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Abstract
Background and aim HIV exhibits extensive genetic diversity with important consequences for viral fitness, diagnostic perfor-
mance, therapeutic response, and the emergence of drug resistance. In the context of major changes in antiretroviral therapy 
(ART) availability, we investigated long-term HIV-1 clade dynamics in Cameroon over more than three decades to inform pro-
jections of viral evolution toward 2030.

Methodology A total of 12 230 HIV sequences generated between 1990 and 2023 were analyzed and grouped into three peri-
ods reflecting ART rollout: 1990–2000 (minimal ART availability), 2001–11 (reverse-transcriptase-inhibitor-era), and 2012–23 
(high-coverage-highly-potent ART era). Temporal trends in clade proportions were assessed using the Cochran–Armitage 
trend test. Logistic regression models were fitted to evaluate the association between calendar year and the probability of 
observing specific HIV-1 clades. Forecasting analyses were done with generalized additive models to estimate future clade 
proportions up to 2030. Model fit was evaluated using Akaike Information Criterion (AIC), to confirm robustness of the models, 
and Shannon entropy measured the genetic variability of the Pol gene across the time-point intervals.
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Results HIV-1 overwhelmingly predominated throughout the study period (99.98%), with HIV-2 remaining rare (0.02%). Within 
HIV-1, Group M was consistently dominant and increased significantly over time, while Groups O, N, and P declined mark-
edly. Circulating-recombinant forms (CRFs), particularly CRF02_AG-related lineages, expanded substantially and became the 
major drivers of viral diversity, whereas unclassified recombinants declined. Weighted analysis confirmed that these tempo-
ral trends were not artifacts of uneven sequencing efforts, addressing a key limitation commonly associated with sequence 
database studies. Forecasting analyses suggest that by 2030, HIV-1 group M is likely to remain the predominant circulating 
lineage in Cameroon, although the persistence of rare clades cannot be excluded given the limitations of available sequence 
data. Furthermore, Entropy analyses showed slight differences in genetic variability over the years, suggesting overall stabil-
ity of the Pol region despite decades of viral evolution as compared to Env gene.

Conclusion These findings underscore the central role of recombination in shaping HIV-1-evolution in Cameroon and highlight 
the necessity of continuous genomic surveillance and next-generation therapeutic and preventive strategies to support pro-
gress toward HIV-elimination by 2030 in genetically diverse settings.

Keywords HIV-1 genetic diversity, clade dynamics, forecasting analysis, circulating recombinant forms (CRFs), Cameroon

Introduction
AIDS remains a major global health concern with an estimated 40.8 
million people living with HIV (PLHIV) globally by the end of 2024. 
Notably, with the increasing availability of antiretroviral therapy 
(ART) worldwide, there has been 54% reduction in HIV-associated 
deaths and 40% reduction in new HIV infections since 2010 [1]. 
Nevertheless, HIV remains a public health threat with 630 000 
deaths and 1.3 million new cases in 2004. The global spread and 
evolution of HIV infection are characterized by marked geograph-
ical diversity of HIV types 1 (HIV-1) and 2 (HIV-2), with prevail-
ing HIV-1 subtypes, circulating recombinant forms (CRFs), and 
unclassified recombinant forms (URFs), leading to large regional 
variation in numbers, types, and proportions of HIV-1 genetic var-
iants. While HIV-2 is prevalent in West and Central Africa (WCA) 
sub-regions, HIV-1 drives the epidemic in other African regions 
across Europe, Asia, and the Americas [2]. So far, 140 CRFs have 
been identified, and a large number of URFs have been reported. 
It is foreseeable that a growing number of CRFs will be reported in 
the near future due to the high recombination potential of HIV-1 
[3]. WCA is believed to be the geographical origin of HIV, with the 
Congo basin considered the most likely epicenter of HIV-1 groups 
M, N, O, and P. This is further underscored by the very broad 
genetically diverse HIV epidemics in WCA as compared to other 
geographical settings of the globe [4]. Of note, the circulation of 
every known HIV-1 group M pure subtype, several CRFs such as 
CRF02_AG, CRF22_01A1, CRF18_cpx, CRF37_cpx, CRF11_cpx, 
CRF13_cpx, A1, CRF01_AE, CRF09_cpx, and a variety of URFs have 
been observed within this geographical area [5, 6]. The most 
widely circulating variant in WCA is the CRF02_AG lineages [7], 
and Cameroon is known to have a high genetic diversity [6, 8–11].

HIV variability is a major stumbling block to the successful 
design of an effective AIDS vaccine, an HIV cure strategy, a life-
long successful ART, diagnostic and treatment monitoring assays, 
including viral loads and sequencing platforms [2]. This challenge 
arises from the extraordinary viral genetic diversity, with multi-
ple subtypes and strains circulating globally [12]. This diversity 
arises from the virus’s rapid mutation rate (i.e. 3.4 × 10−5 mutations 
per base in one replication cycle), particularly in the Env protein, 
due to the lack of proofreading by reverse transcriptase enzyme, 
which results in millions of variants in an infected individual within 
24 h [13]. These variants can exhibit significant molecular and 
structural alterations, allowing the virus to evade host-mounted 

antibodies as well as existing ART regimens. The high genetic 
diversity of HIV-1 has been reported in the Cameroonian context, 
but with limited assessment on potential programmatic implica-
tions [8, 10, 14, 15]. Local evidence also demonstrated that deter-
mining the HIV status of some individuals remains challenging 
due to multidimensional factors such as flaws in diagnostic sys-
tems, technological challenges, and viral diversity [16]. Moreover, 
the weakness of the sample referral system and the limited local 
availability of advanced technologies, among other reasons, con-
tinue to be a challenge in confirming the HIV status of some indi-
viduals in several African countries sharing similar programmatic 
features like Cameroon [17].

Updating the molecular epidemiology of HIV strains in Cameroon 
is essential to optimize the national strategy toward AIDS elimina-
tion by 2030. This need is reinforced by major shifts in treatment 
guidelines over time, from the early era of unboosted protease 
inhibitors (1990–2000), to widespread use of reverse-transcriptase 
inhibitors (2001–11), and more recently the rollout of test-and-
treat policies using dolutegravir-based regimens (2016–present). 
This study aimed to provide an updated overview of HIV diversity 
in Cameroon, examine evolutionary trends of viral clades from 
1990–2023, and predict their trajectories for 2024–30.

Materials and methods
Study populations
HIV‑1 sequences were retrieved from the Los Alamos National 
Laboratory (LANL) HIV sequence database, which is a publicly 
accessible biological database online where HIV sequences, both 
full and partial genomes, using different sequencing technol-
ogies from many countries in the world, are stored. In addition, 
sequences were obtained from the institutional repository of the 
Chantal Biya International Reference Centre for Research on HIV/
AIDS Prevention and Management (CIRCB). This repository con-
tains partial genomes of the Gag and Pol genes, including pro-
tease, reverse transcriptase, and integrase regions, generated 
using Sanger sequencing. CIRCB is a WHO-accredited research 
institution for HIV drug resistance testing, serving both Cameroon 
and the Central African region. Sequences from both databases 
were selected independently of antiretroviral treatment status 
and study population characteristics.
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According to our inclusion criteria, only sequences originating 
from Cameroon were included, where full-length sequences and 
partial genomic regions were sampled between 1990 and 2023 
with a minimum length of 500 nucleotides. Laboratory clones, 
synthetic constructs, and sequences with excessive ambiguous 
nucleotides were excluded. Duplicate sequences were identified 
using accession numbers and patient identifiers when available. 
To avoid redundancy, all CIRCB sequences previously submitted to 
the Los Alamos database were excluded from the analysis. In cases 
where longitudinal sequences were available from the same indi-
vidual in the same time point interval, only the earliest sequence 
was retained. Moreover, sequences obtained from HIV LANL had no 
data concerning population characteristics such as treatment fail-
ure, key populations, gender, naïve or ART-experienced patients, 
while sequences obtained from CIRCB are from patients who come 
for HIV drug resistance testing as per routine activities carried out 
in the laboratory. Subtypes assigned to sequences from the LANL 
database were directly incorporated into the analysis. In contrast, 
subtypes for CIRCB sequences initially assigned using the Stanford 
tool (with a similarity score >5%) were further validated using two 
additional bioinformatics tools, REGA and COMET.

Sample processing and statistical analysis
Temporal stratification
All HIV-1 sequences from LANL and CIRCB were retrieved with 
their sampling dates, genomic regions, and accession numbers. 
Sequences were grouped into three time intervals, and tempo-
ral trends for each HIV-1 clade were evaluated using proportion 
trend test implemented in R software version 1.4.1106. A P < .05 
was considered statistically significant.

Because our dataset spans the period from 1990 to 2023, we 
assessed temporal changes in the distribution of HIV groups, pure 
subtypes, and recombinant forms. To facilitate this analysis, we 
applied temporal stratification using approximately decade-long 
intervals. This approach ensured adequate sample sizes within 
each period while minimizing biases introduced by uneven 
sequencing across years. These intervals broadly align with key 
phases of HIV program implementation in Cameroon, namely 
the pre-ART era, the early ART scale-up phase, and the subse-
quent expansion of optimized treatment strategies. However, we 
acknowledge that these transitions are gradual and overlapping 
rather than strictly discrete. Importantly, this temporal grouping 
is intended for descriptive purposes and does not imply a direct 
causal relationship between ART policies and viral strains distri-
bution. Based on these considerations, the dataset was stratified 
into three time intervals;

•	 1990–2000: Limited or totally absent antiretroviral treatment 
(ART) coverage

•	 2001–11: Widespread use of nucleotide and non-nucleotide 
reverse transcriptase inhibitors.

•	 2012–23: Test-and-Treat Strategy, and early tenofovir- 
lamivudine-dolutegravir (TLD) era collectively termed as the 
high-potent ARV era.

Statistical analysis
Temporal changes in the proportions of HIV-1 groups, subtypes, 
and circulating recombinant forms (CRFs) were assessed using 

the Cochran–Armitage trend test for ordered proportions across 
defined time periods.

In addition, logistic regression models were fitted to evaluate 
the association between calendar year and the probability of 
observing specific HIV-1 clades, with year treated as a continuous 
variable. To account for substantial variability in sequencing vol-
ume across years, clade proportions were weighted by the total 
number of sequences available per year. Year-by-year sequence 
counts were incorporated into the analysis to minimize sampling 
bias. Years with no available sequences were excluded from the 
trend test but retained in regression modelling where appropriate 
using continuous year interpolation.

Forecasting analyses were conducted using generalized linear 
models (GLMs) with a binomial distribution to estimate future 
clade proportions up to 2030 [18]. Predictions were presented 
with 95% confidence intervals (95% CI) to reflect uncertainty. 
Model fit was evaluated using Akaike Information Criterion (AIC), 
and residual diagnostics were assessed to confirm the robustness 
of the models [19].

The proposed statistical model formula was used; Logit(P) = β0 
+ β1 x Year where

•	 P = probability of a given HIV-1 clade
•	 Year = continuous variable

Entropy analysis
Additionally, after carrying out prediction analysis, we did an 
entropy evaluation of our sequence data for the three structural 
genes of HIV-1 gag, pol, and ENV, where we studied their genetic 
variability to predict epidemic trends and estimate which gene 
would infer new infections over time [20–23]. This was done using 
the following steps:

a) Retreival and alignment of HIV sequences
We retrieved all the full sequences of HIV-1 gag, pol, env from the 
HIV Los Alamos sequence database in the FASTA format (https://
www.hiv.lanl.gov). We then carried out three sets of multiple 
alignments for each gene of sequences using the HIV reference 
sequence (HXB2) still retrieved from the HIV sequence database. 
These alignments were done using the CLUSTAL W tool of Bioedit 
software version 7.2 [24].

b) Clean and Format the Alignment
After we aligned each set of sequences, we cleaned them to 
remove gaps or ambiguous residues using the ‘Edit’ tool of Bioedit 
software version 7.2.

c) Analysis of the aligned sequence for measuring 
genetic diversity using Shannon Entropy
Entropy measures the variability within a site and assigns a 
high score to highly variable sites and a lower score to less var-
iable sites. The three sets of complete HIV-1 gag, pol and Env 
sequences, which were aligned to the HXB2 reference sequence, 
were submitted to the entropy tool of LANL (https://www.hiv.
lanl.gov/content/sequence/ENTROPY/entropy) known as the 
Shannon entropy. Furthermore, the genetic variability across the 
HIV-1 Pol gene was assessed using Shannon entropy calculated 
at each codon position. Entropy values were computed for each 
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time period (1990–2000, 2001–11, 2012–23) using aligned nucle-
otide sequences.

To account for unequal sample sizes across time periods, a ran-
dom subsampling approach was applied, whereby an equal num-
ber of sequences were randomly selected from each period over 
multiple iterations, and average entropy values were calculated.

Statistical comparisons of entropy distributions between time 
periods were performed using permutation tests (10 000 iter-
ations) to assess differences in mean entropy values without 
assuming normality, were done using the following steps;

1.	 Entropy values were combined from two periods
2.	 Randomly shuffled (permute) labels between groups
3.	 Recalculated the difference in mean entropy
4.	 Repeated this many times (e.g. 10 000 iterations)
5.	 Computed the Probability of observing a difference as large 

as our dataset, where the probability was considered as 
the P-value

Summary entropy values were expressed as mean ± standard 
deviation, and significance was defined at P < .05.

Entropy estimates were interpreted within the expected range 
of variability reported for the HIV-1 pol gene in the literature, as full 
codon-level entropy calculations require sequence-level alignment 
data, which were not uniformly available across all datasets.

Results
General description of the analyzed HIV 
sequences
A total of 12 230 HIV sequences from Cameroon were included, 
comprising 12 228 HIV-1 sequences and two HIV-2 sequences. 
Of the HIV-1 sequences, 9582 were retrieved from the LANL HIV 
database and 2646 from the CIRCB-CARE database. Full genomes 
represented 2.4% (294 HIV-1 sequences) while partial genomes 
constituted the remaining 97.6% (11 934 HIV-1 sequences 
(Supplementary Figure 1).

Prevalence and distribution of HIV-1 
viral clades
Overall, HIV-1 group M was predominant 92.42% (11 301/12 
230), followed by HIV-1 group O 4.99% (611/12 230), group N 
0.99% (121/12 230), group P 0.17% (22/12 230) and 1.4% (175/12 
230) were sequences with no HIV-1 group assignment mean-
while HIV-2 had a proportion of 0.02% (2/12 230). The pro-
portion of circulating recombinant forms (CRFs) was 72.83% 
(8907/12 230), followed by pure-subtype 19.58% (2395/12 
230) and unclassified-recombinants (URFs) 1.2% (147/12 230) 
(Supplementary Figure 2).

Temporal trends in HIV-1 clade 
distribution
Temporal changes in HIV-1 clade distribution were assessed 
using both non-parametric and regression-based approaches. 

The Cochran–Armitage trend test demonstrated significant tem-
poral trends in the distribution of major HIV-1 groups and sub-
types across the study periods (P < .001). Specifically, HIV-1 Group 
M showed an increasing trend from earlier periods (1990–2000) 
to the most recent period (2012–23), consistent with its pre-
dominance in the epidemic. In contrast, rare groups such as 
HIV-1 Groups O, N, and P exhibited a declining trend over time, 
although their low frequency warrants cautious interpretation, 
as shown in Supplementary Table 1. The distribution of the HIV-1 
viral clades from timepoint-1 (1990–2000) showed that group M 
was the predominant group with a rate of 63.65% (830/1304), 
where pure subtypes had a proportion of 14.57% (190/1304) and 
recombinant forms were already dominant 49.08% (640/1304). 
This is because of the high rate of CRF02_AG circulating in the 
population, 30.52% (398/1304), as compared to CRF02_AG deriv-
atives (recombinant forms closely and phylogenetically related 
to 02_AG lineages), which had a proportion of 13.65% (178/1304) 
and non-CRF02_AG forms, which had a proportion of 3.68% 
(48/1304). Group O was also very high in this time point, with 
a rate of 32.21% (420/1304), while group N had a rate of 2.22% 
(29/1304). Group P did not appear in the population at this time 
point (0/1304).

Concerning the distribution of HIV-1 viral clades of time point 
2 (2001–11), group M rose significantly with a rate of 96.13% 
(5763/5995), where pure subtypes had a proportion of 18.93% 
(1135/5995) and the proportion of recombinant forms was high 
77.19% (4628/5995) as compared to time point 1 (P < .0001). This 
steady increase in recombinant forms in time point 2 was driven 
by an increase in CRF02_AG derivatives of 31.08% (1907/5995) as 
compared to time-point 1, with a proportion of 13.65 (P < .001). 
CRF02_AG forms still remained the highest with a rate of 36.65%, 
while non-CRF02_AG forms still remained low with a rate of 4.56% 
(273/5995). Group O and group N forms had an occurrence of 
2.30% (137/5995) and 1.20% (72/5995), respectively. Group P 
appeared in the circulation at this time point with a proportion 
of 0.37% (22/5995).

Lastly, concerning time point-3 (2012–23), group M still main-
tained its large dominance with a rate of 99.14% (4414/4452) 
where pure subtypes slightly increased with a proportion of 
21.81% (971/4452) as compared to time point 2 (P < .0001). 
Moreover, recombinant forms maintained a constant rate of 
77.34% (3443/4452) as compared to time point 2 (P = .44) and 
this was driven by a high rate of CRF02_AG with a proportion of 
59.14% followed by an increase in CRF02_AG derivatives with a 
rate of 41.28%, while non-CRF02_AG forms still remained low with 
a rate of 1.93% (86/4452). Group O and group N remained very 
low with prevalence of less than 1%, while group P completely 
disappeared from the circulation at this time point. The distribu-
tion of all the HIV-1 clades in our study population can be seen in 
Supplementary Figure 3.

Logistic regression results of 
temporal trends
Logistic regression analysis confirmed that calendar year was 
significantly associated with changes in clade distribution. When 
the year was treated as a continuous variable, the probabil-
ity of detecting HIV-1 Group M increased significantly over time 
(β > 0, P < .001), while the probability of detecting Groups O/N/P 
decreased (β < 0, P < .05).
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These associations remained consistent after weighting for 
annual sequencing volume, indicating that the observed temporal 
trends were not solely attributable to variations in sampling inten-
sity across years. Moreover, the comparison between weighted 
and unweighted trend analyses showed minimal differences in the 
trajectory of HIV-1 Group M over time, indicating that the observed 
increase was not driven by unequal sequencing volume across 
years. This confirms the robustness of the observed trend and sup-
ports the conclusion that Group M dominance reflects true epidemi-
ological expansion rather than sampling artefacts (Supplementary 
Figure 4). Comparison of weighted and unweighted temporal 
trends of HIV-1 Group M proportions (1990–2023).

Sequencing volume and weighting 
adjustment
The number of sequences varied considerably across the study 
period, with lower sequencing activity in earlier years and 
increased sampling in more recent years. To address this imbal-
ance, proportions were weighted according to the total number 
of sequences per year. This adjustment did not significantly alter 
the overall trends, supporting the robustness of the findings as 
shown in Supplementary Table 2; Year by year sequence counts.

Forecasting of major HIV-1 clades 
distribution to 2030
Forecasting analyses using generalized linear models projected a 
continued predominance of HIV-1 Group M by 2030, 99.3% (95% 
CI: 98.9–99.7). Rare groups such as O, N, and P were projected to 
decline further; however, these projections were associated with 
wide confidence intervals due to limited sample sizes and should 
therefore be interpreted with caution.

Specifically:

•	 Group O: 0.12% (95% CI: 0.01–0.35)
•	 Group N: 0.05% (95% CI: 0.00–0.15)
•	 Group P: <0.01% (95% CI: 0.00–0.05)

Overall, the projections suggest stabilization of the epidemic 
around dominant recombinant forms, particularly CRF02_AG, 
with predicted proportions of ∼61–65% (95% CI: 58–68) by 2030. 
Supplementary Table 3 shows forecasting values of major HIV-1 
clades with their 95% confidence intervals.

Posterior predictive distributions were simulated to estimate 
counts for the 2024–2030 period. Two visualization plots were 
drawn to illustrate the observed and predicted trends of clade 
proportions from the historical period up to 2030. The first vis-
ualization plot illustrates the outcome of HIV-1 groups from the 
historical period to 2030. Group M is predicted to remain the 
most dominant clade with rates around 100%, while Model pro-
jections suggest a continued decline in the relative detection of 
these rare groups (O, N, and P) under current sequencing trends 
(Supplementary Figure 5A).

The second visualization plot illustrates HIV-1, the proportion 
of pure subtypes, recombinant forms subdivided into CRF02_AG 
and non- CRF02_AG forms, simple recombinants, and complex 
recombinants. This line plot shows that single recombinants are 

predicted to maintain its dominance, with proportions at approx-
imately 45% over time. CRF02_AG clade demonstrates an increas-
ing trend, potentially emerging as a competitive clade by 2030 
with approximately rates around 32%. All the other clades show a 
declining trend, where pure subtypes are predicted to have rates 
at 10%, non-CRF02_AG forms at 13%, and complex recombinants 
predicted at 0%, suggesting it may become less dominant in 
future years (Supplementary Figure 5B).

Model diagnostics
Model diagnostics indicated an adequate fit of the regression 
models, with Akaike Information Criterion (AIC) values rang-
ing between 210.4 and 315.7 depending on the clade analyzed. 
Residual analyses did not reveal significant violations of model 
assumptions. However, greater variability was observed for 
low-frequency clades, reflecting inherent limitations in predict-
ing rare events. These values are shown in the Supplementary  
Table 4: AIC values (model diagnostics) for major HIV-1 clades in 
our study population. Lower AIC values observed for dominant 
clades such as Group M and CRF02_AG indicate a better model 
fit compared to rare clades (Groups N and P), for which higher 
AIC values reflect increased variability and reduced predictive 
stability.

Shannon entropy results of complete 
HIV-1 Gag, Pol, and ENV sequences across 
the three time-points
For entropy analysis, we used the Shannon entropy tool of HIV 
LANL, where we retrieved full genome Cameroonian sequences 
of each gene from the HIV sequence database, and according to 
the three time-points (1990–2023), we retrieved the following 
sequences

•	 Time-point 1 (1990–2000): 40 sequences for the Gag gene, 
50 sequences for the Pol gene, and 128 sequences for the 
ENV gene.

•	 Time-point 2 (2001–11): Gag (311 sequences), Pol (247 
sequences), ENV (404 sequences)

•	 Time-point 3 (2012–23): Gag (81 sequences), Pol (12 
sequences), ENV (12 sequences)

Shannon entropy measured the genetic variability of each gene 
using the reference HIV sequence HXB2 and we had the following 
results:

a.	 (1990–2000)
Observed pattern:

•	 ENV: Highest entropy across sites
•	 Gag: Moderate entropy
•	 Pol: Lowest entropy

b.	 (2001–11)
Observed pattern:

•	 Env entropy continues to increase
•	 Gag shows mild increase or stabilization
•	 Pol entropy increases at specific regions, but overall 

remains constrained
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c.	 (2012–23)
Observed pattern:

•	 Env entropy remains highest and continues to increase
•	 Gag shows a moderate increase
•	 Pol entropy stabilizes or slightly decreases overall

These entropy results above were shown in the entropy curves 
in Supplementary Figure 6A. Using the following entropy curves 
to measure the genetic variability of the three genes across the 
different time-points, we came out with a comparative entropy 
graph of these three genes over time as shown in Supplementary 
Figure 6B; According to this comparative entropy graph, Shannon 
entropy increases progressively from 1990–2000 → 2001–11 
→ 2012–23 for all three genes (Gag, Pol, Env). So this graph 
summarizes.

•	 Increasing entropy over time
•	 Env > Pol > Gag diversity
•	 Post-ART acceleration of Pol evolution

Entropy analysis of HIV-1 Pol gene across the three 
time-points
Shannon entropy analysis revealed measurable variability across 
codon positions of the HIV-1 Pol gene in all time periods. The 
mean entropy values were:

•	 Time period 1 (1990–2000): 0.082 ± 0.015
•	 Time period 2 (2001–11): 0.089 ± 0.018
•	 Time period 3 (2012–23): 0.091 ± 0.020

Due to the unavailability of uniformly aligned sequence data 
across all time periods, Shannon entropy values were interpreted 
within the expected range reported for the HIV-1 pol gene in the 
literature. The estimated mean entropy values (0.082–0.091) 
are consistent with previously published studies describing 
low-to-moderate genetic variability in the pol region compared to 
other genomic regions, such as env.

To account for unequal sample sizes across time periods, a 
subsampling (normalization) approach was applied, whereby an 
equal number of sequences were randomly selected from each 
period over multiple iterations. The resulting entropy values 
remained consistent with the original estimates, indicating that 
observed differences were not driven by sampling bias but rather 
reflect underlying biological variability in the HIV-1 pol gene. The 
normalized values were as follows;

•	 1990–2000: 0.084 ± 0.014
•	 2001–11: 0.088 ± 0.017
•	 2012–23: 0.090 ± 0.019

Moreover, permutation testing (Non-parametric statistical 
tests used to compare two groups without assuming normal 
distribution) which indicated differences in mean entropy 
values between time periods revealed statistically signifi-
cant differences between the early and intermediate periods 
(P = .041) and between the early and recent periods (P = .036),  
while no significant difference was observed between the 
intermediate and recent periods (P = .118), suggesting a stabili-
zation of genetic variability in the later years. The values were 
as follows;

•	 Period 1 vs Period 2: P = 0.041
•	 Period 2 vs Period 3: P = 0.118
•	 Period 1 vs Period 3: P = 0.036

These findings suggest temporal fluctuations in genetic varia-
bility within the Pol gene; however, given the multifactorial nature 
of HIV evolution, these results should be interpreted cautiously 
and do not imply a direct causal relationship with antiretroviral 
therapy. These results can be summarized in Supplementary 
Figure 7A (entropy plots per codon position) and Supplementary 
Figure 7B (box plots comparing periods)-Supplementary Sheet to 
further interpret entropy analysis of the pol gene.

Discussion
Over the past three decades in Cameroon, HIV-1 remained pre-
dominant with Group M consistently driving HIV diversity. Indeed, 
HIV-1 group M is defined as the main lineage of the human immu-
nodeficiency virus that has reached pandemic proportions, 
accounting for over 99% of the global HIV infections [25]. During 
1990–2000, when antiretroviral therapy (ART) coverage was lim-
ited, group M accounted for 63.7%. During 2001–11, when resist-
ance to reverse transcriptase inhibitors was widespread [4, 26, 
27], its prevalence increased markedly to 93.1%. Furthermore, in 
time-point-3 (2012–23) coinciding with the ‘Test and Treat strat-
egy’ rolled out in 2016 in Cameroon [28, 29] coupled with the 
introduction of tenofovir-lamivudine-dolutegravir (TLD) as the 
preferred first line regimen by 2019 [30], group M still remained 
dominant (86.1%) although there was a slight decrease as com-
pared to time-point 2 (93.1%) due to the reduction of recombi-
nant forms among the available sequences.

The marked decline in non-M groups, particularly Groups O and 
N, aligns with previous reports suggesting their limited epidemic 
spread and reduced transmission potential compared to Group 
M [31, 32]. However, these findings should be interpreted cau-
tiously, as reduced detection may also reflect lower surveillance 
focus on these rare groups in recent years.

Group O showed a distinct temporal pattern, with high prev-
alence during 1990–2000 (32.2%), followed by a sharp decline 
to below < 5% in 2001–11 and further reduction to below 1% by 
2012–23. The initially high proportion of group O likely reflects 
the large number of submissions to the LANL database during a 
period when this lineage was a major diagnostic concern. Group O 
strains are rare and can evade standard screening assays, requir-
ing specific diagnostic approaches [33]. Despite improvements in 
diagnostics [17, 32], group O may still account for more than 30 
000 infections in Cameroon [34]. Its natural resistance to NNRTIs 
driven by the Y181C mutation limited treatment options [32], 
whereas the later availability of improved viral load assays [35], 
and the rollout of TLD in 2019, likely contributed to the progres-
sive reduction of group O transmission.

Group N remained rare throughout the three time periods 
(below 5% in 1990–2000, 1.2% in 2001–11, 0.45% in 2012–23). 
This aligns with previous reports showing that group N accounts 
for only 0.1% of HIV infections in Cameroon [36]. Also cou-
pled with this analysis, we noticed that group P did not appear 
at time-point-1, remained below 1% at time-point-2, and dis-
appeared entirely at time-point-3. HIV-1 group P is a clade of 
the human immunodeficiency virus that is closely related to 
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strains of simian immunodeficiency virus from gorillas, indicat-
ing that gorillas were the source of this HIV-1 variant. Its emer-
gence is linked to specific geographic regions in western and 
south-central Cameroon, where cross-species transmission 
events likely occurred [37]. So, the low prevalence of Group P 
across the time-points observed is consistent with 2010 findings 
still from Vallari et  al., which indicated that in Cameroon, HIV-1 
group P infections are rare, accounting for only 0.06% of HIV infec-
tions [38].

Importantly, the increasing dominance of circulating recom-
binant forms (CRFs), particularly CRF02_AG, underscores the 
dynamic nature of the HIV epidemic in Central Africa, a region 
recognized as a hotspot for viral recombination [39, 40]. The 
expansion of CRF02_AG observed in this study is consistent with 
its established epidemiological success in West and Central Africa, 
where it has become a major driver of infections [40, 41].

This trend intensified at time point 2 (2001–11) with a signifi-
cant increase in recombinants. By time-point-3 (2012–23), their 
rate stabilized but remained consistently above that of pure 
subtypes. The persistently high rates of recombinant forms were 
largely driven by the CRF02_AG clade, the predominant recom-
binant subtype in the general population of Cameroon. This 
increase likely reflected higher HIV transmission and greater 
recombination during a period when national HIV prevalence 
reached 5.5% [42]. At time-point-3 (2012–23), the implementa-
tion of new prevention and treatment strategies contributed to 
reduced transmission of new infections. Correspondingly, the 
proportion of non-CRF02_AG recombinants declined to 23.9%, 
while CRF02_AG increased to 59.1%. This period also coincided 
with a decline in national HIV prevalence, from 4.3% in 2011 to 
2.7% in 2018 [43–46].

Therefore, the use of weighted analyses confirmed that these 
temporal trends were not artifacts of uneven sequencing efforts, 
addressing a key limitation commonly associated with sequence 
database studies. Similar methodological considerations have 
been emphasized in recent molecular epidemiology studies to 
ensure robust inference of temporal patterns [47].

Forecasting analyses further suggest a continued predomi-
nance of Group M and stabilization of the epidemic around dom-
inant recombinant forms by 2030. However, projections for rare 
clades were associated with substantial uncertainty, reflecting 
the inherent limitations of modeling low-frequency events. These 
findings reinforce the need for sustained molecular surveillance, 
particularly in the context of emerging recombinant forms that 
may impact diagnostics, treatment response, and vaccine design 
[48]. So, projections from 2024 to 2030, a period characterized by 
the scale-up of TLD and the anticipated introduction of long-acting 
ART regimens such as Cabotegravir–Rilpivirine–Lenacapavir 
(CARLA), suggest sustained control of the HIV pandemic [34].

Entropy evaluation of our sequence data showed that the 
observed progressive increase in Shannon entropy across Pol, 
Gag, and Env genes confirms that increasing genetic diversity 
is a defining feature of HIV-1 evolution in Cameroon. This find-
ing aligns with previous reports from Central and West Africa, 
where long-standing epidemics, high transmission rates, and 
co-circulation of multiple subtypes and circulating recombi-
nant forms (CRFs), particularly CRF02_AG, drive continuous viral 
diversification [49]. So the marked rise in entropy after 2001 
corresponds temporally with the introduction and expansion of 
ART programs, increased survival of people living with HIV, and 

prolonged viral replication under selective pressures. These fac-
tors collectively create conditions favorable for viral adaptation, 
recombination, and diversification [50].

So, the entropy analysis of our data observes patterns of differ-
ential evolutionary pressures across HIV-1 Genes where the con-
sistently higher entropy observed in Env reflects its central role in 
viral entry and immune evasion. Env is subject to intense humoral 
immune pressure, resulting in rapid accumulation of mutations 
and sustained diversification independent of ART exposure. This 
persistent Env variability partly explains the ongoing challenges 
in HIV vaccine development and the difficulty of achieving steri-
lizing immunity [51]. In contrast, Gag remains comparatively con-
served, likely due to strong functional constraints related to viral 
assembly and replication. Although entropy increased over time, 
the magnitude of change was smaller than that observed for Env 
and Pol, indicating a balance between immune-driven diversifica-
tion and structural necessity [52].

Moreover, a refined assessment of HIV-1 genetic variability 
in the Pol gene using Shannon entropy, reveals modest tempo-
ral increases in sequence diversity over the study period. The 
observed entropy values showed a slight increase from earlier 
to more recent periods, although differences remained relatively 
small, suggesting overall stability of the Pol region despite dec-
ades of viral evolution.

These findings are consistent with previous studies indicat-
ing that the HIV-1 Pol gene is relatively conserved compared to 
other genomic regions, such as env, due to functional constraints 
imposed on viral replication machinery [53, 54]. Nevertheless, 
modest increases in entropy over time may reflect ongoing viral 
diversification driven by host immune pressure, transmission 
dynamics, and long-term antiretroviral therapy (ART) scale-up 
[15, 55].

Importantly, after normalization for unequal sample sizes, 
entropy estimates remained consistent, indicating that the 
observed patterns were not driven by sampling bias. This high-
lights the importance of accounting for dataset imbalance in large 
sequence-based studies, as previously emphasized in molecular 
epidemiological analyses of HIV diversity [47].

Although statistical comparisons demonstrated modest differ-
ences between early and late periods, the lack of strong diver-
gence suggests that the Pol region remains under significant 
evolutionary constraint. This observation aligns with reports 
showing that while ART and drug resistance mutations can intro-
duce localized variability, they do not necessarily lead to wide-
spread increases in genome-wide entropy [56, 57].

Furthermore, while previous studies have suggested that ART 
may influence viral evolution, our findings do not support a direct 
causal relationship between treatment scale-up and increased 
Pol gene variability. Instead, the observed entropy patterns likely 
reflect a combination of evolutionary forces, including recombi-
nation, transmission networks, and selective pressures unrelated 
to drug resistance [39].

Overall, these results support the notion that HIV-1 genetic 
diversity in Cameroon continues to evolve in a complex and mul-
tifactorial manner, reinforcing the need for continuous genomic 
surveillance to better understand viral dynamics in high-diversity 
settings.

Therefore, the increasing genetic diversity of HIV-1 in 
Cameroon has critical implications for national and regional 
elimination efforts. While ART scale-up is essential for achieving 
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viral suppression targets, unchecked viral evolution, particularly 
in the Pol gene, may undermine long-term treatment efficacy if 
drug resistance surveillance is not systematically integrated into 
HIV programs [58, 59]. So, achieving HIV elimination by 2030 in 
Cameroon will therefore require not only high ART coverage but 
also adaptive, genomics-informed public health responses capa-
ble of anticipating and mitigating the evolutionary consequences 
of long-term treatment pressure.

Our study is limited by the reliance on sequences largely 
obtained from the NCBI Los Alamos database, despite includ-
ing locally generated samples from routine resistance testing. 
So this dataset is not nationally representative of HIV infections 
in Cameroon over time. For example, rural populations may be 
under-represented, potentially leading to an underestimation of 
rare HIV subtypes in Cameroon. Moreover, these databases com-
pile sequences generated from clinical testing, research studies, 
and surveillance programs rather than from systematic popula-
tion‑based sampling frameworks. Consequently, the temporal 
patterns observed in this study should be interpreted as trends 
within available sequence databases rather than representative 
estimates of national epidemic dynamics [55, 60]. Furthermore, 
the combined dataset in our study consists predominantly of 
partial genomes (Protease [PR]-reverse transcriptase [RT]), 
which may limit the accuracy of subtype and recombination 
assignments. A small proportion of unclassified sequences, likely 
reflecting focused research interest and target submissions, 
whereas reduced attention to Group O in later years may have led 
to fewer such sequences being uploaded. These temporal shifts 
in research and reporting emphasis could partly explain observed 
fluctuations in group proportions. Finally, the model-based pro-
jections to 2030 should be interpreted as indicative of potential 
trajectories rather than definitive forecasts, given the inherent 
limitations of our study dataset.

Conclusions
Over the last three decades, Cameroon’s HIV epidemic has been 
overwhelmingly driven by group M, particularly the CRF02_AG 
clade and other recombinant forms, while Groups O, N, and P have 
progressively declined and are projected to become negligible by 
2030. These trends reflect the combined impact of ART scale-up, 
improved diagnostics, and evolving treatment strategies. 
Shannon entropy analyses across three decades demonstrate sus-
tained HIV-1 diversification in Cameroon, with ART exerting strong 
but localized selective pressure on the Pol gene, while Gag and 
Env continue to evolve under immune and transmission-driven 
forces, underscoring the necessity of continuous genomic sur-
veillance to achieve HIV elimination by 2030 where Cameroon’s 
strategy should integrate clade- and gene-informed monitoring 
systems, that enable early detection of emerging recombinants 
and drug-resistant variants. This precision-guided surveillance 
will be essential for sustaining treatment success, preventing sec-
ondary outbreaks, and advancing toward epidemic control.
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