions of
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Table 5. AT%, TS/TV ratios, and transitions and tranversions per site inRhevellag P. oviforme and Protothecaclades (relative tcC.
applanata C. moewusjiandC. protothecoidesrespectively)

Taxon
Measure Pmir Pobt Puve Povi Pw263-11 Pw1533 Pzop
AT% 53.4 53.6 54.1 51.6 53.6 54.45 63.1
TSITV 1.518 1.466 1.191 1.378 1.097 1.196 1514
TS/site 0.0981 0.0963 0.0946 0.0635 0.0240 0.0613 0.1953
GA 0.0412 0.0396 0.0421 0.0338 0.0132 0.0333 0.0742
CT 0.0429 0.0430 0.0388 0.0237 0.0099 0.0222 0.0700
GA vs CT GA<CT GA<CT GA>CT GA>CT GA>CT GA>CT GA>CT
TV/site 0.0646 0.0657 0.0793 0.0461 0.0219 0.0512 0.1290
GT 0.0168 0.0168 0.0219 0.0093 0.0058 0.0137 0.0282
CA 0.0185 0.0168 0.0202 0.0102 0.0058 0.0068 0.0179
GT vs CA GT<CA GT=CA GT>CA GT<CA GT=CA GT>CA GT>CA

aThe highest values in each clade are in boldface.

two very distant photosynthetichlamydomonas, C. ap- The 86-bp, 228-bp, and 1.6-kb insertions are located
planataandC. moewusiiare compared; data not shown). in variable regions of 16S rRNA secondary structure and
At 0.173 substitution per site, tHe uvellaplastidrrn16 ~ do not show typical features of group | or Il introns, in
sequence is the most divergent within the clade; the levelerms either of insertion sites or of secondary structure or
of nucleotide substitutions in another plastid translationakconserved sequence motifs. Whether these insertions are
gene,tufA, is also the highest i. uvella(unpublished excised or spliced out of the transcript awaits further
data). Interestingly, there is an inverse correlation beinvestigation; preliminary analyses using Northern blot
tween AT content and substitution levels, on the onehybridizations and RT-PCR failed to identify a plastid
hand, and transitions/transversions (TS/TV) ratios, orl6S rRNA transcript irfP. uvella(unpublished data). The
the other (due to an increase in the number of transver87-bp insertion inP. uvellaplastidrrn16 (E. coli coor-
sions), withP. uvellaplastidrrn16 showing the highest dinate 140; Fig. 2A) can be folded into a cloverleaf
substitution level but the lowest TS/TV ratio (Table 4). tRNA-like structure (data not shown) and is&djacent
Furthermore, a relative increase in G-to-A vs C-to-Tto the variable region V2; interestingly, this region rep-
transitions and G-to-T vs C-to-A transversions can beresents a discontinuity site in the fragmented and
noted in this clade (Table 5). scrambled mitochondriairn16 of Chlamydomonas eu-
The number and type of indels are also variablegametogDenovan-Wright and Lee 1994). Moreover, the
among thePolytomaplastidrrn16 from this clade. Up to  1.6-kb insertion inP. uvella(E. coli 746) is inserted at
13 1-bp indels (relative to th€. applanatacounterpart) exactly the same site as the 228-bp insertioR irobtu-
are present ifPolytomaplastidrrn16; in addition, a 5-bp  sum,which is also the site where a 1-bp insertion, spe-
insertion is present . uvella.Notably, most of these cifically a T, is found inP. mirum (Fig. 2A). Notably,
insertions involve A’s and T's. Of the thre@olytoma  these insertions are situated in regions that also feature
species, only. obtusumandP. uvellacontain insertions  structural changes in the plastid counterparts from non-
that are larger than 5 bp (up to 1.6 kb) in their plastidphotosynthetic angiosperms (Nickrent et al. 1997a). For
rrl6 (Table 4). Moreover, whileP. obtusumplastid  example, the 87-bp insertion presentinuvellaplastid
rrl6 has only one such insertion [i.e., of 228 bp (Ver- rns (E. coli 140) is situated in a region in which a 7-bp
non et al. in press)R. uvellacontains one insertion of 87 insertion is found in the plastidnl16 of the holoparasite
bp and another of ca. 1.6 kb; the ca. 200 bp-centraHydnora africana.Likewise, the ca. 1.6-kb and 228-bp
sequence of the latter insertion is incompletely se-nsertions inP. uvellaandP. obtusumrespectively, are
quenced due to sequencing and assembly difficulties adecated at the same sit&.(coli 746) as a 5-bp insertion
sociated with the presence of complex repeated sefaffecting both sides of the helix) that is present in the
quences (see below). All these insertions are very high iplastidrrn16 of the holoparasitéilostyles thurberiFi-
AT- content, the most AT-rich (i.e., 88.3%) being the nally, a 6-bp insertion irP. uvellaplastidrrn16 is situ-
87-bp insertion oP. uvellaplastidrrn16 (Table 4). The ated on a helix that is completely missing in ®ethurb-
228-bp insertion inP. obtusumcontains a number of eri counterpart.
repeated sequences with a TACGA motif separated by
long stretches of multiple T's and A’s. Likewise, tRe  P. oviformeClade
uvella 1.6-kb insertion contains two types of short re- A high AT content is also observed . oviforme
peated sequences: one has a CG-rich core that containgkastidrrn16; nevertheless, at 51.6%, the value is lower
TCCGACGAT motif, and the other is made strictly of than that of its counterparts in the nonphotosynthetic
AT, i.e., AATATTATTATATATTAAA(AIT)TATA. members ofP. uvellaand Protothecaclades (Table 4).
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A C. applanata 87 1324 Interestingly, all the insertions involved A and T. Also,
P mirum P no insertions or deletions larger than 24 bp are presentin
P obtusum 2 the plastidrrn16 of any of the thredrotothecaineages,
P uvella 964 8bp 180bp which is in marked contrast to the situation observed
’ 140 746 amongPolytomacounterparts.
B
i 1324
C. moewusii 87 T
P. oviforme . .
427 Discussion

Fig. 2. Relative position of the large insertions found in the plastid

16S rRNA genes froni. uvella, P. oviformeand Protothecaclades; » ) )
numbers below lineare E. coli coordinates. General and Specific Trends in the Evolution of

Plastid rrn16 rRNA Genes in Nonphotosynthetic
Green Algae

Moreover, the increase (relative to te moewusiiho-
mologue) is not as high as that observed in the nonphoPlastidrrn16 from the three clades of nonphotosynthetic
tosynthetic lineages within the. uvellaclade; this could  green algae investigated here all show an increased AT
be due in part to the fact th&. moewusii rrnlGs also  content relative to their closest known photosynthetic
more AT-rich than theC. applanatacounterpart. Like- relative. An “A/T drift” was reported for the holoparasite
wise, the level of nucleotide substitutions is lowerAn  plastidrr16 (Nickrent et al. 1997a) and was suggested
oviforme rrn16[as well as intufA (Vernon et al. in  to be related to adaptation to highly specialized trophic
press)] than in thé. uvellaclade. modes. Interestingly, although the nuclear 18S rDNA

Only three 1-bp and one 2-bp insertions, and no desequences of nonasterid holoparsites are more AT-rich
letions (relative to th€€. moewusihomologue), are pre- than their counterparts in green dicots (Nickrent and
sent inP. oviformeplastidrrn16. However, an insertion  Starr 1994; Duff and Nickrent 1997), iRolytomaand
of ca. 1.2 kb is found &E. coli coordinate 427 (Fig. 2B); Prototheca,nuclear 18S rDNA sequences do not show
at 62.7%, the insertion is more AT-rich than the rest ofan increase in percentage AT content (data not shown).
the sequence (51.6% AT) but considerably less AT-rich  Furthermore, a proportional correlation between the
than the 228-bp insertion iR. obtusumand the 86-bp AT content and the number of transversions has been
and 1.6-kp insertions iR. uvella(Table 4). This inser- noted in the AT-rich plastidrn16 of holoparasite angio-
tion does not show typical features of group I introns,sperms (Nickrent et al. 1997a); this correlation was also
moreover, it is situated in a variable region, V3, which is observed in noncoding regions of chloroplast genomes in
interrupted in the fragmented and scrambled mitochonphotosynthetic plants and is thought to be due to the fact
drial rrn16 of C. reinhardtii (Boer and Gray 1988). Fur- that the number of transversions increases when the 5
thermore, the helix that is affected by this insertion in theand 3-flanking nucleotides are A’s or T's (e.g., Morton
P. oviformeplastid rrn16 represents a site of structural 1995). It is noteworthy that the plasticn16 sequences
change in the holoparasik thurbericounterpart; how- in theP. uvellaclade show the same trend: the higher the
ever, in the latter the change involves a deletion ratheAT content and nucleotide substitution level, the higher

than an insertion (Nickrent et al. 1997a). the number of transversions (and the lower the TS/TV
ratio). However, this correlation is not observed in the
ProtothecaClade Protothecaclade (Tables 4 and 5), where, with the in-

Compared withC. protothecoidesas their closest crease in AT content and number of substitution per site,
known photosynthetic relative, the thrBeotothecaspe- the TS/TV ratios increase (due to a higher increase in
cies investigated here havenl6 sequences that show transitions relative to transversions). Interestingly, in
highly increased values of AT% (with as much asboth lineages, the increase in AT content is paralleled by
11.9%). However, in contrast to the situation observed ima relative increase in G-to-A vs G-to-T transitions and
the P. uvellaclade, there is a proportional correlation G-to-T vs C-to-A transversions, regardless of the TS/TV
among AT content, substitution levels, and TS/TV ratios,trend in the clade (Table 5).
the highest values being noted in tRe zopfii lineage Most of the nonphotosynthetic green algae analyzed
(Table 4). Among the threBrotothecataxa,P. wicker-  here (the exception iB. oviformé exhibit high substi-
hamii 263-11 plastidrrn16 appears to be the least di- tution rates in their plastidrn16 (as suggested by the
verged: there are only two 1-bp insertions and the valueelative differences in branch lengths in Fig. 1B). The
of substitutions per site is very low (i.e., 0.045). At the same trend has been reported previously for plastitie
other extreme id. zopfii rrn16,with 19 indels and a in holoparasitic angiosperms (Nickrent et al. 1997a). The
value of substitutions per site of 0.321. Furthermore, arfact that theP. oviformeplastid rrn16 sequence shows
increase in the number of transitions relative to transverless rate acceleration than the homologue in its photo-
sions and a relative increase in the number of G-to-T vsynthetic relative is also not without precedenpis2 se-
C-to-A transversions can be noted in this clade (Table 5)quences of some holoparasites have also been reported to
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show no evidence of acceleration, while those in soméeen suggested that the loss of photosynthesis has fol-
hemiparasite (photosynthetic) relatives experienced adewed the adoption of a parasitic lifestyle, and substantial
celerated rates of evolution (dePamphilis et al. 1997). evolutionary changes to the plastid genome have started
Accumulation of indels is a general phenomenonbefore photosynthesis was irreversibly lost (i.e., during
among plastid 16S rRNA genes in bdBlolytomaand  the hemiparasitic evolutionary history of these lineages)
Protothecagroups, and 1-bp indels are acquired first. (dePamphilis et al. 1997). In this connection, it should be
However, the type of indel that is the most prominent inmentioned that many photosynthetic green algae, includ-
the evolution of plastidrn16 differs between the two ing ChlamydomonaandChlorella are mixotrophic, i.e.,
groups. No deletions larger than 1 bp, but many inserthey can grow both autotrophically and heterotrophi-
tions larger than 1 bp, are found folytomaplastid  cally. Thus, the questions are, Is the loss of photosyn-
rrnl6. In contrast, plasti(lirnlﬁ sequences iPrototheca thesis in green a|gae a consequence of |ong_term hetero-
feature deletions as large as 24 bp but did not acquire anophic lifestyles, analogous to the situation noted among
insertions that exceed 5 bp. Interestingly, insertiongyarasite angiosperms? and Alternatively, is the obligate
larger than 100 bp are also missing in the plasid6 of  heterotrophic lifestyle the consequence of unique “fatal”
holoparasitic angiosperms, although deletions as extenytations that irreversibly affected the ability to photo-
sive as entire helices are common. _ synthesize in facultatively heterotrophic lineages? Based
Most of the structural variations iRrotothecaplastid 4, the ghservations made in holoparasitic angiosperms, a
rrl6 (i.e., insertions and deletions no larger than 24 bp)long-term heterotrophic lifestyle that preceded the irre-

are located on apical helices/loops, specifically in those{/ersible loss of photosynthesis should be reflected in

that also show variation in length and sequence in hOIOTncreased substitution rates and AT content in the ho-

farat15|tt;10 (:loun'igrpar;s (e.gt., ?(?[Ir:cest43 tandl 4?' In Co,nfnologous plastid genes from the closest, but still photo-
riﬁ’ d'?f ocatll())ntvc\)/ r;oT to € ;;uf ura c_tanglges ISsynthetic, relative (i.e., the hemiparasites, in the case of
rather ditterent betweerolytomaand holoparasite pias- parasitic angiosperms); in addition, nucleotide substitu-
tid 16S rRNA sequences. While most of the indels in_. . . . .

. ; . . tion levels might be increased in nuclear genes (Nickrent
holoparasite plastidtn16 are located on apical helices or and Starr 1994)
loops (Nickrent et al. 1997a), iRolytomaplastidrrnl6, :

. . . Interestingly, inP. uvellaclade, the branch lengths in
only one of the four insertions exceeding 5 bp, namely,F. 1B do not indicate an increased nucleotide substi-
the ca. 1.2-kb insertion iR. oviforme,is located on the '9. indi ! u ' ubstl

loop of an apical helix. The other three insertions IargertUtlon rate in the plastidrn16 sequence of the closest

than 5 bp inPolytomaplastid 16 are located on in- known photosynthetic relatives. applanata.Similarly,
ternal helices plastid tufA is not accelerated in this lineage (unpub-

Overall, in both Polytoma and Prototheca plastid lished data). Moreover, the nuclear rRNA genes are also

rn16 as well as in their holoparasitic counterparts, there©t accelerated in this taxon (Fig. 1A). Therefore, it is
is a proportional correlation among the number of sublikely that the last photosynthetic ancestor of this clade

stitutions, structural modifications, and AT content. did not experience a long-term heterotrophic lifestyle
However, the mutational processes associated with thduring its evolutionary history and that most of the ob-
evolution of these genes appear to be different in som&erved changes in plastidnl6 sequences in the.
respects. First, although increased substitution level§Vvellaclade occurred subsequent to the irreversible loss
were achieved by botRolytomaandProtothecaas well ~ Of photosynthesis.
as the holoparasite plastith16, the type of substitution In contrast, in théProtothecaclade, the plastidrn16
that prevails differs: with the increase in AT content, Sequence in the closest known photosynthetic rela@ve,
more transversions are notedRolytomaand holopara-  Protothecoidesis slightly accelerated relative to that in
site angiosperms, while more transitions seem to be takother Chlorella green relatives (see branch lengths in
ing place inPrototheca.Second, although structural Fig. 1C), and its AT content is higher than that of e
variations do accumulate PolytomaandProtothecalas  Vvulgaris homologue (51.2 vs 47.6% AT). Furthermore,
well as holoparasitic angiosperms), the former is charas suggested by the branch lengths in Fig. 1A (and Huss
acterized by the presence of several insertions larger thagt al. 1999), the nuclear 18S rDNA sequence inRine-
85 bp, while in the latter the indels do not exceed 24 bptothecaclade (includingC. protothecoides especially in
P. zopfii, exhibits high rates of nucleotide substitution.
Overall, these data are consistent with the possibility that

Potential Evolutionary Forces and Mechanisms the photosynthetic ancestor of tReotothecaclade has
Involved in the Evolution of Plastid 16S rRNA Genes spent part of its recent evolutionary history under a het-
in Nonphotosynthetic Green Algae erotrophic regime, and thus the loss of photosynthetic

abilities might have been a consequence of, rather than a
Little is known about the factors that are responsible forcause for, the obligate heterotrophic lifestyle for these
the adoption of a nonphotosynthetic lifestyle in greenlineages, similar to the situation suggested for holopara-
plants. In nonasterid holoparasite angiosperms, it hasite angiosperms (dePamphilis et al. 1997). Arguing for
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such a scenario is the fact th@t protothecoidess an  nucleotide substitution levels, structural variations, and
auxotrophic and mesotrophic species (Huss et al. 1999percentage AT values are increased in nonphotosynthetic
and Protothecaspecies are pathogens in a number ofgreen algae compared to their closest photosynthetic
vertebrates (e.g., Janosi et al. 1999; Kremery 2000). relatives. However, the mutational processes appear to
The high substitution rates noted in the plastill6  be different in many respects. First, with the increase in
of numerous holoparasites are proposed to be a corAT content, more transversions are notedPialytoma
sequence of increased levels of mutation in DNA rep-and holoparasite angiosperms, while more transitions
lication and/or repair systems, which have not beercharacterize the evolution of the 16S rDNA sequences in
eliminated due to the general “relaxed selectional enviProtothecaSecond, although structural variations do ac-
ronment of a nonphotosynthetic plastid” (Nickrent et al. cumulate in bothPolytomaand Prototheca(as well as
1997a). Furthermore, the extensive variation in evolu-holoparasitic plastid 16S rRNAs), insertions as large as
tionary rates and patterns among leucoplast genes in hd-6 kb seem to be more prevalent in the former, whereas
loparasitic angiosperms lineages is thought to be due teignificantly smaller indels (not exceeding 24 bp) char-
variations in mutation or repair rates (e.g., dePamphilis eaicterize the plastid 16S rRNAs in the latter group. The
al. 1997; Nickrent et al. 1998; Wolfe and dePamphilisdifferences in evolutionary rates and patterns within and
1998). between lineages might be due to mutations in replica-
It is interesting that in th€. uvellaclade, point mu- tion/repair-related genes; slipped-strand mispairing is
tations (both substitutions and 1-bp indels) and lengtHikely the mechanism responsible for the expansion of
mutations seem to be accumulating at different rates; thignsertions inPolytomaplastid 16S rRNA.
could reflect defective replication and/or repair mecha-
nisms. Arguing for such defective mechanisms is the facticknowledgments. | thank Dawne Vernon and C. William Birky, Jr.,
that the large insertions in this clade might have evolvedor providir_lg total DNA fromPontoma oviformeand for a_llowing the_
through the expansion of insertions as small as 1 bp. These of theirPolytoma obtusunplastidrrn16 sequence prior to'publl-
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2_28-bp insertion irP. qbtusunand the ca. 1'6_'kb Inser- appreciated comments. The research was supported by startup funds to
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