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1. INTRODUCTION

The biogenesis of chloroplasts and other plastid types requires
the coordinated expression of nearly a thousand different genes, most
of which now reside in the nucleus. The 90 or so protein genes and 34
ribosamal and transfer RMA genes that remain in the chloroplast gencame
amompactlyamngedinasmallcirmlarduanoscmaﬁmsesizeis
typically about 150 kb (1). The prokaryotic, specifically cyano-
pacterial, ancestry of chloroplast DNA (CpDNA) is reflected in many of
the ways its genes are organized (often into operons), transcribed
(using eubacterial-like pramoters and RNA polymerase), and translated
(on eubacterial-like 70S ribosames) (1,2). Certain aspects of
chloroplast gene expression, however, appear to reflect the long period
of the organelle's existence within and adaptation to the envirorment
of the eukaryotic cell. These include the cammon occurrence of
introns, an extensive array of splicing and other kinds of RA
processing, the long half-lives of chloroplast mRiMAs, and a great
reliance on post-transcriptional processes, especially translational
mechanisms, for regulating the abundance of plastid proteins (1-3).

The camplete sequences of three chloroplast gencmes have now been
determined - one from a bryophyte (Marchantia polymorpha; 4) and two
from flowering plants (tabacco ard rice; 1). With the sequences of all
chloroplast genes known, several major challenges remain., First, the
identity of many chloroplast genes is anly tentatively established
based on sequence similiarity to identified bacterial genes and without
any direct evidence fram biochemistry or genetics. Secornd, many
chloroplast genes were initially identified anly as cpen reading frames
(ORFs) of potentially significant length. The elucidation of the
biochemical function of these ORFs is currently limited to a few
components of the thylakoid membrane (1) and chloroplast RNA polymerase
(5). Of particular relevance to this challenge is the fact that the
metabolic diversity of plastids is belied by the apparent simplicity of
their gene products - limited thus far to campanents of the
photosynthetic and genetic apparatus (1). A further challenge is to
identify which parts of a given chloroplast gene are essential for its
product's function and which are dispensable.
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We are taking an evolutionary genetic approach to address same of
these issues. In cne set of studies, we are exploiting the umsual
instability of cpINA in the photosynthetic plant geranium (Pelargonium
hortorum) to provide a wealth of natural mrtations affecting
chloroplast gene structure and function. We describe several
dramatically altered (fragmented and deleted) genes encoding camponents
of the genetic apparatus. In a second set of studies, we are
exploiting one of nature's grand experiments - the permanent loss of
phctosynthesis-asameansofwmaskjn;ﬁnepomntialcontrihlticnof
plastid genes to nonphotosynthetic processes within the plastid.
Surprisingly, our results suggest that not anly are most photosynthetic

‘genes missing from the highly reduced plastid genome of the narnphotosyn:

thetic parasite beechdrops (Epifaqus virginiana), but that most of the
ORFs and same of the genes encoding genetic functions are absent too.

2. CHIOROPIAST GENE MUTATIONS IN PELARGCNIUM

our initial study of the chloroplast gename of the garden
geranium, Pelargonium hortorum, showed it to be highly rearranged in
structure campared to most other land plant cpDNAs (6). Its structural
alterations include a tripling in size (fram 25 kb to 76 kb) of the
large inverted repeat cammon to most cplNAs, a series of large
inversions, and the origin and dispersion of two families of novel
repeated sequences. We now describe a fine-scale analysis of a region
ofthegeranitmgencmthathasmdargoneanwxprecenientedammtof
gene-shattering deletion and fragmentation.

2.1. Massive fragmentation and deletion of the rpoA gene.

Figure 1 shows the gene arrangement, based on camplete INA
sequencing, of a 21 kb region of the geranium chloroplast gename that
is highly rearranged campared to tobacco (7) and most other land
plants. The most drastic alterations are those affecting rpad, the
gene encoding the alpha subunit of chlorcplast RNA polymerase (5).
Only about 60% of the normally 1 kb long coding region of rpoh is
present in the sequenced DNA of geranium and Scuthern hybridizations
fail to detect any rpoA-like sequences elsewhere in the chloroplast
gencme. The retained 60% of rpoA is fragmented into three regions
(labeled A-C in Figs. 1 and 2), whose locations relative to the intact
rpoA gene of tobacco are shown in Fig. 2. Part or all of these three
regions is present in multiple copies (Fig. 2) that are scattered over
a 12 kb region of the chromosame (Fig. 1). :

This massive fragmentation and deletion of a gene thought (5) to
beanecessarycaxponentofthedllomplastRMpolynenseraisas
questions as to the location and nature of the gene for the alpha
subunit polypeptide. Has the functional rpoA gene been transferred
fram the chloroplast to the mucleus? The answer appears to be no,
because Southern hybridizations using an intact ypoA gene from a
related gerus (Geranium) to Pelargonjum fail to detect hamology to
ruclear INA from Pelargonjum. Do the residual rpoA pieces in
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FIGURE 1. Gene rearrangement and fragmentation in a 21 kb segment of
geranium cpINA. The top map shows the standard arrangement (here
represented by tabacco; 7) of a cluster of 17 chloroplast genes and
the bottom map shows the highly altered arrangement of these genes in
geranium cpDNA. "“Al" "C7" mark the 12 fragments of rpoA in
geranium (cf. Fig. 2). Solid boxes within genes represent introns.
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FIGORE 2. lLocation, relative to the intact rpoA gene of tobacco, of
the fragments of rpoA that remain in the geranium chlorcoplast gename.
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Pelargonium cpINA produce a truncated but functional alpha polypeptide,
perhaps through same newly created pattern of cis- and trans-splicing?
We have little evidence to bear on this question; thus far we have
failed to detect transcripts from the rpoA regions of geranium in
Northern blot experiments. Ancther possibility is the substitution
within the chloroplast RNA polymerase of an entirely different
polypeptide for the alpha subunit.

The rearrangements of ypoA are not only extensive but also recent.
As mentio above, an intact ypoA gene is found in the chloroplast of
another gemus in the geranium family (Geraniaceae) and is flanked by
intact copies of the genes - rpsll and petD - that normally flank it
(Fig. 1). Furthermore, the rpoA alterations appear to be isolated
events as far as the rest of the chloroplast-encoded subunits of RNA
polymerase are concerned. Southern mapping experiments indicate that
IPOB, poCl, and rpoC2 are most likely intact genes in argonium.

2.2. Mutations of ribosamal protein genes.

In tabacco and most other plants, rpoA is the last gene of a 12-
gene cluster thought to constitute an operon. Two of the 10 ribosamal
protein genes that precede rpoA in this cluster show noteworthy changes
in geranium. First, rpsll shows rpoA-like fragmentation and deletien,
albeit on a smaller scale. Only 58% of the standard rpsll coding
region is found in the 21 kb region of geranium cplMNA sequenced, and
this is split into two segments (a 5' region of 44 codons and a 3!
region of 37 codons) separated by 14 kb of other rearranged and
transposed genes (Fig. 1). The function of the rpsll gene pieces is as
unclear as for rpoA; we have yet to examine their possible expression
in the chloroplast or to look for an rpsll-hamolog in the rucleus.

Secaond, 1pll6é of geranium has sustained a clean deletion of the
1 kb intron that characterizes the gene in all other plants examined
(1,4,7), including all cther genera in the geranium family. Althouch
intron losses are not uncommon in muclear genes, this is the first
reported case for chloroplasts and has important implications. The
best theory to account for the precise loss of introns is via gene
conversion of an intron-containing genomic gene with an intron-lacking
form of the gene generated by reverse transcription of its mature,
spliced mRNA (8). Thus, this intron loss provides indirect evidence
for the presence of a reverse transcriptase activity in chloroplasts.

2.3. Extreme size polymorphism in the largest chloroplast gene.

The largest gene in the chloroplast gename is an enigma., Not only
is the identity of its product unknown, but it is also variable in size
(2131-2276 codons in spinach, tabacco, and Marchantia; 4,7,9), even
among isolates of a single strain of Oenothera hookerj (10). This gene
is urusual in geranium in that it has became transposed from its normal
location (as in tobacco) to a novel one (Fig. 1). In addition, the
geranium gene, at 2010 codens, is considerably smaller than in any
other plant examined as the result of a series of small Geleticns
throughout the gene. Northern blot studies reveal that ORF2010 is
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transcribed in geranium, with same of the detected transcripts spamming
the entire 6 kb gene. These cbservations dramatize the degree to which
sequences in this gene are dispensable far the function of its
(unknown) product and further delimit the potentially important
sequences within the gene.

3. STROCTURE AND FUNCTION OF PIASTID DNA IN NONPHOTOSYNIHETTC PLANTS

Nanphotosynthetic plants, most of which are parasitic on
tic ones, have evolved repeatedly in flowering plants and

algae (11). Although lacking chlorophyll, many or all of these
nonphotosynthetic plants still contain plastids, at least same of which
are known to store starch, pigments or lipids and contain plastid onNa
and riboscmes (11). These plants provide important genetic systems in
which to study the role of the plastid gename in processes cther than '
photosynthesis, Below we describe our physiological and genetic
characterization of the plastid of beechdrops, Epifaqus virginiana, an
obligate root parasite of its sole host, beech trees (Fagus americana),
ard then extend these findings to two other groups of parasitic plants.

3.1. Genetic and phiysiological loss of photosynthesis in the
nanphotosynthetic parasite beechdrops.

Physiological and biochemical measurements reveal that beechdrops
shoots are campletely lacking in photosynthetic activity. Chlorephyll
is undetectable and gas exchange measurements show an absence of any
net 00, uptake. The plants lack any detectable Rubisco (rilulose-l,5-
bisphosphate carboxylase/oxygenase) protein amd activity, but do have
measurable levels of PEPCase (phosphoenol pyruvate carboxylase)
activity. However, carbon isotope composition studies show that
beechdrops acgquires its carbon via Rubisco rather than PEPCase.
Moreover, the §13C value of beechdrops is essentially identical to that
of its host beech tree. Taken together, these results indicate that

is incapable of net C0; fixation and that it acquires all of
its carbon from its host.

Mapping studies of the beechdrops plastid gencme show it to be a
highly degenerate molecule that has lost most, if not all, of its
photosynthetic genes (Table 1). The circular gename is only 71 kb in
size, by far the smallest naturally occurring plastid gename known.
Both single copy regions are highly reduced in size relative to related
photosynthetic plants (the large and small single copy regions are 87
kb ard 18.5 kb, respectively, in tabacco, but only 18 kb ard 3.6 Xb in
beechdrops) . Interestingly, beechdrops retains a full-sized inverted
repeat of 25 kb. Overall, nearly two~thirds of the genetic camplexity
of tobacco (131 kb) is missing in beechdrops (46 kb). Figure 3
provides examples of hybridization experiments demonstrating that,
uder conditions in which total tobacco cpMA hybridizes strongly to

DNA, tobacco probes specific to three photosynthetic genes
(psbA, atpB, petA) fail to hybridize. We emphasize that the
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TAHRIE 1. Genes found in cpINA of tabacco and ones (indicated with »)
partly or entirely deleted fram cplMNA of beechdrops.

Prabable function Gene name* Number of
Genes?
Photosynthesis 17/26
photosystem I psa A*,B*,C 2/3
photosystem II psb A*,B,C*,D*, E*,F*,G, H*,I,K,L* 7/11
cytochrame b/f pet A%,B%,C,E 2/4
ATP synthase atp A*,B* E,F* H¥ I* 5/6
Calvin cycle bc L* /1
chlorophyll synthesis tm G 0/1
Transcription and Translation 8/59
RNA polymerase Ipo A,B*,Cl*,C2* 3/4
ribosamal RNA rn 4.5S,5S,16S,23S 0/4
transfer RNA trn 30 different (C*, K*, F*, L¥) 4/30
ribosamal protein, 50S ml 8 different 0/8
ribosamal protein, 308 Ips 12 different (xpslé*) 1/12
Miscellaneous 28/38
NAIH dehydrogenase ndh A*,B,C*,D*, E*, Fx,G* H¥ 7/8
other ORFs at least 30 21/30

SNumber of genes missing from beechdrops cpliA (left of slash); mmber
of genes present in tobacco cpMA (right of slash).
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FIGURE 3. Absence of three photosynthetic genes and ocne RNA polymerase
gene from beechdrops plastid INA. Hybridization probes used are total
cpDNA fram tobacco and tabacco clones internal to the four indicated
genes. Probes were hybridized to Southern blots containing BamHI
digests of cplNAs from tobacco (T), snapdragon (S), and witchweed (W),
and Qlal and HindIII digests of beechdrops (B) total INA.
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neqative hybridization results abtained in experiments like these have
been confirmed by the mapping studies described above, which rule out
the possibility of beechdrops having retained more than a small portion
of these genes. The absence of most normally cpDiNA-encoded genes from
the plastid gename of beechdrops (Table 1) indicates that the
physiological absence of photosynthetic activity discussed in the
preceding paragraph reflects a permanent and irreversible loss of the
genetic ability to produce a functional photosynthetic apparatus.

3.2. Deletions of nonphotosynthetic genes in beechdrops:
A nonfunctional gename?

Plastids carry out a diversity of metabolism unrelated to
photosynthesis, including certain steps of amino acid biosynthesis,
lipid synthesis, nitrite and sulfate reduction, chlorophyll ard
terpenoid synthesis, carbon storage, and glycolysis, not to mention the
maintenance of their own gename (DNA replication, repair, and
recambination). Do any of these activities require plastid gene
products? Our studies on beechdrops tentatively suggest that, at least
in the physiological context of a parasitic plant that acquires carbon
and other nutrients from its host, the answer may well be no. For not
only are most of the photosynthetic genes missing from the beechdrop
plastid gename, but so too are most of the NAIH dehydrogenase genes ard
unidentified ORFs (Table 1). In fact, the possibility exists that the
beechdrop plastid gencme is completely nonexpressed and nonfunctional,
in some sense a "pseudogename". Evidence leading to this preliminary
conclusion is of two types. First, beechdrops plastid INA lacks genes
for three of the four cplNA-encoded subunits of RNA polymerase (e.q.
Fig. 3) and probably, at a minimm, one ribosamal protein gene and four
tRNA genes (Table 1). Second, we are thus far unable to detect any
plastid transcripts, including ribosamal RMAs, in beechdrops.

3.3. Parallel trends in plastid gename reduction in different groups
of namphotosynthetic plants.

Are the highly reduced size and possibly nonfunctional nature of
the beechdrops plastid gename unique to this particular plant, or have
parallel reductions occurred in other, indeperndently derived lineages
of nonphotosynthetic plants? Hybridization studies similar to those
shown in Fig. 3 suggest that the latter is the case. Most of the genes
missing fram beechdrops plastid DNA also fail to hybridize to plastid
DNAs of two other nonphotosynthetic lineages (Cuscuta sp., Cuscutaceae,
and Corallorhiza odontorhiza, Orchidaceae).

4. CRCIUSIANS

This paper is a first progress report of ocur efforts to apply an
evolutionary genetic approach to understanding chloroplast gene
function. The results reported here are promising for both the
photosynthetic and nonphotosynthetic systems described. In the case of
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the photosynthetic plant geranium, we have identified two genes, cne
encoding an RNA polymerase subunit and the other a ribosamal protein
that were recently shattered by means of deletion and fragmentation.
Although the full implications of these findings for the function of
these genes and their products remain to be elucidated, it is clear
that major changes must have taken place in either the coding site of
these proteins (gene transfer), the identity of the gene producing the
(gene substitution), or their expression and ultimate sizes (if the
gene pieces within the chloroplast retain function). In the case of
the norphotosynthetic plant beechdrops, our results reveal that the
plastid is physiologically and genetically incampetent to perform
photosynthesis; indeed, most of the plastid photosynthetic genes have
been lost entirely. Surprisingly, most other plastid genes are also
missing in beechdrops, including ones camponents of
the gene expression machinery. If future studies confirm auxr working
hypothesis that the plastid gename in is nonfinctional, ther
we will have to conclude that, in a parasitic plant at least, the
plastid gencme does not contribute to any of the diverse metabolic ard
biochemical processes that take place in plastids.
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