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Abstract

:

The SARS-CoV-2 infection that caused the COVID-19 pandemic has become a significant public health concern. New variants with distinct mutations have emerged, potentially impacting its infectivity, immune evasion capacity, and vaccine response. A whole-genome sequencing study of 292 SARS-CoV-2 isolates collected from selected regions of Indonesia between January and October 2021 was performed to identify the distribution of SARS-CoV-2 variants and common mutations in Indonesia. During January–April 2021, Indonesian lineages B.1.466.2 and B.1.470 dominated, but from May 2021, Delta’s AY.23 lineage outcompeted them. An analysis of 7515 published sequences from January 2021 to June 2022 revealed a decline in Delta in November 2021, followed by the emergence of Omicron variants in December 2021. We identified C241T (5′UTR), P314L (NSP12b), F106F (NSP3), and D614G (Spike) mutations in all sequences. The other common substitutions included P681R (76.4%) and T478K (60%) in Spike, D377Y in Nucleocapsid (61%), and I82T in Membrane (60%) proteins. Breakthrough infection and prolonged viral shedding cases were associated with Delta variants carrying the Spike T19R, G142D, L452R, T478K, D614G, P681R, D950N, and V1264L mutations. The dynamic of SARS-CoV-2 variants in Indonesia highlights the importance of continuous genomic surveillance in monitoring and identifying potential strains leading to disease outbreaks.
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1. Introduction


The coronavirus disease 2019 (COVID-19) pandemic caused by a novel β-corona-virus, severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2), has significantly impacted people worldwide. As of September 2023, 770 million confirmed cases and six million deaths were reported [1]. Although many patients were discharged after recovery, there have been cases of reinfection, even among fully vaccinated individuals [2,3]. Furthermore, certain COVID-19 cases are marked by prolonged viral shedding, where the viral RNA remains detected for more than four weeks after initial detection [4].



The genetic makeup of SARS-CoV-2 is a single-stranded positive-sense RNA that spans about 29.9 kb and encodes a polyprotein consisting of four structural proteins, namely, spike (S), envelope (E), membrane (M), nucleocapsid (N), and non-structural proteins (NSPs) [5]. The virus has constantly evolved since its emergence in late December 2019, resulting in multiple variants with varying degrees of infectivity and fatality [6]. Studies have shown that specific mutations, such as those found in the S protein’s receptor-binding domain (RBD), can significantly impact the viral ability to propagate, evade the immune system, and respond to vaccines [7]. Therefore, genomic surveillance is crucial in identifying and monitoring the distribution of these variants and mutations, which can aid in understanding viral real-time evolution and contribute to developing more effective diagnostic tools and vaccines [8].



Previous analyses of SARS-CoV-2 Indonesia isolates have reported the temporal change in predominant lineages during the pre-Delta and Delta outbreaks, raising concerns about the rapid local transmission of SARS-CoV-2 variants [9,10,11,12]. However, more studies are warranted to characterize the mutations within the SARS-CoV-2 genome, which may be involved in infectivity and immune evasion, particularly associated with the Delta variants.



As the world’s fourth most populous country with a vast and dispersed territory, Indonesia faces numerous challenges in improving its genome surveillance capacity [9]. The National Genomic Surveillance Consortium, a joint initiative of the Indonesian Ministry of Health and the Ministry of Research and Technology/National Agency for Research and Innovation, was established in January 2021. This partnership has encouraged extensive technological and public health partnerships, contributing to an increase in the number of SARS-CoV-2 whole-genome sequence uploads to the public database Global Initiative on Sharing All Influenza Data (GISAID) from 1210 in April 2021 to 5791 in August 2021 [13].



As part of Indonesia’s National Genomic Surveillance Consortium, this study investigated the 292 whole-genome sequences of SARS-CoV-2 and associated metadata from COVID-19 patients admitted to routine surveillance at Siloam Hospital Network in eight regions of Indonesia. We aimed to determine the distribution of SARS-CoV-2 clades and mutation patterns in Indonesian isolates. The study period spanned from January to October 2021, covering the Delta variants outbreak and aligning with the national vaccination program that began in mid-January 2021 for the first dose and late July 2021 for the second dose. We further characterized mutation patterns in fully vaccinated patients who contracted the virus. Additionally, we analyzed a larger dataset (n = 7515) of published sequences from GISAID between January 2021 and June 2022 to examine the dynamics of SARS-CoV-2 clades distribution over a more extended period. The findings of this study will provide valuable insight into the historical distribution and transmission patterns of SARS-CoV-2 variants in Indonesia, emphasizing the importance of continuous genomic surveillance to monitor viral variants.




2. Materials and Methods


2.1. Study Design and Population


This retrospective cross-sectional study was conducted to characterize the whole-genomes of 292 SARS-CoV-2 isolates from COVID-19 patients in eight different regions throughout Indonesia, including Bangka-Belitung (n = 35), Central Kalimantan (n = 52), East Nusa Tenggara (n = 23), Greater Jakarta Area (n = 58), Jambi (n = 38), Maluku (n = 36), North Sulawesi (n = 32), and West Java (n = 18). The samples were collected between 9 January and 22 October 2021, as part of the routine surveillance in the 13 hospitals of Siloam Hospital Network in those regions.




2.2. Sample Collection, RNA Extraction, and SARS-CoV-2 Detection


Nasopharyngeal swabs collected by the participating hospital were kept in a viral transport medium and transported to the Mochtar Riady Institute for Nanotechnology (MRIN) laboratory in Tangerang, Banten, at a temperature of 2–8 °C. Upon arrival at the MRIN laboratory, the samples were immediately stored at 4 °C until viral RNA extraction. The RNA extraction was performed using the QIAmp Viral RNA Extraction Kit (Qiagen, Hilden, Germany), following the manufacturer’s instructions. The extracted RNA samples were stored at −80 °C until further use. All samples were tested for the presence of SARS-CoV-2 using the BioA SARS-CoV-2 Real-Time RT-PCR Kit v2.0 (BioAcumen, Singapore, Singapore) in a QIAGEN Rotor-Gene Q Real-Time PCR System (Qiagen, Hilden, Germany). The primers and probes used were designed to detect the ORF1ab and N genes of SARS-CoV-2 RNA, with a specific target sequence of the N gene spanning from 28,936 to 29,033 of the reference sequence (NC_045512.2). Samples with a cycle threshold (Ct) value of <30 were selected for whole-genome sequencing.




2.3. Whole-Genome Sequencing


The extracted RNA samples were shipped on dry ice to the National Genome Center, Eijkman Institute for Molecular Biology (EIMB), Jakarta, for whole-genome sequencing. Upon reaching the laboratory, the samples were promptly stored at −80 °C. The sequencing was performed using the Illumina COVIDSeq Test protocol, following the manufacturer’s instructions (Illumina Inc., San Diego, CA, USA) [14]. Briefly, total RNA was subjected to single-strand cDNA synthesis using random hexamers, followed by a multiplex PCR assay using the ARTIC nCoV-2019 v3 primer sets to generate 400 bp amplicons tailing the SARS-CoV-2 genome. Following the Illumina COVIDSeq protocol, the PCR-amplified products were processed for tagmentation and library preparation. All samples were processed in batches on 96-well plates with one no-template control (NTC). These 96 libraries were pooled and quantified using the Qubit dsDNA HS Assay kit on a Qubit 4 fluorometer (Invitrogen, Waltham, MA, USA). The sizes of the fragments were determined using an Agilent 4200 TapeStation System (Agilent, Santa Clara, CA, USA). Sequencing was performed using either the Illumina NextSeq 550 or NovaSeq 6000 systems (Illumina Inc., San Diego, CA, USA).




2.4. Data Analysis


The sequencing reads were processed by a custom Ncov19-pipeline [15]. Briefly, raw reads were optically deduplicated using BBMap clumpify.sh script [16], and then were trimmed and filtered using Cutadapt [17], with a Phred score threshold ≥20 and minimum read length ≥ 50 bp. Reads were mapped to the reference sequence Wuhan-Hu-1 (GenBank accession number MN908947) using Minimap2 [18]. SAMTools fixmate and markdup were then used to fix the mate information and remove duplicated reads. Consensus FASTA sequences were assembled using iVar, with consensus bases called the majority base (≥50%) and a minimum depth of 10× at each position [19]. Most of the generated sequences and associated metadata (276/292, 95%) were deposited in the GISAID and accessible at doi.org/10.55876/gis8.230328gx (accessed on 28 March 2023) [20]. Pangolin (version v4.1.3, pangolin-data version v1.16) was employed to assign SARS-CoV-2 Pango lineages [21]. Clade nomenclature was based on GISAID and Nextstrain (Nextclade v2.8.1 tool) [22,23]. Only sequences with an ambiguity score of more than 0.8 were considered for the analysis. NextStrain’s Augur pipeline was employed to construct an unrooted phylogenetic tree [24]. The “treeio” and “ggtree” packages were employed to annotate and visualize the phylogenetic tree. Annotations of mutation were performed using the Coronapp [25]. Furthermore, to provide a comprehensive overview of the SARS-CoV-2 clade distribution in Indonesia, we analyzed a larger Indonesian dataset from the same regions, which included 7515 published sequences on GISAID collected between 1 January 2021, and 30 June 2022. Specifically, these sequences are from Bangka Belitung (n = 159), Central Kalimantan (n = 224), East Nusa Tenggara (n = 280), Greater Jakarta/Jabodetabek (n = 4017), Jambi (n = 679), Maluku (n = 79), North Sulawesi (n = 258), and West Java (n = 1819). The associated sequences and metadata analyzed are available at doi.org/10.55876/gis8.231201wt (accessed on 1 December 2023) [20]. We performed descriptive statistics to describe the baseline characteristics of the patients and the prevalence of the SARS-CoV-2 variants and mutations. The results were summarized as median (interquartile range, IQR) for continuous variables or number of observations (percentage, %) for categorical variables. The data analyses and graphical presentations were performed using RStudio version 2023.03.1 in R version 4.1.2.




2.5. Ethical Issues


This research was carried out as part of routine SARS-CoV-2 testing on patients in participating hospitals. The study followed the guidelines for sequencing the genomes of SARS-CoV-2 Indonesia isolates as part of the National Genomic Surveillance Consortium, established by the Indonesian Ministry of Health and the Ministry of Research and Technology/National Agency for Research and Innovation. This investigation followed strict anonymization procedures and was part of a more extensive epidemiological surveillance effort. Therefore, no additional ethical approval was required for publishing.





3. Results


3.1. Demographic Data of SARS-CoV-2 Infected Patients


Table 1 describes the baseline characteristics of 292 SARS-CoV-2 patients encompassing different regions of Indonesia. Table S1 shows the characteristics of individuals in each region. The median age of the patients was 32 years old (interquartile range/IQR of 26–45 years old). The majority of the patients were in early adulthood (18–40 years old; 61.3%) and late adulthood (41–65 years old; 29.1%), whereas the proportion of children and adolescents (<18 years old) as well as elderlies (>65 years old) were both 4.8%. The proportion of males and females was 52.1% and 47.9%, respectively. Approximately 19.2% of the patients were hospitalized.



Based on the reported data, we observed a co-occurrence of breakthrough infections (BI), prolonged viral shedding (PVS), and reinfection (RI), as illustrated in Figure S1. A total of 38 patients tested positive for COVID-19 more than 14 days after receiving their second dose of CoronaVac, classified as BI. Of these BI events, 32 cases reported a single event of breakthrough infection (BI), while three had both breakthrough infection and prolonged viral shedding (BI + PVS), and three had breakthrough infection and reinfection (BI + RI). Of the three BI + RI cases, two contracted the first COVID-19 before vaccination, while one tested positive at the time of vaccination. Furthermore, five patients reported PVS, while one reported RI.



The descriptive characteristics of these groups are outlined in Table S2. The median age of patients in the BI, BI + PVS, and BI + RI groups was 26 years old (IQR 24–29 years old), 28 years old (IQR 27–29.5 years old), and 41 years old (IQR 33.5–45 years old), respectively. Additionally, the median age of the PVS patients was 41 years old (IQR 39–45 years old), while an RI patient was 41 years old. Females accounted for 21 (66%) of the BI cases, two (67%) of the BI + PVS cases, and three (100%) of the BI + RI cases. Males are more prevalent (80%) than females (20%) in the PVS group, while the reinfected subject is female.



The median PCR Ct values for the BI, BI + PVS, and BI + RI groups were 18.0 (IQR 16.2–21.3), 16.4 (IQR 15.2–20.1), and 18.1 (IQR 17.7–23.9) for the N gene, respectively. While the median Ct values of the ORF1ab gene were 17.2 (IQR 14.9–20.2), 15.6 (IQR 14.4–18.5), and 17.5 (IQR 17.3–22.7) for BI, BI + PVS, and BI + RI groups, respectively. Median Ct values in PVS were 14.7 (14.4–18.3) for the N gene and 14.7 (13.0–18.2) for the ORF1ab gene. Meanwhile, Ct values in a subject with RI were 15.3 for the N gene and 16.8 for the ORF1ab gene (Table S2). Based on these observations, we noted a discernible difference in the Ct values among these groups. However, we could not conduct a statistical analysis to explore these differences further due to the small sample size.




3.2. Phylogenetic Analysis


The phylogenetic analysis of the 292 SARS-CoV-2 whole-genome sequences shown in Figure 1 indicated that the SARS-CoV-2 genomes from various parts of Indonesia could be classified under three major clades, namely, GK, GH, and GR, as identified by GISAID, or five clades, namely, 21J (Delta), 21I (Delta), 20C, 20B, and 20I (Alpha), as determined by Nextstrain. Of note, GISAID clades GK and GR were divided into Nextstrain clades 21J (Delta) and 21I (Delta), as well as Nextstrain clades 20B and 20I (Alpha), respectively.




3.3. Distribution of SARS-CoV-2 Clades and Lineages


Figure 2 displays the distribution of SARS-CoV-2 clades and Pango lineages in Indonesia during the study period (January–October 2021). The Delta clade (GK | 21J) was the most widespread in 46.9% of all samples. The GH | 20C clade was a close second at 37.3%, with GK | 21I at 13% and GR | 20B accounting for less than 5% of all samples. Data analysis by specimen collection month indicated an upward trend of clade GH | 20C from January to April 2021, while clade GR | 20B experienced a significant decline. From May to October 2021, clade GK | 21I was the predominant clade. Clades GK were present in all regions except East Nusa Tenggara and West Java. In addition, the top three Pango lineages circulating during the study period were lineage AY.23, B.1.466.2, and AY.24. These findings provided valuable insights into the molecular epidemiology of SARS-CoV-2 in Indonesia during the study period.



We comprehensively analyzed 7515 published sequences on GISAID from the same regions in Indonesia to understand the distribution of SARS-CoV-2 clades over an extended period between 1 January 2021, and 30 June 2022 (Figure S2). In line with our dataset, we observed that the spike in Delta variants began in May 2021 and remained dominant until November 2021. However, Delta’s frequency started to decline in December 2021, replaced by the Omicron variants (GRA | 21K (BA.1) and GRA | 21L (BA.2) clades), which predominated the circulating SARS-CoV-2 variants since December 2021. Furthermore, we identified the emergence of the sub-variant of the Omicron, namely, the GRA | 22B (BA.5) clade was identified in January 2022, the GRA | 22A (BA.4) clade was found in May 2022, and the GRA | 22C (BA.2.12.1), GRA | 22F (XBB), and GRA | 22D (BA.2.75) clades were found in June 2022. These Omicron variants have become the most prevalent SARS-CoV-2 strains circulating in the population.




3.4. Mutation Analyses of SARS-CoV-2 Genomes


The mutational events were mostly observed in the spike (S) protein region, followed by NSP3 and nucleocapsid (N) protein (Figure 3A). As shown in Figure 3B, missense mutations were the most prevalent type of mutations within the SARS-CoV-2 genome isolated from Indonesia, accounting for 66% of all mutations. In addition, synonymous mutations accounted for 20.1% of total mutations, non-coding variations accounted for 10%, and deletion polymorphisms comprised 3.6% of the observed mutations (Figure 3B). Certain variations, including C241T (5’UTR), P314L (NSP12b), F106F (NSP3), and D614G (S), were shared among all isolates (Figure 3C). Figure 3D depicts the distribution of mutations in the structural proteins of the SARS-CoV-2 genome. The most common mutations detected in the S protein were D614G (100%) and P681R (76.4%). Other mutations (including T478K, L452R, T19R, D950N, E156, V1264L, G142D, and N439K) were observed at moderate-to-low frequencies (20–60%). The most frequent mutations in the nucleocapsid (N) protein were identified as D377Y (61%), D63G (60%), R203M (60%), G215C (47%), and T205I (25%).



The mutations in the spike and nucleocapsid proteins among SARS-CoV-2 clades are displayed in Figures S3 and S4. Spike mutations D614G and P681R were observed in all clades. The N439K mutation, found in a lower frequency (20%), was exclusively observed in the GH | 20C clade (B.1.466.2 lineage). Additionally, sequences belonging to the Delta GK | 21I and GK | 21J clades carried the E156 deletion along with several substitutions, including T19R, G142D, L452R, T478K, and D950N. We further found that A222V was only present in the AY.24 lineage (Delta GK | 21I clade) and appeared less frequently (13%) in this population. Moreover, the V1264L mutation was primarily found in the 21J clade (AY.23 and AY.23.1 lineages) and in two sequences from the B.1.470 lineage collected in February 2021 (Figure S4). Additionally, several mutations in the N protein with varying frequencies (25–60%), such as D63G, R203M, T205I, G215C, and D377Y, were present. Of these mutations, D63G, R203M, and D377Y were found in the Delta GK | 21I and GK | 20J clades, while G125C was only present in the GK | 21J clade. Furthermore, two consecutive mutations, R203K/G204R (RG203KR), were present in the Alpha variant B.1.1.7 lineage (GR | 20I clade), as well as in the B.1.1.216, B.1.1.398, and B.1.1.367 lineages (GR | 20B clade).




3.5. Mutation Patterns among Patients with Breakthrough Infection, Reinfection, and Prolonged Viral Shedding


The distribution of clades and lineages for the studied groups is presented in Table S2. Among the 32 sequences in the BI group, 18 (56.3%) belonged to the Delta GK | 21I clade (AY.23 lineage), 12 (37.5%) were in the Delta GK | 21J clade (AY.24 lineage), and 2 (6.2%) were classified under the GH | 20C clade (B.1.466.2 lineage). Additionally, all sequences from the PVS and BI + PVS groups were classified under the Delta GK | 21J clade (AY.23 lineage). Out of the three sequences from the PVS+RI group, two (67%) belonged to the Delta GK | 21J clade (AY.23 lineage), while one (33%) was classified under the Delta GK | 21I clade (AY.24 lineage). Furthermore, one sequence from the RI case was classified under the GH | 20C clade (B.1.466.2 lineage).



Detailed mutation patterns in BI, PVS, RI, BI + PVS, and BI + RE groups are illustrated in Figure 4. We observed that the BI, PVS, RI, BI + PVS, and BI + RE groups had variations of amino acid substitution patterns, aside from P314L (NSP12b), D614G (S), and P681R (S) that were shared in all groups. We also observed that mutation patterns in BI, PVS, BI + PVS, and BI + RE groups were mainly characterized by Delta signature mutations in the S protein, such as T19R, L425R, T478K, D950N, and V1264L. These groups also shared the I82T mutation in the M protein and the D63G, G215C, R203M, and D377Y mutations in the N protein. BI and BI + RE groups had A222V, which was less frequent in PVS and BI + PVS groups. However, G142D substitution was found in BI, PVS, and BI + PVS groups but not in others. Meanwhile, the RI case showed a distinct mutation pattern in the structural proteins, including S:N439K and N:T205, commonly found in sequences belonging to the GH | 20C clade, along with additional mutation N:Q9H.





4. Discussion


The COVID-19 pandemic remains a significant global health issue. Given its mutability, new and more potent variants of SARS-CoV-2 can arise rapidly. Monitoring those variants is, therefore, crucial to understanding their transmission patterns and identifying potential new strains that may cause infection outbreaks [8]. Therefore, we investigated the historical distribution of SARS-CoV-2 variants in selected populations across Indonesia between January and October 2021 by utilizing comprehensive whole-genome data.



The genomic surveillance study revealed the dynamic of SARS-CoV-2 clades distribution over time in Indonesia (Figure 2B). From January to April 2021, indigenous lineages, such as B.1.466.2 and B.1.470, were more prevalent. As of May 2021, however, the Delta variants have become the dominant strain. This trend aligns with previous studies that found Indonesia-associated variants (B.1.466.2 and B.1.470) were widespread before the Delta outbreak. These local variants were subsequently outcompeted by Delta lineages AY.23 and AY.24 [9,10,11,12].



In June 2021, sequences from Central Kalimantan showed the presence of the Alpha variant (B.1.1.7). Although this variant was already widespread worldwide by that time and it was first identified in Indonesia in January of the same year, there have been only a few reports on the Alpha variant in the Indonesian population [10,12,26]. The introduction of the B.1.1.7 variant in Central Kalimantan was likely due to travelers from neighboring Asian countries where this variant was prevalent.



An analysis of 7515 published SARS-CoV-2 sequences collected between January 2021 and June 2022 enabled us to understand the distribution of clades in the general population (Figure S2). Our findings showed that the distribution of clades in the larger population (Figure S2, n = 7515) is consistent with our dataset (Figure 2B, n = 292), indicating that the Delta variants started to spike in May 2021 and became the predominant strain until November 2021. Nevertheless, with a longer timeframe, we observed the emergence of the Omicron GRA | 21K (BA.1) and GRA | 21L (BA.2) clades in December 2021, along with a decrease in Delta variant frequency. As the months progressed, the Omicron variant continued to spread rapidly and became increasingly dominant, with several subvariants also emerging, including the GRA | 22A (BA.4), GRA | 22C (BA.2.12.1), GRA | 22F (XBB), and GRA | 22D (BA.2.75) clades. The Omicron variants have caused global concern due to their increased transmissibility and high immune evasion ability established by vaccination or previous infection by other variants [27]. These variants carried several mutations in the RBD region and N-terminal domain (NTD) that affected the neutralizing antibodies binding [28,29]. This shift in the virus’s genetic makeup has significant implications for public health, and it is essential to continue monitoring SARS-CoV-2 variants to develop effective strategies to combat the spread of the virus.



This study identified several mutations of concern present in the Spike (S) protein, including L452R, T478K, D614G, and P681R (Figure 3D). Mutations L452R and T478K located in the RBD region have been shown to increase viral transmissibility and reduce the effectiveness of neutralizing antibodies [30,31]. One of the most common mutations, D614G, was associated with efficient human-to-human transmission but not increased disease severity [32,33,34]. Mutation P681R, located at a furin cleavage site that separates the spike 1 (S1) and S2 subunits, was common in the Delta variants. The mutation may enhance viral entry through the cell surface [35]. The other Spike mutations associated with the Delta variants, T19R, G142D, and D950N, were also identified. These mutations have been associated with reduced sensitivity of Delta variants to antibody neutralization [36].



Furthermore, the Delta sequences carried a deletion of E156 that may increase the virus’s infectivity and ability to evade the immune system [37]. Another Delta-specific mutation, A222V, was identified in the AY.24 lineage and was associated with a slight increase in the S protein’s affinity for the ACE2 host receptor [38]. Furthermore, the V1264L mutation, located in the cytoplasmic tail of the S protein, was identified in various clades, including Delta GK | 21J (AY.23 and AY.23.1 lineage) and GH | 20C (B.1.470 lineage) (Figure S3). This mutation served as an intracellular targeting motif that regulates virion assembly of SARS-CoV-2 [39]. While primarily observed in the Delta variant, the occurrence of this mutation in a non-Delta lineage suggested that it may also be present in other genetic backgrounds of SARS-CoV-2.



The N439K Spike mutation was previously identified as a signature motif for the B.1.446.2 lineage originating from Indonesia [9,10]. Our observations also revealed that this mutation is exclusively present in the B.1.466.2 lineage of the GH | 20C clade. This particular mutation is among the most prevalent RBD mutations globally. It has raised concerns due to its potential to enhance infectivity by forming a new salt bridge with human ACE2, and increasing resistance to neutralizing antibodies [40].



The nucleocapsid (N) protein plays a vital role in virus replication and transcription, immune response regulation, and packaging of viral genomes in new virions [41]. Mutations in the N protein can negatively affect antibody binding, worsening the disease’s severity [42]. Our study also identified frequent amino acid changes, including D63G, R203M, T205I, G215C, and D377Y, occurring at frequencies ranging from 25% to 60% (Figure 3D). D63G, R203M, and D377Y were present in all GK | 21I and GK | 20J clades of Delta variants, while G125C was only found in the GK | 21J clade (Figure S4). The mutation of D377Y first appeared between January and March 2021, in which its frequency significantly increased between June and July 2021. Meanwhile, D63G, G215C, and R203M mutations emerged in May 2021 as the Delta outbreak progressed (Figure S5). D63G has been linked to increased viral loads, accelerated viral replication, and a higher risk of ICU admission [43,44]. T205I was only present in GH | 20C clade sequences. Additionally, two consecutive mutations, R203K/G204R (RG203KR), were identified in the Alpha B.1.1.7 lineage (GR | 20I clade), as well as the B.1.1.216, B.1.1.398, and B.1.1.367 lineages (GR | 20B clade) (Figure S4). These mutations increase viral replication, enhancing the Alpha variant’s infectiousness, fitness, and virulence [45].



Our study revealed several mutations in the viral genome’s regulatory regions and non-structural proteins. All isolates carried these three mutations: P314L substitution in the RNA-dependent RNA polymerase (NSP12b) protein, C241T variation at 5’UTR, and a synonymous variation F106F in NSP3 (Figure 3C). The P314L mutation may affect SARS-CoV-2 RNA replication and polymerase activity [46]. The C241T variation, on the other hand, had been linked to decreased viral replication efficiency, higher recovery rates, and reduced mortality rates in SARS-CoV-2 cases worldwide [47]. Although the F106F mutation was considered silent, it was associated with an altered miR-197-5p target sequence, a host-specific miRNA necessary to defend against coronaviruses [48]. Studies have demonstrated a strong correlation between these non-structural protein mutations and the spike mutation, indicating a potential interaction that could impact viral pathogenesis and evolution [49].



During the COVID-19 pandemic, individuals who had been fully vaccinated or had a previous SARS-CoV-2 infection still had a risk of contracting the virus, known as breakthrough infection (BI) and reinfection (RI) [2]. Our study found that most BI cases were linked to Delta lineages in June–August 2021 (Table S2). Furthermore, a few cases (6%) during the pre-Delta outbreak (March 2021) were associated with the indigenous Indonesia B.1.466.2 lineage that was dominant during that period. This finding aligns with previous research suggesting BI cases are not limited to any specific viral variant and can be influenced by various factors [2,3].



This study also revealed that three subjects with a prior history of COVID-19 were reinfected with SARS-CoV-2 after completing the second vaccination dose, classified as the BI + RI group (Figure S1). The virus variants associated with these cases were identified as Delta variants (AY.23 and AY.24) (Table S2). However, since this study did not examine specimens of the first infection, we could not confirm their virus variants. Nonetheless, given that their first infections occurred in March–April 2021 (Figure S1), it is likely that their first infections belonged to the non-Delta lineage. Even after receiving booster vaccination, reinfection with Delta variants further emphasizes Delta variants’ high infectivity and transmissibility.



Previous studies have shown that although the vaccine has high initial efficacy, its effectiveness against the Delta variant decreases over time [50,51], possibly due to emerging mutations in the S protein that enhance the virus’s immune evasion ability [52]. This study revealed that BI, RI, and BI + RI cases were characterized mainly by Delta’s signature mutations, including T19R, L452R, T478K, D614G, P681R, D950N, and V1264L (Figure 4). These mutations have been demonstrated to enhance viral infectivity, fitness, and transmissibility and to reduce the antibody neutralization elicited by infection or vaccination [31,33,53,54,55].



It has been observed that some COVID-19 patients, especially immunocompromised patients and patients with advanced age and comorbidities, experience prolonged viral shedding (PVS), where viral RNA remains detectable for over a month [56,57,58]. This study found that all PVS-related cases, including those with BI, carried the Delta AY.23 lineage (Table S2). Delta signature mutations associated with viral infectivity and immune evasion are present in these cases, including T19R, G142D, L452R, T478K, D614G, P681R, D950N, and V1264L. Notably, the G142D mutation was observed in the BI, PVS, and BI + PVS groups (Figure 4). It has been reported that this mutation is associated with a milder Delta infection in Makassar, Indonesia [11]. This mutation affects the super-site epitope in the NTD of the S protein, which binds to NTD-targeted neutralizing antibodies. This change could contribute to the increased infectivity, immune evasion, and breakthrough infections commonly observed in Delta variants [59].



As previously reported, individuals infected with Delta variants have a higher viral load and take longer to test negative through PCR [60]. Nevertheless, the exact mechanism underlying PVS remains unclear. A previous study suggested that the dynamics of the viral shedding, including infectious virus titer kinetics and the SARS-CoV-2 variant’s incubation times, cannot be predicted solely from mutation patterns [4]. A recent study found that different mutations may emerge in immunosuppressed patients during prolonged viral shedding. These mutations could help the virus replicate more effectively and adapt to the host’s selective pressure, improving its fitness in each individual [61].



It is important to note that this study has some limitations. The study focused on the period of SARS-CoV-2 genomic surveillance before and during the Delta outbreak, from January to October 2021. As a result, the Delta variants were the most prevalent variants of concern observed. However, we have expanded our analysis by incorporating a more extensive dataset of published sequences from Indonesian isolates, which covers the period from January 2021 to June 2022 (Figure S2). This analysis allowed us to study the dynamics of SARS-CoV-2 variants over a more extended period, from the Delta outbreak until the emergence of the Omicron variants in December 2021. It is worth noting that reports on the dynamic distribution of SARS-CoV-2 variants from developing countries are limited. Therefore, these findings provide valuable insights into viral genomic changes between January 2021 and June 2022.



Unfortunately, we could not thoroughly analyze the published dataset (n = 7515) due to limited information on vaccination status, history of reinfection, and prolonged viral shedding. This limitation prevented us from studying the mutation patterns of the BI, PVS, and RI groups with a larger sample size. Nevertheless, further studies integrating genetic and phenotypic data (such as clinical characteristics, disease severity, and vaccination history) are necessary. It allows us to attain a more comprehensive understanding of diseases and develop more effective treatments.



Furthermore, the surveillance of SARS-CoV-2 in Indonesia, as in other low- and middle-income countries (LMICs), has encountered numerous challenges. Limited financial resources, infrastructure, and trained personnel led to an uneven distribution of sequencing resources across different regions. It resulted in over-sampling in areas with better surveillance infrastructure and resources, while remote regions with limited access to sequencing facilities were under-sampled [62].



Sampling time and frequency could also introduce biases into the sample collection process. The number of confirmed COVID-19 cases and sequence specimens worldwide has consistently decreased since the public health emergency status was lifted in May 2023 [63]. Notably, the number of submissions of Indonesia-originated sequences to GISAID has significantly reduced, with only seven submissions since July 2023 (https://doi.org/10.55876/gis8.231023fo, accessed on 23 October 2023). However, the emergence of new Omicron sub-variants, specifically BA.4 and BA.5, is still a cause for concern [64]. Therefore, it is crucial to continue monitoring and surveillance of any new mutations that may result in another pandemic.




5. Conclusions


Our study found that the clades of SARS-CoV-2 in the Indonesian population underwent dynamic changes from January 2021 to June 2022. We identified genetic mutations frequently present in SARS-CoV-2 clades in Indonesia by examining whole-genome sequences. These historical data are hopefully valuable in comprehending the spread of SARS-CoV-2 variants and could support continuous genomic surveillance of SARS-CoV-2 in Indonesia.
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Figure 1. A phylogenetic analysis of 292 whole-genome sequences of SARS-CoV-2 from eight regions across Indonesia (January to October 2021). The unrooted phylogenetic tree was constructed using NextStrain’s Augur pipeline. Tree annotation and visualization were performed using the “treeio” and “ggtree” packages in R. Each tip color represents the sample location. The tree is shaded and labeled to correspond to the Nextstrain and GISAID clades. 
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Figure 2. The distribution of SARS-CoV-2 clades and Pango lineages in the 292 Indonesian isolates. The GISAID and Nextstrain clades distributions were shown in (A) all samples and (B) stratified by collection month. (C) The proportion of Pango lineage. (D) The distribution of GISAID and Nextstrain clades across Indonesian regions. (E) The number of GISAID and Nextstrain clades found in each region of Indonesia. 
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Figure 3. The distribution of mutational events in the 292 SARS-CoV-2 genomes from the Indonesian isolates: (A) The number of mutation events across the SARS-CoV-2 non-coding and protein-encoding regions. (B) Distribution of type of mutations found in all samples. (C) The distribution of most frequent mutation events (frequency > 5%) of SARS-CoV-2 with annotated protein changes. (D) The distribution of mutation events in the sequence of SARS-CoV-2 structural proteins, including Spike (S), Membrane (M), Nucleocapsid (N), and Envelope (S). Mutations with a frequency of >5% are indicated. Purple dots represent the missense substitutions, while orange dots depict the synonymous substitutions. 
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Figure 4. The pattern of amino acid substitutions in patients with breakthrough infection (BI), prolonged viral shedding (PVS), and reinfection (RI). Of the 292 patients, 32 reported BI, five reported PVS, one reported RI, three reported combined BI + PVS, and three reported combined BI + RI. Amino acid substitutions with frequency of >5% were included. 
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Table 1. Baseline characteristics of the 292 patients who tested positive for SARS-CoV-2.
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	Characteristic
	Observation (n = 292)





	Age [years, median (IQR)]
	32.0 (26.0–45.0)



	Age group [n (%)]
	



	 Children and teens (<18 years)
	14 (4.8%)



	 Young adults (18–40 years)
	179 (61.3%)



	 Adults (41–65 years)
	85 (29.1%)



	 Elderly (>65 years)
	14 (4.8%)



	Sex [n (%)]
	



	 Female
	140 (47.9%)



	 Male
	152 (52.1%)



	Hospital location [n (%)]
	



	 Bangka Belitung
	35 (12.0%)



	 Central Kalimantan
	52 (17.8%)



	 East Nusa Tenggara
	23 (7.9%)



	 Greater Jakarta (Jabodetabek)
	58 (19.9%)



	 Jambi
	38 (13.0%)



	 Maluku
	36 (12.3%)



	 North Sulawesi
	32 (11.0%)



	 West Java
	18 (6.16%)



	Sample type [n (%)]
	



	 Nasopharyngeal swab
	292 (100%)



	Collection month [n (%)]
	



	 January
	43 (14.7%)



	 February
	45 (15.4%)



	 March
	9 (3.1%)



	 April
	1 (0.3%)



	 May
	4 (1.4%)



	 June
	53 (18.2%)



	 July
	120 (41.1%)



	 August
	16 (5.5%)



	 October
	1 (0.3%)



	Hospitalized [n (%)]
	



	 Yes
	56 (19.2%)



	 Unknown
	236 (80.8%)



	Other conditions [n (%)]
	



	 Breakthrough infection 1
	32 (11.0%)



	 Prolonged viral shedding 2
	5 (1.7%)



	 Reinfection
	1 (0.3%)



	 Breakthrough infection and prolonged viral shedding
	3 (1.0%)



	 Breakthrough infection and reinfection
	3 (1.0%)



	PCR cycle threshold (Ct) value [median (IQR)]
	



	 N gene
	18.3 (15.4–21.9)



	 ORF1ab gene
	16.7 (14.7–20.4)







1 Patients confirmed positive more than 14 days after the second vaccination dose. 2 Viral particles were still detected for over a month after laboratory confirmation.
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