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Summary. The nucleotide sequences of the envelope genes from five Thai and
three Sri Lankan dengue-2 viruses were determined by sequencing the viral
RNA using synthetic oligonucleotide primers. The results were compared with
the four published dengue-2 envelope sequences to obtain a classification of
these viruses, which showed that the Thai isolates could be divided into two
separate groups while the Sri Lankan isolates were distinct. There was no
correlation between disease severity and envelope protein sequence, or between
year of isolation and sequence. No particular amino acid changes were asso-
ciated with virulence or a change in hydrophilic region which could perhaps
act as an epitope.

Introduction

Dengue viruses belong to the Flaviviridae, a family of closely related viruses
transmitted by mosquitoes and ticks, which also include the causal agents of
yellow fever and Japanese encephalitis [33]. There are four distinct serotypes
of dengue virus and all of these have been isolated from people with classical
uncomplicated dengue fever or dengue haemorrhagic fever/dengue shock syn-
drome (DHF/DSS) [29]. Most of the millions of cases of dengue occurring
annually are uncomplicated classical dengue fever, which is a mild febrile illness
with headache, associated joint pains and rash. A small percentage of cases
develop DHF/DSS, which is usually characterized by fever, thrombocytopenia,
increased vascular permeability and can sometimes be fatal [reviewed in 19].
The causes of the more severe symptoms are not fully understood, but it has
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been hypothesized that DHF/DSS results from immune enhancement due to a
second dengue virus infection [14]. There are, however, reports of primary
cases of DHF/DSS and it has therefore been suggested that dengue viruses may
vary in virulence [24].

The more serious form of dengue is a major cause of paediatric morbidity
and mortality in several south-east Asian countries [13]. In Thailand, over
20,000 patients with DHF are hospitalized annually [27] although most dengue
infections produce asymptomatic or mild disease and only a minority of cases
develop the DHF/DSS syndrome [10, 11, 25]. Prospective studies of patients
in Bangkok have shown that many cases of DHF/DSS resulted from sequential
infections of different dengue virus serotypes [4, 11] especially when the second
infection was that of dengue type 2 [28]. Another study in Bangkok showed
that remnants of maternal dengue antibodies increased the likelihood of DHF
in infants [17].

However, although all four dengue serotypes are endemic in Sri Lanka and
there are many cases of sequential infections, some with the secondary serotype
being type 2, only three to eleven cases of DHF (average of 6) have been recorded
annually since 1980. The incidence of DHF was even lower before this except
for the period from 1966—69 when the first major outbreak of dengue, which
was laboratory confirmed, occurred. During this epidemic there were between
four and 27 cases reported per year, with four deaths in 1966 and only four
cases of DHF in 1969. The very low frequency of DHF cases in Sri Lanka is
despite the fact that 70% of the dengue fever cases were secondary infections.
The reason for the difference in incidence of DHF in Thailand and Sri Lanka
is not clearly understood but it may be due to virus virulence.

The technique of antigen signature analysis, in which monoclonal antibodies
are used to recognize distinct epitopes on the antigen, has shown variation of
dengue-2 viruses {207]. These studies showed few differences in the envelope
proteins of dengue virus isolates from the same geographic region, but showed
striking antigenic differences between geographic groupings. The results ob-
tained from these antigen signature analyses were compared with the genetic
groupings of these dengue-2 viruses based on RNase T, oligonucleotide fin-
gerprinting, and it was shown that both techniques could distinguish variants
which correlated with geography and epidemiology [20]. Genetic variation
within the dengue-2 serotype can therefore be assessed by oligonucleotide fin-
gerprinting and restriction enzyme mapping of the viral RNA [16, 31, 32], but
these studies do not examine one particular gene.

In order to understand the epidemiology, strain variation and perhaps path-
ogenic potential of dengue viruses, the derivaton of gene sequences coding for
the major antigenic protein, the envelope (E) protein, is important. The dengue-
2 serotype has been implicated as an increased risk factor for DHF/DSS, and
there appears to be a difference in this risk factor depending on which country
one studies. Therefore, the sequences of the E gene from five Thai and three
Sri Lankan dengue-2 virus isolates were determined and are reported in this
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paper. These are compared with other published dengue-2 envelope protein
gene sequences from viruses isolated from the Caribbean [5, 9] as well as the
prototype New Guinea C [8] virus.

Materials and methods
Virus isolates

The full names, codes, and clinical symptoms caused by the dengue-2 viruses used in this
study are listed in Table 1. Strain 16681 was isolated from a child with shock syndrome in
Bangkok in 1964 [12]. The other Thai isolates were from blood specimens from patients
at Bangkok Children’s Hospital in 1980 [32] and these were kindly provided by Dr. Don
Burke. Clinical diagnosis and grades of disease severity were assigned by Dr. Suchitra
Nimmannitya according to WHO criteria [34]. Two of the strains from Sri Lanka (b, ¢)
were isolated from patients’ serum by passage in suckling mice (two to four passages)
followed by two passages in mosquito cells; while the other strain (a) was obtained by
mosquito (Aedes aegypti) inoculation followed by two passages in mosquito cells.

None of the virus stocks were plaque purified before growth in a mosquito cell line,
and the number of passages in this cell line was kept to a minimum (less than four passages).
In this way we attempted to ensure that the virus population in the original patient dom-
inated the viral genomes we sequenced.

Table 1. Characteristics and codes of the dengue-2 viruses used in this study

Virus Code  Year of  Country Clinical Patient Sero Envelope
isolate isolation  of origin disease  age response sequence
reference
New Guin- NGC 1944 New Guin- DF Adult — [8]
ea C ca
16681 16681 1964 Thailand  DSS 8 2 *
D§80-038 D 1980 Thailand ~ DHF 3 2° *
PUO-280 F 1980 Thailand  DF 7 2° *
D80-100 G 1980 Thailand ~ DHF 4/12 I *
D§0-141 H 1980 Thailand  DSS 7 2° *
PUO-218 AA 1980 Thailand  DF 21/12 r° [8]
PR159 (81) S1 1969 Puerto Rico Vaccing — — 9]
D2-1409 JAM 1983 Jamaica — —_— — [5]
SL767 a 1982 Sri Lanka DF i1 2° *
SL.77/69 b 1968 Sri Lanka DF 21 2° *
SL 1050 c 1969 Sri Lanka DF 50 1° *

DF dengue fever, DHF dengue haemorrhagic fever, DSS dengue shock syndrome
* This paper

Growth and purification of viruses and genomic RNA

Viruses were propagated in a continuous line of Aedes albopictus cells (clone C6/36) [15].
The cells were grown at 32°C in RPMI 1640 medium containing 10% foetal calf serum,
100 units/ml penicillin and 100 pg/ml streptomycin. Virus inoculation and daily haemag-
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glutination monitoring were as described [32], and once viral haemagglutinin was detected,
the tissue culture medium containing the mature virions was collected for three consecutive
days and centrifuged to remove cells and debris. Virus was harvested from this medium
by PEG precipitation (6.6% w/v) and then further purified in 5-50% sucrose gradients.
RNA was extracted from the viral pellets as previously described [2], and was ethanol
precipitated twice before use in sequence experiments.

Nucleotide sequencing

The dengue-2 genomic RNA was sequenced using the dideoxynucleotide chain termination
method [26]. The oligonucleotide primers (13 to 15mers) were synthesized in an Applied
Biosystems oligonucleotide synthesizer, desalted in a PD-10 Sephadex G-25M column
(Pharmacia) and the first three fractions were dried and then dissolved in 100 pl. One
microlitre of a 1:100 dilution of the primer was usually used with 0.5pug RNA although
the dilution was determined empirically for each primer. The viral RNA and a synthetic
oligonucleotide primer were heated in a 90° water bath for one min, quickly chilled in an
ice/water bath and sequenced with 1.0 unit of AMYV reverse transcriptase (Life Sciences),
as described [1].

Data analysis

Various programmes in the SEQ and STATS libraries of the VAX 11-750 of the Research
School of Biological Sciences, A.N.U., Canberra were used to compare the nucleotide
sequences and the amino acids they encoded.

Results
Oligonucleotide sequence variation and its effect on priming ability

The E gene sequence of the dengue-2 viruses was obtained by sequencing the
viral RNA genome with specific oligonucleotide primers complementary to
chosen parts of the sequence of a Jamaican isolate [5]. These selected sequences
were spaced about 150 nucleotides apart and eleven primers, each of 15 nu-
cleotides, were synthesized initially. Some of these primers were ineffective in
certain regions of the E gene, and so a further seven primers, each of 13
nucleotides were synthesized. The decrease in length of the oligonucleotides was
to save costs, because it was found that the shorter primers were as efficient
and specific as the larger ones; the principal variable was the chosen genomic
sequence.

Table 2 shows the variation in the primer sequences and their influence on
the ability to obtain sequence information. It is clear that a perfect comple-
mentary sequence is not absolutely required for binding and subsequent priming.
However, more than one mismatch in any one primer binding site generally
limits the chances of obtaining data. For example, mismatches in primers 3, 5,
7, and 8 (in Table 2) resulted in partial priming which gives some sequence data
but with background sequences present, nonspecific priming which yields no
sequence data, or no priming at all. There was one case (primer 12 in Table 2)
where two pyrimidine transitions in the viral RNA did not disrupt the hydrogen
bonding between the primer and viral RNA, thereby allowing the priming and



Dengue-2 envelope gene variation 43

Table 2. Sequence variation in primer binding sites and its effect on sequencing

Oligonucleotide
primer sequence Nucleotide changes in the complement of the dengue-2 viral RNA
5 to 3
1. CCCATCCICTGTC CCCATCCCCTGTC-PP (2)* CCCATCCTCGGTC-PP (1)
2. CTGGTTGCACGAC CTGGTTGCACGAT-PP (3), P (1)
3.-ACTCCATCGTGAC ACTGCAGCGTGAC-PP (1) ACTCCATTGTGAC-P (1)
ACTCCATCGTGAT-N (1)
4. ATTGCCTATGCAC ATTGACTATGCAC-N (1) ATTGCCTGTGCAC-N (4)
5. AAAAGCAGCCCCA GAAAGCAGCCCCA-P (1) GAAGGCAGCTCCA-N (2)
AAAGGTAGCCCCA-N (1) AAAGGCAGCTCCA-N (1)
6. AGGTGCTACGTGA AGGTGCTGCGTGA-P (5)
7. CGCTCCTICTCATT TGCTCCTCTCATT-NSP (1) GGCTCCTCTCATT-PP (1)
CGCCCCCTCATT-NSP (2) CGCTCCCCTCATT-PP (1)
8. TTGTGTGTCCGCTCC TTGTGTATCCGCTCC-PP (1) TTGTGTATCTGCTCC-PP (1)
TTGTGTGTCAGCTCC-PP (1) TTGTGTGTCCGTTCC-PP (1)

9. TTTGATTTCCTTGCC ~ TTTTATTTCCTTGCC-PP (2), P (3)
TTTGATTTCTTTGCC-P (1)

10. GGCCCCTTCTTGAGA  AGCCCCTTCTTGGGA-P (6)

11. TGACATTCCTTTGAG ~ TGACATCCCTTTGAG-P (1)

12. GCGACCTAAGACATG ~ GCGGCCTAAGACATG-P (2) GCGGCCTAAAACATG-P (2)
GCGACCTAACACATG-P (1)

13. TAT/CGTTGACTGGGCT TAT/CTTTGACTGGGCT-P (1)

14. GTGGAGAGCCTTTICC  GTGGAGAGCTTTTCC-N (2), PP (1)
GTGGAGAGCCTTCCC-P (1)

P Primes to give sequence information

N No priming

PP Partial priming to give some sequence information but background banding present
NSP Non-specific priming with multiple bands on sequence gels and no sequence infor-
mation obtained

* In parenthesis, number of viral RNAs which gave the priming results

subsequent sequencing reaction to proceed. Pyrimidine transitions (Py) in the
viral RNA were generally very well tolerated, while purine (Pu) transitions and
Py/Pu or Pu/Py transversions gave variable results. The variation in priming
results was also due to the purity of the viral RNA since three primers with
single mismatches (primers 2, 9, and 14 in Table 2), gave varying amounts of
sequence data depending on the quality of the viral RNA. The primer binding
ability could not be predicted before attempted sequence analysis as there did
not appear to be any rules which correlated mismatching and priming ability.
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Fig. 1. Nucleotide sequences of the E genes of eight dengue-2 viruses, 16681, D, F, G, H,
a, b, and ¢. For complete virus designations see Table 1. Only the changes from the 16681

sequences have been indicated for the other viruses
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Nucleotide sequences of the E gene of dengue-2 viruses
from Thailand and Sri Lanka

Figure 1 shows the nucleotide sequence of the E gene of the dengue-2 16681
virus isolate, as well as the nucleotides that differ from this sequence for the
four Thai (D, F, G, H) and the three Sri Lankan (a, b, ¢) virus isolates. This
figure shows that the nucleotide differences are scattered throughout the length
of the gene, and there appears to be no particular region of hypervariability.
The numbers of nucleotide differences between each of these viruses and the
published dengue-2 viruses JAM [5], S1 [9], AA [8], and NGC [8] are sum-
marized in Table 3. These results indicate that the S1 virus [9], which is a live
attenuated vaccine strain from the Puerto Rican isolate PR 159, is less closely
related to the other dengue-2 sequences showing an average of 9.5% nucleotide
sequence difference, compared with the range from 1.5% to 8.7% (average
5.3%) difference among the other dengue-2 virus isolates. There are three pairs
of viruses which show very few nucleotide differences; (1) F and G, which are
both isolates from the 1980 Bangkok epidemic, show 98.5% sequence similarity,
(i) H and JAM, which represent different geographic regions, show a 98.5%
similarity, and (iii) b and NGC, which represent different geographic regions
as well as being isolated 24 years apart, show a 98.1% similarity. The E gene
sequence of the 1980 Thai isolate AA [8] appears to be similar to three other

Table 3. Nucleotide and predicted amino acid differences among twelve dengue-2 virus
isolates in the gene coding for the envelope glycoprotein

Virus isolates

16681 D F G H AA? a b c S13  JAM* NGC?

16681 - 62 45 49 76 34 93 74 90 131 75 48
D 12 - 61 60 48 61 106 85 100 146 53 70
F 10 1 - 22 94 32 98 85 112 147 90 69
G 11 9 & - 82 33 106 83 109 140 90 69
H 11 5 12 10 - 82 105 76 95 139 22 61
AA? 6 8 5 5 9 - 99 &1 102 137 79 57
a 16 16 17 17 17 12 — 101 123 145 109 93
b 19 18 22 18 17 17 19 - 84 140 79 28
c 14 15 18 16 14 13 17 15 — 153 95 68
S13 14 14 15 15 13 12 21 21 21 - 133 121
JAM* 10 6 13 12 5 8 6 18 15 14 - 59
NGC? 8 10 11 11 9 6 13 12 11 12 8 -

Numbers above the diagonal represent nucleotide differences among the dengue-2 viruses,
while those below the diagonal represent amino acid differences

! The full names of the viruses which are represented by codes are listed in Table 1

2 From Gruenberg et al. [8]

3 From Hahn et al. [9]

* From Deubel et al. [5]
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Fig. 2. Envelope protein sequences derived by the translation of the nucleotide sequences
shown in Fig. 1 of eight dengue type 2 viruses. Only the amino acids that differ from the
16681 sequence are given for the other viruses, whose full names are described in Table 1.
The two potential glycosylation sites (NXT/S) at positions 67 and 153 are underlined;
¥ positions (308 and 491) which gave the highest correlations in the amino acid/symptoms

comparisons
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isolates from Thailand, the 16681 isolated in 1964 (97.7% similarity) and the
1980 isolates F and G (both show a 97.8% nucleotide sequence similarity).

Amino acid differences in the E protein of the dengue-2 serotype

The encoded amino acid sequence of the envelope protein from the 16681 virus
isolate is shown, in the standard one letter code, in Fig. 2 and only the differences
are noted for the other isolates (D, F, G, H, a, b, c—see Table 1 for full names
of viruses). The two potential glycosylation sites (NTT at positions 67-69 and
NDT at position 153-155) are conserved among all of the dengue-2 viruses
sequenced so far. Various amino acid differences are scattered throughout the
protein and there is a cluster of conservative changes in the C-terminal portion,
which is the hydrophobic membrane anchor of the E protein. Table3 sum-
marizes the amino acid differences between the Thai and Sri Lankan isolates
as well as the published JAM [5], S1 [9], AA [8], and NGC [8] sequences.
These results indicate that variability in protein sequence exists (1.0% to 4.0%
amino acid sequence difference) although it is far less than the nucleotide
divergence which ranges from 1.5% to 10.2% difference. The three pairs which
were very closely related at the nucleotide level are not as closely related at the
amino acid level indicating that several of the changes are not silent mutations.

Relationships

Dendrograms were calculated from the matrices of nucleotide and encoded
amino acid differences (Table 3) by the unweighted pair-group method using
arithmetic averages (UPMGA) [23, 30]. This UPMGA strategy has been found
to be a good and simple method for calculating phylogenetic trees when there
is a constant rate of divergence in all lineages [30]. The resulting dendrograms
are closely similar in structure (Fig.3a and b), even though the ranges of
differences are not the same, and they show that some of the isolates fall into
two clusters. One contains the New Guinea isolate (NGC) and four of the Thai
isolates (16681, AA, F, G), and the other contains the Jamaican isolate (JAM)
and the remaining two Thai isolates (D and H). The vaccine strain (S1) derived
from the Puerto Rican isolate PR159 and two of the Sri Lankan isolates (a
and c) are distinct from the cluster and from one another. The third Sri Lankan
isolate (b) is anomalous, grouping with the NGC virus in the nucleotide clas-
sification and with the Sri Lankan isolate ¢ in the amino acid classification. In
another classification of the nucleotide sequences from which the third nucle-
otide of each codon had been removed, isolate b classified as in the amino acid
classification. This indicated that its anomalous behaviour reflected third codon
position similarities with NGC that did not correlate with first and second
codon position similarities with isolate c.

A programme, SEQCORR, was used to scan the aligned nucleotide and
amino acid sequences and seek correlations between the differences at each
position and particular characteristics of each dengue virus isolate. Firstly,
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Fig. 3. Dendrograms illustrating the relationship of a the envelope gene sequences and
b the encoded envelope glycoprotein sequences of 12 dengue type 2 viruses. The full names
of the viruses are shown in Table 1

correlations were sought with the severity of the symptoms shown by the patient
from whom the isolate was obtained (Table1). For this purpose, DHF and
DSS isolates were pooled and compared with DF isolates. Secondly, correlations
were sought with the presence of a primary or secondary serological response
in the patient (Table 1). No significant correlations were found; however, the
highest correlation in the symptom/amino acid comparison was at position 308
and 491, where two of the DHF/DSS viruses had isoleucine and alanine residues
respectively, and the remainder (two DHF/DSS isolates and six DF isolates)
had valine residues (see Fig.2). A further analysis of the amino acid sequence
and severity of symptoms was carried out using standard groupings of amino
acid (e.g., hydrophobic, polar, aromatic or charged). No further correlations
other than the two positions (308 and 491) were found. A graph plotting pairwise
nucleotide and amino acid differences (Fig. 4) shows no comparable distinction
between DHF/DSS isolates and DF isolates. This is different from results
obtained for influenza virus haemagglutinins, where the human or avian origin
of these viruses can be distinguished by the relative number of nucleotide and
amino acid differences of the haemagglutinin sequences [7]. There seemed to
be stronger selection against amino acid changes in bird influenza haemagglu-
tinins than in those from human beings.

In addition, comparisons using the SEQCORR programme found no cor-
relation between the position where there was amino acid variability and the
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Fig. 4. A graph plotting pairwise nucleotide and amino acid difference of the DHF/DSS
and DF isolates. The circled dots represent DHF/DSS? comparisons and this graph shows
that these pairs do not form an unusual subset

hydrophilicity of those positions; the variability was calculated by the traditional
heterozygosity index [6] and the hydrophilicity by the measures of Kyte and
Doolittle [18]. An analysis of the total nucleotide difference between each pair
of isolates and the number of years between the times of isolation showed no
correlation, the contrary of that found for influenza A orthomyxovirus genes

[3].
Discussion

The results presented in this paper show that the envelope gene of dengue
serotype 2 viruses isolated from patients with clinical symptoms of dengue fever,
DHF or DSS from several countries and various years of isolation varies by
1.5% to 10.3% in its nucleotide sequence. Previous studies of dengue viruses
have established that clusters of genetic variants occur in this serotype [16, 20,
31, 32], and that viruses representing different clusters can occur within one
geographic region [31, 32]. The classification of the dengue-2 viruses according
to their envelope gene sequences (as shown in the dendrograms in Fig. 3) are
complementary to results obtained by RNase T, oligonucleotide and restriction
enzyme (RE) mapping of the viral RNA genomes. Walker et al. [32] showed
that the Thai isolates G and F were closely related (86.5% homology by oli-
gonucleotide fingerprinting and 96.4% by RE mapping) while the Thai isolate
H was less closely related to G (58.0% homology by oligonucleotide finger-
printing and 60.7% by RE mapping). These studies also showed that the 16681
virus was more closely related to G (68.8% and 83.6% homology by oligo-
nucleotide and RE mapping, respectively). Based on the genetic mapping and
monoclonal antibody studies (solid phase radioimmune and indirect immu-
nofluorescence assays), these authors suggested that the H isolate represented
a minor cluster of variants which was different from the other 1980 Bangkok
dengue viruses examined.

The classification of the Thai isolates into two groups, where one group
contains the 1983 Jamaican isolate (JAM) is similar to results obtained by
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Monath et al. [20] using antigen signature analysis. These authors found that
the 1981 Jamaican viruses they examined had a relatively close antigenic re-
lationship with several Thai viruses examined, and this was also established by
oligonucleotide fingerprinting [20].

Analyses of the sequences for correlations with disease severity, which might
confer virulence to the envelope glycoprotein linear sequence, showed that no
one amino acid could be associated with the DHF/DSS syndrome. The sample
of viruses reported is small but it is representative of the different dengue disease
states, including primary and secondary seroresponses. This lack of correlation
between sequence and disease symptoms is similar to that found by RNA
genome mapping of some of these viruses [32], although Morens and Halstead
[21] have reported a good correlation between disease severity and antigenic
structure with a similar set of viruses. These latter studies used monoclonal
antibodies to a dengue-4 virus to determine the antigenic variation in several
dengue-2 viruses from the 1980 Bangkok epidemic, by antibody-dependent
infection enhancement assays. These monoclonal antibodies preferentially en-
hanced the infectivity in vitro of viruses isolated from patients with DHF or
DSS, and the authors reported very little difference in reactivity of the D, G,
and H isolates but found a marked difference in the dengue fever isolate F.
However, the actual protein the dengue-4 monoclonal antibodies are specific
for was not determined and similar studies with dengue-2 monoclonal antibodies
were unsuccessful in differentiating viruses with respect to disease severity [22].
This suggests that factors other than the linear amino acid sequence of the
envelope glycoprotein, such as tertiary or specific steric arrangements of epitopes
on the virion or infected cell surface other than those predicted from the E
gene sequence, may define virulence determinants.
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