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Abstract. Visualizing full-length primary transcripts is helpful in identifying transcription 
initiation sites and mapping promoter regions of plastid genes and operons. Detection of 
primary unprocessed transcripts from certain regions of the plastid genome is difficult, and 
sometimes impossible, because of their rapid and extensive processing. We tested the ef- 
fect of lincomycin, a prokaryotic protein synthesis inhibiter, on in vivo RNA processing 
activities in different types of rice plastid. Steady-state levels of RNA produced from the 
region of the rice plastid genome that includes the trnV and 16s rRNA genes were ana- 
lysed by using an RNase protection assay. Results show that sublethal lincomycin levels 
inhibit RNA processing in leaf chloroplasts and allow the accumulation of primary tran- 
scripts, easily distinguishable from processed and processing intermediates. These features 
were used to identify regions of the 16r and trnV transcription start sites. This is the first 
report of the use of lincomycin for mapping plastidic transcripts. 
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Introduct ion 

Most plastid genes are expressed as polycistronic transcripts and undergo a series 
of RNA processing steps, including RNA editing, intron splicing, site-specific 
cleavage, and 5 '-  and 3'-end maturation (Hagemann, 1993; Karcher and Ralph, 
2002). Plastidic primary transcripts can be identified with a capping assay. The 5' 
ends of  primary transcripts can be capped in vitro by using the capping enzyme, 
guanylyltransferase. Using radioactive (p32)o~ GTP to form the cap structure al- 
lows identification of  capped transcripts. The capping assay is unproductive for 
mapping transcripts that are extensively processed or rapidly degraded because re- 
sults are too complicated to draw any useful conclusions. Therefore, inhibiting 
processing and allowing accumulation of  native primary transcripts are important. 
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We tested lincomycin, an antibiotic known to inhibit prokaryotic and 
organelle protein synthesis, to investigate its ability to suppress plastid RNA pro- 
cessing. Lincomycin inhibits prokaryotic protein synthesis by interacting with the 
23S rRNA/50S subunit of the elongating ribosomal complex in competition with 
aminoacyl-tRNA (Kallia et al., 1992, 1994; Kallia and Kalpaxix, 1999; 
Chattopadhyay et al., 1999). Analysis of lincomycin-resistant lines of Chlamy- 
domonas reinhardtii (Harris et al., 1989), Nicotiana plubaginifi)lia (Cseplo et al., 
1993), and Solanum nigrum (Kavanagh et al., 1994) revealed that resistance is 
conferred by a mutation in the 26S rRNA gene in plastids. 

Lincomycin has been used numerous times in vitro to inhibit prokaryotic 
and organelle protein synthesis. It has been used in vivo to study its influence on 
formation of chromoplast tubules (Emter et al., 1990) and chloroplast ultra- 
structure elements (Kryloy and Masikevich, 1996), regulation of chloro- 
phyll-protein complex formation (Guseinova et al., 2001), expression of nuclear 
photosynthetic genes (Sullivan and Gray, 1999, 2002), catabolism of ABA 
(Cowan and Railton, 1986), and acclimation of the photosynthetic machinery 
(Tanaka et al., 2000). Lincomycin has also been used to suppress RNA degrada- 
tion in Cyanobacteria (Komenda et al., 2000) and tobacco chloroplasts (Briat et 
al., 1987). In this study, we investigated the effect of lincomycin on processing of 
plastid RNA by analysing trnV and 16r transcripts in rice proplastids, 
amyloplasts, and chloroplasts. 

Materials and Methods 

Plant growth 

Rice seeds (variety TP309) were dehusked, sterilized in 6% calcium hypochlorite 
for 20 rain, washed 3 times in sterile distilled water, and germinated on liquid me- 
dia containing half-strength MS salts and vitamins (Murashige and Skoog, 1962) 
and 3% sucrose (pH 5.8). Lincomycin was added to the growth media when 
shoots were 1-2 in tall. 

Tissue culture 

Callus was initiated from 7- to 10-day-old immature embryos on media contain- 
ing R2 salts and vitamins (Ohira et al., 1973), 3% sucrose, and 2 mg/L 
2,4-dichlorophenoxyacetic acid (2,4-D) (pH 5.8) and solidified with 0.6% 
agarose. Two-week-old callus was added to liquid R2 media and subcultured 
weekly. Lincomycin was added to rapidly dividing, friable, suspension culture 
cells. A range of lincomycin concentrations was tested to determine the level 
needed to block processing of plastidi c RNA but not arrest transcription. 

Analysis of  RNA 

Leaf, root, and callus samples were collected 2 d after lincomycin application. 
Total RNA was isolated using TRlzol Reagent (Invitrogen, Life Technolin- 
struction), RNA was analysed by using an RNase protection assay. 
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Probe preparation 

The plastid DNA sequence from 90728-91408, including the 16S rRNA and trnV 
genes, was isolated by means of PCR, cloned into vector pBSKII(-), linearized 
with appropriate restriction enzymes, and used to synthesize 3 antisense RNA 
probes. In vitro transcription reactions were performed using T3 or T7 RNA poly- 
merase with the Riboprobe In Vitro Transcription System (Promega, USA) 
according to the manufacturer's instructions. 32P-rUTP-labeled antisense RNA 
transcripts were resolved on a 6% sequencing gel. Transcripts of correct lengths 
were excised: eluted in a solution containing 0.5 M NH4-acetate, 0.1% SDS, and 
1 mM EDTA; and precipitated with ethanol. 

Hybridization and detection 

Twenty micrograms of total RNA was annealed with 50,000 CPM of radiolabeled 
ribo-probe in 10 lair of hybridisation buffer (80% formamide, 40 mM PIPES 
IpH 6.7l, 400 mM NaCI, 1 mM EDTA). After overnight incubation at 45~ hy- 
bridization reactions were treated with 10 U of RNase One (Promega, USA) for 
40 min at 30~ Reactions were incubated at 37~ for 15 min after adding 2 ~tL 
each of 10% SDS and 20 mg/mL Proteinase K (1 ~g/~L, Merck). 
RNase-protected hybrids were purified by using phenol extraction with ethanol 
precipitation and dissolved in 5 laL of RNA-loading dye (80% deionized 
formamide, 10 mM EDTA [pH 8], 1 mg/mL xylene cyanol FF, 1 mg/mL 
bromphenol blue). Samples were resolved on a 6% sequencing gel at 1600 V and 
35-40 w. Signals were detected by exposing gels to Kodak Biomax MR film 
(Eastman Kodak Company, Japan). 

Results and Discussion 

Rice plastome sequence and riboprobes 

RNA produced from the 90728-91408 region of the rice plastome, including the 
16S rRNA and trnV genes, was selected for analysis. High quality of RNA and 
several processing sites made this region useful to study. Interpreting RNase pro- 
tection data from this region was difficult because of the rapid and extensive pro- 
cessing of those transcripts. A similar problem has been encountered in tobacco, 
and RNase P-like enzymes are thought to be responsible (Vera and Sugiura, 
1995). The homologous positions of the 3 antisense RNA probes and the area of 
the rice plastome that was analysed are schematically represented in Figure I D. 

Effect of lincomycin on different plastid types 

The predominant type of plastids in callus, root, and leaves are proplastids, 
amyloplasts, and chloroplasts, respectively. Total RNA from lincomycin-treated 
and untreated callus, roots, and leaves was analysed. Initial experiments were con- 
ducted to determine a lincomycin concentration that blocked processing of 
plastidic RNA but did not arrest transcription. Plants and callus were exposed to 
lincomycin concentrations of 250, 500, 1000, 2000, and 3000 rag/L. 

Amyloplasts in roots and proplastids in callus were unaffected by even the 
highest lincomycin concentration (Figure IA). Lincomycin concentrations of 
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Figure I. Changes in steady-state concentrations of 16r and trnV transcripts in nee plastids. A, B. 
and C are RNase protection assays with probes 1, 2, and 3, respectively. RNase-protected transcripts 
are indicated with horizontal arrows and labeled FLP 1, 2, and 3 for full-length-protected fragments; 
PRT1 and PRT2 for 16r and trnV primary transcripts; PI for the processing intermediate; Ml6r for 
the mature 16r transcript; and MTV for the mature trnV transcript, l.anes are labeled to indicate the 
source of RNA used. Single (*) and double (**) asterisks indicate that the source of RNA has been 
treated with 1000 mg/L and 3000 mg/L of lincomycin, respectively. D schematically represents the 
area of the rice plastome that was analyzed and the positions of the probes. Plastome positions are 
numbered. The published 16r transcription start site and an approximate 10-bp region of the trnV 
transcription start site indicated with arrow heads in D correspond to the 5' ends of the transcripts 
PRT-I and PRT-2 in (A) and (C), respectively. 

1000 m g / L  and  more  s topped  R N A  p r o c e s s i n g  in ch lo rop las t s .  H o w e v e r ,  the ef- 

fect  of  l i n c o m y c i n  was o b s c u r e d  w h e n  R N A  was  i so la ted  f rom the  w h o l e  lea f  

(da ta  not  shown) .  The  i nh ib i t o ry  e f fec t  o f  l i n c o m y c i n  on R N A  p r o c e s s i n g  was  

on ly  de tec ted  w h e n  R N A  samp le s  were  i so la ted  f rom leaves  wi th  basa l  

m e r i s t e m a t i c  r eg ions  r emoved .  I ncons i s t en t  resul t s  g e n e r a t e d  by  R N A  s a m p l e s  
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isolated from whole-leaf material of lincomycin-treated plants could be due to the 
contribution of RNA from proplastids of the basal meristematic region. 

Overall reduction of steady-state levels of 16r and trnV transcripts in leaf 
chloroplasts was observed when plants were treated with 3000 mg/L of 
lincomycin (Figure IA). Similar observations were made when lincomycin treat- 
ment was continued for more than 4 d at a concentration of 1000 mg/L, which led 
to chlorosis in leaves (data not shown). Therefore, 1000 mg/L of lincomycin treat- 
ment for 2 d was suitable to maintain transcription and inhibit RNA processing. 

Identification of primary transcripts 

Primary transcripts can be distinguished from processed transcripts by comparing 
the signal intensities of RNase-protected transcripts derived from 
lincomycin-treated and untreated tissues. Full-length-protected fragments (FLPI, 
FLP2, FLP3) that are 5' short primary unprocessed transcripts and the primary 
transcripts containing native 5' ends (PRTI and PRT2) are more intense or 
unchanged, while those of mature transcripts (M16r, MTV) and processing inter- 
mediates (PI) are weakened or disappear when treated with lincomycin (Fig- 
ures IA-C). The PRTI and PRT2 (Figures IA, IC) that were shown to contain 
native 5' ends were confirmed with an in vitro capping assay (Nandadeva, 1999). 

Native 5' ends of plastidic primary transcripts are conventionally identified 
by means of in vitro capping assays. Optimum conditions for a particular capping 
reaction must be empirically determined. Reaction volume, RNA-to-enzyme ratio, 
and concentration of (c~ _3Zp) GTP are critical parameters. Detecting low abundant 
primary transcripts might be impossible because of the signal weakness of capped 
transcripts. In addition, the capping reaction does not always give reproducible 
and consistent results. Inconsistent results, high cost, high amount of radioactive 
nucleotides used per reaction (200-500 laCi), and related health hazards are strong 
reasons for improving the technique or finding alternatives to in vitro capping. 
Therefore, using lincomycin-treated RNA for the RNase protection assay can 
potentially replace the in vitro capping assay. 

Accumulation of primar3, transcript 

Studies conducted in Escherichia coli K-12 revealed that sublethal lincomycin 
concentrations do not stimulate the production of mRNA of the beta lactamase 
gene carried on plasmid pBR322 but slow its degradation rate and increase its sta- 
bility (Matsushita, 1988; Matsushita et al., 1989). At the level of protein synthe- 
sis, the inhibitory effect of lincomycin is contradictory for some proteins. 
Synthesis of photosynthetic protein P700 LHC I in wheat and LHCP II in maize 
was not affected by lincomycin treatment (Guseinova et al., 2001; Sarvari et al., 
1989). Therefore, one can assume that preferential inhibition of processing en- 
zyme synthesis prior to RNA polymerase synthesis at subinhibitory levels of 
lincomycin might lead to the accumulation of primary transcripts in plastids. On 
the basis of this assumption and our results, we assume that, at 1000 mg/L of 
lincomycin, synthesis of chloroplast RNA polymerases is not inhibited. We ob- 
served a reduction of steady-state levels of 16r and trnV transcripts at high 



246 Yakandawala et al. 

lincomycin concentrations, indicating that chloroplast transcriptional activities 
were affected. 

The differential effect of  lincomycin on different plastid types may be due 
to factors such as (1) the presence of molecules other than the transcription initia- 
tion complex that binds lincomycin, (2) differences in the rate of  synthesis and 
decay of  processing enzymes and RNA polymerases, and (3) inefficient transport 
of  lincomycin. 

Conclusion 

Using 3 overlapping probes, we located 2 transcription start sites, one of  which 
has already been documented (Silhavy and Maliga, 1998). Our method is useful 
for visualizing primary transcripts and locating promoter regions and transcription 
start sites in rice chloroplasts. Lincomycin is useful for mapping regions that are 
extensively and rapidly processed. It can also potentially replace the capping as- 
say, which is expensive and requires substantial amounts of  (p32)ot GTE Our ex- 
perimental conditions also provide guidelines for using lincomycin for mapping 
plastid transcripts in other plant species. 
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