
Journal of Genetic Engineering and Biotechnology 22 (2024) 100349
Contents lists available at ScienceDirect

Journal of Genetic Engineering and Biotechnology

journal homepage: www.elsevier .com/locate / jgeb
AraC transcriptional regulator, aspartate semialdehyde dehydrogenase and
acyltransferase: Three putative genes in phenol catabolic pathway of
Acinetobacter sp. Strain DF4
https://doi.org/10.1016/j.jgeb.2023.100349
Received 23 November 2023; Accepted 3 December 2023
Available online 22 January 2024
1687-157X/© 2024 The Author. Published by Elsevier B.V. on behalf of Academy of Scientific Research and Technology.
This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

E-mail address: abdelhaleemm@yahoo.de
Desouky Abd-El-Haleem
Environmental Biotechnology Department, Genetic Engineering and Biotechnology Institute, City of Scientific Research and Technological Applications, Burgelarab, Alexandria, Egypt
A R T I C L E I N F O

Keywords:
Putative genes
Differential Display‐ Random primers
Phenol catabolic pathway
AraC transcriptional regulator
Dehydrogenase
Acetyltransferase
Transcriptional factors
A B S T R A C T

The objective of this study was to identify genes associated with the biodegradation of phenol by Acinetobacter
sp. strain DF4 through the use of differential display (DD) methodology. The bacteria were grown in YEPG
medium, and total RNA was extracted and analyzed using labeled primers to detect gene expression differ-
ences. Three distinctively expressed cDNA bands (ph1, ph2, and ph3) were identified, cloned, and sequenced.
DNA analysis involved searching for open reading frames (ORFs), verifying results with the NCBI database, pre-
dicting promoter regions, and constructing phylogenetic trees using bioinformatics tools. The ph1 gene dis-
played a 97% identity with the AraC transcriptional regulator, suggesting its potential role in regulating the
ortho‐catabolic pathway of phenol. The ph2 gene showed a 98% identity with aspartate semialdehyde dehydro-
genase, which is involved in phenol degradation. The ph3 gene had a 93% identity with acetyltransferase.
Essential transcription factors, such as TATA, GTGTGT, CACA, and CTTTT, were detected, and the three genes
promoter regions were predicted. This study successfully identified functional genes involved in the metabo-
lism of cyclic chemicals, particularly phenol, using the DD technique. These findings provide insights into
the biodegradation pathways of phenol by Acinetobacter sp. Strain DF4 and may contribute to the development
of more efficient bioremediation strategies for phenol‐contaminated environments.
1. Background

Phenol, a common industrial pollutant, is frequently found in efflu-
ents from diverse sectors such as oil refineries, petrochemical plants,
coal conversion processes, steel plants, ceramic plants, and phenolic
resin industries1. Its presence poses a significant threat to aquatic
ecosystems due to its toxicity to aquatic organisms at low concentra-
tions. Furthermore, phenol is a persistent pollutant, resisting biodegra-
dation because of its aromatic structure. Therefore, the development of
efficient and sustainable methods for phenol removal is imperative2. In
this context, bioremediation emerges as an environmentally friendly
and cost‐effective solution for phenol removal. To achieve efficient
and sustainable treatment methods, a deeper understanding of factors
influencing phenol degradation is essential, such as the type of
microorganism, phenol concentration, and the presence of other con-
taminants. The use of mixed cultures and genetically modified
microorganisms holds promise for enhancing phenol
bioremediation2–3Fig. 1.
The aerobic degradation of phenol involves a complex catabolic
pathway that transforms phenol into harmless intermediates, allowing
their entry into the tricarboxylic acid (TCA) cycle for energy produc-
tion3. Initiated by phenol hydroxylase, an enzyme catalyzing the
hydroxylation of the benzene ring, this process produces catechol—a
crucial intermediate acting as a pivotal branching point for two dis-
tinct pathways: the ortho pathway and the meta pathway4. In the ortho
pathway, catechol undergoes cleavage by catechol‐1,2‐oxygenase,
resulting in the formation of 2‐hydroxymuconic semialdehyde. This
intermediate undergoes further enzymatic transformations leading to
the production of 3‐oxoadipate, which readily integrates into the
TCA cycle. Conversely, the meta pathway involves the cleavage of cat-
echol by 2,3‐dioxygenase, yielding 2‐oxo‐3‐hydroxymuconate. Subse-
quent enzymatic reactions convert this intermediate into pyruvate
and acetaldehyde, both of which can enter the TCA cycle4.

The bacterium Acinetobacter sp. strain DF4 is a proficient phenol‐
degrading organism, capable of degrading phenol at an impressive rate
of 500 mg/L within a mere 15 hours5. Investigations into the catabolic

http://crossmark.crossref.org/dialog/?doi=10.1016/j.jgeb.2023.100349&domain=pdf
https://doi.org/10.1016/j.jgeb.2023.100349
http://creativecommons.org/licenses/by-nc-nd/4.0/
mailto:abdelhaleemm@yahoo.de
https://doi.org/10.1016/j.jgeb.2023.100349
http://www.sciencedirect.com/science/journal/1687157X
http://www.elsevier.com/locate/jgeb


D. Abd-El-Haleem Journal of Genetic Engineering and Biotechnology 22 (2024) 100349
pathway employed by this strain reveal high activities of both catechol
1,2‐dioxygenase and phenol hydroxylase, indicating the utilization of
the ortho pathway for phenol degradation4. Notably, during the sta-
tionary growth phase, the maximum dioxygenase activity observed
was 0.68 mg indigo/mg protein/min, highlighting the robust meta-
bolic capacity of this strain for phenol metabolism. To delve deeper
into the genetic mechanisms governing phenol degradation in Acineto-
bacter sp. strain DF4, the present study employed the Differential Dis-
play (DD) approach—a technique facilitating the identification of
differentially expressed genes under varying environmental condi-
tions. DD identified three novel genes upregulated during phenol
degradation in Acinetobacter sp. strain DF4, likely involved in diverse
aspects of phenol metabolism. Subsequent exploration of these genes
promises valuable insights into the molecular intricacies of phenol
degradation in this strain.

2. Methods

2.1. Cultivation of Acinetobacter sp. DF4 and total RNA extraction

To cultivate Acinetobacter sp. DF4, we utilized yeast extract peptone
glucose (YEPG) medium in 250‐ml flasks at 30 °C6. The medium com-
position included 1.0 g of dextrose per liter, 2 g of Polypeptone per
liter, 0.2 g of yeast extract per liter, and 0.2 g of NH4NO3 per liter,
with a pH of 7.0. After an overnight incubation, 2 mL of the culture
was transferred into 50 mL of fresh YEPG media. The culture was
allowed to reach the mid‐log phase of growth (OD 600 ca. 0.4). Subse-
quently, 3 mL of the culture was divided into two flasks, one contain-
ing 200 mM phenol and the other without. After 120 min, samples
were withdrawn for total RNA isolation using RNeasy columns (Qia-
gen, Chatsworth, Calif.) following the manufacturer's recommended
procedure.

2.2. Differential display (DD) procedure

As outlined in the schematic diagram, the Differential Display (DD)
procedure employed an arbitrary set of 10‐bp 32P‐labeled primers
Fig. 1. Schematic Diagram of the Differential Display A
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obtained from a commercial source (Genosys Biotechnologies, Wood-
lands, Tex., USA) to distinguish gene expression differences6. Specific
conditions were maintained in the RT‐PCR experiment, including the
addition of 50 U of Moloney Murine Leukemia Virus (M−MLV) Rev-
erse Transcriptase, 0.2 g of total RNA, 0.4 mM of primer, and 1 mM
of M−MLV Buffer in a 20 µL reaction volume. The RT reaction was
carried out with a thermocycler (model 480; Perkin‐Elmer, Norwalk,
Conn.) using the following program: ramp from 50 to 30 °C for
15 min; 37 °C for 1 h; 95 °C for 5 min; and incubation at 4 °C. Follow-
ing the RT‐PCR, denaturing loading dye was added to the products,
which were then incubated in a 95 °C water bath for 3 min.

The PCR products were loaded onto a 4.5 % Denaturing Acry-
lamide Gel and subjected to a two‐hour run on an LR Sequencing
Apparatus at 2700 V. The gel was exposed to BioMaxMR film for 12
to 24 h at room temperature for visualization and analysis of gene
expression patterns influenced by the experimental conditions. The
three obtained differential cDNA bands (ph1, ph2, and ph3) were
detected by a side‐by‐side comparison of induced and uninduced
PCR products on an autoradiogram. Gel bands were localized and
eluted as previously described6. The excised fragments were reampli-
fied and gel‐purified, and the identified PCR reamplified segments
were cloned into the pCR 2.1 vector (Invitrogen, San Diego, Calif.) fol-
lowing the manufacturer’s protocols. The presence of inserts was
checked by electrophoresis into 1 % low‐melting‐point agarose after
restriction with EcoRI.

2.3. DNA sequencing and analysis

Sequences of the expressed bands ph1, ph2, and ph3 were deter-
mined with an automated apparatus (model 373a; Applied Biosys-
tems) at the University of Tennessee Molecular Biology Resource
Facility. The DNA analysis approach involved searching for open read-
ing frames (ORFs), validating the results using the NCBI database, pre-
dicting promoter regions, and constructing phylogenetic trees.
Bioinformatics tools, such as ORF Finder (https://www.ncbi.nlm.nih.-
gov/orffinder/) and the NCBI database (https://blast.ncbi.nlm.nih.-
gov/Blast.cgi), were used for precise identification and validation of
pproach from Culturing to DNA Sequence Analysis.
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coding sequences. Promoter regions were predicted using bioinforma-
tics tools available at the website (https://www.fruitfly.org/seq_tools/
promoter.html). Conserved motifs and regulatory elements inside each
gene were searched according to published literature. DNA sequences
were aligned with similar sequences using Clustal W27, and phyloge-
netic trees were constructed using the neighbor‐joining algorithm.
The TreeView software8 was used to enhance the visual representation
of the phylogenetic trees.
3. Results and discussion

The results obtained through RT‐PCR and subsequent analysis pro-
vides insight into the molecular responses of Acientobacter sp. DF4 to
phenol stress. The detection of three differently expressed bands, Ph1,
Ph2, and Ph3, suggests that phenol exposure triggers the expression of
specific genes in this bacterium. The total nucleotide base pairs of
these bands are 890, 527, and 477, respectively. The fact that only pri-
mer out of ten (3‐CGAAGCGATC‐ 5) was able to amplify these bands
indicates that these genes are specific to phenol stress and may play
a crucial role in the bacterium's survival under these conditions. The
absence of differentiation bands in the culture without phenol further
supports this notion6.

The sequencing and phylogeny analysis (Fig. 2, A, B and C) of the
DNA fragments revealed that Ph1 shares a high degree of similarity
with the Acientobacter AraC family transcriptional regulator, suggest-
ing that it may be involved in regulating gene expression in response
to phenol stress. The AraC family of transcriptional regulators is
known to be involved in the regulation of aromatic compound metabo-
lism, and their activation has been linked to the induction of genes
involved in detoxification and degradation pathways9–10. Ph2, on the
other hand, exhibited a high degree of similarity with aspartate‐
semialdehyde dehydrogenase, an enzyme involved in the biosynthesis
of lysine, threonine, and methionine. The presence of this gene in
response to phenol stress may suggest that the bacterium is utilizing
alternative metabolic pathways to cope with the toxic effects of phe-
nol. Finally, Ph3 displayed a high degree of similarity with acetyltrans-
ferase, an enzyme involved in the modification of various
biomolecules, including proteins and nucleic acids. The role of this
gene in phenol stress response is less clear, but it may be involved in
the modification of proteins or nucleic acids in response to phenol
stress12. Therefore, the results obtained through RT‐PCR, sequencing,
and phylogeny analysis suggest that phenol stress triggers the expres-
sion of specific genes in Acientobacter sp. DF4, including a transcrip-
tional regulator, an enzyme involved in amino acid biosynthesis, and
an acetyltransferase. These findings provide insights into the molecu-
lar responses of this bacterium to phenol stress and may have implica-
tions for understanding the mechanisms by which bacteria cope with
environmental stressors13.

The analysis of the Ph1 gene sequence reveals a notable abundance
of transcription factors dispersed throughout its length. As depicted in
Fig. 3(A), the sequence contains several regulatory elements, including
the HoxC4 binding site ATTTGAAT, the metal transcription factor
binding site GCACA, and the flanking nucleotides CATTA, all of which
are crucial for gene regulation14–16. Additionally, the presence of well‐
known transcription boxes, such as TATA, GTGT, CTTTT, CATC,
CCAAT, AAAG, CACA, CAAT, GGGTCA, TTTGAA, GATA, and
AATAAA, further confirms the regulatory potential of the Ph1 gene17.

The metal binding site in the Ph1 sequence suggests that it func-
tions as a potent transcription factor that activates gene expression17.
Mojica et al.11 have identified the palindromic regulator character
GAAC as a short repetition with regular spacing, which is intriguing
given its potential role in coherent CRISPR Cas9 cleavage, a crucial
process for editing bacterial DNA fragments16. In contrast, the pyrim-
idine box motif is known to induce hydrolase gene promoters18.
The TATA box, on the other hand, is a type of promoter sequence that
3

specifies the starting point of transcription, defines the direction of
transcription, and identifies the DNA strand to be read19. Moreover,
the CCAAT motif has been shown to be crucial for optimal transcrip-
tional activity in several laboratory studies20. The CATC box, which
is believed to be essential for the specific expression of proteins reflect-
ing an increase in the ortho catabolic pathway of phenol, is also pre-
sent in the Ph1 segment21. Previous research has identified the
inverse of the CACA motif to GTGT as the motif with the highest over-
representation in non‐coding areas of T. annulata and T. parva22.

The locations and length of the promoter consensus sequence of
Ph1 were also predicted, revealing the presence and overlap of the
CACA box (green letters), the metal‐responsive binding site GCACA
(strong red highlight), and AT‐rich sites as part of the regulatory pro-
moter region (Fig. 3A). These findings suggest that the Ph1 gene is sub-
ject to complex regulatory mechanisms that contribute to its
expression and function. Further research is required to elucidate the
precise roles of these transcription factors and regulatory elements in
the regulation of the Ph1 gene.

The predicted open reading frames (ORFs) of the Ph1 sequence
reveal the presence of a gene with significant similarity to the AraC
family of transcriptional regulators found in Acinetobacter. This simi-
larity suggests that the Ph1 gene may also function as a transcriptional
regulator. The AraC family of proteins, including MarA, is known to
interact with target DNA sequences through helix‐turn‐helix pat-
terns23, and the Ph1 sequence contains a CCAC‐N7‐TAA binding

domain24 similar to that found in MarA as follow (CCACATGT-

TAAAACCAATGAAAGGGTCATTTAAATAA). This binding domain is
located between positions 523 and 597 in the Ph1 sequence (high-
lighted in purple in Fig. 3A).

MarA is a transcriptional activator that controls the Mar regulon in
Escherichia coli, and its expression provides resistance to various drugs,
oxidative stresses, and chemical solvents25. The regulatory proteins
belonging to the AraC family, including MarA, bind target DNA sites
in a similar manner, with sequence specificity primarily obtained from
interactions between the recognition helices and bases in the major
groove, as described by Rhee et al.26. These findings suggest that the
sequence similarity between the Ph1 gene and the AraC family raises
the possibility that this gene may have evolved through horizontal
gene transfer from a related bacterial species. The presence of a
CCAC‐N7‐TAA binding domain in the Ph1 sequence suggests that this
gene may have a role in regulating gene expression in response to envi-
ronmental stresses, similar to the MarA gene in Escherichia coli.

The DNA sequence of the second differentially derived fragment,
known as Ph2, showed a similarity of >98 % to the aspartate semi-
aldehyde dehydrogenase gene, which is found in almost all Aciento-
bacter species (Fig. 2 B). Aspartate‐semialdehyde dehydrogenase is
an enzyme that helps produce various amino acids from aspartate27.
Phenol hydroxylase is responsible for converting phenol to catechol.
Other enzymes in the cleavage pathway of catechol include aldehyde
dehydrogenase, which uses the ring cleavage products from catechol,
4‐methyl‐2‐hydroxymuconic semialdehyde, and 3‐methylcatechol as
substrates. These products include 2‐hydroxymuconic semialdehyde
and 2‐hydroxy‐6‐oxo2,4‐heptadienoate, which have been shown to
be preferred substrates for the dehydrogenase28.

Fig. 3B shows a promoter region in the Ph2 DNA sequence. The
gene boxes CTTTT, TATA, CACA, AAAG, AATAAA, and CAAT were
detected in the ph2 sequence (highlighted in bold green letters). Addi-
tionally, the transcription factors HoxC4 binding site ATTTGAAT (in a
blue box), the flanking sequence CATTA (in a light red box), and a
cohesive cleavage of the CRISPER Cas9 DNA fragment AATTTGG (in
an orange box) were identified11–13. It is worth noting that three tran-
scription regulatory elements ‐CCA, AAAG, and AATAAA‐ are present
in the promoter region (Fig. 3B). According to Mehrotra et al.29, the
transcription factors that make up the gene component AAAG have a
single, highly conserved zinc finger. The entire process of gene expres-
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Fig. 2. The phylogenetic tree of differentially expressed DNA segments in Acinetobacter sp. strain DF4 under phenol stress, utilizing the DD approach. The bands,
Ph1, Ph2, and Ph3, correspond to A, B, and C, respectively. The N-BLAST tool facilitated sequence comparison against databases, and the resulting phylogenetic
tree was crafted through the neighbor-joining method.
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sion is aided by polyadenylation, which is used to produce mature
mRNA for translation. The fact that it exists demonstrates that the
sequence is not a pseudo gene30.

Using the same search parameters as before with Ph1, an analysis
of the Ph2 sequence revealed a single open reading frame (ORF)
with a size range of 28 to 240 base pairs. This ORF showed high
similarity (>97 %) to three proteins: the Asd/ArgC dimerization
domain‐containing protein from Acinetobacter baumannii
4

(WP_019204636), semialdehyde dehydrogenase from Acinetobacter
baumannii 25569_7 (EYS16690), and semialdehyde dehydrogenase
from Acinetobacter baumannii 1,465,485 (EXB60716). Protein dimer-
ization plays a crucial role in regulating many physiological pro-
cesses, including enzyme activation, transcriptional cofactor
recruitment, signal transmission, and pathogenic pathways. When
organisms are exposed to internal or external stimuli in their natural
environment, the regulation of protein dimerization is a critical step



Fig. 3. Putative DNA response elements and binding sites for transcription factors present in Ph1, Ph2 and Ph3 DNA segments, respectively. The promoter regions
and their transcription factors and/or binding sites are presented below each one of them.
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for growth and development31. This domain contains enzymes such
as N‐acetyl‐glutamine semialdehyde dehydrogenase (AgrC), which
is involved in arginine biosynthesis, and aspartate‐semialdehyde
dehydrogenase, which is involved in the production of several amino
5

acids from aspartate. The high similarity between the Ph2 ORF and
these proteins suggests that the Ph2 gene may also be involved in
amino acid biosynthesis or regulation, potentially through protein
dimerization32.
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Ph3 is the third gene fragment obtained using the DD technique,
sharing 90–93 % similarity with the Acinetobacter acetyltransferase
gene family. Its sequence contains transcriptional binding sites, such
as CTTTT, TATA, CCAAT, CACA, CATC, and AAAG, as well as a metal
transcription activation site, GCACA (Fig. 3C). The promoter region
(Fig. 3C) contains essential elements for optimal transcriptional activ-
ity, including CAAT and the highly conserved zinc finger AAAG, as
well as potential regulatory components CATC. With an identity of less
than 95 %, the Ph3‐positive stranded ORF (9–477 bp) belongs to the
putative acetyltransferase YihG of Acinetobacter baumannii
(AXU43955) and Acinetobacter pitti (AMX18444). Gu et al.33 discov-
ered that acetyl‐CoA acetyltransferase, which converts b‐ketoadipate
into succinyl, is a significant phenol catabolic enzyme in the catechol
branch of the ortho‐cleavage pathway in Acinetobacter DW‐1. There-
fore, Ph3 is a potential gene involved in Acinetobacter phenol degrada-
tion pathway.

The gene Ph3, encoding a stranded ORF (9–477 bp), belongs to the
putative acetyltransferase YihG in Acinetobacter baumannii
(AXU43955) and Acinetobacter pitti (AMX18444), with a low identity
of less than 95 %. Acetyl‐CoA acetyltransferase, which converts
β‐ketoadipate into succinyl, is a crucial enzyme in the catechol branch
of the ortho‐cleavage pathway for phenol degradation in Acinetobacter
DW‐133. Therefore, Ph3 is a strong candidate for involvement in the
phenol degradation pathway in Acinetobacter, as highlighted through
a partial characterization of the pathway using a differential display
strategy based on gene‐associated activities in Acinetobacter sp. Strain
DF4.

Based on the results of differential display (DD) analysis, three frag-
ments, Ph1, Ph2, and Ph3, were identified as potentially involved in
the ortho‐catabolic pathway for phenol degradation. To further inves-
tigate these fragments, two approaches can be taken: (1) making
assumptions about the functions of gene regions, known as gene func-
tion boxes, or (2) grouping sequences based on similarity and evaluat-
ing their similarity to one another34. By using the latter approach,
transcriptional factors were identified in the putative genes Ph1,
Ph2, and Ph3, which are likely shared signals for most transcriptional
and translational regulators. This suggests that screening for transcrip-
tion factors and identifying stress‐responsive binding sites may be use-
ful techniques for estimating a species' capacity for environmental
plasticity and niche‐specific adaptation. The presence of upregulation
elements, such as the CACA consensus sequence and CATC boxes, sug-
gests that they may play a role in overall gene regulation rather than
being exclusive to the expression of specific genes. The presence of
upregulated components supports the idea that phenol biodegradation
occurs through the ortho‐cleavage of the ring.35.

The study identified three genes, Ph1, Ph2, and Ph3, which play a
role in the expression of pathways related to phenol catabolism in
Acinetobacter. Ph1 encodes the AraC transcriptional regulator, which
is involved in regulating the expression of genes in the phenol
ortho‐catabolic pathway. Ph2 encodes Aspartate Semialdehyde Dehy-
drogenase, an enzyme that catalyzes the conversion of aspartate semi-
aldehyde to aspartate in the phenol ortho‐catabolic pathway. Ph3
encodes an Acetyltransferase, which may also be involved in the
phenol ortho‐catabolic pathway. These genes were successfully func-
tionalized using the Directed Discovery (DD) approach, which allows
for the identification and characterization of expressed genes involved
in the metabolism of cyclic compounds, particularly phenol.
4. Conclusion

In this study, we employed RT‐PCR, sequencing, and phylogeny
analysis to delve into the molecular response of Acinetobacter sp.
DF4 to phenol stress. Utilizing the differential display technique
(DD), we uncovered three key genes—Ph1, Ph2, and Ph3—that exhib-
ited varied expression levels in the presence of phenol. Through
6

sequence analysis, we identified Ph1 as a member of the AraC family
transcriptional regulator, indicating its potential role in regulating
gene expression in response to phenol stress. Ph2, resembling
aspartate‐semialdehyde dehydrogenase, suggests the activation of
alternative metabolic pathways. The examination of promoter regions
for Ph1 and Ph2 revealed a complex gene regulation network involv-
ing various transcription factors. Furthermore, Ph3, akin to acetyl-
transferase genes, hints at its involvement in the phenol degradation
pathway. In summary, this study offering valuable insights into the
intricate molecular mechanisms at play. These findings significantly
contribute to our understanding of bacterial adaptation to environ-
mental stress and hold promise for potential applications in phenol
biodegradation and bioremediation strategies.
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