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Introductory paragraph

SARS-CoV-2 genomic surveillance in Uganda provides an opportunity to provide a focused
description of the virus evolution in a small landlocked East African country. Here we show a
recent shift in the local epidemic with a newly emerging lineage A.23 evolving into A.23.1
which is now dominating the Uganda cases and has spread to 26 other countries. Although
the precise changes in A.23.1 as it has adapted are different from the changes in the
variants of concern (VOC), the evolution shows convergence on a similar set of proteins.
The A.23.1 spike protein coding region has accumulated changes that resemble many of the
changes seen in VOC including a change at position 613, a change in the furin cleavage site

that extends the basic amino acid motif, and multiple changes in the immunogenic N-
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other VOC show (nsp6, ORF8 and ORF9). The clinical impact of the A.23.1 variant is not yet
clear, however it is essential to continue careful monitoring of this variant, as well as rapid

assessment of the consequences of the spike protein changes for vaccine efficacy.

Main Text (2324 words)

The novel Severe Acute Respiratory Syndrome Coronavirus 2 (SARS-CoV-2)(1) and
the associated disease Coronavirus Disease 2019 (COVID-19)(2)(3) continue to spread
throughout the world, causing >120 million infections and >2.6 million deaths (16 Mar 2021,

Johns Hopkins COVID-19 Dashboard). Genomic surveillance has played a key role in the

response to the pandemic; sequence data from SARS-CoV-2 provides information on the
transmission patterns and the evolution of the virus as it enters new regions and spreads. As
COVID-19 vaccines become available and are implemented, monitoring SARS-CoV-2
genetic changes, especially changes at epitopes with implications for immune escape is
crucial. A detailed classification system has been defined to help monitor SARS-CoV-2 as it
evolves (4) with virus sequences classified into 2 main phylogenetic lineages (Pango
lineages) A and B, representing the earliest divergence of SARS-CoV-2 in the pandemic and
then into sub-lineages within these. Several Variants of Concern (VOC) have emerged
showing increased transmission patterns and reduced susceptibility to vaccine and/or
therapeutic antibody treatments. These VOC include lineage B.1.1.7 first identified in the UK

(5), B.1.351 in South Africa (6) and lineage P.1 (B.1.1.28.1) in Brazil (7).

Status of the SARS-CoV-2 epidemic in Uganda

SARS-CoV-2 infection was first detected in Uganda in March 2020, initially among
international travellers until passenger flights were stopped in late March 2020. A second
route of virus entry with truck drivers from adjacent countries then became apparent (8).
Since August 2020, community transmission dominated the Uganda case numbers. By

March 2021 total cases in Uganda were 40,535, with 334 deaths attributed to the virus. We
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have continued our efforts to generate SARS-CoV-2 genomic sequence data to monitor
virus movement and genetic changes and we report here on a novel sub-lineage A (A.23.1)
that emerged and is dominating the local epidemic. The A.23.1 variant encodes multiple
changes in the spike protein as well as in nsp6, ORF8 and ORF9, some predicted to be

functionally similar to those observed in VOC in lineage B.

Changes in prevalence of lineage A viruses

The genomes generated here were classified into Pango lineages(4) using the
Pangolin module pangoLEARN (https://github.com/cov-lineages/pangolin) and into
NextStrain clades using NextClade (9) (https://clades.nextstrain.org/). The distribution of
virus lineages circulating in Uganda changed dramatically over the course of the year. A
clear feature of the earlier COVID-19 epidemic in the country was the diversity of viruses
found throughout the country attributed to frequent flights into Uganda from Europe, UK, US
and Asia; this is reflected in the 9 lineages seen from March to May 2020 with a mixture of
both lineage A and B viruses (Figure 1, panel a). After passenger flights were limited in
March 2020, the virus entered via land travel with truck drivers. Uganda is landlocked
country, characterised by its important geographical position, i.e. the crossing of two main
routes of the Trans-Africa Highway in East Africa. The essential nature of produce and
goods transport allowed virus movement from/to Kenya, South Sudan, DRC, Rwanda and
Tanzania. In the period of June to August 2020 lineage B.1 and B.1.393 strains were
abundant, similar to patterns observed in Kenya (10) (Figure 1, panel b) although lineage A
viruses did not decline as seen in US and Europe. Lineage A.23 strains were first observed
in two prison outbreaks in Amuru and Kitgum, Uganda in August 2020 and by the
September-November period, the A.23 was the major lineage circulating throughout the
country (Figure 1, panel c). The A.23 virus continued to evolve into the lineage A.23.1, first

observed in late October 2020. Given the diversity of virus lineages found in the country
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from March until November 2020, it was unexpected that by late December 2020 to January
2021, lineage A.23.1 viruses represented 90% (102 of 113 genomes) of all viruses
observed in Uganda (Figure 1, panel d). In all time periods, the SARS-CoV-2 positive
sample were obtained from multiple clinical and surveillance locations throughout Uganda
indicating that the differences are unlikely to be due to sampling different subpopulations in

the country at different times.

a. b. C d

Mar to May 2020, total: 46 Jun to Aug 2020, total: 75 Sep 2020 to Nov 2021, total: 88 Dec 2020 to Jan 2021, total: 113
B.1398 22 1.161
-. n=1 -'1'21 L =
n=2 B.1.363
B.1.214 =
n=18

2

n=4

B.1.393 B.1.1.27
n=6 n=6

R2 R

Figure 1 SARS-CoV-2 lineage diversity in Uganda. All high-coverage complete from
Uganda (n=322) were lineage typed using the pangolin resource (https://github.com/cov-
lineages/pangolin) Lineage counts were stratified into four periods (panel a: March-May
2020, panel b:June-August 2020, panel c: September to November 2020 and panel d:
December 2020 to January 2021). The percentage of each lineage within each set was
plotted as a treemap using squarify (https://github.com/laserson/squarify) with the size of
each sector proportional to the number of genomes, genomes numbers are listed with "n=".

Virus sequence diversity including fatal cases
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100 All newly and previously generated Uganda genomes that were complete and high-

101  coverage (n=322) were used to construct a maximum-likelihood phylogenetic tree (Figure 2).

Case profile
B Community case

A.23.1

8.0E-5nt subs/site

102

103 Figure 2. Maximum-likelihood phylogenetic tree comparing all available complete and
104  high-coverage Uganda sequences (N=322). Strain names are coloured according to the
105  case profile (cases from the community: dark red, prison: orange, truck driver: light brown,
106  return traveller: light blue). The case clusters from prisons in Kitgum and Amuru are

107  highlighted in colour boxes in light yellow and light green, respectively. The lineages A.23
108  and A.23.1 are indicated. The tree was rooted where lineages A and B were split. The

109  branch length is drawn to the scale of number of nucleotide substitutions per site, indicated
110  in lower left, and only bootstrap values of major nodes were shown.
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111 A number of A and B variant lineages were observed briefly at low frequencies and
112 may have undergone extinction, similar to patterns observed in the UK (11) and Scotland
113 (12). Genomes identified from a truck driver are often observed basal to community clusters
114  (Figure 2), suggesting the importance of this route in the introduction and spread of the virus
115 into Uganda. Most of genomes from truck drivers sampled at points of entry (POESs)

116  bordering Kenya belonged to lineage B.1 and B.1.393 consistent with the pattern reported in
117  Kenya (10). However, genomes identified from truck drivers from Tanzania, and from the
118  Elegu POE bordering South Sudan, albeit small numbers, belonged to both A and B.1

119 lineages. Continued monitoring of truck drivers coming in and out of the Uganda provides a
120 useful description of the inland circulation of strains in this part of world, where genomic

121  surveillance is not as detailed as in other parts of the world.

122

123 Emergence of A.23 and A.23.1

124 Outbreaks of SARS-CoV-2 infections were reported in the Amuru and Kitgum prisons in

125  August 2020 (13)(14). The SARS-CoV-2 genome sequences from individuals in the prisons
126  were exclusively belonging to lineage A (Figure 2) with three amino acid (aa) changes

127  encoded in the spike protein (F157L, V367F and Q613H, Figure 3) that now define lineage
128  A.23 (see below). By October 2020, lineage A.23 viruses were also found outside of the
129  prisons in a community sample from Lira (a town 140 km from Amuru), in two samples from
130  the Kitgum hospital, in several community samples from Kampala, Jinja, Mulago, Tororo,
131  Soroti as well as in 2 truck drivers collected at POE bordering Kenya. By November 2020,
132 the A.23 viruses spread further to northern Uganda in Gulu and Adjumani. Lineage A.23
133 viruses were not seen in Uganda (or anywhere in the world) before August 2020 (Figure 3
134  panel c¢), yet the A.23 viruses were attributed to 32% of the viruses in Uganda (Figure 1)
135  from June to August 2020 and 50% of the observed viruses in September to November

136  2020. In late October, the A.23.1, a variant evolving from A.23, with additional change in the
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137  spike protein (P681R) was observed (Figure 3, panel b, c) and by December 2020-January
138 2021, 90% of identified genomes (102 out of 113) belonged to the new A.23.1 lineage

139  (Figure 1 and 2). The mutations in A.23.1 were consistent with evolution from an original
140  A.23 virus observed in Amuru/Kitgum cluster (Figure 2 and Supplemental Figure 1) as well
141  as changes nsp6 and ORF9 (Supplemental Figure 2 and 4).

142

143 Important changes observed in the spike protein

144 The spike protein is crucial for virus entry into host cells, for tropism, and is a critical
145  component of COVID-19 vaccine development and monitoring. The changes in spike protein
146  observed in Uganda and global A.23 and A.23.1 viruses are shown in Figure 3 panel b.

147  Many amino acid (aa) changes were single events with no apparent transmission observed.
148  However, the initial lineage A.23 genomes from Amuru and Kitgum encoded three amino
149  acid changes in the exposed S1 domain of spike (F157L, V367F and Q613H, Figure 3 panel
150 b). The V367F change is reported to modestly increase infectivity(15), the Q613H change
151  may have similar consequences as the D614G change observed in the B.1 lineage found
152 predominantly in Europe and USA; in particular, D614G was reported to increase infectivity,
153  spike trimer stability and furin cleavage (15),(16),(17),(18). These changes were not

154  observed in previously reported genomes from Uganda (8). Of some concern, the mutations
155 E484K and N501Y amino acid changes in the receptor binding domain (RBD) were

156  observed in the A.23 viruses identified in Adjumani cases on 9" to 11t November 2020

157  (Figure 3, panel b). These two amino acid changes are shown to substantially compromise
158  the vaccine efficacy as well as antibody treatments.

159

160
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163  Figure 3. Spike protein changes in lineage A.23 and A.23.1 relative to the SARS-CoV-2
164  reference strain (NC_045512) encoded protein are documented. Panel a: The locations
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165  of important spike protein features are indicated. NTD: N-terminal domain, RBD: receptor-
166  binding domain, S1: spike 1, S1: Spike 2, TM: transmembrane domain, HR1: helical repeat
167 1, HR2: helical repeat 2, NTD super: N-terminal domain supersite. Panel b: Each line

168  represents the encoded spike protein sequence from a single genome, ordered by date of
169  samples collection (bottom earliest, top most recent). Sequences from Amuru in August
170 2020, Kitgum in September 2020 and Uganda in October, November, December

171  2020/January 2021 are indicated. Markers indicating the positions of amino acid (aa)

172  differences from the reference strain, changes observed in multiple genomes are annotated
173  with the annotation (original aa position new aa). Panel c. Current global distribution of
174  A.23 and A.23.1. All available SARS-CoV-2 complete genomes annotated as complete and
175  lineage A from GISAID were retrieved on Feb 4 2021 and lineage typed using Pangolin(19).
176  and confirmed as A.23 and A.23.1 by extracting examining the encoded spike protein. All
177  novel Uganda A.23 and A.23.1 reported here were also included. Genomes were plotted by
178  country and sample collection date.

179

180

181 Of concern, the recent Kampala and global A.23.1 virus sequences from December
182  2020-January 2021 now encoded 4 or 5 amino acid changes in the spike protein (now

183  defining lineage A.23.1, see below) plus additional protein changes in nsp3, nsp6, ORF8
184 and ORF9 (Figure 3 panel b, Figure 4). The P681R spike change adds a basic amino acid
185 adjacent to the spike furin cleavage site. This same change has been shown in vitro to

186  enhance the fusion activity of the SARS-CoV-2 spike protein, likely due to increased

187  cleavage by the cellular furin protease (20); importantly, a similar change (P681H) is

188  encoded by the recently emerging VOC B.1.1.7 that is now spreading globally across 75
189  countries as of 5 February 2021 (5) (21). There are also changes in the spike N-terminal
190  domain (NTD), a known target of immune selection, observed in samples from Kampala
191  A.23.1 lineage, including P26S and R102I (Figure 3 panel b). Additionally and importantly, a
192 A.23.1 strain identified in Kampala on 11 December 2020 carried the E484K change in the
193 RBD, which may add further concern of this particular variant as it gains higher

194  transmissibility and enhanced resistance to vaccine and therapeutics. Outside of the spike
195  protein, a single nucleotide change (G27870T) leading to early termination of the ORF7b
196  (E39*) was observed in the A.23.1 from the community cases in Tororo in late December

197  2020. Although the clinical implication of this change is yet to be determined, it is important

198  to document such change for further follow-up.
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199 New lineage A designations.

200 The viruses detected in Amuru and Kitgum met the criteria for a new SARS-CoV-2
201 lineage (22)(23) by clustering together on a global phylogenetic tree, sharing epidemiological
202  history and source from a single geographical origin, and encoding multiple defining SNPs.
203  These features including especially the three spike changes F157L, Q613H and V367F

204  define the new lineage A.23. Continued circulation and evolution of A.23 in Uganda was

205 observed and two additional changes in spike R102] and P681R were observed in

206  December 2020 in Kampala; these SNPs define the sub-lineage A.23.1. Additional changes
207  in non-spike regions also define the A.23 and A.23.1, including nsp3: E95K, nsp6: M86l,

208  L98F, ORF 8: L84S, E92K and ORF9 N: S202N, Q418H. These new lineages can be

209  assigned since pangolin version v2.1.10 and pangoLEARN data release 2021-02-01.

210 Screening SARS-CoV-2 genomic data from GISAID (March 12, 2021), A.23 and

211  A.28.1 viruses are now found in 26 countries outside of Uganda (Figure 3 panel c). The A.23
212 was first observed in Uganda in August 2020, subsequently in USA in October and Kenya
213  and Rwanda in December (Figure 3 panel c). The A.23.1 was first seen in Uganda in the
214  community cases in Mbale on 28" October 2020 and in Jinja on 29t October 2020, and

215  soon spreading across the country in early November 2020. Outside of Uganda, the A.23.1
216  was found in England and Cambodia from the end of November, in Rwanda from the

217  beginning of December. Of note, the international flights out of Uganda were restarted on 1
218  October 2020 with flights to Europe, Asia and USA. Phylogenetic analysis supports the close
219  evolution of A.23 to A.23.1 (Supplementary Figure 1).

220

221  Additional changes in Ugandan A.23 and A.23.1 genomes compared to other VOC

222  genomes

223 Although a main focus has been on spike protein changes, there are changes in

224 other genomic regions of the SARS-CoV-2 virus accompanying the adaptation to human

10
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225 infection. We employed profile Hidden Markov Models (pPHMMs) prepared from 44 amino
226  acid peptides across the SARS-CoV-2 proteome (24) to detect and visualize protein

227  changes from the early lineage B reference strain NC_045512. Measuring the identity score
228  (bit-score) of each pHMMSs across a query genome provides a measure of protein changes
229 in 44 amino acid steps across the viral genome (Figure 4 panel a). This method applied to
230  A.28 and A.23.1 genome sequences revealed the changes in spike (discussed above) as
231  well as changes in the transmembrane protein nsp6 and the interferon modulators ORF8

232 and 9 (Figure 5 panel a).

nsp3 nsp6 RDRP spike  ORF6,7,8,9

da. Uganda_A23_A231_domain_l-bitscore_mean

e
o
s

1-bitscore_mea

L
I | L ii |
0.00 Jl
Genome position
- nspl - nsp3 = nsp53Cpro - nsp7 nsp9RNAbp == RDRP nspl4ExoN s nspl6OMT ORF3a s ORF5M === ORF7a = ORFIN
nsp2 nsp4 - nsp6TM nsp8Rep = nsplOCysHis . nspl3hel = nsplSendo = Spike s ORF4E = ORF6 . ORF8
b. B.1.1.7_domain_1-bitscore_mean
0.20
5 0.15 i I
E‘ ’
o
é 0.10
# I
5 0.05
A I | nature microbiology I I [I I!! I h b
0.00 v T
Genome position
=N nspl WEM nsp3  WeW nsp53Cpro  mEm nsp7 nspIRNAbp = RDRP nspl4ExoN  mmm nspl60OMT ORF3a mmm ORFSM mmm ORF7a mmm ORFON
nsp2 nsp4 . nsp6TM nsp8Rep . nsplOCysHis s nspl3hel = nsplSendo . Spike mmm ORF4E = ORF6 . ORF8
C. B.1.351_domain_1-bitscore_mean
0.20
c
2 015 b
E‘ . |
£ 0.10 I I
S
2
5 0.05 I |
: I I
0.00 ; A ! | ] | 11 ,ﬂﬂ
Genome position
mmm nspl WM nsp3 MW nspS53Cpro  WEM nsp7 nspIRNAbp = RDRP nspl4ExoN  mmm nspl60OMT ORF3a mmm ORFSM mmm ORF7a mmm ORFIN
nsp2 nspd  WEE nsp6TM nsp8Rep MMM nsplOCysHis ®mm nspl3hel mmm nsplSendo  WEm Spike W ORF4E  wmm ORF6 = ORF8
d. P.1_domain_1-bitscore_mean
0.20
c
3 0.15 b
E I
o
5 0.10 I
S
2 I ]
3 0.05 l ]
- | I | | 1M N
0.00 b l L
Genome position
= nspl mEW nsp3 W nsp53Cpro  mmm nsp7 nsp9RNAbp = RDRP nspl4ExoN  mmm nspl60OMT ORF3a ®=mm ORFSM mmm ORF7a mmm ORFIN
nsp2 nsp4 - nsp6TM nsp8Rep = nsplOCysHis = nspl3hel == nsplSendo = Spike mm ORF4E = ORF6 . ORF8

233

234  Figure 4. All protein changes across lineage new variants. All forward open reading
235  frames from the 35 early lineage B SARS-CoV-2 genomes were translated, and processed
236  into 44 aa peptides (with 22 aa overlap), clustered at 0.65 identity using uclust (25), aligned
237  with MAAFT (26) and converted into pHMMs using HMMER-3 (27). The presence of each
238 domains and its bit-score (a measure of the similarity between the query sequence and the
239  sequences used for the pHMM(27)) was sought in each set of SARS-CoV-2 VOC genomes

11
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240  and the 1-mean of the normalized domain bit-scores was plotted across the genome (e.g. 1 -
241  the similarity of the identified query domain to the reference lineage B SARS-CoV-2

242 domain). Domains were coloured by the proteins from which they were derived with the

243 colour code indicated below the figure. Panel a. Query set are 49 most Uganda lineage

244 A.23.1 genomes. Panel b. All B.1.1.7 full genomes lacking Ns deposited in GISAID on Jan
245 26 2021, Panel c. All B.1.351 full genomes lacking Ns present in GISAID on Jan 26 2021,
246  Panel d. All P.1 full genomes lacking Ns present in GISAID on Jan 26 2021.

247

248 We asked if a similar pattern of evolution was appearing in VOC as SARS-CoV-2
249  adapted to human infection. We gathered the sets of genomes described in the initial

250  published descriptions of these VOC (B.1.1.7 (5), B.1.351 (28) or P.1 (7) ) and applied the
251  same profileHMM analysis. Similar to A.23/A.23.1, the B.1.1.7 lineage encodes nsp6, spike,
252  ORF8 and 9 changes as well as changes in nsp3 and the RNA-dependent RNA polymerase
253  (RRP, Figure 4 panel b). Lineage B.1.351 encodes nsp3, nsp6, RDRP, spike and ORF6
254  changes (Figure 4 panel c) and lineage P.1 encodes nsp3, nsp6, RDRP, nsp13, spike and
255 ORF8 and 9 changes (Figure 4 panel d). Although the exact amino acid and positions of
256  change within the proteins differ in each lineage, there are some striking similarities in the
257  common proteins that have been altered. Of interest, the nsp6 change present in B.1.1.7,
258 B.1.351 and P.1 is a 3 amino acid deletion (106, 107 and 108) in a protein loop of nsp6

259  predicted to be on exterior of the autophagy vesicles on which the protein accumulates

260  (29).The three amino acid nsp6 changes of lineage A.23.1 are L98F in the same exterior
261  loop region, and the M86l and M183I changes predicted to be in intramembrane regions but
262  adjacent to where the protein exits the membrane (29), (Supplementary Figure 2). A

263  compilation of the amino acid changes in A.23.1 and the VOC lineages is found in

264  Supplementary Table 2 with proteins that are altered in all 4 lineages marked in red.

265

266  Discussion

267 We report the emergence and spread of a new SARS-CoV-2 variant of the A lineage

268  (A.23.1) with multiple protein changes throughout the viral genome. A similar phenomenon

269  recently occurred with the B.1.1.7 lineage, detected first in the southeast of England (5) and
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270  now globally and with the B.1.351 lineage in South Africa (6), and P.1 lineage in Brazil (30)
271  suggesting that local evolution (perhaps to avoid the initial population immune responses)
272  and spread may be a common feature of SARS-CoV-2. Importantly, lineage A.23.1 shares
273  many features found in the lineage B VOC including: alteration of key spike protein regions,
274  especially ACE2 binding region which is exposed and immunogenic, the furin cleavage site
275 and the 613/614 change that may increase spike multimer formation. The VOC and A.23.1
276  strains also encode changes in similar region of the nsp6 protein which may be important for
277  altering cellular autophagy pathways that promote replication. Changes or disruption of
278  ORF7,8 and 9 are also present in the VOC and A.23.1. The ORF8 changes or deletion

279  probably indicates this protein is unnecessary for human replication, similar deletions

280  accompanied SARS-CoV-2 adaption to humans(31),(32).

281 We suspect that emerging SARS-CoV-2 lineages may be adjusting to infection and
282  replication in humans and it is notable that the VOCs and lineage A.23.1 share some

283  common features in their evolution. The spike changes are best understood due to the

284  massive global effort to define the receptor and develop vaccines against the infection. The
285  analysis reported in Figure 4 reveals common functions of SARS-CoV-2 that have been
286  altered in all four variants, especially nsp6 and the ORFs 8 and 9. The functional

287  consequences of the additional non-spike changes warrant additional studies and the

288  current analysis may focus efforts of the proteins that are commonly changed in the variant
289  lineages. Finally the susceptibility of A.23.1 to vaccine immune responses is of great

290  importance to determine as vaccines become available in this part of Africa.

291  Methods

292  Sample collection, whole genome MinlON sequencing and genome assembly

293 Residual nucleic acid extract from SARS-CoV-2 RT-PCR positive samples were
294  obtained from Central Public Health Laboratory (Kampala, Uganda). The nucleic acid was

295  converted to cDNA and amplified using SARS-CoV specific 1500bp-amplicon spanning the
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296  entire genome as previously described(33).The resulting DNA amplicons were used to

297  prepare sequencing libraries, barcoded individually and then pooled to sequence on MinlION
298  R.9.4.1 flowcells, following the standard manufacturer’s protocol.

299 The genome assemblies were performed as previously described (8). Briefly, reads
300 from fast5 files were base-called and demultiplexed using Guppy 3.6 running on the UMIC
301 HPC. Adapters and primers sequences were removed using Porechop

302  (https://github.com/rrwick/Porechop) and the resulting reads were mapped to the reference

303 genome Wuhan-1 (GenBank NC_045512.2) using minimap2(34) and consensus genomes
304 were generated in Geneious (Biomatters Ltd). Genome polishing was performed in Medaka,
305 and SNPs and mismatches were checked and resolved by consulting raw reads.

306

307 Phylogenetic analyses

308 For the local Uganda virus comparison, all newly and previously generated genomes
309 from Uganda (N=322) were aligned using MAFFT (26) and manually checked in AliView
310 (35). The 5’ and 3’ untranslated regions (UTRs) were trimmed. Maximume-likelihood (ML)
311  phylogenetic tree was constructed using RAXML-NG (36) under the GTR+I+G4 model as
312 best-fitted substitution model according to Akaike Information Criterion (AIC) determined by
313  ModelTest-NG (37) and run for 100 pseudo-replicates. Resulting tree was visualised in

314  Figtree(38) and rooted at the point of splitting lineage And B.

315 For phylogenetic analyses of Uganda lineage A.23 and A.23.1 strains comparing to
316 global A.23/A.23.1 strains, the global SARS-CoV-2 lineage A.23 (N=8) and A.23.1 (N=38)
317  genomes were retrieved from GISAID on 12 March 2021. These global A.23/A.23.1

318 genomes combining with Ugandan A.23/A.23.1 genomes (N=191) were aligned using

319  MAFFT and manually checked in AliView, followed by trimming 5’ and 3’ UTRs. The global
320 and Ugandan A.23/A.23.1 genomes were used to construct a ML tree under the GTR+I+G4

321  model as best-fitted substitution model according to AIC determined by ModelTest-NG (37)
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322 and run for 100 pseudo-replicates using RAXML-NG. Resulting tree was visualised in Figtree
323  and rooted using the A.23 lineage.

324 Profile Hidden Markov Model (profileHMM) domain analysis of A.23/A.23.1 and VOC
325 genomes was performed as previously described (24) with some changes. A database of
326  profileHMMs was generated from the first 65 lineage B SARS-CoV-2 genome sequences.
327  All 3 forward open reading frames of each genome were translated computationally and
328  then sliced into 44 amino acid segment with overlapping with 22 amino acids. All 44 amino
329  acid query peptides were then clustered with uclust (25) and their original identity and

330 coordinates determined by blastp search against a protein database made from the

331  NC_045512 reference strain.

332 Query sets of genomes were processed to remove any genomes containing Ns

333 (which disrupt the HMM scoring process). The hmmscan function from HMMER-3 (27) was
334  used with the early B database. Query matches were identified using an E-value cutoff of
335 0.0001 and the bit-score values for each hit (a measure of the distance between the query
336 44 amino acid peptide and the B-lineage reference) was collected. Bit-scores for each

337 domain were normalized by dividing each query score by the maximum score for that

338  domain ( x/x_max). In all analyses the original B lineage NC_045512 reference genome was
339 included to define the maximum bit-score.

340

341  Ethical approvals

342 This study was approved by the Uganda Virus Research Institute- Research and
343  Ethics Committee (UVRI-REC Federalwide Assurance [FWA] FWA No. 00001354, study
344  reference. GC/127/20/04/771) and by the Uganda National Council for Science and

345  Technology, reference number HS936ES. The novel reported SARS-CoV-2 genomes are

346  available on GISAID (https://www.gisaid.org/) under the accession numbers
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347  EPI_ISL_954226-EPI_ISL_954300 and EPI_ISL_955136. A second tranche of genomes has
348  been submitted and is awaiting accession numbers.

349
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500  Supplementary Information

501
Country =
B Uganda = B
A.23.1
502 8.0E-5nt subs/site
503

504 Supplemental Figure 1. Maximum-likelihood phylogenetic tree comparing
505 Uganda lineage A.23 and A.23.1 strains to global lineage A.23 and A.23.1
506 genomes. A maximum-likelihood (ML) phylogenetic tree comparing Ugandan A.23
507 and A.23.1 (N=191) with the global A.23 and A.23.1 (N=336). The tree was rooted by
508 the A.23 lineage and strains were coloured according to the countries where they were
509 identified. Branch length was drawn to the scale of number of nucleotide substitutions
510 per site and only bootstrap values at the major nodes were shown. The tree was

511 visualised in Figtree (38).
512
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Supplementary Table 1. Lineage distribution in Uganda
Countin

Lineage Uganda’

A 8

A.20 1

A.22 1

A.23 72

A.23.1 119

A.25 20 | A: 221 (69%)
B 4

B.1 35

B.1.1.1 13

B.1.1.161 1

B.1.1.27 6

B.1.1.29 1

B.1.214 4

B.1.222 3

B.1.363 1

B.1.380 2

B.1.393 24

B.1.398 1

B.31 3

B.4 3 | B:101(31%)
Total 322

1. All available genomes from Uganda were classified into Pango lineages using pangolin

(19).

Supplementary Information

Supplementary Table 2. Summary of replacements in the A.23.1 and 3 VOC lineages'.
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Lineage |nsp2 nsp3 nsps nsp6 [nsp12 [spike ORF3a ORF4 E_[ORF8 ORF9 N
A23.1 nsp3: E95K nsp6: Mgl s: R102I ORF 8: L84s_|N: 520N
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521 1. Representative sets of each lineage (either all available gap-free full genomes (B.1.351 and

522  B.1.281.1) or all genomes gap-free full genomes annotated as B.1.1.7 were analyzed using
523  CoV-GLUE (39) to identify frequent amino acid replacements associated with each lineage.
524
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526

527  Supplementary Figure 2. Changes in A.23/A.23.1 nsp6 protein. The encoded nsp6 protein
528  from all Ugandan A.23 and A.23.1 genomes gather, aligned and compared to the nsp6 protein
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529  from GenBank NC_045512.2. Panel a: The locations of important nsp6 protein features are
530 indicated based on the analysis of nsp6 from Benvenuto et al. (29). Intra_N: intravesicular
531 amino-terminal region, Extra_loop_1: extravesicular loop1, Intra_loop_1: intravesicular loop
532 1, B_del 106-108: the region of nsp6 deleted in the lineage B VOC genomes, Extra_loop_Big:
533 large extravesicular loop, Intra_loop_2: intravesicular loop 2, Extra_loop_2: extravesicular
534  loop 2, Intra_loop_3: intravesicular loop 3, Extra_C: carboxy-terminal extra-vesicular portion.
535  All features with "membrane" indicate membrane-spanning regions of nsp6. Panel b: Each
536 line represents the encoded nsp6 protein sequence from a single genome, ordered by date of
537  samples collection (bottom earliest, top most recent). Markers indicating the positions of amino
538 acid (aa) differences from the reference strain, changes observed in multiple genomes are
539  annotated with the annotation (original aa position new aa).
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542  Supplementary Figure 3. Changes in A.23/A.23.1 ORF8 protein. The encoded ORF8
543  protein from all Ugandan A.23 and A.23.1 genomes gather, aligned and compared to the
544  ORF8 protein from GenBank NC_045512.2. Panel a: The locations of important ORF8 protein
545  features are indicated based on the analysis of ORF8 from Flower et al. (40). Features with
546  "Beta" indicate beta-sheets, ORF8_specific is a region unique to SARS-CoV-2 ORFS,
547  CLP_turn:indicates a cysteine, Leucine, Proline motif essential for a fold in the mature protein,
548  Dimer interface2 indicates the region of the protein the forms the interface between two
549  monomers. Panel b: Each line represents the encoded ORF8 protein sequence from a single
550 genome, ordered by date of samples collection (bottom earliest, top most recent). Markers
551 indicating the positions of amino acid (aa) differences from the reference strain, changes
552  observed in multiple genomes are annotated with the annotation (original aa position new aa).

24


https://doi.org/10.1101/2021.02.08.21251393
http://creativecommons.org/licenses/by/4.0/

553
554

555
556
557
558
559
560
561
562
563
564
565
566

medRxiv preprint doi: https://doi.org/10.1101/2021.02.08.21251393; this version posted March 23, 2021. The copyright holder for this
preprint (which was not certified by peer review) is the author/funder, who has granted medRxiv a license to display the preprint in
perpetuity.
It is made available under a CC-BY 4.0 International license .

a .
Basicl Basic2 Basic3 Basic4
b 1 1 1 1 1
. = s2v S202N £ py03k -
= - A208V - -
) = D128y 2 2 -
T T T T T
0 100 200 300 400

orf9 Protein Position

Supplementary Figure 4. Changes in A.23/A.23.1 ORF9 protein. The encoded ORF9
protein from all Ugandan A.23 and A.23.1 genomes gather, aligned and compared to the
ORF9 protein from GenBank NC_045512.2. Panel a: The locations of important ORF9 protein
features are indicated based on the analysis of ORF9 from Chang et al.(41). N-term: amino-
terminal extension, NTD: amino-terminal domain, linker: linker region between the NTD and
CTD, CTD: carboxy-terminal domain, C-tail: carboxy-terminal extension, Regions with "Basic"
indicate the 4 regions enriched in positively charged amino acids. Panel b: Each line
represents the encoded ORF9 protein sequence from a single genome, ordered by date of
samples collection (bottom earliest, top most recent). Markers indicating the positions of amino
acid (aa) differences from the reference strain, changes observed in multiple genomes are
annotated with the annotation (original aa position new aa).
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