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Abstract

Type 41 of human adenovirus species F (HAdV-F41) is a frequent aetiology of gastroenteritis in children,
and nosocomial as well as kindergarten outbreaks have been frequently described. In contrast to other
HAdV types, HAdV-F41 was not associated with life-threatening disseminated disease in allogeneic
haematopoietic stem cell transplant (HSCT) recipients or any severe organ infections so far. Due to the
limited clinical significance, the evolution of HAdV-F41 has not been studied in detail. Recently, HAdV-
F41 has been associated with severe hepatitis in young children, and interest in HAdV-F41 has

skyrocketed, although the aetiology of the hepatitis has not been resolved.

Complete genomic HAdV-F41 sequences from 32 diagnostic specimens of the past 11 years (2011-
2022) were generated, all originating from gastroenteritis patients. Additionally, 33 complete HAdV-

F41 genomes from GenBank were added to our phylogenetic analysis.

Phylogenetic analysis of 65 genomes indicated that HAdV-F41 evolved with three lineages co-
circulating. Lineage 1 included the prototype ‘Tak’ from 1973 and six isolates from 2007 to 2017 with
an average nucleotide identity of 99.3 %. Lineage 2 included 53 isolates from 2000 to 2022, had an
average nucleotide identity of 99.8 %, and split into two sublineages. Lineage 3, probably described for
the first time in 2009, had a 45nt deletion in the long fiber gene and had evolved significantly in the
short fiber and E3 region. Moreover, a recent lineage 3 isolate from 2022 had a recombinant phylogeny
of the short fiber gene. Fibers interact with cellular receptors and determine cellular tropism, whereas

E3 gene products interfere with the immune recognition of HAdV infected cells.

This in-depth study on the phylogeny of HAdV-F41 discovered significant evolution of recently
described lineage 3 of HAdV-F41, possibly resulting in altered cellular tropism, virulence and

pathophysiology.
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Introduction

Human adenoviruses (HAdV) are non-enveloped, icosahedral DNA viruses, first isolated in 1953 from
human adenoidal tissue (Rowe et al.,, 1953; Hilleman and Werner, 1954) and belong to the
Mastadenovirus genus. Their linear dsDNA genome is ~35 kb in length and encodes about 30—40
proteins (Davison et al., 2003). HAdVs are further separated into seven species (A—G) by phylogenetic
criteria and subdivided into 112 types with type numbering merely related to their date of first
isolation. HAdV types were initially defined by cross-neutralization (HAdV serotypes 1-51) and later by
sequencing of all three major capsid proteins penton, hexon, and fiber (genotypes 52—112) (Aoki et al.,

2011; Seto et al., 2011).

Only two types (40 and 41) are members of species HAdV-F. HAdV-F41, prototype strain ‘Tak’, was
isolated in 1973 from the stool of a child suffering from gastroenteritis in the Netherlands (de Jong et
al.,, 1983). HAdV-F41 is associated almost exclusively with gastroenteritis, most frequently in the
toddler age and is the second most frequent cause of diarrhoea in this age group, only second to
Rotavirus (Lee et al., 2020). HAdV-F41 frequently causes nosocomial outbreaks in paediatric wards and
community facilities such as kindergartens, but the disease remains limited to the gut even in severely
immunosuppressed children (Mattner et al., 2008; Gongalves et al., 2011; Lefeuvre et al., 2021). Only
a single case of severe HAdV-F41 dissemination has been reported in a stem cell transplant recipient
(Slatter et al., 2005). This uniquely restricted organ tropism of HAdV-F41 can be attributed to the
absence of an RGD motif in its penton base, which binds types of all other HAdV species to its secondary
cellular receptors, a,Bs and a,Bs integrins (Wickham et al., 1993; Albinsson and Kidd, 1999). Recently,
it was reported that the short fiber of HAdV-F41 binds to cells via heparan sulfate (Rajan et al., 2021),
which may restrict its cellular tropism. In contrast, the long fiber of HAdV-F41 binds to the cellular CAR

receptor as many other types of species HAdV-A, -C, -D, and -E do (Roelvink et al., 1998).

New types may evolve via diversifying selection (immune escape) of the neutralisation determinant
(Robinson et al., 2013). Recombination between types of the same HAdV species is also an essential
mechanism for the evolution of species HAdV-B, -C and -D (Robinson et al., 2013). However, with its
two types, HAdV-F hardly offers many options for intertypic recombination. Nevertheless, multiple
distinct strains of HAdV-F41 have been distinguished by different growth characteristics, multiple
restriction enzyme polymorphisms, and reactivity with different neutralising monoclonal antibodies
(de Jong et al., 1983; van der Avoort et al., 1989). Despite these early studies, the molecular phylogeny
of HAdV-F41 has not yet been studied in detail because of its limited clinical significance as a mere
gastroenteritis virus. Recently, HAdV-F41 DNAemia was associated with severe hepatitis in young

children (Baker et al., 2022; Marsh et al., 2022).
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Therefore, we sequenced the genomes and analysed the molecular phylogeny of 32 HAdV-F41 clinical
isolates from 2011 to 2022, all originating from gastroenteritis cases. Moreover, 33 recently published

complete genomic HAdV-F41 sequences from GenBank were included in the phylogenetic analysis.
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73 Materials and methods

74 HAdV-F41 isolates and complete genomic sequences

75 HAdV-F41l-positive samples (stool or cell culture supernatant from A549 cultures used for virus
76  isolation) originating from the collection of the German national adenovirus reference laboratory were
77 sequenced as described below. Furthermore, all 33 available complete genomic HAdV-F41 sequences
78 from GenBank were included in the phylogenetic analysis. Sequences from (Tahmasebi et al., 2020)

79 were excluded due to incompleteness and unusual number of SNPs.

80 Ethical statement

81 The study only analysed viral data without patient material and thus did not require approval from the

82 ethics committee.

83 High-throughput sequencing and de novo assembly

84  DNA was extracted from 400 pl HAdV-F41 positive stool or cell culture supernatant (depending on the
85 availability and virus load) using a Qiagen Blood Kit on a QlAcube. Library preparation was performed
86 usingthe NEBNext Ultra Il FS DNA Library Prep Kit for lllumina according to the manufacturer’s protocol.
87 Final libraries were inspected on an Agilent Bioanalyzer, normalised, multiplexed, and sequenced on
88 an lllumina MiSeq using a 600v3 Reagent Kit to generate 2x300 bp paired-end reads with an average

89 of 1.25 million reads per sample.

90 De novo assembly was performed as previously described (Dhingra et al., 2019). Briefly, human reads
91 wereremoved, viral reads were trimmed with fastp and assembled with SPAdes, which usually resulted
92 in a single high-coverage contig constituting the entire HAdV-F41 genome. Finally, genomes were
93 polished using Pilon (Walker et al., 2014) and genome termini were manually examined and corrected
94  using a mapping of the reads against the HAdV-F41 reference GenBank sequence (DQ315364). The
95 resulting HAdV-F41 genomes were annotated from the HAdV-F41 reference sequence using Geneious
96 Prime 2020.1.2. Finally, genomes were deposited in GenBank (Accession numbers ON442312-
97 ON442330, ON532817-0ON532827).

98 Phylogenetic analysis

99 Multiple sequence alignment of the complete sequences was carried out using MAFFT v7.450 (Katoh
100 and Standley, 2013). Phylogenetic trees were constructed with the HAdV-A61 reference sequence as
101 the outgroup using RAXML v8 under the GTR GAMMA model with 500 rapid bootstrapping replicates
102 and search for the best-scoring ML tree (Stamatakis, 2014). For comparison, the complete genomic
103 sequence phylogeny was additionally inferred using MrBayes 3.2.6 (GTR & invgamma model with
104 500,000 MCMC steps and 50,000 burn-in steps) and Geneious Tree Builder (Neighbour-Joining with
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105 default parameters and 1000 bootstrap replicates) (Ronquist et al., 2012). SimPlot 3.5.1 was used to
106 generate similarity plots (SimPlots) and to perform BootScan recombination analyses using default
107 parameters, a window size of 1000 bp (BootScan) or 1500 bp (SimPlot), and a step size of 200 bp
108 (BootScan) or 300 bp (SimPlot) (Lole et al., 1999). TreeTime with default parameters was used to
109 attemptinference of a time-calibrated maximume-likelihood phylogeny (Sagulenko et al., 2018). In silico
110 RFLP analysis was performed in Geneious Prime 2020.1.2 (Biomatters) with the ten restriction enzymes
111  usedinthe previous RFLP genome typing work (BamHlI, Bgll, BstEll, EcoRl, Hindlll, Kpnl, Pstl, Sacl, Smal,
112  Xhol) (van der Avoort et al., 1989). Complete genomic sequences were digested with each enzyme
113 separately, calculated fragments were rounded to the nearest 100 bp length, and fragments shorter
114 than 400 bp were discarded to match the data with the fragment patterns from figure 1 of Johansson
115 etal. 1991. A 137-bit binary string representing the presence or absence of all 137 occurring fragments
116 from all enzymes was compiled for all complete genomic sequences as well as the 24 described
117 genome types from table 1 of van der Avoort et al. 1989. All phylogenetic trees were visualised and

118 annotated in R using ggplot2 and ggtree (Wickham, 2016; Yu, 2020).

119 Analysis for positive selection

120 BUSTED (Branch-Site Unrestricted Statistical Test for Episodic Diversification), as implemented on
121 datamonkey.org, was utilised to identify genes under positive or diversifying selection (Weaver et al.,
122 2018). All genes displaying high diversity in the SimPlot were analysed in BUSTED, which tests for gene-

123  wide, non-site-specific selection (Murrell et al., 2015).

124
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125 Results

126 HAdV-F41 phylogeny

127 Phylogenetic analysis of 65 complete genomic HAdV-F41 sequences exhibited three distinct lineages
128 containing multiple identical or barely divergent sequences (up to 99.9 % identity within lineages)
129 (Figure 1). Clustering of lineages was stable between different tree models (maximum-likelihood,
130 neighbour-joining, Bayesian inference; see Supplementary Figures 1 and 2) and confirmed by

131 bootstrapping.

132 Lineage 1 included the prototype ‘Tak’ from 1973 and isolates from as late as 2017. Only seven of 65
133 complete genomic sequences were clustered as lineage 1, but these originated from multiple
134 geographic regions (China, Netherlands, and Germany). Lineage 1 had a 99.3 % average nucleotide
135 identity and even 99.2 % identity between the 1973 prototype and the last available isolate from 2017.
136 Lineage 2, which had two sub-lineages (2a and 2b), included the majority of the genomic sequences
137 (53 of 65), which originated from 2000 to 2022 and originated from multiple regions (Germany,
138 Belgium, Japan, USA, Sweden, China, South Africa, France, UK, and Iraqg). The nucleotide identity
139 averaged 99.8 % within lineage 2, 99.9 % within sublineage 2a and 99.9 % in sublineage 2b. The average
140 identity between lineages 1 and 2 was high (98.9 %), whereas lineage 3 was more divergent from
141 lineage 1(98.2 %). Lineage 3 included two sublineages but lineage 3b was represented only by a single
142 sequence originating from Germany, 2022. Lineage 3a included only four sequences originating from

143  South Africa, France and Irag, 2009 to 2018. Nucleotide identity within lineage 3 averaged 99.6 %.

144 Intratypic evolution was so slow that constructing time-calibrated complete genomic sequence

145 phylogenies was unsuccessful (Supplementary Figure 3).


https://doi.org/10.1101/2022.05.30.493978
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2022.05.30.493978; this version posted May 31, 2022. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is

146

147
148
149
150
151

made available under aCC-BY-NC-ND 4.0 International license.

ON532820 - Hannover 2017
KY316162 - China 2015
KY316160 - China 2015
MH465394 - China 2017 Lineage 1
HM565136 - China 2007

KY316163 - China 2015

DQ315364 - Netherlands 1973 - F41 Tak
ON532818 - Hannover 2012

ON532819 - Hannover 2012

ON442312 - Hannover 2011

KY316164 - China 2015

MK883610 - China 2015

ON442320 - Hannover 2013

ON442319 - Hannover 2013

MK962808 - South Africa 2009/2014
MK962810 - South Africa 2009/2014
MK962809 - South Africa 2009/2014
ON442316 - Hannover 2012

ON532817 - Hannover 2012

ON442322 - Hannover 2016

KF303069 - USA 2010

AB728839 - Japan 2021

ON442321 - Hannover 2015 Lineage 2a
MZ546190 - China 2016

ON442318 - Hannover 2013

ON442315 - Hannover 2012
ON442317 - Hannover 2013
MW686853 - UK 2015

MW567962 - France 2018

ON442313 - Hannover 2012

KF303071 - USA 2010

ON442314 - Hannover 2012
MW686857 - UK 2015

KF303070 - USA 2010

MZ603083 - Belgium 2011

ON532826 - Hannover 2022

KY316161 - China 2015

KX868523 - Sweden 2000

MW686856 - UK 2019

MW686855 - UK 2019

ON442326 - Hannover 2021

MW686854 - UK 2019

MW567964 - France 2018

MW567965 - France 2018

MW567966 - France 2018
MHH_2022_10 - Hannover 2022
MHH_2022 11 - Hannover 2022

1 ON442327 - Hannover 2022

ON442324 - Hannover 2018

ON532824 - Hannover 2022

ON532827 - Hannover 2022

ON532821 - Hannover 2017
MHH_2022_9 - Hannover 2022
ON442325 - Hannover 2019

ON442323 - Hannover 2018

ON532825 - Hannover 2022

ON532822 - Hannover 2019

MG925782 - Iraq 2016

ON442328 - Hannover 2022

ON532823 - Hannover 2019

MK962807 - South Africa 2009/2014
g MK962806 - South Africa 2009/2014
MW567963 - France 2018
MG925783 - Iraq 2016

ON442330 - Hannover 2022 Lineage 3b
¢ 19443 - Netherlands 1979 - F40 Dugan

Lineage 2b

Bootstrap %
W =95
o 75-94
O <75

Lineage 3a

0.02

Figure 1: HAdV-F41 complete genomic sequence phylogeny. Maximum likelihood phylogeny of 65
HAdV-F41 genomes with the HAdV-F40 prototype as the outgroup. The two prototype sequences
(HAdV-F41 DQ315364, HAdV-F40 L19443) are marked with a rhombus at the tip point. Bootstrap
support values were binned into three categories (295 %, 75—94 %, <75 %) indicated by filled boxes at
the node points.
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152  Evolution of genome regions

153 Hotspots of evolution separating the lineages were found in the hexon, long fiber, and the short fiber
154 genes (Figure 2), but the penton base gene was highly conserved (99.6—100 %, Supplementary Figure
155  3). Only lineage 2a has evolved significantly in the hexon gene with seven non-synonymous mutations
156 in the loops of the neutralisation determinant €. However, the BUSTED algorithm did not confirm the
157 positive selection of potential immune escape variants (p=0.087). Two lineage 3 hexon sequences did
158 not cluster with other lineage 3 sequences, but this was not supported by significant bootstrap values.
159 Lineage 3 had a 45-nucleotide deletion in the long fiber gene resulting in a 15 amino acids shorter fiber
160 shaft. Furthermore, the long fiber gene of lineage 3 had 21 SNPs (9 of these non-synonymous)
161 compared to the consensus sequence. Four of nine amino acid substitutions were located in the fiber
162 knob which binds the cellular receptor and haemagglutination inhibiting antibodies. Evidence for
163 positive selection was found by the BUSTED (p=0.000) algorithm for the entire long fiber gene but not
164 for the knob (p=0.326). Only lineage 3a has evolved significantly in the short fiber gene with 51 SNPs
165 compared to the consensus sequence resulting in 20 amino acid substitutions, with four in the knob
166 region. However, positive selection was not confirmed by the BUSTED algorithm (p=0.444 for the entire

167 short fiber gene, p=0.5 for the short fiber knob).

168 Other hotspots of evolution were in gene regions E3 and E4, coding for non-structural proteins (Figure
169 3). Lineages 3 had the lowest average sequence identity (93.6 %) compared to the prototype sequence
170 inthe E3 region, even lower than the sequence identity between HAdV-F41 prototype ‘Tak’ and HAdV-
171 F40 prototype ‘Dugan’ (98.3 %). Sixty-four of 156 SNPs were non-synonymous, but the BUSTED
172  algorithm did not confirm positive selection in any of the five E3 open reading frames (p=0.102 to
173  p=0.5). In the E4 region, lineage 1 had 62 SNPs compared to the HAdV-F41 consensus sequence, with
174 23 being non-synonymous. Twenty-two of these were located in the E4 ORF4 and ORF6; however, no

175 evidence for positive selection was found by BUSTED (p=0.5).

176


https://doi.org/10.1101/2022.05.30.493978
http://creativecommons.org/licenses/by-nc-nd/4.0/

Hexon Short Fiber Long Fiber
ON532822 - Hannover 2019 ON532824 - Hannover 2022 ON442328 - Hannover 2022
ON442328 - Hannover 2022 MW686854 - UK 2019 MK962810 - South Africa 2009/2014
ON532821 - Hannover 2017 ON442327 - Hannover 2022 ON532822 - Hannover 2019
MHH_2022_11 - Hannover 2022 MW686856 - UK 2019 MG925782 - Iraq 2016
ON532825 - Hannover 2022 ON532817 - Hannover 2012 ON532827 - Hannover 2022
MHH_2022_10 - Hannover 2022 ON442318 - Hannover 2013 MHH_2022_11 - Hannover 2022
ON532824 - Hannover 2022 ON442328 - Hannover 2022 MW686854 - UK 2019
MW686856 - UK 2019 ON442324 - Hannover 2018 MHH_2022_10 - Hannover 2022
MW567964 - France 2018 MK962809 - South Africa 2009/2014 ON532821 - Hannover 2017
MW686854 - UK 2019 MZ603083 - Belgium 2011 ON532825 - Hannover 2022
ON442327 - Hannover 2022 MG925782 - Iraq 2016 ON532824 - Hannover 2022
MW686855 - UK 2019 MHH_2022_10 - Hannover 2022 MW567964 - France 2018
MW567966 - France 2018 ON442312 - Hannover 2011 MW567966 - France 2018
MHH_2022_9 - Hannover 2022 ON442317 - Hannover 2013 ON442323 - Hannover 2018
ON442326 - Hannover 2021 AB728839 - Japan 2021 ON442327 - Hannover 2022
ON442323 - Hannover 2018 KF303071 - USA 2010 ON442325 - Hannover 2019
MWS567965 - France 2018 ON532822 - Hannover 2019 Bootstrap % ON442324 - Hannover 2018
MG925782 - Iraq 2016 ON442325 - Hannover 2019 MW567965 - France 2018
ON442325 - Hannover 2019 ON532825 - Hannover 2022 B =95 MK962808 - South Africa 2009/2014
ON532823 - Hannover 2019 ON442314 - Hannover 2012 o 75-94 MK962809 - South Africa 2009/2014
ON532827 - Hannover 2022 KF303070 - USA 2010 MW686856 - UK 2019
ON442324 - Hannover 2018 ON442323 - Hannover 2018 D <75 MW686855 - UK 2019
ON442330 - Hannover 2022 ON532826 - Hannover 2022 MHH_2022_9 - Hannover 2022
KY316160 - China 2015 ON442315 - Hannover 2012 ON442326 - Hannover 2021
KY316162 - China 2015 KY316161 - China 2015 ON442319 - Hannover 2013
ON532820 - Hannover 2017 MZ546190 - China 2016 . ON442320 - Hannover 2013
MH465394 - China 2017 ON442320 - Hannover 2013 Lineages KF303069 - USA 2010
0.005 HM565136 - China 2007 MHH_2022_9 - Hannover 2022 i 1 KX868523 - Sweden 2000
— KY316163 - China 2015 ON442313 - Hannover 2012 ON532819 - Hannover 2012
DQ315364 - Netherlands 1973 - F41 Tak ON442326 - Hannover 2021 a 2a ON442318 - Hannover 2013
MW567963 - France 2018 MW686857 - UK 2015 ON442313 - Hannover 2012
MK962806 - South Africa 2009/2014 MW686853 - UK 2015 a 2b ON532817 - Hannover 2012
MK962807 - South Africa 2009/2014 ON442319 - Hannover 2013 a 3a ON442314 - Hannover 2012
MG925783 - Iraq 2016 ON442322 - Hannover 2016 ON442321 - Hannover 2015
KF303071 - USA 2010 ON442321 - Hannover 2015 a 3b ON442312 - Hannover 2011
MZ603083 - Belgium 2011 ON532820 - Hannover 2017 a  F40 ON442322 - Hannover 2016
ON532826 - Hannover 2022 KY316162 - China 2015 MW567962 - France 2018
MW567962 - France 2018 KY316160 - China 2015 ON442315 - Hannover 2012
ON442321 - Hannover 2015 KX868523 - Sweden 2000 ON532826 - Hannover 2022
ON442316 - Hannover 2012 KY316163 - China 2015 AB728839 - Japan 2021
ON442322 - Hannover 2016 MWS567966 - France 2018 ON442316 - Hannover 2012
MK962809 - South Africa 2009/2014 MWS567964 - France 2018 KY316161 - China 2015
MK962808 - South Africa 2009/2014 MWS567965 - France 2018 MW686857 - UK 2015
KY316161 - China 2015 MK962810 - South Africa 2009/2014 KF303070 - USA 2010
MK962810 - South Africa 2009/2014 MW686855 - UK 2019 KY316164 - China 2015
MZ546190 - China 2016 ON442316 - Hannover 2012 ON442317 - Hannover 2013
ON442313 - Hannover 2012 MHH_2022_11 - Hannover 2022 KF303071 - USA 2010
ON442314 - Hannover 2012 ON532821 - Hannover 2017 MZ603083 - Belgium 2011
ON532817 - Hannover 2012 ON532823 - Hannover 2019 ON532818 - Hannover 2012
MWe686857 - UK 2015 KF303069 - USA 2010 ON532823 - Hannover 2019
AB728839 - Japan 2021 MW567962 - France 2018 MZ546190 - China 2016
KF303070 - USA 2010 MK883610 - China 2015 MK883610 - China 2015
KF303069 - USA 2010 KY316164 - China 2015 MW686853 - UK 2015
MK883610 - China 2015 MK962808 - South Africa 2009/2014 HM565136 - China 2007
ON442312 - Hannover 2011 ON532819 - Hannover 2012 MH465394 - China 2017
KY316164 - China 2015 0 005 ON532818 - Hannover 2012 DQ315364 - Netherlands 1973 - F41 Tak
KX868523 - Sweden 2000 N ON532827 - Hannover 2022 KY316160 - China 2015
ON442317 - Hannover 2013 ON442330 - Hannover 2022 0005 ON532820 - Hannover 2017
ON532818 - Hannover 2012 MH465394 - China 2017 — KY316162 - China 2015
ON442315 - Hannover 2012 _1‘HM5651 36 - China 2007 KY316163 - China 2015
DQ315364 - Netherlands 1973 - F41 Tak

MW567963 - France 2018
MK962806 - South Africa 2009/2014
MK962807 - South Africa 2009/2014
MG925783 - Iraq 2016
ON442330 - Hannover 2022
4 119443 - Netherlands 1979 - F40 Dugan

ON442318 - Hannover 2013
ON442320 - Hannover 2013 ﬂ MG925783 - Iraq 2016

ON442319 - Hannover 2013 MK962806 - South Africa 2009/2014 b
ON532819 - Hannover 2012 MK962807 - South Africa 2009/2014
MW686853 - UK 2015 L MW567963 - France 2018

2—0 L19443 - Netherlands 1979 - F40 Dugan

4 119443 - Netherlands 1979 - F40 Dugan

177


https://doi.org/10.1101/2022.05.30.493978
http://creativecommons.org/licenses/by-nc-nd/4.0/

178
179
180
181

182
183
184
185
186
187
188
189
190
191
192
193
194
195
196
197
198
199
200

201
202
203

Figure 2: Phylogenetic trees of the hexon, short fiber, and long fiber genes of all 65 HAdV-F41 complete genomic sequences. The HAdV-F41 and -F40 prototype sequences
are marked with a rhombus at the tip point. Bootstrap support values were binned into three categories (295 %, 75—94 %, <75 %) indicated by filled boxes at the node points.
The lineage colouring from Figure 1 was retained. The total distance to the HAdV-F40 prototype was shortened in the hexon phylogeny due to the low genetic identity to the
HAdV-F41 sequences (~81 %).

(below) Figure 3: Phylogenetic trees of the E3 and E4 gene regions of all 65 HAdV-F41 complete genomic sequences. The HAdV-F41 and -F40 prototype sequences are marked
with a rhombus at the tip point. Bootstrap support values were binned into three categories (295 %, 75-94 %, <75 %) indicated by filled boxes at the node points. The lineage
colouring from Figure 1 was retained.
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205 Interlineage recombination

206 Intertypic recombination between the two HAdV species F types 40 and 41 was not observed in the
207 phylogeny of HAdV-F41 lineages. However, the short fiber gene region of lineage 3b was
208 phylogenetically linked to lineage 2, and the recombinant origin of this region was confirmed by
209 bootscanning (Figure 4). The genome regions around the short fiber — E3, long fiber, and E4 — are
210 phylogenetically clearly related to lineage 3a, while the genomes from the 5'-end to the E3 region were

211 too similar between lineages 2 and 3a to show clear attribution in the BootScan.

212  Since no further interlineage recombinations were observed in the phylogeny of circulating HAdV-F41

213  strains, recombination was probably not a significant driver of the evolution of HAdV-F41 lineages.
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215 Figure 4: HAdV-F41 lineage 3b BootScan. BootScan plot of the lineage 3b genome with the consensus
216 genomes of lineages 1, 2, and 3a, and HAdV-F40 as the outgroup.
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218 Discussion

219 HAdV-F41 was recently associated with severe hepatitis in children of about six months to two years
220 of age, however, its aetiological significance has not yet been proven (Baker et al., 2022; Marsh et al.,
221  2022; UK Health Security Agency, 2022b). These children had low, cell-associated virus loads (<10° ¢/ml)
222  in peripheral blood (Marsh et al., 2022), whereas typical adenovirus hepatitis causes high virus loads
223 (usually >10® ¢/ml) in plasma (Ronan et al., 2014; Schaberg et al., 2017). Moreover, adenovirus
224  hepatitis is associated with life-threatening disseminated disease in severely immunosuppressed
225 patients, e. g. haematopoietic stem cell transplant recipients (Forstmeyer et al., 2008; Lion, 2014; Onda
226 et al., 2021). However, these hepatitis cases are rather caused by HAdV types of species C whereas
227 HAdV-F41 infection remained limited to the gastrointestinal tract even in haematopoietic stem cell
228 transplant recipients (Mattner et al., 2008; Lefeuvre et al., 2021). In the recent cases of severe hepatitis
229 inchildren, detection of adenovirus antigens or viral particles failed in explanted liver specimens (Baker
230 etal., 2022), whereas in typical adenovirus hepatitis, these can be found in abundance (Forstmeyer et
231 al., 2008; Onda et al., 2021). Nevertheless, the emergence of a novel strain of HAdV-F41 could be
232  suspected, which may be indirectly causing hepatitis. Unfortunately, recovery of high-quality HAdV-
233 F41 genomes from hepatitis-affected children failed due to low virus loads (UK Health Security Agency,
234 2022b). HAdV-F41 has been highly endemic as a gastroenteritis pathogen for decades, but no cases
235 were found in our collection between September 2019 and December 2021, probably due to hygiene
236 measures implemented in Europe during the COVID-19 pandemic (Brauner et al., 2021; Marsh et al.,
237  2022). An association of HAdV-F41 with hepatitis had not been observed previously but was described
238 in the UK and several other countries during the re-emergence. Therefore, we generated complete
239 genomic sequences of re-emergent HAdV-F41 clinical isolates (from 2021 and 2022) and archival
240 isolates from 2011 to 2019. All these originated from gastroenteritis cases as hepatitis cases were
241 unavailable to us. Generated data could either detect a novel strain during re-emergence or be

242  compared to partial HAdV sequences generated from recently described hepatitis patients.

243  The vast majority of our complete genomic sequences, as well as available GenBank sequences, were
244  clustered as lineage 2 (see Figure 1). This lineage — together with lineage 1 containing the prototype
245  strain ‘Tak’ from 1973 — probably represented the abundant gastroenteritis strains encountered
246  worldwide over several decades. Sublineage 2a may represent a partial immune-escape variant due to
247 its mutations in the neutralisation determinant €. Lineage 3 is characterised by a 15-amino acid
248 deletion of the 15th repeat in the long fiber shaft, somewhat similar to the deletion of the 14th repeat
249 in the long fiber shaft of HAdV-F40 (Kidd et al., 1990). Moreover, four amino acid substitutions were
250 located in the long fiber knob, potentially affecting the binding to the cellular receptor. Furthermore,

251 the E3 region of lineage 3 was highly divergent from both enteric species HAdV-F types 40 and 41
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252 (lineages 1 and 2). Most E3 proteins exhibit immunomodulatory functions and can thus contribute to

253  the virulence of an HAdV strain (Windheim et al., 2004).

254  Only sublineage 3a was significantly divergent in the short fiber, with four amino acid substitutions in
255 the knob region. As the short fiber knob of HAdV-F41 was recently reported to bind to heparan sulfate,
256 potentially restricting the cellular tropism, these mutations in sublineage 3a might lead to a
257  circumvention of this restriction (Rajan et al., 2021). Surprisingly, the short fiber gene of sublineage 3b
258 was found to have a recombinant phylogeny derived from lineage 2. Only a single sublineage 3b strain
259 (from February 2022) was present in 65 complete genomic HAdV-F41 sequences, thus sublineage 3b
260 may be considered as a novel recombinant strain. However, in silico restriction fragment length
261 polymorphism (RFLP) analysis of the only sublineage 3b sequence revealed a genome type D6 (see
262  Supplementary Table 2), which was already isolated in 1980 in the Netherlands and had the 15-amino
263 acid deletion in the long fiber shaft (van der Avoort et al., 1989; Kidd et al., 1990). Identical RFLP
264 patterns only elucidate the cutting sites of the ten used restriction enzymes and thus do not preclude
265 significant divergence in other genome regions, which may have evolved recently and may influence
266 tropism and virulence. Sublineage 3a genomes, on the other hand, were first identified by complete
267 genomic sequencing of two samples from South Africa originating between 2009 and 2014 (MK962806
268 and MK962807). Furthermore, sublineage 3a genomes were found in Irag (MG925783) and France
269 (MW567963) as late as 2018 (Lefeuvre et al., 2021), but not in the present sequencing effort. The latter
270 sequence originated from an HSCT patient and detailed virus load data were published (patient B in
271 Lefeuvre et al.,, 2021). Interestingly, virus loads in stool were rather low (about 10° ¢/ml) compared to
272  other patients and DNAaemia appeared rather late and not in parallel to the peak virus load in stool
273 as in other patients. Suggestively, this is somewhat similar to the DNAaemia pattern in the recently
274  described hepatitis cases (Baker et al., 2022; UK Health Security Agency, 2022b, 2022a), but the highly
275 immunocompromised patient B did not suffer from hepatitis. Perhaps an immune-mediated
276  pathomechanism of liver injury, which is triggered by HAdV-F41 lineage 3 replication in other body
277 sites (e.g. lymphoid tissue), can be suspected because severe hepatitis cases in children were
278 associated with higher HAdV loads in blood (UK Health Security Agency, 2022a). Another speculative
279 pathomechanism could be co-infection with adeno-associated virus 2 (AAV2), a dependoparvovirus,
280 which may replicate in HAdV-F41-infected cells in other body sites than the liver. AAV2 DNAaemia was
281 found in hepatitis patients as well as AAV2 DNA in the liver, in contrast to HAdV-F41 DNA (UK Health
282  Security Agency, 2022b). AAV2 may perhaps cause an abortive infection of liver cells and thus liver cell

283 injury or trigger an immunopathology against AAV2 antigens in liver cells.

284  In conclusion, the aetiology and pathomechanism of hepatitis cases in children associated with HAdV-

285 F41 infections remain obscure and future research on these topics is urgently required.
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