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We have determined the complete genome sequence of the Maastricht strain of rat cytomegalovirus (RCMV).
The RCMV genome has a length of 229,896 bp and is arranged as a single unique sequence flanked by 504-bp
terminal direct repeats. RCMV was found to have counterparts of all but one of the open reading frames
(ORFs) that are conserved between murine CMV (MCMV) and human CMV (HCMV). Like HCMV, RCMV
lacks homologs of the genes belonging to the MCMV m02 glycoprotein gene family. However, RCMV contains
15 ORFs with homology to members of the MCMV m145 glycoprotein gene family. Four ORFs are predicted
to encode homologs of host proteins; R33 and R78 both putatively encode G protein-coupled receptors, whereas
r144 and r131 encode homologs of major histocompatibility class I heavy chains and CC chemokines, respec-
tively. An intriguing feature of the RCMV genome is the presence of an ORF, r127, with similarity to the rep
gene of parvoviruses as well as ORF U94 of human herpesvirus 6A (HHV-6A) and HHV-6B. Counterparts of
these ORFs have not been found in the other sequenced herpesviruses.

As a model for cytomegalovirus (CMV) infection and dis-
ease, we study the interaction between rat CMV (RCMV) and
its host. The RCMV-rat model is attractive, since the patho-
genesis of infection in RCMV-infected rats is similar to that in
human CMV (HCMV)-infected humans. To fully exploit the
RCMV-rat model, it is important to have a detailed picture of
the genomic organization of RCMV. In this report, we present
the complete DNA sequence of the RCMV (Maastricht) ge-
nome. Following HCMV (11) and murine CMV (MCMV)
(37), RCMV is the third CMV for which the complete genome
sequence has been determined. In addition, the RCMV ge-
nome represents the first complete sequence of a rat-specific
herpesvirus.

General features of the RCMV genome sequence. The
RCMV genome was sequenced in a directed fashion, by using
the previously cloned EcoRI and XbaI genomic subclones (32)
as starting points. Overlapping plasmid clones of the genome
were generated by using various restriction endonucleases.
Both strands of each plasmid insert were sequenced by the
dideoxynucleotide chain termination method. The final se-
quence was determined on both strands over 100% of the
RCMV genome. Sequence assembly and analysis was done
with the program PC/Gene (version 2.11; IntelliGenetics,
Mountain View, Calif.) and with software from the United
Kingdom human genome mapping project resource center
(Hinxton, Cambridge, United Kingdom [http://www.hgmp
.mrc.ac.uk]).

The length of the RCMV (Maastricht) genome was found to
measure 229,896 bp, which is approximately 6 kb larger than a
previous estimate that was based on an analysis of viral geno-
mic restriction fragments (32). Remarkably, the genome of
RCMV is only 382 bp shorter than that of MCMV (Smith)
(37). The RCMV genome has an overall G1C content of 61%
and consists of a single unique sequence flanked by 504-bp
direct terminal repeats (TRs). The TRs are highly G1C rich
(76%) and not represented elsewhere in the genome. Within

the TRs, several small internal direct repeats (DRs) have
been identified as well as conserved pac-1 and pac-2 se-
quences which are suspected to play a role in herpesvirus
genome maturation (49). In addition, numerous other re-
peated sequences were identified throughout the RCMV ge-
nome, such as a variety of DRs and inverted repeats near the
origin of lytic-phase DNA replication (50), and several DRs in
the region upstream of exon 1 of the major immediate-early
(MIE) locus (3).

Identification of RCMV protein-coding ORFs. The strategy
used to identify RCMV open reading frames (ORFs) likely to
be coding was essentially based on that used in the sequence
analysis of the MCMV genome (37). The major criteria for
identifying a coding sequence were the presence of an ORF
with a minimum length of 300 bp and a less than 60% overlap
with adjacent ORFs. Obviously, the demonstration of similar-
ity between predicted amino acid sequences encoded by
RCMV ORFs and those encoded by well-characterized genes
of other origin was also used as an indication of an ORF being
protein coding. ORFs which were found to overlap more than
60% and not show any similarity to known sequences were
included in the list of ORFs (Table 1), irrespective of their
length and positional base preference. Database searches for
homologous amino acid sequences were carried out with the
TBLASTN program (version 2.0; National Center for Biotech-
nology Information, National Institutes of Health, Bethesda,
Md. [http://www.ncbi.nlm.nih.gov/blast/blast.cgi?Jform51])
against nonredundant combined nucleotide sequence data-
bases. The TBLASTN program compares a protein query se-
quence against a nucleotide sequence database dynamically
translated in all reading frames. The use of this program allows
finding homologous amino acid sequences, even when these
sequences are not available from protein sequence databases.
The naming system used for RCMV ORFs numbers them from
the left to the right end of the genome in a similar fashion as
has been described for MCMV (37). The left-to-right orienta-
tion of the RCMV genome has previously been established (8,
50). As the RCMV and MCMV genomes were found to be
largely colinear, the numbering system for the RCMV genes is
congruent with the MCMV numbering system. RCMV ORFs
with homologs in HCMV are indicated by uppercase prefixes
(e.g., R23), whereas ORFs without significant sequence simi-
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TABLE 1. Map locations and features of the 166 predicted ORFs of the RCMV genomea

ORF Strandb
Positionc

Length
(aa)

MM
(kDa)

Identity (%) withd:
Comments (references)e

From To MCMV HCMV

r1 C 519 1172 218 25.5
r2 C 1639 5358 1240 125.6
r2.1 2912 4198 429 41.9
r3 5155 5814 220 24.5
r4 C 5753 6613 287 30.2

r4.1 5787 6527 247 25.1
r5 C 6592 8478 629 65.1
r5.1 7790 8113 108 11.8
r6 8477 8893 139 15.7
R23 C 8779 9663 295 31.9 41.2 (M23) 18.9 (UL23 [GF2]) US22 family homolog

r23.1 9662 10417 252 27.2
R24 C 10158 11195 346 36.9 46.3 (M24) 27.6 (UL24 [GF2]) US22 family homolog
R25 11333 13768 812 89.4 32.5 (M25) 21.3 (UL25 [GF1]) UL25 family homolog
r25.1 C 13919 15079 387 42.5 29.2 (m25.1) US22 family homolog
r25.2 15878 16321 148 17.0

r25.3 C 15896 16258 121 13.2
R26 C 16296 17027 244 25.9 36.5 (M26) 29.0 (UL26)
R27 C 17245 19257 671 76.1 39.6 (M27) 20.7 (UL27)
r27.1 19374 19745 124 13.3
R28 C 19720 20901 394 44.3 42.8 (M28) 20.1 (UL28)

r29.1 C 21135 21692 186 21.4 28.4 (m29.1)
R31 21691 24009 773 86.0 32.3 (M31) 23.9 (UL31)
R32 C 24181 26181 667 73.0 37.4 (M32) 18.2 (UL32 [pp150]) Homolog of HCMV gene encoding major tegu-

ment phosphoprotein (7)
R33 26271 27431 387 43.2 64.2 (M33) 37.3 (UL33) GPCR gene homolog (5)
R34 27693 29990 766 84.6 38.9 (M34) 22.7 (UL34)

R35 30318 31880 521 58.2 45.8 (M35) 24.3 (UL35 [GF1]) UL25 family homolog
R36 C 32054 33487 478 53.6 47.1 (M36) 26.0 (UL36) US22 family homolog
R37 C 33708 34700 331 36.5 37.2 (M37) 17.3 (UL37)
R38 C 34818 35933 372 41.0 32.9 (M38) 25.3 (UL38)
r39 C 36407 37012 202 22.3 26.1 (m39)

r40 C 37079 37471 131 14.4 39.4 (m40)
r41 C 37619 38035 139 14.5 33.3 (m41)
r42 C 38124 38504 127 13.5 27.6 (m42)
R43 C 38825 40504 560 61.8 40.3 (M43) US22 family homolog; positional homolog of

HCMV UL43
r43.1 C 40582 40896 105 11.1

R44 C 41045 42301 419 45.6 68.9 (M44) 55.2 (UL44 [DPAP]) Homolog of HCMV gene encoding DPAP
R45 C 42687 45878 1064 114.2 33.8 (M45) 25.3 (UL45 [RRL]) Homolog of HCMV gene encoding RRL
R46 C 45895 46776 294 33.1 73.8 (M46) 35.8 (UL46) Homolog of HCMV gene encoding minor

capsid protein
R47 46775 49675 967 109.0 55.8 (M47) 28.9 (UL47)
R48 49675 55974 2100 234.5 51.8 (M48) 27.0 (UL48 [Teg]) Homolog of HCMV gene encoding large tegu-

ment (Teg) protein

R49 C 56351 57925 525 59.3 71.3 (M49) 37.6 (UL49)
R50 C 57900 58787 296 32.6 53.5 (M50) 36.7 (UL50)
R51 C 58814 59197 128 14.2 69.5 (M51) 39.5 (UL51)
R52 59208 60797 530 60.5 66.9 (M52) 35.5 (UL52)
R53 60793 61698 302 35.3 62.8 (M53) 36.6 (UL53)

R54 C 61692 65210 1173 130.5 57.3 (M54) 43.8 (UL54 [DNA pol]) Homolog of HCMV gene encoding DNA poly-
merase (DNA pol) (8)

R55 C 65223 67964 914 102.7 53.8 (M55) 43.2 (UL55 [gB]) Homolog of HCMV gene encoding glyco-
protein B (gB) (8)

R56 C 67873 70626 893 97.2 66.7 (M56) 50.2 (UL56) Homolog of HCMV gene encoding ICP18.5 (8)
R57 C 70828 74670 1281 140.0 51.9 (M57) 45.2 (UL57 [MDBP]) Homolog of HCMV gene encoding major

DNA-binding protein (MDBP) (8)
r58 74474 75337 288 30.1 27.3 (m58)

R69 C 79600 82593 998 109.4 35.0 (M69) 22.5 (UL69) Homolog of HCMV gene encoding a transacti-
vator of gene expression

R70 C 82820 85627 936 105.8 50.3 (M70) 37.9 (UL70 [HP]) Homolog of HCMV gene encoding a helicase-
primase (HP) complex component

Continued on following page
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TABLE 1—Continued

ORF Strandb
Positionc

Length
(aa)

MM
(kDa)

Identity (%) withd

Comments (references)e

From To MCMV HCMV

r70.1 86170 86484 105 11.0
r70.2 86689 87681 331 36.3 Member of the m145 gene family
r70.3 87847 88872 342 37.0 Member of the m145 gene family

r70.4 89015 90034 340 36.7 Member of the m145 gene family
r70.5 90158 91171 338 36.8 Member of the m145 gene family
R72 C 91238 92278 347 38.5 35.6 (M72) 24.1 (UL72 [dUTPase]) Homolog of HCMV gene encoding dUTPase
R73 92277 92648 124 13.9 48.3 (M73) 28.1 (UL73)

r74 C 92526 93941 472 53.9 23.0 (m74)
R75 C 94262 96469 736 81.7 44.7 (M75) 26.8 (UL75 [gH]) Homolog of HCMV gene encoding glycopro-

tein H (gH)
R76 96590 97360 257 28.4 53.3 (M76) 36.3 (UL76)
R77 96996 98963 656 71.3 53.4 (M77) 40.8 (UL77) Homolog of HCMV gene encoding pyruvoyl

decarboxylase homolog
R78 99095 100516 474 49.6 25.0 (M78) 20.1 (UL78) GPCR gene homolog (2)

R79 C 100737 101558 274 31.3 67.9 (M79) 41.4 (UL79)
R80 101557 103743 729 75.9 46.0 (M80) 33.0 (UL80 [AP]) Homolog of HCMV gene encoding assembly

protein (AP)
R82 C 104532 106334 601 66.6 33.2 (M82) 23.5 (UL82 [pp71]) Homolog of HCMV gene encoding upper ma-

trix phosphoprotein
R83 C 106489 108429 647 71.6 28.1 (M83) 19.2 (UL83 [pp65]) Homolog of HCMV gene encoding lower ma-

trix phosphoprotein
R84 C 108562 110361 600 65.9 33.6 (M84) 20.2 (UL84) Homolog of HCMV gene encoding an early

nuclear nonstructural protein

R85 C 110473 111396 308 34.0 68.6 (M85) 52.7 (UL85)
R86 C 111501 115547 1349 150.9 77.3 (M86) 56.8 (UL86 [MCP]) Homolog of HCMV gene encoding major

capsid protein (MCP)
R87 115605 118244 880 97.2 72.0 (M87) 46.3 (UL87)
R88 118278 119582 435 47.6 54.5 (M88) 28.1 (UL88)
R89-EX2 C 119585 120706 374 42.5 89.0 (M89-EX2) 69.8 (UL89 [CHS]) Homolog of exon 2 of HCMV gene encoding

conserved herpesvirus spliced gene (CHS);
exon 1 plus exon 2 encode a protein of 670
amino acids with an MM of 77.1 kDa
(Y. K. Gruijthuijsen, C. A. Bruggeman,
and C. Vink, unpublished data)

r90 C 120861 121646 262 27.7 21.1 (m90)
R91 121360 122079 240 24.9 33.3 (M91) 15.8 (UL91)
R92 122079 122792 238 26.2 81.2 (M92) 45.0 (UL92)
R93 122758 124281 508 56.3 51.1 (M93) 27.9 (UL93)
R94 124241 125269 343 37.1 51.4 (M94) 33.0 (UL94)

R89-EX1 C 125423 126310 296 34.6 78.8 (M89-EX1) 57.4 (UL89 [CHS]) Homolog of exon 1 of HCMV gene encoding
CHS

R95 126309 127484 392 42.7 65.5 (M95) 41.3 (UL95)
R96 127577 127885 103 11.5 42.0 (M96) 33.0 (UL96)
R97 128104 129939 612 66.9 53.1 (M97) 32.8 (UL97 [PK]) Homolog of HCMV gene encoding a phospho-

transferase or protein kinase (PK)
R98 130193 131665 491 53.6 47.3 (M98) 36.3 (UL98 [DNase]) Homolog of HCMV gene encoding an exonu-

clease

R99 131605 131976 124 13.1 39.5 (M99) 23.2 (UL99 [pp28]) Homolog of HCMV gene encoding a tegument
phosphoprotein

R100 C 132208 133260 351 39.3 68.9 (M100) 42.7 (UL100 [gM]) Homolog of HCMV gene encoding glycopro-
tein M (gM)

R102 133471 136428 986 106.7 29.5 (M102) 23.8 (UL102 [HP]) Homolog of HCMV gene encoding a HP com-
plex component

R103 C 135996 137126 377 41.1 44.4 (M103) 24.5 (UL103)
R104 C 137107 139317 737 83.1 63.7 (M104) 39.9 (UL104) Homolog of HCMV gene encoding a structural

protein

R105 139118 141949 944 104.8 58.5 (M105) 48.7 (UL105 [Hel]) Homolog of HCMV gene encoding DNA heli-
case (Hel)

r106 C 142119 142610 164 18.0
r107 C 147501 147884 128 14.2
r108 147846 148187 114 12.7
r109 C 149116 149445 110 12.5

r110 C 149808 150116 103 118.8
r111.1 152167 152508 114 12.3
r111.2 C 152241 152549 103 11.0

Continued on facing page

7658 NOTES J. VIROL.



TABLE 1—Continued

ORF Strandb
Positionc

Length
(aa)

MM
(kDa)

Identity (%) withd

Comments (references)e

From To MCMV HCMV

R112-EX1 153431 154184 251 26.7 50.9 (M112-EX1) 29.2 (UL112)
R112-EX2 154408 154632 74 7.5 50.6 (M112-EX2) 26.3 (UL112)

R113 154665 155699 345 35.4 29.7 (M113) 25.8 (UL113)
R114 C 155910 156686 259 29.6 68.1 (M114) 50.2 (UL114 [UNG]) Homolog of HCMV gene encoding uracil DNA

glycosylase (UNG)
R115 C 156745 157689 315 35.9 44.4 (M115) 27.2 (UL115 [gL]) Homolog of HCMV gene encoding glycopro-

tein L (gL)
R116 C 157774 158982 403 45.2 16.0 (M116) 18.0 (UL116)
R117 C 159067 160194 376 41.6 25.9 (m117) 18.7 (UL117)

R118 C 160263 161111 283 32.6 27.0 (M118) 19.0 (UL118)
r119.1 C 161175 161903 243 27.9 28.1 (m119.1)
r119.2 C 162094 162432 113 12.6 34.1 (m119.2)
r119.3 C 162442 162759 106 11.3 25.7 (m119.3)
r119.4 C 163546 164562 339 37.1

r119.5 C 164713 165699 329 36.5
r119.6 C 165836 166756 307 34.1 26.2 (novel) Homolog of a novel MCMV ORF, located at

position 174640 to 175665 of the MCMV
genome, putatively encoding a 342-amino-
acid protein

R121 C 167155 168753 533 61.0 18.8 (M121) Positional homolog of HCMV UL121
r121.1 169295 169666 124 12.7
r121.2 C 169302 169715 138 15.2

r121.3 C 169938 170237 100 11.6
R122-EX5 C 170236 171749 505 56.8 37.3 (M122-EX5) 26.3 (UL122 [IE2]) Exon 5 of MIE 2 (IE2) gene; homolog of

HCMV IE2 and MCMV ie3; exon 2 plus
exon 3 plus exon 5 encode a protein of 603
amino acids with an MM of 67.8 kDa (3)

r123-EX4 C 171961 173252 431 49.8 20.0 (M123-EX4) 15.3 (UL123 [IE1]) Exon 4 of MIE 1 (IE1) gene; homolog of
HCMV IE1 and MCMV ie1; exon 2 plus
exon 3 plus exon 4 encode a protein of 529
amino acids with an MM of 60.8 kDa (3)

r123-EX3 C 173349 173542 64 7.0 37.3 (m123-EX3) Exon 3 of MIE locus (3)
r123-EX2 C 173640 173740 34 4.0 24.3 (m123-EX2) Exon 2 of MIE locus (3)

r124 173688 174035 116 13.6 17.6 (m124)
r125 175431 175751 107 11.8
r126 C 177276 177578 101 11.6
r127 C 178309 179319 337 37.8 Homolog of parvovirus rep gene and HHV-6

U94 gene
r128 179479 180702 408 47.0 42.9 (m128) US22 family homolog; homolog of MCMV ie2

exon 3

r131 C 181948 182649 234 26.8 22.5 (m131/129) Homolog of spliced MCMV m131/129 tran-
script encoding a CC chemokine homolog

r133 C 183022 184110 363 40.6 26.1 (m133-EX1) Homolog of exon 1 of spliced MCMV gene
m133/132 (sgg1)

r135 C 184218 184592 125 13.5 33.3 (m135)
r136 C 184669 185430 254 29.1 35.1 (m136)
r137 C 185448 186401 318 34.9 35.5 (m137)

r138 C 186464 188149 562 62.7 24.3 (m138) Homolog of MCMV gene encoding an Fc
receptor glycoprotein

r139 C 188287 190251 655 73.6 43.5 (m139) 21.6 (US22 [GF2]) US22 family homolog
r140 C 190311 191765 485 55.5 45.4 (m140) 29.5 (US23 [GF2]) US22 family homolog
r141 C 191892 193382 497 56.1 45.3 (m141) 26.2 (US24 [GF2]) US22 family homolog
r142 C 193609 195255 549 62.0 57.3 (m142) 21.0 (US26 [GF2]) US22 family homolog

r143 C 195104 196693 530 60.0 43.2 (m143) 23.2 (US23 [GF2]) US22 family homolog
r144 C 196862 197824 321 36.2 30.4 (m144) MHC class I gene homolog (4)
r145 C 198005 199351 449 50.8 24.6 (m145) Member of the m145 gene family
r146 C 199486 199857 124 14.2
r147 C 200217 201083 289 32.7

r148 C 201125 201499 125 14.6
r149 C 201629 202768 380 44.4 Member of the m145 gene family
r150 C 202926 204095 390 43.4 20.1 (m150) Member of the m145 gene family
r151 C 204273 205385 371 41.5 22.8 (m151) Member of the m145 gene family
r151.1 C 205520 206395 292 33.4

r151.2 C 206562 207497 312 35.9

Continued on following page

VOL. 74, 2000 NOTES 7659



larity with HCMV genes are indicated by lowercase prefixes. In
order to maintain the correlation between the numbering sys-
tem of the CMV genes, suffixes (as in r25.1) were introduced
when additional unique RCMV ORFs were identified between
homologs of MCMV and HCMV genes. These suffixes do
not necessarily indicate any similarity between these RCMV
ORFs. Also, these suffixes were used when RCMV ORFs
showed similarity with MCMV ORFs with similar suffixes.

The RCMV genome is predicted to contain at least 166
protein-coding ORFs, of which 113 and 76 have significant
similarity to ORFs of MCMV (Smith) (37) and HCMV
(AD169) (11), respectively (Fig. 1 and Table 1). ORFs that are
conserved between RCMV and HCMV are concentrated with-
in the left two-thirds of the HCMV genome (Fig. 2). How-
ever, as expected, the similarity between RCMV and
MCMV ORFs is seen across the entire length of their ge-
nomes. All ORFs that are conserved among members of the
herpesvirus family also have counterparts in the RCMV ge-
nome. For all conserved RCMV ORFs, the degree of similarity
gradually decreases with corresponding sequences of MCMV,
HCMV (Table 1), and other betaherpesviruses (human her-
pesvirus 6A [HHV-6A], HHV-6B, and HHV-7; data not
shown). The highest level of identity was seen among RCMV
R89, MCMV M89, and HCMV UL89.

As in the MCMV genome, homologs of the HCMV gene
families UL25, UL82, and US22 are present in the RCMV

sequence, whereas counterparts of the RL11, US1, US2,
US6, or US12 gene families of HCMV are absent. Previ-
ously, HCMV strains Toledo and Towne were shown to have
19 and 3 extra ORFs, respectively, in addition to those found
in HCMV (AD169) (9). Homologs of these additional ORFs
were not found in the RCMV genome. Unlike HCMV, RCMV
possesses homologs of genes belonging to the MCMV m145
glycoprotein gene family. Fifteen RCMV members of this fam-
ily were identified, most of which are located at positions
within the genome that are congruent to the positions of their
MCMV counterparts, near the right genome terminus.

A striking difference between MCMV and RCMV is seen
at the left side of their genomes. Within the MCMV se-
quence, a series of 15 tandem glycoprotein genes (the m02
glycoprotein gene family) is positioned between nucleotides
999 and 15673 (37). Homologs of these genes were found
neither in the sequence of RCMV nor in that of HCMV.

Spliced transcripts. Splicing has previously been reported
for RCMV R89 (Y. K. Gruijthuijsen, C. A. Bruggeman, and C.
Vink, unpublished data) and R122/R123 (MIE) (3). Splicing of
two other RCMV transcripts, R112 and r133, could be pre-
dicted on the basis of amino acid sequence alignments and the
presence of consensus splice donor and acceptor sites (data not
shown). In contrast to what was predicted for the MCMV M36
mRNA, transcripts from its RCMV homolog (R36) are prob-
ably not spliced. This notion was deduced from an alignment of

TABLE 1—Continued

ORF Strandb
Positionc

Length
(aa)

MM
(kDa)

Identity (%) withd

Comments (references)e

From To MCMV HCMV

r151.3 C 207686 209377 564 62.7 Member of the m145 gene family
r152 C 209879 211030 384 43.8 19.0 (m152) Member of the m145 gene family
r152.1 C 211471 211914 148 17.2
r152.2 C 212063 213130 356 41.0 Member of the m145 gene family

r152.3 C 213310 214209 300 35.0 Member of the m145 gene family
r152.4 C 214454 215590 379 43.4 Member of the m145 gene family
r152.5 C 215829 216611 261 30.5
r155 C 217788 218804 339 39.1 20.2 (m155) Member of the m145 gene family
r157 C 218951 220030 360 42.0 19.7 (m157) Member of the m145 gene family

r158 C 220209 220544 112 12.5
r160 C 220586 221377 264 29.6 23.5 (m160) Homolog of putative membrane glycoprotein

gene of MCMV
r161 C 221232 222242 337 37.7 18.2 (m161) Homolog of putative membrane glycoprotein

gene of MCMV
r162 C 222146 223036 297 32.2 20.3 (m162) Homolog of putative membrane glycoprotein

gene of MCMV
r164 C 223119 224261 381 42.6 22.6 (m164) Homolog of putative membrane glycoprotein

gene of MCMV

r166 C 225087 226208 374 41.1 27.6 (m166) Homolog of putative membrane glycoprotein
gene of MCMV

r167 C 226211 226831 207 22.9
r168 C 226983 227297 105 12.1
r169 C 227397 228038 214 23.2
r170 227961 228281 107 12.4

r171 228242 229105 288 32.6
r171.1 228439 229101 221 24.4

a Abbreviations and symbols: aa, number of amino acids; MM, molecular mass; EX1-5, exons 1 to 5 of (potentially) spliced genes.
b C indicates that the corresponding ORF runs from right to left on the prototype RCMV genome (see Fig. 1); other ORFs run from left to right.
c From and To indicate the limits of the ORFs on the prototype RCMV genome.
d In columns MCMV and HCMV, the percentages of identity are shown when significant similarity had been determined; the names of MCMV (Smith) ORFs (37)

and HCMV (AD169) ORFs (11) that show similarity with RCMV ORFs are shown in brackets. The percentages of identity were determined by using the ALIGN
program, which generates optimal global alignments of two sequences with no short-cuts (Genestream, Institut de Genetique Humaine, Montpellier, France
[http://www2.igh.cnrs.fr/bin/align-guess.cgi]) (35). In order to generate optimal alignments, the following ORFs were trimmed to a downstream ATG codon: HCMV
UL70 and UL95, MCMV M51, M96, M100 and m119.1, and RCMV M115 and m142.

e Characteristics of the ORF, including references to previous studies on this ORF.

7660 NOTES J. VIROL.



the amino acid sequence derived from the unspliced R36 ORF
with that derived from the spliced M36 ORF (data not shown).
Similarly, transcripts from both the MCMV M33 and HCMV
UL33 genes were reported to be spliced (16), whereas tran-
scripts from their RCMV counterpart (R33) were demon-
strated to be unspliced (5).

DNA sequences and proteins involved in nucleotide and
DNA metabolism and DNA replication. The origin of lytic-
phase DNA replication (oriLyt) of RCMV has previously been
mapped to a 3.3-kb region between ORFs R57 and R69 and
was shown to be highly complex, containing 23 DRs and
16 inverted repeats of lengths greater than 10 bp (50). Like
MCMV and HCMV, RCMV contains six ORFs that may be
essential for viral DNA replication. These ORFs, R44, R54,
R57, R70, R102, and R105, have the potential to code for
DNA polymerase accessory protein (DPAP), DNA polymer-
ase (8), major DNA binding protein (8), and three components
of the helicase-primase complex, respectively. Homologs of
genes with a role in nucleotide metabolism are also found in
the RCMV genome. These genes include ORFs R45, R72, and
R114, which putatively encode the ribonucleotide reductase
large subunit (RRL), dUTPase, and uracil-DNA glycosylase,
respectively. ORF R97 is the homolog of HCMV UL97, which
encodes a phosphotransferase (28).

ORFs encoding IE/regulatory proteins. Previously, several
HCMV immediate early (IE) proteins were reported to play a
role in the regulation of viral gene expression. These proteins

are encoded by the UL122 to -123 (the MIE locus) (43), UL36
to -38 (27), UL69 (51), TRS1-IRS1 (42), and US3 (13) genes.
RCMV possesses sequence and positional homologs of the
first three loci (R122-123, R36-38, and R69). The organization
of the R122-123 MIE locus (3) was previously shown to be
similar to that of HCMV (43), MCMV (25), simian CMV (10),
and the England strain of RCMV (39, 40). Various spliced
transcripts are derived from each of these loci. Similarly, the
HCMV UL36 to -38 IE locus was found to be transcribed in
multiply spliced mRNAs. Some of the proteins that are en-
coded by these mRNAs have been reported to function in the
activation of gene transcription (13, 24). One of the spliced
transcripts from the UL36 to -38 gene cluster is the UL37
mRNA, which is composed of three exons. Only exon 3 of
UL37 has homologs in the other sequenced betaherpesviruses.

Another potential IE gene of RCMV is r128, which is posi-
tioned several kilobases upstream of the MIE locus. ORF r128
is the homolog of the MCMV m128 (or ie2) IE gene (33) and
has sequence and positional homology with the U95 ORFs of
HHV-6A (20), HHV-6B (17, 22), and HHV-7 (36). ORF m128
was previously shown to have sequence similarity with mem-
bers of the US22 gene family (33).

Structural proteins. Homologs of all MCMV genes that
have the capacity to encode the well-known structural proteins
were also detected in the RCMV genome. These genes are
likely to encode the major and minor capsid proteins (R86 and
R46, respectively), the large tegument protein (R48), the up-

FIG. 1. Map of the 229,896-kb RCMV (Maastricht) genome. ORFs are shown as boxes. ORFs on the top strand (coding left to right) are shown above those on
the bottom strand (coding right to left). The ORFs are numbered as described in the text and are defined as indicated in Table 1. Members of the five RCMV gene
families, the m145, US22, UL25, UL82, and GPCR families, are indicated. The exons of RCMV ORFs that are either known or predicted to encode spliced transcripts,
R89 (Y. K. Gruijthuijsen, C. A. Bruggeman, and C. Vink, unpublished data), R112, and R122-123 (3), are connected by lines.
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per (R82) and lower (R83) matrix proteins, and the major and
small tegument phosphoproteins (R32 and R99, respectively)
(10). In addition, the RCMV genome carries a homolog (R25)
of MCMV M25, which was recently reported to code for a
component of the viral tegument (52). Like their MCMV
counterparts (14), RCMV ORFs R82, R83, and R84 were
found to share sequences. The overall identities among the
amino acid sequences that are deduced from these ORFs are
21.2% between R82 and R83, 22.4% between R82 and R84,
and 19.1% between R83 and R84. When the amino acid se-
quences encoded by R82, R83, and R84 were compared to
their MCMV counterparts, the highest similarities were seen
between sequences derived from congruent positions within
their respective genomes. Interestingly, when the amino acid
sequences deduced from R82, R83, and R84 were compared
to those from their HCMV counterparts (UL82, UL83, and
UL84, respectively), the three RCMV sequences each showed
a higher similarity with sequences derived from UL82 than
with those from either UL83 or UL84. Conversely, the three
HCMV sequences each displayed higher similarities with the
amino acid sequence encoded by R82 than with the sequences
deduced from the other two RCMV genes (data not shown).

Glycoproteins. Among the ORFs potentially encoding gly-
coproteins are R55 (8), R75, R100, and R115, which code for
homologs of the conserved herpesvirus glycoproteins gB, gH,
gM, and gL, respectively. In particular, the sequence of the
putative RCMV gM protein is very similar to the sequence of
the corresponding MCMV protein (68.9% identity). A glyco-
protein may also be encoded by ORF r138, which is a homolog
of the MCMV m138 gene (or fcr-1) (44). Homologs of this
gene have not been identified in other betaherpesviruses. The
m138 gene-encoded protein has been reported to be a receptor
for the Fc domain of murine immunoglobulin G molecules
(44). Recombinant MCMV strains that lack a functional m138
gene displayed severely restricted replication in comparison
with wild-type MCMV in vivo (15).

Families of related RCMV ORFs. Five families of related
genes were identified in the RCMV genome: (i) the UL25
family, including ORF R25 and R35; (ii) the UL82 family,
including R82, R83, and R84; (iii) the US22 family; (iv) the
m145 family; and (v) the G protein-coupled receptor (GPCR)
homolog gene family, including R33 and R78 (Fig. 1). These
families are also represented in the MCMV genome (37),
whereas all but one of them (the m145 family) are represented
in the HCMV sequence (11).

Members of the US22 gene family are present in all se-
quenced betaherpesviruses. The RCMV members of this fam-
ily include R23, R24, r25.1, R36, R43, r128, r139, r140, r141,
r142, and r143. The sequence as well as the position of these
genes are conserved between RCMV and MCMV. Within the
RCMV US22 family, the highest level of similarity is seen
between the amino acid sequences derived from R24 and r25.1
(25.8% identity). A relatively high amino acid sequence simi-
larity is also observed between r140 and r141 (25.6% identity)
and between r140 and r143 (22.9% identity). An RCMV ho-
molog of one MCMV member of the US22 family, m25.2, was
not found.

As described above, RCMV contains 15 members of the
m145 glycoprotein gene family (Fig. 1). One of the members of
this family, m152, has been shown to interfere with the major
histocompatibility complex (MHC) class I pathway of antigen
presentation (54). Six of the RCMV m145-like ORFs (r145,
r150, r151, r152, r155, and r157) have both positional and
sequence homology to the corresponding MCMV ORFs (37).
Five others (r149, r151.3, r152.2, r152.3, and r152.4) show
similarity in sequence, but not position, with MCMV ORFs.

F
IG

.
2.

A
lig

nm
en

t
of

th
e

O
R

F
m

ap
s

of
th

e
ge

no
m

es
of

R
C

M
V

,H
C

M
V

,a
nd

M
C

M
V

.T
he

lin
e

ab
ov

e
th

e
H

C
M

V
m

ap
in

di
ca

te
s

th
e

U
L

-U
S

or
ga

ni
za

tio
n

of
th

e
H

C
M

V
ge

no
m

e.
F

or
ea

ch
ge

no
m

e
m

ap
,

th
e

O
R

F
s

(b
ox

es
)

on
th

e
to

p
st

ra
nd

(c
od

in
g

le
ft

to
ri

gh
t)

ar
e

sh
ow

n
ab

ov
e

th
os

e
on

th
e

bo
tt

om
st

ra
nd

(c
od

in
g

ri
gh

tt
o

le
ft

).
B

ox
es

th
at

re
pr

es
en

tO
R

F
s

th
at

ar
e

co
ns

er
ve

d
be

tw
ee

n
H

C
M

V
,R

C
M

V
,a

nd
M

C
M

V
ar

e
de

pi
ct

ed
in

lig
ht

gr
ey

;b
ox

es
th

at
re

pr
es

en
tO

R
F

s
th

at
ar

e
co

ns
er

ve
d

be
tw

ee
n

on
ly

tw
o

of
th

e
th

re
e

vi
ru

se
s

ar
e

sh
ow

n
in

da
rk

gr
ey

.T
he

nu
m

be
rs

of
m

os
tO

R
F

s
(w

ith
ou

tt
he

ir
pr

efi
xe

s)
ar

e
in

di
ca

te
d.

O
R

F
s

th
at

ar
e

co
ns

er
ve

d
be

tw
ee

n
R

C
M

V
an

d
th

e
ot

he
r

tw
o

C
M

V
s

ar
e

co
nn

ec
te

d
by

bl
oc

ks
.T

he
M

C
M

V
m

ap
is

ba
se

d
on

R
aw

lin
so

n
et

al
.(

37
),

an
d

th
e

H
C

M
V

m
ap

is
ba

se
d

on
C

he
e

et
al

.(
11

)
an

d
C

ha
et

al
.(

9)
.

7662 NOTES J. VIROL.



ORF r149 displays highest similarity with MCMV m17, where-
as r151.3 scores highest with m145. ORFs r152.2, r152.3, and
r152.4 are more similar to m152 than to other MCMV m145-
like genes (data not shown). Four m145 family members,
ORFs r70.2 through r70.5, are located at a unique position
within the RCMV sequence, between conserved ORFs R70
and R72. Unlike their counterparts at the right side of the
prototype genome, these ORFs are orientated from left to
right. ORFs r70.2 to r70.5 were found to have the highest level
of sequence similarity among each other. In particular, the
deduced amino acid sequences of r70.2 and r70.4 are highly
related (44.1% identity). ORFs r70.2 to r70.5 were also found
to show a relatively high degree of similarity with ORF r152.2
(data not shown).

ORFs encoding homologs of cellular proteins. Similar to
MCMV, RCMV contains four ORFs that encode homologs
of cellular proteins. R33 and R78 both encode homologs of
GPCRs (2, 5), whereas r131 and r144 (4) encode homologs of
chemokines and MHC class I molecules, respectively.

(i) ORFs encoding GPCR homologs. RCMV ORF R33 be-
longs to the HCMV UL33 gene family (5, 48). Currently, this
family consists of six members: UL33 (12), R33 (5), MCMV
M33 (16), and the U12 ORFs of HHV-6A (20), HHV-6B (17,
22), and HHV-7 (36). Sequence and genome location of these
genes are conserved among the betaherpesviruses. The pre-
dicted amino acid sequences of the proteins encoded by mem-
bers of the UL33-like gene family were found to comprise
several features characteristic of chemokine receptors (5, 16).
In accordance with this, the HHV-6 U12-encoded protein was
reported to be a functional receptor for b-chemokines in vitro
(23). It has been shown that the UL33, M33, and R33 genes are
dispensable for in vitro replication of HCMV (31), MCMV
(16), and RCMV (5), respectively. However, both M33 and
R33 were shown to be essential for in vivo replication of
MCMV (16) and RCMV (5), respectively.

RCMV R78 belongs to the HCMV UL78 gene family, which
currently consists of six members: UL78 (12), R78 (2), MCMV
M78 (37), and the U51 ORFs of HHV-6A (20), HHV-6B (17,
22), and HHV-7 (36). Although the positions of the UL78-like
genes within the betaherpesvirus genomes are conserved, their
sequences are rather divergent (2, 48). It has recently been

shown that the HHV-6A U51-encoded protein is able to bind
various CC chemokines in vitro (34). In addition, the RCMV
R78 gene was found to play an important role in viral replica-
tion in vitro as well as in vivo (2). Like all other sequenced
betaherpesviruses, RCMV does not possess ORFs with signif-
icant sequence similarity to the US27 and US28 GPCR-like
genes of HCMV (12).

(ii) An ORF encoding an MHC class I homolog. RCMV
contains an ORF putatively encoding a homolog of MHC class
I heavy chains. This ORF, r144 (4), possesses positional as well
as sequence similarity to the MCMV m144 gene (37). We
recently reported that an r144-deleted RCMV strain shows
similar replication characteristics as wild-type RCMV both in
vitro and in immunocompromised rats (4). In contrast, an
m144-deleted MCMV strain was shown to be attenuated dur-
ing the primary phase of infection in mice (18).

(iii) An ORF encoding a CC chemokine homolog. Previous-
ly, genes encoding homologs of chemokines have been identi-
fied in both HCMV (UL146, UL147, and UL152) (9) and
MCMV (m131/129) (19, 29, 30). The HCMV-encoded chemo-
kine homologs show similarity to CXC (or a-) chemokines,
whereas the MCMV m131/129-encoded protein is more re-
lated to CC (or b-) chemokines. The MCMV-encoded chemo-
kine homolog was reported to be produced from a transcript in
which the m131 ORF is spliced at its 39 end to the downstream
located m129 ORF (19, 29, 30). Remarkably, RCMV possesses
an ORF at a position congruent to that of MCMV m131 with
limited similarity to both m131 and m129 (Fig. 3). A study of
m131-deleted MCMV strains indicated that the m131/129-en-
coded polypeptide may function as a chemokine agonist by
recruiting leukocytes to the sites of infection (19).

RCMV ORF r127 shows similarity to parvovirus rep genes.
ORF r127 is unique among the CMVs: a positional and/or
sequence homolog of this ORF was found in neither HCMV
nor MCMV. Surprisingly, a TBLASTN database search re-
vealed that the amino acid sequence that was deduced from
r127 has similarity to the sequences of NS1 (nonstructural
protein 1) or Rep proteins that are encoded by the rep genes
of parvoviruses. These viruses have single-stranded DNA ge-
nomes with a length of approximately 5 kb. The Parvovirinae
subfamily of the parvoviruses consists of three genera, Depen-

FIG. 3. Alignment of the amino acid sequences predicted to be encoded by RCMV r131 and MCMV m131/129. The alignment was carried out by using a CLUSTAL
W Multiple Sequence Alignment Program (version 1.7; Human Genome Sequencing Center, Houston, Tex. [http://dot.imgen.bcm.tmc.edu:9331/multi-align/multi-
align.html]) (45). Blocks of identical (white letters in black boxes) and similar (white letters in grey boxes) residues were generated with program BOXSHADE (version
3.21; The EMBnet Foundation, The Netherlands [http://www.ch.embnet.org/software/BOX_form.html]), with the fraction of sequences that must agree for shading set
to 1. Numbers to the left of the sequences indicate the positions of amino acid residues within the polypeptides. Cysteine residues that are conserved among CC
chemokines are denoted above the sequence by the letter C. The part of the m131/129-derived amino acid sequence that is encoded by either ORF m131 or ORF m129
is also shown. The m131/129-encoded amino acid sequence was taken from MacDonald et al. (29).
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dovirus, Parvovirus, and Erythrovirus. The dependoviruses or
adeno-associated viruses (AAVs) require helper functions
which can be supplied either by genotoxic stimuli or by coin-
fecting viruses, like adenovirus, HSV-1, HSV-2, CMV, and
pseudorabies virus (for a review, see reference 6). These helper
functions are needed for productive infection and rescue of
viruses that are integrated into the host’s genome. Unlike the
AAVs, the members of the Parvovirus genus are all capable of
autonomous replication and can be pathogenic. The RCMV
r127-derived amino acid sequence displays highest similarity
with the sequence of the goose parvovirus (GPV) NS1 protein
(53). Lower similarities were observed with the corresponding
sequences of other parvoviruses, like Barbarie duck parvovirus
(53) and AAV-5 (1). Interestingly, the r127-encoded amino
acid sequence also showed similarity to the sequence encoded
by the U94 gene of HHV-6A (46). A homolog of the U94 gene,
which displayed the highest degree of similarity with the rep
gene of AAV-2 (41, 46), was also found at a congruent position
in the genome of HHV-6B (17, 22). Remarkably, despite the
generally close genetic conservation between HHV-6A, HHV-
6B, and HHV-7, a U94 homolog was not detected in the ge-
nome of HHV-7 (36). ORF 94 is one of only six ORFs (DR3,
U6, U9, U22, U83, and U94) that are conserved between
HHV-6A and HHV-6B but not HHV-7 (17). It is, therefore,
surprising that ORF U94 not only conserves sequence but also
genomic position with RCMV r127. In the genomes of HHV-
6A and -6B, ORF U94 is located immediately 59 of the U95
ORF, running from right to left in the direction opposite to
that of U95. RCMV r127 is similarly situated with regard to the
RCMV homolog of U95, r128. The conserved location as well
as orientation of the r127 and U94 genes in their respective
genomes indicates that these genes may have diverged from a
common ancestral betaherpesvirus genome. A multiple se-
quence alignment of the amino acid sequences encoded by
r127, HHV-6A U94 and GPV rep is shown in Fig. 4. In com-
parison with the NS1 amino acid sequence, both the r127 and
U94 sequences are truncated at their carboxyl termini. The
r127-derived sequence is also truncated at its amino terminus

compared to the other two sequences. Strongly conserved
regions among the three amino acid sequences include se-
quences that represent putative nucleoside triphosphate bind-
ing helicase motifs termed A, B, B’, and C (Fig. 4) (21, 26).

Rep proteins have been demonstrated to play an essential
role in the parvovirus replication cycle, with activities ranging
from repression and activation of viral and cellular promoters
to site-specific integration into the host genome (6). The
HHV-6A U94-encoded protein (RepH6) was found to have a
conserved function with respect to its AAV counterpart, since
it was shown to complement the replication of Rep-defective
AAV-2 mutants (47). In addition, RepH6 was reported to be
expressed in the latent phase of HHV-6A infection in vivo,
indicating a possible role of this protein in the regulation of
latency (38). Whether a similar, important function can be
attributed to the RCMV r127 gene product will have to be
answered by future investigations.

Nucleotide sequence accession number. The nucleotide and
amino acid sequences discussed in this paper have been deposited
in the GenBank database under accession number AF232689.
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helpful discussions, and Suzanne Kaptein and Wil Loenen for critical
reading of the manuscript.
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