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The pervasive administration of antiretroviral drugs (ARVs) for the management of HIV/AIDS has led to their 

continuous entry into aquatic ecosystems via excretion and the suboptimal removal efficacy of conventional 

wastewater treatment plants (WWTPs). Efavirenz (EFV), a non-nucleoside reverse transcriptase inhibitor 

(NNRTI), is prominently detected and recalcitrant in the environment, exhibiting removal efficiencies below 50% 

in conventional WWTPs due to its hydrophobic nature, halogenation, and structural recalcitrance. This study 

reports the isolation of a novel Acinetobacter bereziniae strain (designated EFV-D1) from mine waste, which 

exhibited significant potential in the bioremoval of EFV. The isolate was cultured in a mineral salt medium with 

50 mg/L EFV as the sole carbon source and identified through 16S rRNA gene sequencing, revealing 99.8% 

similarity to the A. bereziniae species. Batch removal experiments demonstrated that strain EFV-D1 achieved 

over 50% EFV removal within 24 hours under optimized conditions (pH 7.0, 35°C, agitation at 100rpm). Kinetic 

modelling followed pseudo–first-order kinetics, yielding a rate constant of 0.044 h-1 and an estimated half-life of 

15.6 h, confirming efficient substrate utilization. Growth assays further demonstrate that A. bereziniae EFV-D1 

could tolerate and metabolize EFV concentrations reaching its minimum inhibitory concentration (MIC), 

indicating resilience and adaptability to pharmaceutical-contaminated wastewater. This investigation establishes 

A. bereziniae EFV-D1 as a potent biocatalyst for the removal of EFV from wastewater, presenting a proof-of-

concept of a scalable and cost-effective bioremediation strategy for emerging contaminants of concern. By 

integrating microbial bioremoval with existing treatment processes, A. bereziniae EFV-D1 offers a cost-efficient, 

environmentally benign, and scalable solution to mitigate the environmental persistence of EFV and analogous 

pharmaceutical pollutants in wastewater systems. 

1. Introduction 

Following the initial documentation of HIV, scientific advancements have transformed the once life-threatening 

disease into one that can be effectively managed through lifelong antiretroviral therapy (ART). ART employs a 

combination of antiretroviral (ARV) drugs with various mechanisms of action, dose-limiting toxicities, and in vitro 

application to manage HIV/AIDS (Ward et al., 2021). The adoption of the universal test and start initiative aimed 

at achieving the UNAIDS 90-90-90 and 95-95-95 targets, which entail that 90% of people living with HIV 

(PLWHIV) should know their status, 90% of those should be on ART, and 90% of those should achieve viral 

suppression by 2020, while the 95-95-95 targets were to be achieved by 2023 (UNAIDS, 2023). Expanded ART 

coverage, combined with high drug excretion rates, has resulted in the release of substantial quantities of ARVs 

into the environment. Consequently, the drugs have been detected in various locations globally and quantified 

across a range of environmental matrices, with elevated concentrations observed in countries such as Kenya, 

South Africa (SA), and Zambia, all situated in the Sub-Saharan African (SSA) region (K’oreje et al., 2012). 

Recent reviews (K’oreje et al., 2020; Ncube et al., 2018) have documented measured environmental 

concentrations (MECs) of ARVs in various aquatic environmental systems, which were found to be higher in 
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Africa compared to other regions globally. To mitigate the impacts of pharmaceutical pollution, it is imperative 

to employ effective wastewater treatment technologies to remove these pollutants from wastewater prior to its 

discharge into environmental matrices. 

In several countries within the SSA region, a regimen consisting of lamivudine (3TC), tenofovir (TDF), and 

efavirenz (EFV), is usually administered as a combination (Kandel and Walmsley, 2015). Consequently, EFV, 

with an excretion rate exceeding 60% (Rakhmanina and van den Anker, 2010), is among the most commonly 

detected ARVs and has been identified in diverse environmental matrices. Detected at concentrations as high 

as 160 µg/L in Kisumu, Kenya (K’oreje et al., 2020). Sanderson et al., (2004) ranks the toxicity of ARVs towards 

aquatic biomarkers, including fish, algae, daphnia, and bacteria, among the ten most toxic classes of 

contaminants. For instance, Almeida et al., (2021) reported that EFV exhibited EC50 and NOEC values of 0.026 

mg/L and 0.016 mg/L, respectively, following an eight-day exposure to Ceriodaphnia dubia. Thus, EFV can be 

considered extremely toxic to C. dubia (Almeida et al., 2021). Additionally, Robson et al., (2017) observed that 

0.0103 µg/L of EFV induced significant liver damage and subsequently reduced long-chain triglyceride (Lct) 

levels in Oreochromis mossambicus after 96 hours of exposure, an effect similarly noted in humans (Blas-García 

et al., 2010). Furthermore, chronic toxicity tests over 28 days, as conducted by Pitso, (2020), demonstrated 

distinctive renal and liver toxicity in O. mossambicus. Omotola et al., (2021) reported that 0.1 mg/L of 3TC 

resulted in 100% mortality in Daphnia magna after 48 hours. Moreover, eight-day chronic toxicity assessments 

deploying 3TC on C. dubia revealed EC50 and NOEC values of 1.345 mg/L and 0.625 mg/L, respectively, 

highlighting the drug's toxicity to daphnia (Almeida et al., 2021). 

Conventional wastewater treatment plant (WWTP) processes, which rely predominantly on mixed bacterial 

consortia optimized for bulk organic matter removal, are ineffective at eliminating EFV. Consequently, previous 

investigations into EFV removal have focused mainly on advanced oxidation processes (AOPs), particularly 

UV/TiO₂ photocatalysis (Ncube et al., 2025) and other light-activated catalytic systems (Ngwenya et al., 2025). 

Although these technologies can attain exceptional removal efficiencies, they are often associated with high 

energy demands and, in some cases, the formation of potentially more toxic transformation products, thereby 

limiting their feasibility and scalability, especially in resource-constrained settings. This has prompted growing 

interest in biological alternatives; however, while microbial degradation has proven effective for other 

antiretroviral drugs such as abacavir, the literature addressing EFV biodegradation or bioremoval remains 

sparse. Most reported studies examine EFV removal as part of multicomponent pharmaceutical mixtures and 

frequently rely on non-bacterial organisms rather than targeted bacterial strains. To illustrate, Tenza and 

Mahlambi (2025) reported EFV removal efficiencies of 10 – 60% using microalgae over a 10-day period under 

controlled laboratory conditions. These findings collectively underscore a critical knowledge gap and highlight 

the need to identify and characterize specialized bacterial strains with the metabolic capability to degrade EFV. 

Accordingly, the present study seeks to isolate a novel Acinetobacter bereziniae strain from mine wastewater 

and to evaluate its suitability as an EFV-degrading bacterium, thereby advancing strain-specific bioremediation 

strategies beyond the limitations of conventional WWTP microbial communities. 

2. Materials and methods 

2.1 Chemicals 

The model contaminant, EFV, was obtained from Adcock Ingram. Tryptone Soya Agar (TSA) and Tryptone Soya 

Broth (TSB) were supplied by Oxoid Ltd. (Basingstoke, Hants, UK). Mineral salts medium (MSM) was prepared 

as described by Mpeta et al. (2025), supplemented with glucose 10 g/L. Analytical-grade methanol (99%), 

acetonitrile (99.9%) and hydrochloric acid (HCl, 32%) were obtained as solutions from Sigma-Aldrich. Glacial 

acetic acid (99%) was procured as a liquid from Glassworld. All reagents were used as received without 

additional purification, except for NaOH and HCl, which were diluted before they were used for pH adjustment. 

Deionised water produced by an Elga Purelab Flex 3 water purification system was used as the solvent for all 

experimental procedures. 

2.2 Measurements, values and units 

Contaminated soil samples were collected as grab samples from multiple locations, including both historical and 

freshly processed tailings dumps, at a small-scale gold mine in Chinhoyi, Zimbabwe. Samples were stored in a 

cooler box at 4 °C until further processing. These samples served as the source of the bacteria investigated in 

this study. 

2.3 Bacterial isolation and storage 

Bacteria were isolated from the contaminated soil samples to obtain naturally occurring strains indigenous to 

these harsh environments. A 0.5 g soil sample (stored at 4 °C) was inoculated into 150 mL of sterile nutrient 
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broth (TSB) supplemented with 1 mL of an EFV solution at 50 ppm and incubated in a shaking incubator 

(Scientific Labex Model 353) at 35 ± 2 °C, 120 rpm for 24 h. After 24 h, 0.8 mL of the TSB containing the bacteria 

was placed in sterilized 2 mL vials before adding 0.2 mL of 50% glycerol solution. Thereafter, the vials were 

placed in the −70 °C storage chamber. To revive the strain, the frozen vials were removed from the chamber 

for future use and loops were used to streak contents of the vials onto agar plates. The bacteria were left to 

grow for 24 h before either being stored for future use or inoculated into fresh TSB for growth. For the removal 

experiments, the bacteria inoculated in fresh TSB grew for 24 h to their stationary phase. Thereafter, it was 

harvested and concentrated via centrifugation and the resultant pellet was added to the flasks for ARV removal.  

2.4 Identification and characterization of functional isolates 

Characterization and taxonomic identification of bacterial isolates were carried out by 16S rRNA gene 

sequencing at a commercial facility (Inqaba Biotechnical Industries (Pty) Ltd., Pretoria, South Africa). Genomic 

DNA was extracted from the cultures using the Quick-DNATM Fungal/Bacterial Miniprep Kit (Zymo Research, 

Catalogue No. D6005). Amplification of the 16S rRNA gene was performed using universal bacterial primers 

16S-27F (AGAGTTTGATCMTGGCTCAG) and 16S-1492R (CGGTTACCTTGTTACGACTT). 

2.5 Bacterial growth measurements 

Growth parameters for A. bereziniae were set at a temperature range of 35 – 40°C, neutral pH and agitation at 

100 rpm as these are documented in literature as optimal conditions for bacterial growth (Mpeta et al., 2026). 

The optical density (OD) of the bacterial culture was measured at a wavelength of 600 nm (OD600), to estimate 

the concentration of bacterial cells in the liquid culture. Aliquots were taken at hourly intervals and OD600 was 

measured using a VWR, UV–Vis spectrophotometer. 

2.6 Chemical analysis methods 

The surface morphology of A. bereziniae was investigated by Scanning Electron Microscopy (SEM) Zeiss Ultra 

Plus Instrument. While the interfacial interactions and bacterial ultrastructure were analysed using a Field 

Emission Transmission Electron Microscopy (JEOL JEM-2100F TEM). To quantify EFV removal aliquots of 

EFV-containing samples were also collected at hourly intervals, filtered, and analyzed by high-performance 

liquid chromatography (HPLC) using a Waters Alliance 2695 system equipped with a UV–Vis detector and 

autosampler. Chromatographic separation was achieved on a Waters PAH C18 column. Data acquisition and 

processing were performed using Empower software. Isocratic elution was carried out at 35 °C with a mobile 

phase consisting of 65% (v/v) acetonitrile and 35% (v/v) buffer solution adjusted to pH 3.5. Thereafter, removal 

efficiency was computed using Equation 1 below: 

 

• 𝑅𝑒𝑚𝑜𝑣𝑎𝑙 𝑒𝑓𝑓𝑖𝑐𝑖𝑒𝑛𝑐𝑦 =  
𝐶0−𝐶𝑡

𝐶0
× 100 % 

 

• (1) 

3. Results and discussion 

3.1 Isolation, identification and characterization of A. bereziniae 

The characterization of the bacterial strains was conducted on colonies grown on tryptone soy agar by Inqaba 

Biotechnical Industries Private Limited, which gave the photographic image of the 16S target region, BLAST 

results and 16S report (Table 1). The bacteria strains were identified as Acinetobacter bereziniae (A. 

bereziniae). 

Table 1: Bacterial identification results (16S) showing similarity between the sequence queried and the 

biological sequences within NCBI database. 

Name of sample M.M CS 3 03/02/2025 

Request ID UBGJMD4G016 

Predicted organism Acinetobacter bereziniae 

GenBank accession NR_117625.1 

E-Value 0 

HSP Length 1437bp 

% Identity 99.72% 

 

SEM imagery of A. berezinae (Figure 1a) revealed short, plump rod-shaped bacteria, coccobacilli with a textured 

morphology similar to rod to coccus shaped observed by Nemec et al. (2010) in the Acinetobacter spp. While 

TEM (Figure 1b) depicts individual ultrathin cells with dense cytoplasmic granules plausibly representing 

glycogen storage, predominantly reported in nutrient -constrained Acinetobacter cultures (Koning et al., 2023). 
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Figure 1: a) SEM and b) TEM images showing A. berezinae morphology and size 

3.2 Bacterial growth in the presence of EFV 

Growth of A. bereziniae in the presence of EFV was monitored via OD600 over 24 h, exhibiting a multiphasic 

profile indicative of adaptive response, as seen in Figure 2a. OD600 increased rapidly from ≈ 0.1 to 1.3 within 

the first 2 h, likely reflecting initial utilization of residual medium nutrients and inherent EFV tolerance, consistent 

with the metabolic versatility of Acinetobacter spp. (Wang et al., 2018). This was followed by a sharp decline to 

near zero by 4 h, attributable to EFV-mediated growth inhibition or cell lysis, as observed in other bacteria such 

as Enterococcus faecalis (Ray et al., 2021). A prolonged lag phase ensued until ≈ 12 h, after which regrowth 

occurred, reaching OD600 ≈ 0.9 by 24 h. This delayed recovery suggests metabolic adaptation enabling partial 

utilization of EFV or its transformation products as carbon sources, analogous to fluoroquinolone 

biotransformation in A. baumannii involving aromatic ring cleavage and substitution (Shaker et al., 2022). These 

findings underscore the catabolic potential of A. bereziniae for pharmaceutical bioremediation. 

3.3 Bioremoval of EFV 

Acinetobacter bereziniae exhibited effective removal of EFV, achieving >50% removal within 24 h under 

optimized experimental conditions (Figure 2b). The temporal removal profile shows a progressive and sustained 

decrease in EFV concentration, demonstrating the capacity of A. bereziniae to mediate the biological 

transformation of this compound. During the initial phase (0–4 h), the bacteria preferentially utilize glucose, a 

readily assimilable carbon source present in the MSM or other organic constituents of the medium, thereby 

supporting rapid initial growth. Upon depletion of this primary substrate, a transient growth arrest is observed 

(4–5 h), corresponding to the period required for the induction of enzymes and metabolic pathways necessary 

for the utilization of the secondary, less preferred substrate, namely EFV and/or its early transformation products. 

Following this adaptation phase (5–24 h), bacterial growth resumes on EFV (or its metabolites), which coincides 

with active removal of the parent compound. 

This metabolic behaviour aligns with the well-documented catabolic versatility of Acinetobacter spp., which are 

known to harbour an extensive repertoire of oxygenases and hydrolases capable of cometabolically degrading 

structurally complex and hydrophobic organic contaminants (Wang et al., 2018). The initially steeper decline in 

EFV concentration suggests a phase of rapid microbial adaptation and preferential transformation of more labile 

molecular moieties, whereas the subsequent plateau phase likely reflects the persistence of halogenated and 

fluorinated functional groups that are inherently resistant to enzymatic cleavage. Similar removal patterns have 

been reported in previous studies, with EFV removal efficiencies ranging from approximately 98% over 10 days 

in moving bed biofilm reactors (Mokgone et al., 2022) to less than 50% within 4 h using laccase-mediated 

oxidation (Malati et al., 2023) thereby highlighting the kinetic constraints associated with both enzymatic and 

microbial degradation pathways. 

The removal of EFV by A. bereziniae followed pseudo–first–order kinetics, indicating that the removal rate was 

primarily controlled by substrate availability at the relatively low EFV concentrations employed (Çeçen and Gül, 

2021). The estimated rate constant of 0.044 h-1 and the corresponding half-life of 15.6 h are indicative of 

moderate yet sustained removal, which is consistent with the recognized recalcitrance of EFV arising from its 

aromatic and halogenated structural features. Collectively, these results confirm the predictable kinetic 

behaviour and degradation performance of A. bereziniae and support its potential application in biologically 

enhanced wastewater treatment systems for the removal of ARV drugs. 
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Figure 2: Optical density at 600nm showing multiphasic growth of A. berezinae in 24 hr during the removal of 

EFV a) and b) EFV removal mediated by A. bereziniae during 24 h incubation. 

4. Conclusions 

The removal of EFV by A. berezinae displays moderate efficiency, with a removal rate > 50%. Growth in an 

EFV-laced medium resulted in a diauxic growth profile, consistent with EFV functioning as a non-preferred 

primary carbon source. Although the observed removal is ascribed to biological activity, additional 

investigations, including metabolite identification by LC–MS, are required to conclusively delineate the removal 

pathway. Nonetheless, the partial transformation of EFV likely yields assimilable intermediate metabolites 

following the initial enzymatic attack, thereby providing a secondary substrate that sustains subsequent growth. 

Future work will focus on elucidating the underlying removal mechanisms, specifically to determine whether 

EFV elimination occurs predominantly through adsorption to the cell surface, biosorption, or intracellular 

accumulation. In parallel, the identification and characterization of intermediate compounds formed during EFV 

transformation, as well as the enzymes implicated in EFV removal, will be pursued. 
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