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Genetic variability among yellow fever

virus 17D substrains

Ricardo Galler*ti, Paulo R. Post* Claudia N.D. Santos* and Idevaldo 1.

Ferreira*t

The complete nucleotide sequence of the genome from two yellow fever (YF) virus
strains, 17DD and 17D-213 was determined. Comparison of these sequences with
those of other YF viruses, including the parental virulent Asibi strain, allowed the
identification of 48 nucleotide sequence differences which are 17D strain-specific and
potentially related to viral attenuation. Another 43 nucleotide sequence differences were
not common to all 17D substrains and are therefore substrain specific. Of the 21
changes between 17DD and Asibi 15 only five led to amino acid substitutions whereas
13 substrain differences common to all 17D-204 substrains produced six amino acid
substitutions. Since the exact passage histories of these viruses is known it was possible
to calculate, for each strain, the number of accumulated changes per passage. Based
on these data the 17DD strain was the most genetically stable virus. © 1998 Elsevier

Science Ltd. All rights reserved
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The Flavivirus genus within the Flaviviridae is
composed of about 70 viruses. Yellow fever (YF) virus
is the prototype virus with a genome of 10.862 nucleo-
tides with a 5" CAP structure and a nonpolyadenylated
3’ end encoding a polyprotein of 3411 amino acids
which is cleaved by proteolytic processing to give risc
to 11 viral polypeptides. Nucleotide sequence analyses
of flavivirus genomes have led to new insights into
genome structure and replication'.

The isolation of YF virus® allowed the later develop-
ment of an attenuated virus (17D)’ which has been
used for over 50 years for human vaccination.
Comparison of the genomic sequences of the Asibi
strain with that of the 17D-204 virus® revealed 67 and
31 nucleotide/famino acid sequence changes, respec-
tively, scattered along the genome. The availability of
an animal system that reflects human infection™, and
YF infectious cDNA” with an established phenotype®
should allow the identification of genctic determinants
of viral virulence and attenuation. One approach to
determine the changes responsible for attcnuation is to
use recombinant DNA methodology to produce
17D/Asibi recombinants and test their resulting pheno-
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types. Given the large number of differcnces between
thesc strains it is of interest to try to limit the number
of mutations to be tested.

Vaccines currently in use are derived from two
distinct substrains (17D-204 and 17DD). If standardiza-
tion of YF substrain use for vaccine production is
desirable then it is important to analyse the genetic
stability of each of these viruses as one parameter to be
considered upon choosing one substrain. Previous
genomic variability analysis using oligonucleotide
fingerprinting suggested a high degree of genetic
similarity between vaccines produced worldwide with
an cstimated sequence homology of 98-100%".
However, genetic changes were detected and may have
occurred within 1-2 passages possibly due to the selec-
tion of virion subpopulations or to point mutations. It
was suggestced that the 17DD-derived vaccines
appeared to have more genctic variability than those
derived from the 17D-204 substrains. Examination of
the extent of genetic variability among different
substrains of well characterized YF vaccine viruses may
provide clues to those changes which are most likely to
be important for attenuation. We have previously
found that from the 67 nucleotide sequence changes
found to be 17D-specific, as originally proposed®, only
48 have been confirmed to be common to the three YF
17D virus strains (17D-204, 17D-213 and 17DD) and
are, therefore potentially rclated to viral attenuation’.
Here we describe those nucleotide sequence changes
which arc not rclated to attenuation but instead reflect
different histories of independently passaged YF
vaccine virus 17D substrains from the original 17D.
These results suggest that 17DD is indeed the most
gencetically stable substrain.
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RESULTS

The passage historics of YF virus 17DD and 17D-213
strains arc shown in Figure 1. Briefly, 17DD was
derived at passage 195, with further passages in tissuc
culture until passage 243 when it was passaged in
cmbryonated cggs until its current passage, 284. Virus
recovered from embryo homogenate has been admini-
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Figure 1 Passage history of the original YF Asibi strain and
derivation of YF 17D vaccine strains. The YF virus Asibi strain was
subcultured in embryonic mouse tissue and minced whole
chicken embryo with or without nervous tissue. These passages
yielded the parent 17D strain at passage level 180, 17DD at
passage 195, and the 17D-204 at passage 204. 17DD was further
subcultured until passage 243 and underwent 43 additional
passages in embryonated chicken eggs until the vaccine batch
used for 17DD virus purification (passage 284). The 17D-204 was
further subcultured to produce Colombia 88 strain which, upon
passage in embryonated chicken eggs, gave rise to vaccine seed
lots currently in use in France (I. Pasteur, at passage 235) and in
the USA (Connaught, at passage 234). Each of these 17D-204
strains was plaque purified in different cell lines, and plaque-
purified virus was amplified in SW13 cells and used for cDNA
cloning and sequence analyses. These 17D-204 substrains are
named F-204 and C-204, respectively. The 17D-213 strain was
derived from 17D-204 when the primary seed lot (S1 112-69) from
the Federal Repubiic of Germany (FRG 83-66) was used by the
World Health Organization (WHO) to produce an avian leukosis
virus-free 17D seed (S1 213/77) at passage 237. This 213/77 seed
was used to prepare a primzry seed at the Oswaldo Cruz Founda-
tion (FIOCRUZ S1) which was passed once more in cultured
chicken embryo fibroblasts to produce experimental vaccine
batches. The 17D-213 at passage 239 was tested for monkey
neurovirulence and was the subject of sequence analyses
together with 17DD (at passage 284) and comparison to
previously published nucleotide sequences of Asibi (4) and
17D-204 (C-204'""; F-204"%)

stered to humans for more than half a century. The
17D-213 strain, currently at passage 240, is a derivative
of 17D-204. The 17D-213 strain is a leucosis-free virus
that has been used for the propagation and preparation
of experimental vaccine lots which have been tested for
monkey neurovirulence by several laboratories (R.S.
Marchevsky, personal communication). The 17D-213
virus used in this study corresponds to the supernatant
of primary cultures of chicken embryo fibroblasts
(passage 240) which displayed an attenuated phenotype
in monkeys. Aiming at the definition of genetic deter-
minants of YF virus attenuation and the extent of
genetic variability among strains known to be attenu-
ated, we have determined the complete nucleotide
sequence of the genome from two YF vaccine strains
(17DD and 17D-213) with known passage histories and
attenuated phenotype. We used direct sequencing of
RT-PCR amplified RNA since it allows the determina-
tion of the majority sequence for the vaccine popula-
tions. Thus, the sequences reported for 17DD and
17D-213 should be representative of the viral popula-
tions for which the attenuated phenotype has been
cstablished".

The YF sequences were retrieved from EMBL
GenBank using the following accession numbers:
17DD  U17066; 17D-213 U17067; 17D-204 France
X15062; 17D-204 (ATCC) was as published'".

Table 1 shows the total of nucleotide differences
found along the genome of YF 17D virus and 17DD
and 17D-213 substrains as compared to the parental
virulent Asibi virus strain scquence. A total of 85
differences leading to 35 amino acid changes were
detected among the threce YF virus strains with the
most variable areas at the amino acid level being the E
protein (3.04%), followed by NS2A (2.23%) and NS4B
(L.2%). On the other hand the proteins which
displayed the lowest number of amino acid changes
were C, NS5, NS3 and NS1 in ascending order.

Table 2 displays nucleotide and amino acid sequence
comparison among all five YF virus strains and
substrains. A total of 91 nucleotide differences were
noted 48 of which were found to be present in all 17D
vaccine strains, 21 were 17DD-specific, 13 were
common to all 17D-204 (204C, 204F and 213-specific,
or AB-237-specific, scec  Figure 1), four were
17D-204C-specific, one was 17D-204F-specific, three
were 17D-213-specific and one was common to each
17D-204C/F and 17D-204F/213 and 17DD. Therefore,
43 nucleotide sequence differences were observed
among the four YF 17D substrains a value which is
close to the 48 nucleotide alterations as compared to
the Asibi gcnome. The rate of nucleotide/amino acid
changes accumulated per passage was similar
considering the overall values for 17D virus (down to
passage 195) and the variability among 17D virus
substrains (7able 3) suggesting the continued evolution
of these viruses.

Table 2 and Table 3 show that from the 21 nucleotide
substitutions unique to the DD genome sequence only
five led to amino acid substitutions whereas six out of
13 nucleotide substitutions unique to the three
17D-204 strains sequenced did change the amino acid.
Considering all changes observed for the 204 substrains
(C, F and 213), and that includes each number of
individual passages, 22 nucleotide changes and nine
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Table 1 Total of nucleotide and amino acid changes in the genome of YF vaccine virus strains as compared to Asibi virus sequence

Virus 17D° 17DD 17D-213 Total
number changes % Changes Changes % Changes Changes % Changes Changes % Changes

Region (nt/aa) (nt/aa) (nt/aa) (nt/aa) (nt/aa) (nt/aa) (nt/aa) (nt/aa) (nt/aa)
5 118/- 0/~ 0/- 0/~ 0/~ 0/- 0/~ 0/- 0/-
C 364/121 1/~ 0.27/- 0/- 0/~ 1/- 0.3/~ 2/~ 0.6/-
prM/M 492/164 A 0.2/0.6 1/- 0.2/~ 1/- 0.2/- 3N 0.6/0.6
E 1479/493 11/8 0.74/1.6 5/3 0.33/0.6 4/4 0.27/0.8 20/15 1.34/3.04
NS1 1059/353 4/2 0.38/0.56 0/~ 0/- 0/~ 0/~ 4/2 0.38/0.56
NS2A 672/224 5/4 0.74/1.78 2/ 0.3/- 2/1 0.3/0.45 9/5 1.34/2.23
NS2B 390/130 31 0.8/0.8 1/- 0.26/- 0/~ 0/~ 4.1 1.03/0.8
NS3 1869/623 5/1 0.27/0.16 7N 0.37/0.16 41 0.21/0.16 16/3 0.9/0.5
NS4A 447/149 31 0.67/0.67 1/- 0.22/- 0/~ 0/- 41 0.89/0.67
NS4B 750/250 2/2 0.26/0.8 0/- 0/~ 2/ 0.26/0.4 4/3 0.53/1.2
NS5 2607/869 91 0.35/0.12 41 0.15/0.12 i 0.04/0.12 14/4 0.53/0.35
3 621/- 4/~ 0.64/- 0/- 0/~ 1/- 0.16/- 5/- 0.80/-
Total 10862/3411 48/22 0.44/0.64 21/5 0.19/0.15 16/8 0.14/0.23 85/35 0.78/1.03

*The 17D designation represents mutations common to all 17D substrains analysed'

amino acid alterations were observed leading to ratios
of accumulated changes of 0.35/0.16 for 17D-204 (AB
237) and 0.36/0.15 for all 17D-204 substrains. When
compared to 17DD (0.22/0.06) these represent values
40% higher for nucleotide substitutions and at least 2.6

fold higher rate of amino acid substitutions suggesting
a higher degree of amino acid substitution for the
17D-204 lineage (Table 3).

It can be argued that the 17D-204 F and C
sequences are not comparable since they may contain

Table 2 Nucleotide sequence differences among YF virus 17D vaccine substrains and comparison to the corresponding positions in the
parental virulent Asibi virus genome
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Table 3 Genetic variability among YF vaccine virus strains

17D All substrains® DD 17D-204 (AB237) 17D-204C, Fand 213  17D-213
Total changes {nt/aa) 48/22 4315 21/5 13/6 2219 16/8
Number of passages® 195 149 89 37 60 44
Average fixed changes/passage (nt/aa) 0.25/0.11  0.28/0.10 0.24/0.06 0.35/0.16 0.36/0.15 0.36/0.18

“Based on passage history cepicted in Figure 1

“All substrains means that all of the changes found for each substrain (DD, 213, 204C, 204F, Table 2) was added. The number of passages

corresponds to the sum of passages for each substrain

crrors duc to sequencing  of individual clones.
Morcover, the 17DD and 17D-213 viruses have no
intervening passages in mammalian cells, whereas the
other viruses were passaged in Vero or SWI3 cells,
which may have led to bonus mutations. Accordingly, if
the comparison is focused on 17DD and 17D-213, for
which comparability of passage history and sequencing
methodology is high, a more accurate estimate of the
accumulation of mutations in the viral genome could
be highlighted. Table 3 shows that again the 17D-213
virus alone has a higher frequency of mutation fixation
than does YF 17DD virus.

DISCUSSION

Several YF 17D strain viruses have been used for YF
vaccine production between 1937 and 1942 and since
the establishment of the sced lot system at that time
two main 17D substrains have been used for vaccine
production in different countries and therefore have a
different passsage history, representing two totally
different branches of YF 17D virus passaging, the
17DD  and 17D-204 substrains. The nucleotide
sequence determination of the genome of YF virus
vaccine strains 17DD and 17D-213 have allowed us to
narrow down the changes previously postulated as
related to viral attenuation and also revealed the
extent of genetic variation among vaccine strains. This
issue of genetic variability of YF 17D virus had been
approached earlier with the use of RNA fingerprinting
technology’. It was shown that all 17DD differed from
the 17D-204 by the absence of one RNase-generated
oligonucleotide and that alteration was assumed to
have occurred during the additional 40 passages of
17DD in embryonated eggs’. In addition the 17DD
virus from Senegal and Brazil differed by another
oligonucleotide possibly due to one morc egg passage
which separates both whereas all 17D-204 substrains,
with the exception of the virus used in South Africa,
had the same oligonucleotide profile. That apparently
led to the conclusion that the 17D-204 lineage would
be genetically more stable than 17DD’. Considering
that such technique allows the analysis of a very limited
part of the total genome, the comparison of the
complete nucleotide sequences among several YF 17D
vaccines substrains allows a better view of the true
extent of genetic variability among these viruses and
permits a more accurate determination of the mutation
rates among these substrains. With regard to mutation
rates, it is noteworthy that the average number of
changes fixed per passage for YF 17DD is 60% that of
17D-204 in terms of nucleotide and one quarter in
terms of ‘amino acids suggesting that 17DD is indeed
genetically more stable than the 17D-204 substrain.

The fact that 17DD virus contains relatively more
mutations in some genes such as E, NS3 and NS5 as
compared to 17D-213 would suggest that 17DD is
more divergent from Asibi due to additional passages
during its evolution (284 for 17DD as opposed to 239
for 17D-213). The rate at which mutations are fixed in
the viral genome is what appears to distinguish both
substrains.

Recently, the propagation of RNA virus vaccine
strains as DNA with its correspondingly lower
mutation frequency has been proposed as a method to
improve the reliability of YF live attenuated vaccines.
However, primate testing of the virus recovered from
the 204 substrain cDNA® showed that this virus had a
slightly higher pathological score than the 17DD
suggesting caution regarding human use of the cDNA-
derived virus. It is also noteworthy that the 204
substrain, used for the preparation of the cDNA library
and the infectious cDNA™" is closely related in terms
of lineage and passage number to other 204 substrains
which brought about clinical symptoms in vaccinees'™".
In Brazil, the 7DD substrain was by far, the most
widely used substrain for both inocula and vaccine
production, and a derivaiive of this, the EPlow
substrain is still being used today. This substrain has
been used for half a century for YF vaccine production
in Brazil with excellent records of safety and efficacy
and the results presented here show that the 17DD
lincage exhibits a lower degree of mutation during its
passages than the 204 lincage members. It would be of
interest to try to derive an infectious ¢cDNA which
would be DD-like in its genomic sequence. This
DD-like ¢cDNA could become a stable repository for
the genome of the YF vaccine virus and the sequence
comparison presented here is the basis for the genetic
modification and improvement of the present YF infec-
tious cDNA.
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