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ABSTRACT. Human cytomegalovirus (HCMV) is a double-stranded 
DNA virus with the largest genome (~235 kb) of the known human 
herpes viruses. The coding potential and transcript structures of most 
HCMV predicted genes have not been identified. New or unknown 
genes could exist in clinical strains. The SMART (switching mechanism 
at 5ꞌ end of RNA template of reverse transcriptase) technique was used 
to construct a full-length cDNA library of an HCMV clinical strain in 
the late expression phase. Randomly selected clones were sequenced. 
The sequenced expressed sequence tags were used to identify the 
expression and transcript structures of some predicted and unpredicted 
genes of HCMV. The transcripts of the UL99, TRL5/IRL5, UL73 to 
UL75, UL4, and UL115 genes, which were previously detected, were 
obtained with full-length structures from this library. Some novel 
transcripts, including several transcripts of UL/b’ genes and three 
antisense transcripts of UL83, UL87 and UL31 were found. The novel 
transcripts that were found, particularly the antisense transcripts of 
UL83, UL87 and UL31, showed that the transcription of HCMV genes 
is more complex than previously predicted. Our study highlights the 
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usefulness of the full-length cDNA library for discovering new genes 
and transcripts of HCMV. 

Key words: Human cytomegalovirus; Full-length cDNA library; 
Novel transcripts; Antisense transcripts

INTRODUCTION

Human cytomegalovirus (HCMV) is a double-stranded DNA virus with the largest 
genome (~235 kb) of the known human herpesviruses. The open reading frames (ORFs) of 
HCMV had been mapped on the genome by computer analysis and sequences compared be-
tween different HCMV strains and different CMV genomes (Chee et al., 1990; Rigoutsos et al., 
2003; Dolan et al., 2004). To date, most HCMV genes have not been extensively characterized 
with respect to their expression patterns, although the coding potential and transcript structures 
of a few predicted genes had been identified by analysis of mRNA splicing, Northern blotting, 
identification of protein, and localization of the coding ORF (Jones and Muzithras, 1991; Adam 
et al., 1995; Wing and Huang, 1995; Atalay et al., 2002; Akter et al., 2003; Awasthi et al., 2004; 
Jenkins et al., 2004; Bego et al., 2005). Different transcripts expressed from a single piece of 
DNA sequence have been observed. Splicing and unsplicing transcripts were previously identi-
fied from some predicted genes. Information regarding the nature of transcription from ORFs 
of the HCMV genome is of value in describing the complex genome, which has the potential to 
encode over 200 proteins. Studies on HCMV transcript structures have been greatly hampered 
by the lack of high-throughput methods.

To identify the coding potential and transcript structures of more HCMV predicted 
genes, and to find new or unknown genes, the construction of cDNA libraries of HCMV is an 
efficient method (Scott et al., 2002; Bego et al., 2005). Expressed sequence tag (EST) analysis 
is an effective approach for novel gene identification, homologous gene comparison, and tran-
scription profiling (Li et al., 2002).

In this study, we constructed a full-length cDNA library from human embryonic lung 
fibroblast (HELF) cells at late expression phase of HCMV infection using the switching mech-
anism at 5ꞌ end of RNA template of reserve transcriptase (SMART) technique. Partially se-
quenced ESTs allowed us to identify the expression and transcript structures of some predicted 
and unpredicted genes of HCMV. 

MATERIAL AND METHODS

Virus isolates and specimens

One clinical strain of HCMV, named H, was isolated from a urine sample of a 5-month-
old infant hospitalized in Shenjing Hospital of China Medical University. The H strain was 
passaged six times in HELF cells, which were maintained in 1640 medium supplemented with 
2% fetal bovine serum, 100 IU/mL penicillin and 100 μg/mL streptomycin, at 37°C and 5% 
CO2 in a humidified incubator. HELF cells were inoculated with the strain at a multiplicity 
of infection of 3-5, and were collected 72 h post-infection when more than 90% cells showed 
specific cytopathic effects.
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Sequencing of UL/b’ region of HCMV H strain DNA

Viral DNA of the H strain was purified as described by Alderete et al. (1999). The 
UL/b’ region of HCMV H strain was sequenced using a shotgun sequencing method as de-
scribed previously (Zabarovsky et al., 1994). 

RNA isolation and mRNA purification

Total RNA was isolated from approximately 107 HCMV-infected HELF cells using 
Trizol agent (Invitrogen Company). The integrity and size of the isolated RNA were deter-
mined by formaldehyde agarose gel electrophoresis, and the quantity and purity of the RNA 
were assessed by UV spectrometry. The total RNA sample was processed according to the 
protocol of the mRNA purification kit (Oligotex mRNA Kits, QIAGEN). At the end of the 
procedure, mRNA was dissolved in 200 μL RNase-free H2O. The integrity of mRNA was 
analyzed by 1.1% agarose gel electrophoresis along with an RNA marker. 

Construction of full-length cDNA library 

First-strand cDNA was synthesized according to the protocol of Creator SMART 
cDNA Library Construction Kit (Clontech, USA): 1 μg mRNA sample, SMART IV oli-
gonucleotide and CDS III/3' polymerase chain reaction (PCR) primer: [oligonucleotide: 
5'-AAGCAGTGGTATCAACGCAGAGTGGCCATTACGGCCGGG-3'; CDS III/3' PCR 
primer: 5'-ATTCTAGAGGCCGAGGCGGCCGACATG-d(T)30N-1N-3' (N = A, G, C, or T; 
N-1 = A, G, or C)] were incubated at 72°C for 2 min. First-strand buffer (5X), DTT, dNTP mix 
and Power Script reverse transcriptase were incubated at 42°C for 1 h.

Amplification of cDNA was performed by long distance PCR according to in-
structions of the protocol. To prevent distortion of representation of cDNA molecules 
within the total cDNA population and to maintain the double-stranded cDNA in the ex-
ponential phase of amplification, the optimal number of PCR cycles was determined by 
sampling an aliquot of the PCR-amplified sample at 18 cycles and increments of three 
cycles thereafter, up to 35 cycles. Finally, 24 PCR cycles were chosen in this case, in 
which the cDNA did not reach saturation by comparing the ethidium bromide intensities. 
A 5-µL aliquot of amplified cDNA (from a total volume of 100 µL) was electrophoresed 
on a 1.1% ethidium bromide-containing agarose gel to visualize the amount and the size 
distribution of the cDNA.

After digestion with restriction enzyme SfiI, the cDNA was size-fractioned using 
CHROMA SPIN-400 columns included in the kit. Sixteen fractions were collected in sepa-
rated tubes, and 3 μL of each fraction was taken to run on a 1.1% agarose gel alongside 0.1 
μg DNA size marker (DL2000, TaKaRa, Japan) at 100 V for 20 min. The peak fractions were 
determined by visualizing the intensity of the bands under ultraviolet light. Four tubes (tubes 
6-9) of fractions containing cDNAs were pooled into a clean 1.5-mL Eppendorf tube. Accord-
ing to the protocol, sodium acetate (3 M), glycogen (20 mg/mL) and 95% ethanol (-20°C) 
were added to the tube, and the tube was placed in a -20°C freezer overnight. After cen-
trifugation and careful removal of the supernatant, the pellet was washed using 70% ethanol, 
vacuum-dried and dissolved in 100 μL deionized H2O.
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The cDNA was ligated into dephosphorylated pBluescript II SK* vector, which was 
reconstructed from pBluescript II SK vector by introducing SfiI A and SfiI B sites. Next, 1 
µL of the total 1000 µL ligation mixture was transferred into the competent cells of Esche-
richia coli DH/5α by the CaC12 transformation method. To screen white plaques with insert 
fragment, the transformed cells were plated on 15-cm Petri dishes containing LB/ampicillin/
IPTG/X-Gal. The colonies were counted and the titer of the unamplified library was calcu-
lated as: pfu/mL = (number of plaques) × 103. The ratio of white plaques (recombinants) to 
blue plaques (non-recombinants) was rapidly estimated as the recombination efficiency. The 
percentage of the recombinants = (number of white plaques) / (number of white plaques + 
number of blue plaques) × 100%.

To confirm the size of inserted fragments in the library, 24 white colonies were ran-
domly selected and amplified by PCR with M13 primers. PCR products were checked by run-
ning on a 1.1% agarose gel alongside a DNA marker (DL2000, TaKaRa).

EST sequencing and data analysis 

Totally, 126 white clones were randomly selected from the cDNA library. The purified 
plasmid DNAs were sequenced at both 5ꞌ and 3ꞌ ends on an ABI 3730 Genetic Analyzer (Ap-
plied Biosystems) using the T7 promoter primer. Raw sequences were first trimmed to remove 
vector sequence and low-quality sequences using the “Crossmatch” program. ESTs of length 
less than 100 bp were discarded. The high-quality sequences were submitted to BLAST search 
at the GenBank database to compare with all available ESTs and genes to date (http://www.
ncbi.nlm.nih.gov/blast). Sequence assembly of HCMV ESTs was performed with the CAP3 
program online (http://pbil.univ-lyon1.fr/cap3.php).

Sequence analysis

EST clusters were generated using the online CAP3 program. ORF prediction was 
performed by the EditSequence program of DNAStar package.

RESULTS

Sequence of UL/b’ region of HCMV H strain DNA

A sequence of 18,132 nucleotides of the UL/b’ region of HCMV H strain has been 
assigned GenBank accession No. GQ981646.

Analysis of total RNA and mRNA

The total RNA appeared as a long smear with clear bands of 28S and 18S (data not 
shown). The OD260/OD280 ratio of the total RNA was 1.82, and the concentration was 4.62 μg/
μL. Therefore, the conclusion could be drawn that the total RNA obtained from the HELF cells 
infected with the HCMV clinical strain did not degrade apparently and that the purity was high 
enough for further use. The total amount of the purified mRNA was 9.84 μg, OD260 = 0.571, 
OD260/OD280 = 2.028. 
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Analysis of long distance PCR product and fractionated cDNA

The concentration of double-stranded cDNA was 0.049 μg/μL. The size of the ampli-
fied cDNA molecules extends up to 3 kb (Figure 1), which indicated that the long distance 
PCR was successful. The smear of the fractionated cDNA in tubes 1-16 mostly distributed 
longer than 0.5 kb (data not shown).

Figure 1. Generation of PCR-amplified cDNA molecules from HCMV-infected HELF cells. A 5-µL aliquot of PCR 
product was run on an ethidium bromide-containing agarose gel.

Titer of the unamplified library and percentage of the recombinants

A total of 1120 plaques were observed on the library dish including 1062 white plaques 
and 58 blue plaques. The titer of the unamplified libraries was 1.12 × 106 pfu/mL. The ratio of 
recombination was 94.8% according to the blue and white screening.

Identification of the cDNA inserts of the recombinants

Amplification of the 24 white clones, which were picked out randomly using M13 primers, 
showed that the average length of the inserts within the recombinants was 1.2 kb (Figure 2).

Figure 2. Insert size of cDNA clones. Twenty-four randomly chosen cDNA clones were amplified using M13 
primers. The average size of PCR products of insertion fragments is 1.2 kb, determined from the gel. The marker 
shows 2000, 1000, 750, 500, 250, and 100 bp, respectively.

Characterization of the full-length HCMV cDNA library 

After removal of the vector sequences and low-quality sequences, 110 effec-
tive sequences from the 126 cDNA clones were obtained. The results of BLAST search 

   1    2     3    4    5    6    7     8    9   10  11  12   13  14  15  16                 17  18  19  20  21  22  23  24 
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showed that 44 ESTs (40.0% of 110 effective ESTs) came from HCMV, which had high 
sequence identity with the ESTs and genes of HCMV. And the rest showed highly ho-
mology with human ESTs and genes. Sequence assembly of the 44 HCMV ESTs with 
the CAP3 program online showed that 16 unigenes (6 contigs and 10 singlets) of HCMV 
were generated with the default options. The largest contig containing 19 ESTs (43.2% 
of the 44 ESTs) had 98% sequence identity with UL99 gene, and the second largest 
one containing 5 ESTs showed 97% sequence identity with the sequence of TRL5/IRL5 
genes, while the third one containing 4 ESTs was a spliced transcript in the UL73 to 
UL75 intergenic region. Detailed results are shown in Table 1.

Unigene	 Number of	 Start	 polyA signal	 3ꞌ cleavage 	 5ꞌ end confirmed before	 GenBank No.
	 ESTs	 position	 position	 site		  of sequence

UL99#	 3	 143907	 145135	 145161	 143922 (Lahijani et al., 1991)	
	 16	 143911	 		  	
TRL5/IRL5#	 5	 4465	      *	      *	     4595 (Peter et al., 1987)	
UL73~ UL75#	 3	 105658	 107724	 107764	 105683 (Scalzo et al., 2009)	
	 1	 105659	 107724	 107764		
US18#	 1	 206542	 206234	 206215	 207230 (Guo and Huang, 1993)	
UL4#	 1	 13243	 14748	 14767	   13246 (Degnin et al., 1993)	
UL65#	 1	 96249	 97875	 97906	   95889 (Scott et al., 2002)	
UL115#	 1	 164589	 163683	 163657	 164593 (Leatham et al., 1991)	
UL16~UL17#	 1	 22389	 23627	 23646		
UL132	 1	 15543	 16141	 16169		
UL146~ UL132	 1	 12955	 16141	 16163		
UL138	 1	 6316	 7160	 7178		
UL140~UL141	 1	 8292	 9928	 9954		
	 1	 8718	 9928	 9954		
UL144	 1	 11400	 12821	 12848		
	 1	 11635	 12821	 12833		
UL87ANTI#	 2	 130263	 129503	 129490		  GU327645
						      GU327647
UL83ANTI#	 1	 120342	 121127	 121150		  GU327648
UL31ANTI#	 1	 37836	 37281	 37262		  GU327646

Table 1. Sequence analysis of the 44 expressed sequence tags (ESTs) from the HCMV cDNA library.

The positions of the sequences in the table with ‘#’ are given with respect to the arrangement of the prototype 
genome of HCMV strain AD169 (X17403.1) and the others to H strain (GQ981646). ANTI = sequence in the 
antisense orientation; (*) = the exact positions of the 3ꞌ ends were not sequenced successfully.

The transcripts congruent with known genes

Seven unigenes, including 31 ESTs, were homologous to the genes of UL99, TRL5/
IRL5, UL73 to UL75, US18, UL4, UL65, and UL115, whose transcript structures have been 
characterized before. The 5ꞌ ends of the UL99 transcripts in this study contained 15 or 11 ad-
ditional nucleotides upstream of the previously mapped transcription start site (Lahijani et 
al., 1991). The spliced transcripts in the UL73 to UL75 intergenic region were identical to 
the results of Scalzo et al. (2009), besides 25 or 26 additional nucleotides at their 5ꞌ end. The 
sequence of another cDNA clone was mostly congruent with the 1.2-kb transcript of UL115 
detected by Leatham et al. (1991) (Table 1).

The transcripts of TRL5/IRL5, US18, UL4, and UL65 genes had the 5ꞌ ends down-
stream of the start sites published before (Peter et al., 1987; Degnin et al., 1993; Guo and Huang, 
1993; Scott et al., 2002), so the transcripts may have become truncated during preparation. 
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New HCMV transcripts 

Three novel antisense transcripts were obtained from the library (Figure 3). Sequences 
of 2 ESTs were homologous to the antisense sequence of the UL87 gene, while the other 2 ESTs 
were homologous to the antisense sequence of the UL83 and UL31 genes, respectively. The 
precise positions of the three antisense transcripts were detailed in Table 1. The EST sequences 
have been assigned GenBank accession Nos. GU327645 to 327648. No potential sequences 
of TATA box and CAAT box were found flanking the 5ꞌ ends of these ESTs. The length of the 
ORFs predicted in the 4 ESTs by the EditSequence program was not bigger than 250 bp. 

Figure 3. Graphic representation of the HCMV genome, showing relative position of the transcripts obtained in 
the present study. The open and solid arrows represent the transcripts previously identified and the novel transcripts 
identified in the present study, respectively. 

A transcript was found comprising the sequences of predicted UL16 and UL17 ORFs 
(Figure 2). The transcript was of 1257 nucleotides with 5ꞌ end at -25 nucleotides upstream of 
the UL16 ORF and a polyA tail downstream of the polyA signal (AATAAA) after UL17 ORF. 
No potential CAAT box or TATA box could be found upstream of the 5ꞌ end of the transcript. 
No other transcription data of HCMV UL16 and UL17 genes are available for comparison. 

Transcripts congruent with the genes of UL/b’ region

With the sequence of the UL/b’ region of H strain as the reference, sequences of 7 
ESTs were demonstrated homologous to the sequences of UL138, UL140-UL141, UL144, 
and UL146-UL132 (Table 1 and Figure 3). An approximately 1.5-kb EST sequence showed 
a spliced transcript starting at -83 nucleotides upstream of the UL146 ORF and terminating 
at 17 nucleotides downstream of the polyA signal (AATAAA) after the UL132 ORF, which 
comprised residues from 12955 to 16163 of H strain. Compared to the DNA sequence of H 
strain, 2 introns were identified. The first intron started at nucleotide 160 of the predicted 
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UL147 ORF and ended at nucleotide 132 of the UL132 ORF, comprising residues from 13606 
to 15383. The second intron comprised residues from 15396 to 15428, which was the same 
as that of the predicted UL132 ORF from nucleotides 149 to 179. Another transcript obtained 
was mostly congruent with the sequence of the predicted UL138 gene. The 5ꞌ end was located 
at -26 nucleotides upstream of the UL138 ORF and a polyA signal at 319~326 nucleotides 
downstream of the UL138 ORF. No potential CAAT box or TATA box could be found up-
stream of the 5ꞌ end of the transcript.

DISCUSSION

The ORFs of HCMV had been mapped on the genome by using computer analysis and 
sequence comparison among different HCMV strains and different CMV genomes (Chee et 
al., 1990; Rigoutsos et al., 2003; Dolan et al., 2004). The transcription pattern of the HCMV 
genome is far from being completely defined. Consequently, accurate transcript mapping is an 
important task to identify all protein coding regions and to understand aspects of gene expres-
sion. However, studies on HCMV transcript structures have been greatly hampered by the lack 
of high-throughput methods.

The SMART system was first used to generate cDNA libraries of human preimplan-
tation embryos (Adjaye et al., 1997, 1999). In this study, a full-length cDNA library of an 
HCMV clinical strain at late expression phage was created with the SMART method. Despite 
unavoidable bias, the high-quality and fidelity of sequenced clones from this library enabled 
us to obtain an inherent molecular phenotype of HCMV RNAs, and could give us rudimentary 
insights into the gene expression of HCMV. In our study, results of BLAST search showed that 
44 sequences from the 110 effective ESTs were congruent with the sequence of the HCMV 
genome. Although this library is a mixture of transcripts from either HCMV or HELF cells, 
40% of the HCMV ESTs in the library make it possible to screen transcripts of HCMV genes. 

Based on the 44 HCMV specific sequences, transcripts of 7 known and 6 predicted 
gene regions, and 3 antisense strands of predicted genes were demonstrated to be transcribed 
in our study. Among the 44 HCMV specific sequences, 19 were congruent with the UL99 ORF. 
These sequences were consistent with the 1.6-kb transcript, which had been characterized as 
a true late RNA by Adam et al. (1995), in whose research a family of eight 3ꞌ-coterminal tran-
scripts from ORFs UL93 through UL99 have been analyzed. However, protein of the 1.6-kb 
transcript was not identified (Martinez et al., 1989; Lahijani et al., 1991). Another sequence 
in the UL73 to UL75 intergenic region was a spliced transcript containing the splice donor/
acceptor sequences and the polyA signal consensus with the UL73 transcript identified in the 
study of Scalzo et al. (2009). However, the 5ꞌ ends of the two transcripts of UL99 and UL73 
obtained from our library contained additional nucleotides upstream of the previously mapped 
transcription start sites. It was emphasized that the precise sequence of the 5ꞌ end is, appar-
ently, not crucial for the initiation sites of each transcript.

The HCMV UL/b’ region had been found in the Toledo strain and other low-passaged 
HCMV clinical isolates, which may be essential for viral infection in vivo. Seven ESTs from 
the library were homologous to the sequences of predicted genes in this region. Of the 7 
ESTs, one 1.5-kb sequence comprised the total UL146 ORF, a part of the UL147 ORF and 
the UL132 ORF. This new spliced transcript had not been found by Lurain et al. (2006). In 
their results, only one 3.7-kb transcript contains UL146 ORF, which was unspliced spanning 
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UL146 through UL132 (Lurain et al., 2006). Combined with the results of Lurain et al. (2006), 
a family of 3ꞌ-coterminal transcripts containing ORFs of UL146 through UL132 may exist. In 
addition, the transcripts of UL138 and UL140-UL141 were identified by sequences of 3 cDNA 
clones. The 3ꞌ ends of the two transcripts were confirmed by the polyA tails, while their 5ꞌ end 
should be identified by RACE or RNase protection assays in the future.

It has been known since the early 1980s that the HCMV genome is abundantly tran-
scribed at late stages of infection. Numerous RNAs are detectable by Northern blot analysis, 
which are not protein-coding or do not have any relation to a “gene”. The functions of these 
RNAs are poorly defined and some may have a regulatory function. Plenty of antisense tran-
scripts were identified by Zhang et al. (2007). In their study, 55% of the clones contained 
sequences in an anti-orientation. Two antisense transcripts overlapping the UL87 gene were 
obtained by screening an HCMV cDNA library with late infection in the study of Zhang et 
al. (2007). In our study, the library is restricted to polyadenylated messenger RNAs because 
of the method used to create it. From the library, three novel transcripts were identified as 
homologous to the antisense strand of the HCMV UL31, UL83 and UL87 predicted genes. 
An additional 18 adenosine residues in their transcripts, which were not coded by the genome, 
confirmed that they were indeed polyadenylated RNAs. Different initiation and termination 
sites and alternative splicing manner of UL87 antisense transcripts were found compared with 
the present study. Nevertheless, the antisense transcripts of UL31 and UL83 were not previ-
ously reported in any study. The three novel antisense transcripts hinted that there should be 
more antisense transcripts expressed in the HCMV genome. 

The primary disadvantage of random sequencing of a cDNA library is that each de-
tected sequence must be individually cloned and sequenced, which can be significantly time-
consuming and expensive for a large number of sequences. Nevertheless, EST analysis is not 
only one of the more effective methods for gene discoveries, gene expression profiling and 
functional genome studies, but also one of the more efficient ways for identifying different 
genes (Abernathy et al., 2007; Wang et al., 2007; Malde and Jonassen, 2008; Zhou et al., 
2008). The generation of an EST resource for HCMV allows a cDNA-based design of other 
methods for thoroughly understanding HCMV gene expression. It must be emphasized that 
the current study represents only the partial sequence analysis of 110 clones taken from an 
HCMV late-phase cDNA library. The kinetics of gene expression could not be completely 
elucidated by sequencing the cDNA clones.
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