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Abstract

The emerged influenza A/HIN1pdm09 viruses have replaced the previously circulating seasonal HIN1 viruses. The close
antigenic properties of these viruses to the 1918 HIN1 pandemic viruses and their post-pandemic evolution pattern could
further enhance their adaptation and pathogenicity in humans representing a major public health threat. Given that data on
the dynamics and evolution of these viruses in Saudi Arabia is sparse we investigated the genetic diversity of circulating
influenza A/HIN1pdmO09 viruses from Jeddah, Saudi Arabia, by analyzing 39 full genomes from isolates obtained between
2014-2015, from patients with varying symptoms. Phylogenetic analysis of all gene segments and concatenated genomes
showed similar topologies and co-circulation of clades 6b, 6b.1 and 6b.2, with clade 6b.1 being the most predominate since
2015. Most viruses were more closely related to the vaccine strain (Michigan/45/2015) recommended for the 2017/2018
season, than to the California/07/2009 strain. Low sequence variability was observed in the haemagglutinin protein compared
to the neuraminidase protein. Resistance to neuraminidase inhibitors was limited as only one isolate had the H275Y substitu-
tion. Interestingly, two isolates had short PA-X proteins of 206 amino acids compared to the 232 amino acid protein found
in most influenza A/HIN1pdmO9 viruses. Together, the co-circulation of several clades and the predominance of clade 6b.1,
despite its low circulation in Asia in 2015, suggests multiple introductions most probably during the mass gathering events
of Hajj and Umrah. Jeddah represents the main port of entry to the holy cities of Makkah and Al-Madinah, emphasizing the
need for vigilant surveillance in the kingdom.

Introduction periodic outbreaks and epidemics as well as occasional pan-

demics causing substantial health and economic burdens [1].

Influenza viruses are contagious respiratory pathogens
and one of the most common causes of acute respiratory
infections in humans worldwide. They are associated with
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Annual influenza epidemics affect 5 to 15% of the world’s
population and cause severe disease and hospitalizations in
up to 5 million people as well as up to 500,000 deaths glob-
ally [2, 3]. Severe disease and death are most pronounced in
high-risk groups; the elderly (> 65 years of age), young chil-
dren (< 5 years of age), pregnant women, immunocompro-
mised patients and individuals with chronic diseases [3, 4].

Among all influenza viruses, influenza A viruses (IAVs)
are the most diverse with a wide host range and multiple
subtypes which comprise different combinations of the 18
hemagglutinins (HAs) and 11 neuraminidases (NAs) known
to date [5]. They undergo a high rate of antigenic variations
due to the lack of proofreading in the viral RNA-dependent
RNA polymerase and the segmented nature of the genome.
Specifically, antigenic drift results from an accumulation
of point mutations which occurs in all IAV genes, but is
most prominent in antigenic sites targeted by neutralizing
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antibodies on the HA and NA surface glycoproteins. This
usually leads to phenotypic changes affecting tropism, viru-
lence, replication and antigenicity, ultimately causing annual
epidemics [6, 7]. The second antigenic change is character-
ized by a major antigenic shift due to reassortment of viral
segments during co-infections resulting in a new genome
and new antigenic properties and leading to possible global
pandemics, as seen in the last century [8, 9].

The first influenza pandemic of this century was
announced in June 2009, with the emergence of the novel
HINT1 IAV strain (A/HIN1pdm09) [10]. This triple reassort-
ment HIN1 virus showed a rare reassortment event involv-
ing several gene segments of human, swine and avian origin.
This included HA, nucleoprotein (NP) and non-structural
(NS) protein genes from a classical swine influenza lineage,
NA and matrix (M) protein genes derived from an Eurasian
swine influenza lineage, polymerase segments (PB2 and PA)
from the avian origin North American swine triple reas-
sortment influenza lineage, and polymerase segment PB1
from a human origin swine triple reassortment influenza
lineage [10-13]. Since 2010, A/HIN1pdmO9 has replaced
the previously circulating seasonal HIN1 strains and became
endemic worldwide. Several studies have shown that influ-
enza A/HIN1pdm09 is antigenically close to the devastating
1918 HIN1 pandemic and that its post-pandemic evolution
has further enhanced its adaptation and pathogenicity in
humans, raising several public health concerns [14—19].

Influenza antivirals are generally divided into two classes;
ion channel (M2) blockers (adamantanes), including aman-
tadine and rimantadine and NA inhibitors (NAIs) including
oseltamivir, zanamivir, peramivir and laninamivir. Emer-
gence of resistance to adamantanes since 2005/2006 made
them ineffective and obsolete [20]. Therefore, NAls, espe-
cially oseltamivir, are the drugs of choice for treatment and
prophylaxis. However, resistance can always emerge with
or without treatment. Therefore, routine surveillance for
oseltamivir resistance is required to ensure the effectiveness
of oseltamivir against circulating viruses. Fortunately, since
the emergence of A/HIN1pdmO09 in 2009, oseltamivir resist-
ance is generally low. However, continuous surveillance and
global monitoring of influenza viruses are critical to track
vaccine-escape and antiviral resistant strains, monitor viral
evolution, aid in the selection of the annual vaccine strains,
and detect key amino acid changes involved in increased
viral transmissibility and pathogenicity.

Unfortunately, the number of complete IAVs genome
studies from Middle Eastern countries is relatively small.
Analysis of the publicly available influenza databases
clearly shows poor influenza surveillance in countries
like Saudi Arabia, which receives millions of visitors
annually for religious or work purposes. Introduction and
transmission of influenza viruses as well as other respira-
tory pathogens is very common in mass gatherings such
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as the Hajj and Umrah pilgrimages in the holy cities of
Makkah and Al-Madinah. During these religious events,
Muslims from all over the world visit these cities, mostly
through the city of Jeddah, and spend long times in very
crowded areas posing the risk of introducing new viruses,
not only to Saudi Arabia but also to their home coun-
tries [21-23]. Therefore, in this study we attempted to
study the genetic diversity and evolution of influenza A/
H1N1pdmO09 viruses circulating in Jeddah, Saudi Arabia
from late 2013-2014 to early 2015-2016.

Materials and methods
Samples

Nasopharyngeal (NP) swabs were collected over 3 influenza
seasons: the late 2013/2014 season from April 2014 to June
2014, the 2014/2015 season from December 2014 to April
2015, and the early 2015/2016 season from October 2015
to November 2015. NP swabs were collected from all symp-
tomatic patients with respiratory manifestations presenting
at 2 tertiary hospitals in Jeddah, Saudi Arabia and screened
for influenza A, B and A/H1NI1 viruses as indicated below.
Ethical approval was obtained from the Unit of Biomedi-
cal Ethics in King Abdulaziz University Hospital and the
Research Ethics Board in King Fahad Armed Forces Hos-
pital, Jeddah, Saudi Arabia.

Real-time reverse transcription PCR (rRT-PCR)

Viral RNA was extracted from all NP samples using the
QIAamp Viral RNA mini kit according to the manufacturer’s
instructions (Qiagen, USA) and stored at -80 °C until use.
Extracted RNA from all samples was screened for influenza
A, B and A/HIN1 viruses using real-time RT-PCR as previ-
ously described [24]. Only influenza A/HINI1 positive sam-
ples with cycle threshold (ct) values of < 30 (39 samples
met the criteria, as shown in Table 1) were used for full
genome sequencing at the Special Infectious Agents Unit
(SIAU), King Fahd Medical Research Center (KFMDR),
King Abdulaziz University (KAU).

Whole genome sequencing

Extracted RNA from the selected samples was used to
amplify the 8 viral segments using sequencing primers and
protocols as previously described [25]. RT-PCR products
were gel-extracted, purified and used for Sanger sequencing
on an ABI 3500 Automatic Sequencer (Applied Biosystems,
Foster City, CA) using M13-forward and reverse primers and
the Bigdye Terminator V3.1 Reaction Cycle Kit (Applied
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Table 1 Isolated influenza A/

HIN1pdmO09 viruses from

Jeddah during the late 2013-

2014 to early 2015-2016
seasons

Biosystems) as previously described [26]. All obtained

Clade Isolate Collection Date Oseltamivir Treat- Severity™
ment

6b Jeddah/6403/2014 Apr-2014 No No
6b Jeddah/6819/2014 May-2014 Yes No
6b Jeddah/7005/2014 May-2014 No No
6b Jeddah/7246/2014 May-2014 No No
6b Jeddah/7611/2014 Jun-2014 No No
6b Jeddah/8244/2014 Dec-2014 Yes Yes (Death)
6b Jeddah/2077/2014 Dec-2014 ND ND
6b Jeddah/TAM/2015 Apr-2015 ND ND
6b Jeddah/9127/2015 Apr-2015 No No
6b Jeddah/AMH/2015 Mar-2015 No No
6b Jeddah/0141/2015 Nov-2015 Yes No
6b.1 Jeddah/0071/2015 Nov-2015 Yes Yes (Death)
6b.1 Jeddah/0073/2015 Nov-2015 Yes Yes
6b.1 Jeddah/0113/2015 Nov-2015 Yes No
6b.1 Jeddah/0114/2015 Nov-2015 Yes No
6b.1 Jeddah/0234/2015 Nov-2015 Yes No
6b.1 Jeddah/0252/2015 Nov-2015 Yes No
6b.1 Jeddah/0267/2015 Nov-2015 Yes Yes
6b.1 Jeddah/0418/2015 Nov-2015 Yes Yes
6b.1 Jeddah/9881/2015 Oct-2015 Yes Yes
6b.1 Jeddah/KFAFH0006/2015 Nov-2015 Yes No
6b.1 Jeddah/KFAFH0089/2015 Nov-2015 Yes No
6b.1 Jeddah/KFAFH0230/2015 Nov-2015 Yes No
6b.1 Jeddah/KFAFH1122/2015 Nov-2015 Yes No
6b.1 Jeddah/KFAFH1335/2015 Nov-2015 No No
6b.1 Jeddah/KFAFH1507/2015 Nov-2015 Yes No
6b.1 Jeddah/KFAFH1568/2015 Nov-2015 Yes No
6b.1 Jeddah/KFAFH1584/2015 Nov-2015 No No
6b.1 Jeddah/KFAFH1713/2015 Nov-2015 Yes No
6b.1 Jeddah/KFAFH1850/2015 Nov-2015 Yes No
6b.1 Jeddah/KFAFH1851/2015 Nov-2015 No No
6b.1 Jeddah/KFAFH3161/2015 Nov-2015 Yes No
6b.1 Jeddah/KFAFH3190/2015 Nov-2015 Yes No
6b.1 Jeddah/KFAFH3238/2015 Nov-2015 ND ND
6b.1 Jeddah/KFAFH3244/2015 Nov-2015 Yes No
6b.1 Jeddah/KFAFH3274/2015 Nov-2015 Yes No
6b.1 Jeddah/KFAFH3389/2015 Nov-2015 Yes No
6b.1 Jeddah/KFAFH3561/2015 Nov-2015 No No
6b.2 Jeddah/KFAFH1334/2015 Nov-2015 Yes No

ND: no details

TNo: indicates outpatient and no admission was required, Yes: indicates inpatient with supplemental oxy-
gen and/or mechanical ventilation

sequences were deposited in the NCBI GenBank database
under accession numbers MF768576 to MF768887.

Phylogenetic analysis

Obtained sequences were multiply aligned by MUSCLE
[27], and edited in Geneious Software version 7.1.9 5.0.9
[28]. Sequences from this study, recently reported Saudi
isolates from 2013 to 2016, as well as reference strains
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representing the different clades of A/HIN1pdm09 includ-
ing A/HIN1pdm09 vaccine strains (California/07/2009 and
Michigan/45/2015) were retrieved from the NCBI Influenza
Resource Database (http://www.ncbi.nlm.nih.gov/genom
es/FLU) and the Global Initiative on Sharing All Influenza
Data (GISAID; http://platform.gisaid.org/) databases and
used for phylogenetic tree construction using the MEGA
6.0 software [29]. Concatenated sequences were aligned,
manually inspected, trimmed and concatenated to generate
data sets, each of 13,133 bp in length and in the following
sequence order: PB2, PBI1, PA, HA, NP, NA, M and NS
(using Geneious Software). The evolutionary history was
inferred by the Maximum Likelihood (ML) method based
on a best-fit nucleotide substitution model for each seg-
ment as implemented in MEGAG6 with a bootstrap analysis
of 1,000 replicates (75% support threshold). The Tamura
3-parameter model (+G) was used for the HA and NA genes
[30], the Kimura 2-parameter model for the M gene, the
Kimura 2-parameter model (+I) for the NS gene [31], the
Hasegawa-Kishino-Yano model for NP, PA, PBI and PB2
[32], and discrete Gamma distribution (+G+I) [33] was used
for concatenated sequences. Initial trees were obtained by
applying the Neighbor-Joining method using the Maximum
Composite Likelihood (MCL) approach. The trees are drawn
to scale, and branch lengths were measured in the number of
substitutions per site.

Results

Predominance of influenza A/HIN1pdm09 clade
6b.1 from early 2015 onwards

Influenza A/HIN1pdm0Q9 viruses have evolved into eight
major genetic clades (1 to 8) in which clade 6 has fur-
ther diverged into 6A, 6B, 6C, 6B.1, and 6B.2 based on
HA gene variation. Phylogenetic analysis of concatenated
genomes of the 39 influenza A/HIN1pdmO09 isolates
obtained in 2014 and 2015 in this study and 5 previously
reported Saudi strains from 2015 (Fig. 1) showed that
all viruses are clustered forming monophyletic clades.
All 2014/2015 Saudi isolates were from clade 6b repre-
sented by the South Africa/3626/2013 strain, in contrast
to the 2013 Saudi isolates which clustered within clade
6¢c (Fig. 1). A phylogenetic tree of the HA genes (Fig. 2)
further confirmed this finding and showed that 2014 and
2015 Saudi isolates are more closely related to the vaccine
strain (Michigan/45/2015) recommended for the 2017/2018
season than the California/07/2009 strain which was used
from 2009 until the 2016/2017 season. HA proteins from
all Saudi 2014/2015 strains were characterized by previ-
ously known, clade 6b-signature amino acid substitutions
in HA1 and HA2 (Table 2). However, most of the 2015
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isolates (27 from the current study and 9 from previous
reports) further clustered with Michigan/45/2015 in clade
6b.1 with additional distinguishing amino acid changes
compared to the California/07/2009 vaccine strain, includ-
ing S84N, S162N and 1216T in HA1, and A13T in the signal
peptide (Fig. 2). On the other hand, all isolates from 2014
(7 isolates) and 8 isolates from 2015 (4 from the current
study and 4 from previous reports) lacked these mutations
and fell into clade 6b. Only one Saudi 2015 strain (Jeddah/
KFAFH1334/2015) clustered in clade 6b.2, represented by
Massachusetts/01/2016 and had known clade 6b.2 amino
acid substitutions (Fig. 2). Together, these results show that,
since 2015, clade 6b.1 has been the most predominate IAV
in Jeddah, Saudi Arabia.

Low diversity in the HA of influenza A/H1N1pdm09
clade 6b.1 viruses circulating in Jeddah in 2015

Detailed examination of the HA proteins showed few vari-
ants with unique amino acid changes, e.g. only two muta-
tions (H296N and K308R in HA1) were observed which
have not been reported in influenza A/HIN1pdm09 viruses
before (Supplementary Table). Interestingly, some of
the isolates, such as Jeddah/KFAFH1568/2015 and Jed-
dah/9881/2015, showed reversions at position 13 in the
signal peptide (T13A), while Jeddah/KFAFH1584/2015
had the V3211 reversion mutation which is a characteristic
marker for all clades, when compared to clade 1 viruses
(Fig. 2). Two isolates, Jeddah/7611/2014 and Saudi Ara-
bia/78085/2015, had D222N in the Ca antigenic site and
N129D, respectively. Both of these substitutions have been
suggested to be associated with increased disease severity
[34-36]. Moreover, one variant (Jeddah/KFAFH3161/2015)
showed a S190R substitution at the antigenic site Sb (Sup-
plementary Table). Of note two Saudi isolates (Saudi Ara-
bia/02/2013 and Saudi Arabia/03/2013) reported previously,
clustered together in clade 6¢ with several shared mutations
including A186T and R205K in antigenic sites Sb and Ca,
respectively (Fig. 2). Nonetheless, our analysis showed low
sequence variability in the HA protein of A/HIN1pdm09
isolates classified within clade 6b.1 (Supplementary Table).

High diversity, with low prevalence of NAI
resistance-associated mutations, in influenza A/
H1N1pdmO09 viruses circulating in Jeddah in 2015

The overall topology in the NA tree was similar to that
observed for HA (Fig. 2) in which all 2014/2015 Saudi
strains fell into clade 6b with distinctive clade 6b-specific
amino acid changes (Table 2). While the V106I substitution
was seen as an early marker for isolates from most clades,
compared to California/07/2009, clade 6b and 6¢ viruses
gained a reversion at this position from isoleucine to valine.
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Fig. 1 Phylogenetic analysis of concatenated influenza A/

HIN1pdm09 genomes. The 2014 and 2015 isolates from Jeddah
characterized in this study are marked with closed and open circles,

Similar to the HA tree, all isolates in clade 6b.1 clustered
together with Michigan/45/2015 by acquiring further muta-
tions (V13I, L40I, V2641, N270K, I1314M and N386K) and
this included NA from two isolates (Jeddah/TAM/2015 and
Jeddah/9127/2015) that originally clustered in clade 6b in
the HA tree. On the other hand, strains from clade 6b.2
clustered together with two signature substitutions, with
the remaining 2014/2015 strains falling into clade 6b as
observed in the HA tree (Fig. 2).

Several 2015 strains within clade 6b.1 showed reverse
mutations such as K270N, S44N and D248N. Fourteen of
the 2015 isolates from this study had the K270N reversion.
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respectively. Reference influenza A/HIN1pdmQ9 viruses from the
different clades are color coded

While a higher rate of polymorphisms was observed in
the NA protein compared to HA, most mutations were not
fixed as definitive markers (Supplementary Table). None-
theless, some variants gained substitutions at antigenic
positions such as 396V and D451G or potential N glyco-
sylation sites such as N386S (Fig. 2 and Supplementary
Table). Saudi Arabia/02/2013 and Saudi Arabia/03/2013
strains grouped together in clade 6¢ as seen in the HA
tree, with two unique mutations. Importantly, none of
the isolates showed any mutation associated with resist-
ance to NAIs except for one isolate (Jeddah/0252/2015)
with the H275Y mutation, suggesting a low prevalence of
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Fig.2 Phylogenetic analysis of influenza HA and NA genes. The trees
with the highest log likelihood (-4325.3596) for both the HA and
(-3545.2999) NA genes are shown. The analysis involved 79 nucleo-
tide sequences with a total of 1701 and 1410 positions for HA and
NA, respectively. Isolates with the H274Y mutation are highlighted

NAI-resistant strains in Jeddah, regardless of the use of
oseltamivir. Further, five other isolates including 2 from
this study (Jeddah/AMH/2015 and Jeddah/0141/2015) and
3 previously reported strains (Saudi Arabia/12/2015, Saudi
Arabia/13/2015, Saudi Arabia/78558/2015) had the 1117M
mutation in the viral NA, which has been suggested to be
associated with some oseltamivir resistance.
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with yellow in the NA tree. The 2014 and 2015 isolates from Jeddah
characterized in this study are marked with closed and open circles,
respectively. Reference vaccine strains are shown in green. Significant
and signature amino acid substitutions are depicted on the tree. Sub-
stitutions shown in rectangles represent reversions

Signature mutations in the internal proteins
of Saudi Arabian influenza isolates

All other phylogenetic trees for the other gene segments
showed similar topology, in which all 2014/2015 Saudi
strains were defined as clade 6b (Figs. 3 and 4) with sig-
nature amino acid changes (shown in Table 2). Clade 6b.1
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Table 2 Clade 6b signature
amino acids

Protein

Amino Acid changes

HAI
HA2
NA
Ml
M2
NS1
NS2
NP
PA
PA-X
PB1
PB2

P83S
E47K
134V
V801
D21G
E55K
N29S
V1001
V1001
R221Q
G154D
R54K

D97N
S124N
N44S
M192vV

K

11

L90I
T48A
S498N
P224S
L229S
1397M
M661

K131E

N321K

163Q 1185T

E172K

06V N200S

K230R

1123V

1330V

1435T
DI195N

R293K

S203T

V2411

N205S

K361R

V344M

N248D

1354L

A256T K283E

R362K

V7311

1321v

1321V Y351F N369K

K432E
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Fig.3 Phylogenetic analysis of influenza M, NS and NP genes.
The trees with the highest log likelihood (-1934.5611) for the M,
(-1816.7815) NS, and (-3350.1972) NP genes are shown. The analysis
involved 71 nucleotide sequences with a total of 982, 838 and 1497
positions for M, NS and NP, respectively. The 2014 and 2015 isolates

isolates further grouped together with the vaccine strain
(Michigan/45/2015) with additional characteristic amino
acid changes (Figs. 3 and 4). Specifically, several fixed muta-
tions were observed in most clade 6b.1 isolates; namely M1
(Q208K), NS1 (E125D and D2E), NS2 (M831I), NP (A22T

I "Sri Lanka/2070312010 Jclade’s
Mexico/lnDRECTRLA/2010 7 Clade 2
ss— Singapore/DM$1233/2012
Thailand/Ks10518/2012 | %€ &2
|—San Diego/INS03/2009 JCkade 8
L california/o7/2000 Jciade 1

—i
0.002

from Jeddah characterized in this study are marked with closed and
open circles, respectively. Reference vaccine strains are shown in
green. Significant and signature amino acid substitutions are depicted
on the tree

and M105T), PA (R361K), PA-X (N204S) and PB2 (R299K
and S543T). However, clade 6b.2 isolates did not show any
unique markers in most trees, as shown in Figs 3 and 4. Not
surprisingly, all isolates in this study had the S31N muta-
tion which is associated with resistance to adamantanes as
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Fig.4 Phylogenetic analysis of influenza PA, PBI and PB2 genes.
The trees with the highest log likelihood (-4664.5321) for the PA,
(-4750.2012) PBI, and (-5124.2633) PB2 genes are shown. The
analysis involved 71 nucleotide sequences with a total of 2151, 2274
and 2280 positions for PA, PB1 and PB2, respectively. Isolates with a
truncated PA coding region are highlighted in yellow in the PA tree.

well as a nonfunctional PB1-F2 protein, similar to all previ-
ously isolated A/HIN1pdmO9 strains. In the NS gene tree
(Fig. 3), a Saudi Arabia/11/2015 strain obtained in another
study [21], from an Australian pilgrim during the 2015 Hajj
season, was more closely related to 2015 Saudi isolates in
clade 6b. Similarly, PB2 from Jeddah/KFAFH0089/2015
and Jeddah/0418/2015 isolates, in addition to the Michi-
gan/45/2015 reference vaccine strain, fell within clade 6b,
together with isolates from clade 6b.2 sharing one unique
substitution (A184T) (Fig. 4), and suggesting possible intra-
subtype reassortment of these gene segments.

Interestingly, two isolates (Jeddah/9127/2015 and Jeddah/
TAM/2015) had a nucleotide mutation at position 621 from
T to A which resulted in a premature stop codon at 620-622,
truncating the PA-X protein at 206 amino acids, instead of
the longer version observed in all influenza A/HIN1pdm09
isolates (232 amino acids). Repeated sequencing of these
two isolates (Fig. 5) further confirmed this observation.
Notably, these two isolates seem to cluster together in all
trees with minor nucleotide differences and 1-2 amino acids
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The 2014 and 2015 isolates from Jeddah characterized in this study
are marked with closed and open circles, respectively. Reference vac-
cine strains are shown in green. Significant and signature amino acid
substitutions are depicted on the tree. Substitutions shown in rectan-
gles represent reversions

changes in the NA, PB1 and PB2 proteins (Supplementary
Table).

Discussion

During the 2009 pandemic and in the following 2009-2010
winter season, circulating influenza A/HIN1pdmO9 viruses,
closely related to the vaccine strain A/California/07/2009,
were characterized by few amino acid substitutions. Dur-
ing these seasons, HA clade 3 viruses and variants from
HA clade 4 emerged and became more prevalent. In the
2010-2011 season, influenza A/HIN1pdmO09 viruses
diverged further and formed multiple clades with several
genetic markers. Clades 2, 3, 4, 5, 6, 7 were circulating glob-
ally in this season, and by 2011-2012, only a few influenza
A/H1N1pdmO09 viruses from clades 5 and 7 were circulating
and clade 6a had started to emerge. Similarly, clade 7 and
clade 6a were less prevalent during the 2012-2013 season,
compared to the emerging clade 6b and 6¢ viruses which
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Fig.5 Premature stop-codons
in the PA-X coding region.
Nucleotide and amino acid
sequences from influenza A

Jeddah/KFAFH1851/2015, as A/Jeddah/KFAFH1851/2015

well as the two isolates with
the truncated PA-X proteins
(Jeddah/9127/2015 and Jeddah/
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eventually replaced viruses from clade 6b in 2013-2014
[37]. Subsequently, clade 6b viruses diverged into 6b.1 and
6b.2 with the successful introduction of new characteristic
changes by the 2015-2016 season. Both clades were pre-
dominant in Europe, North America and Oceania but not
in Asia, Africa or South America by September 2015, and
it was not until 2016 that clade 6b.1 became predominant
globally [38—40]. Interestingly, in the current study we found
that 6b.1 and 6b.2 were circulating in Jeddah, Saudi Arabia
as early as October 2015 (Table 1) with viruses from clade
6b.1 being the most prevalent, regardless of its low circula-
tion in the region. Both of these two clades reacted poorly
with post-immunization sera from people immunized with
vaccine containing influenza A/California/7/2009-like-strain
[41, 42], and it was not until September 2016 a vaccine
strain from clade 6b.1 (A/Michigan/45/2015 HIN1pdmO9-
like virus) was recommended for vaccine production which
could explain the limited efficacy of influenza vaccines in
recent years.

Our results also identified several unique mutations
in most gene segments when compared to the A/Califor-
nia/04/2009 vaccine strain (Supplementary Table). As
expected, all isolates harbored the S31N mutation in their
M?2 genes rendering them resistant to adamantanes. In addi-
tion, only one isolate (Jeddah/0252/2015) had the H275Y
mutation in the NA protein consistent with the previously
reported low prevalence of NAl-resistant strains in Saudi
Arabia [24, 43]. The observed 1117M mutations in the NA
of 5 isolates in the current study has been proposed to be
associated with oseltamivir resistance [44, 45]. However,
it was subsequently shown that 1117V but not I117M could
reduce the sensitivity of A/HIN1pdm09 viruses to oseltami-
vir, with additional synergistic effects becoming apparent
when combined with H275Y [46]. The D222N mutation,
within the receptor-binding site in HA, has been proposed
to alter HA receptor specificity by increasing binding to both
human and avian receptors [47, 48], and is associated with
severe and fatal influenza cases [34, 35]. Interestingly, we

A C A

C A G G A
Q E
C A GG A
0 E

T
L

identified one isolate (Jeddah/7611/2014) with this mutation
in a mild case which did not require hospitalization (Table 1)
suggesting that this mutation might not be associated with
severity [47, 49]. Several reversion mutations at distinctive
positions within the A/HIN1pdm09 viruses were also seen is
this study, especially in the NA and PB2 proteins, however,
the functional and antigenic importance of these changes is
unknown and this requires further study, especially if these
reversions become fixed in upcoming seasons.

PA-X is a recently recognized protein encoded in a + 1
frame-shift open reading frame (X-ORF) in the PA segment
[50, 51]. All A/HIN1pdmO9 viruses are characterized by
a truncated version of PA-X which comprises 191 amino
acids of the PA N-terminal region and a 41 amino acid
C-terminal X domain, compared to the full-length protein
which has a 61 amino acid C-terminal region [52]. Gener-
ally, PA-X proteins have been suggested as virulence factors
and immune modulators involved in the suppression of host
antiviral responses together with other proteins such as NS1,
PA, PB1, PB2 and PB1-F2 [53, 54]. Studies have shown that
the truncated PA-X has reduced nuclease activity, compared
to the full-length protein, which could render viruses less
efficient in terms of replication and of reduced virulence in
mice [55-57]. Interestingly, such truncations have also been
shown to enhance adaptation, pathogenicity and transmis-
sibility in pigs [58]. Therefore, it not clear whether finding
isolates with even shorter PA-X proteins, as was demon-
strated for two isolates obtained in this study (Fig. 4) could
contribute to further human adaptation and/or compensate
for other proteins such as the non-functional PB1-F2, which
is found in all influenza A/HIN1pdmO09 viruses [59].

Each year, 2-3 million people attend the Hajj pilgrimage,
in addition to more than 6 million foreign and 12 million
local visitors who attend the all year round Umrah pilgrim-
age [60, 61]. Such mass gathering events, of millions of
Muslims to the holy cities of Makkah and Al-Madinah in
western Saudi Arabia, represent unique events which could
lead to virus introductions into the kingdom with a high
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potential for global dissemination of novel reassortants
[21-23]. Indeed, the prevalence of influenza at Hajj has
been suggested to be up to 4.5 times higher than that in the
community [22], suggesting that such events could repre-
sent a melting pot for co-circulation of influenza viruses
from multiple lineages. This could not only reflect the global
diversity of these viruses but also result in an increase in
reassortment events and the emergence of novel influenza
viruses. Thus, vigilant surveillance and monitoring of
influenza diversity during these mass gatherings and in sur-
rounding cities such as Jeddah (the second largest city in
Saudi Arabia and the most important port of entry into the
holy cities of Makkah and Al-Madinah) are of great impor-
tance. While the genetic diversity of circulating influenza A/
HIN1pdmO09 viruses in the current study resembled global
genetic diversity, concurrent detection of viruses from clades
6b, 6b.1 and 6b.2 in 2015 suggests multiple introductions
into Saudi Arabia from several regions. The observed phy-
logenetic topologies of all gene segments for these viruses
were almost similar with fixed signature amino acid changes,
except for the internal genes from clade 6b.2 viruses. None-
theless, our analysis showed possible intra-subtype reas-
sortment in some viruses such as Saudi Arabia/11/2015,
Jeddah/KFAFH0089/2015 and Jeddah/0418/2015, Jeddah/
TAM/2015 and Jeddah/9127/2015. Specifically, the NS gene
from Saudi Arabia/11/2015 and PB2 genes from Jeddah/
KFAFHO0089/2015 and Jeddah/0418/2015 isolates were
closely related to clade 6b viruses rather than to clade 6b.1
(Figs. 3 and 4). Additionally, the NA and M gene segments
from Jeddah/TAM/2015 and Jeddah/9127/2015 fell in clade
6b.1, compared to their other genes which clustered with
clade 6b viruses (Figs. 2 and 3).

Continued monitoring and surveillance of influenza
viruses in Saudi Arabia, especially in the western region of
the country, is very critical as it will help us better under-
stand influenza patterns at both regional and global scales.
While the current study has shed some light on the diversity
of influenza A/HIN1pdmO9 in Saudi Arabia, further and
continued studies on a larger number of Saudi isolates are
clearly needed, maybe via the establishment of a national
influenza surveillance program for the early detection of
drug resistant and antigenic variants. This would also con-
tribute to global efforts aimed at the annual selection of
influenza vaccines.
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