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Original Research Article

 Morphological adaptations of Paenibacillus dendritiformis VSR 204 under extreme metal stress
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Introduction

Heavy metals cause metal toxicity on prolonged exposure even at lower concentration in living beings hence, they are considered as significant environmental pollutants (Sterritt and Lester, 1980; Nies, 1999; Bruins et al., 2000). Copper, Lead and Zinc are classified under toxic heavy metals (Wood, 1974). Although copper and zinc heavy metals  are essential for normal functioning of the body in both humans and plants but at higher doses and prolonged exposure they can cause metal toxicity in both (Schwartz et al., 2003; Zhang et al., 2011). Lead exhibit high level of metal toxicity even at lower concentration (Mahdi et al., 2021). Their exposure can damage our internal organs like liver, heart, kidney and central nervous system (Muhammad et al., 2014; Samaila and Maidamma 2020). This metal toxicity would be reduced by using micro-organism showing metal tolerance mechanisms in them and regulate the metal ion accumulation in the environment (Spain and Alm 2003). Under extreme metal level bacteria can adopt several resistant mechanisms like extra cellular barrier, efflux system, Sequestration (either extra cellular or Intracellular), Exo polysaccharide production or Bio film formation (Nucifora et al., 1989; Nies and Silver, 1995; Nies, 1999; Outten et al., 2000). Hence application of such metal resistant bacteria is the best choice for metal remediation in contaminated sites (Principi et al., 2006; EI Bestawy et al., 2013). Nonetheless, most of the bacteria form biofilms by forming a covering layer around them and posses one of the distinctive property of resistance to antimicrobials and heavy metals (Chouduri and Wadud, 2014). This covering is an extracellular polysaccharide substance (EPS) consisting of polysaccharides, proteins, and nucleic acids (Platt et al., 1985; Whitfield, 1988; Sutherland 2001; Flemming and Wingender, 2001; Whitchurch et al., 2002;).  A majority of researchers have reported the role of these biofilms in the removal of heavy metals from the environment (Ferris et al., 1989; Liehr et al., 1994; Huang et al., 2000; Labrenz et al., 2000) and the use of biofilms to remove heavy metals from wastewater has been investigated (White and Gadd 1998; Von Canstein et al., 1999). A bacterium called Pseudomonas aeruginosa found to sequester heavy metals and keep them on its surface by biofilm formation were studied under electron microscope (Langley and Beveridge, 1999). Considering this, a study was carried out on the relative toxicities of Cu, Zn and Pb for biofilm formation in the metal tolerant bacteria Paenibacillus dendritiformis VSR 204 isolated from the metal contaminated site by using Scanning Electron Microscope (SEM). Simultaneously metal uptake and localization was studied by EDX. 

In addition, FT-IR analysis was performed on the bacterial biomass acclimated to the growth-inhibitory concentrations of Cu, Zn, and Pb to identify the functional groups involved in metal chelation. SEM studies validated that the biofilm protected the bacterium by limiting the sorption of heavy metals into the bacterial cell. At growth-inhibitory concentrations of Cu and Pb, the exterior of the biofilm was disturbed compared to the control. Surprisingly, in Zn-treated cells, the biofilm remained undisturbed, similar to the control. This study confirmed that Paenibacillus dendritiformis VSR 204 is not susceptible to Cu, Zn and Pb metal exposure even at their growth inhibitory concentration by biofilm formation.  Corresponding to the functional groups involved in metal absorption multiple peaks were obtained in FT-IR. This work determined the growth inhibitory concentrations Cu, Zn and Pb on Paenibacillus dendritiformis VSR 204 by using SEM–EDX studies along with their functional groups involved in metal sorption. 

Material & Methods
Bacterial Culture used in this study

The bacterial culture used in this study is Paenibacillus dendritiformis VSR 204. It was previously isolated from the industrial effluent point, Tanuku Sugar factory, West Godavari district, Andhra Pradesh. Periodically the culture was sub-cultured by following standard sub culturing procedure and stored in refrigeration temperature for further metal stress experiments. Its 16S rRNA gene sequences were also available in the NCBI.

Metal tolerance study

Previously the bacterium had shown metal tolerance up to 1000ppm against CuCl2, ZnCl2 and PbCl2. This was observed when the bacteria were cultivated in a nutrient broth for 48 hours at 37°C and a pH of 7.2 (data not shown). In order to enhance its metal tolerance capacity, adjustments were made to the growth conditions, following the methods outlined by Rajeshkumar and Kartic 2011 and Devika et al. 2013. Glucose broth (For 100 ml preparation- 6.0.g- glucose, 4.0.g- yeast extract, and 0.2g- glutamine and 2.5g.- NaCl and pH 7.0) supplemented with different concentrations of CuCl2, ZnCl2 and PbCl2 (1000ppm to 10000 ppm) were prepared. Into each dilution 1 ml of bacterial culture was inoculated under aseptic conditions. All the tubes were incubated for 48 to 72 hours at 30oC in an orbital shaker cum incubator at 150rpm. After appropriate incubation period O.D of each tube was recorded at 620 n.m using spectrophotometer. Experiment was triplicated for accuracy. 

SEM-EDX study

To observe the morphological changes in bacteria in metal stress environment Scanning electron microscopy was carried out using a standard protocol (Palanivel et al., 2020; Tunali et al., 2006). 

Pretreatment procedure

For SEM analysis bacterial cells were grown in glucose broth supplemented with 4000ppm CuCl2, 8000 ppm ZnCl2 and 3000ppm PbCl2 for 72 hours at 37oC (Metal Treated samples). For control, bacterial culture was inoculated in glucose broth without any metal. After appropriate incubation period cultures were centrifuged at 14000 rpm for 5 min at 20oC. Pellet was collected in this step from each sample.

The collected pellet was washed thoroughly for three times using Phosphate Buffer Saline (PBS). A fixative solution of 0.25% glutaraldehyde at pH 7.2 was introduced, initiating 30-minute incubation at room temperature, which was followed by an overnight incubation at 4°C. Subsequent to this, the pellets underwent another three washes with Sodium Phosphate buffer and were then centrifuged at 10000 rpm for 5 minutes. For dehydration, an ethanol gradient ranging from 40% to 100% was employed. During the 40-90% gradient, pellets were incubated for 10 minutes each, while at 100%, incubation extended to 1 hour, coupled with spin-down steps each time.

In readiness for scanning electron microscopy (SEM) and energy-dispersive X-ray (EDX) analysis, an SEM stub was prepared by affixing adhesive tape to it, followed by placing the bacterial sample onto the tape. To optimize micro graph quality, the samples were coated with a layer of gold prior to being submitted to the Central Research Facility (CRF) at IIT Delhi. SEM analysis was performed using the Carl Zeiss EVO 18 SEM model from Germany, operating at an acceleration voltage of 30 kV. The dry forms obtained were sent to CRF IIT Delhi for SEM along with EDX analysis (Model: EVO 18 SEM from Carl Zeiss, Germany, and EHT- 200V – 30 KV). To improve the quality of micro graphs samples were coated with gold.
FT-IR study 
Sample preparation

For FT-IR analysis, bacterial culture underwent both metal-treated and untreated conditions. Metal-treated samples were prepared by introducing 1 ml of bacterial culture into glucose broth containing CuCl2 (4000 ppm), PbCl2 (3000 ppm), and ZnCl2 (8000 ppm). In contrast, control samples were created without any metal supplementation. After a 72-hour incubation at 37°C, centrifugation at 12000 rpm for 30 minutes at 4°C separated the samples, yielding 0.2 mg of freeze-dried biomass (Ramyakrishna and Sudhmani 2016).

Subsequently, 200 mg of dry potassium bromide (KBr) was combined with the biomass. These prepared samples were analysed using FT-IR Nicolet iS05 at CRF IIT Delhi. This analysis aimed to uncover the functional groups participating in metal chelation and to gain insights into the underlying chemical bonds within the bacteria. The study employed a spectral range of 4000 – 400 cm-1 for comprehensive investigation.

Results
Metal tolerance study

The study examined metal concentrations ranging from 1000 ppm to 10000 ppm. Among the selected bacterial strain, the highest metal tolerance was observed in the sequence of CuCl2, ZnCl2 and PbCl2. To assess metal tolerance after 72-hour incubation, optical density was measured at 620 nm using a spectrophotometer. The corresponding optical density values are presented in Table 1.
The bacterium exhibited notable metal tolerance against all three metals, with a survival threshold of up to 8000 ppm in the presence of ZnCl2, an optical density reading extending to 4000 ppm in the presence of CuCl2, and an optical density measurement reaching up to 3000 ppm with PbCl2. The isolate ability to endure varying concentrations of Cu, Zn, and Pb is illustrated in figure-1.
        Table-1: Growth of Paenibacillus dendritiformis 

                        VSR 204 at different concentrations of 

                        heavy metals (after 72 hours)

	O.D at 620 nm

	Metal 

concentration
	          CuCL2
	        ZnCl2
	PbCl2

	1000ppm
	0.66±0.07
	1.97±0.20
	0.21±0.03

	2000ppm
	0.59±0.06
	1.63±0.16
	0.11±0.02

	3000ppm
	0.51±0.05
	1.39±0.14
	0.09±0.01

	4000ppm
	0.19±0.02
	1.08±0.11
	--

	5000ppm
	--
	0.87±0.09
	--

	6000ppm
	--
	0.69±0.07
	--

	7000ppm
	--
	0.58±0.06
	--

	8000ppm
	--
	0.28±0.01
	--

	9000ppm
	--
	--
	--

	10000ppm
	--
	--
	--
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        Figure-1: Bacterial strain metal tolerance (in terms of growth)
                                against CuCl2, ZnCl2 and PbCl2 heavy metals

SEM- EDX study

After establishing the sub-inhibitory concentrations of Zn, Cu, and Pb, SEM analysis was proceeded to explore the morphological alterations within bacterial cells under the influence of these metals at such concentrations, in comparison to untreated control cells (Figure-2A). SEM investigations illuminated noticeable modifications in cell morphology as shown in figure- 3a-3c in response to metal-induced stress (Cu, Zn and Pb), highlighting the presence of cells embedded in biofilm (EPS) along with metal particles adorning the cell surfaces. Distinct metal stress conditions yielded varied cell morphologies. CuCl2 exposure led to cells elongating with rounded ends (Figure- 2B), while cells treated with ZnCl2 showcased deformed membranes and altered structures, appearing more oval-shaped in densely packed aggregates (Figure-2C). Throughout, cells exhibited aggregation and shrinkage within the EPS matrix, displaying a cohesive appearance due to the EPS overlapping nature. Despite the presence of Zn and Cu, our bacterial strain exhibited relatively minor reductions in biofilm formation (Figure- 2B and 2C). Specifically, cells subjected to PbCl2 displayed an irregular woolly appearance and clustered pleomorphic cells (Figure-2D). The perturbations in biofilm, slight cell shrinkage, and membrane deformations, as compared to the control, substantiated the absorption of these metals by Paenibacillus dendritiformis VSR 204 even at sub-inhibitory concentrations within experimental conditions. The observed morphological adaptations demonstrated by our bacteria in response to the presence of significant metal levels provide compelling evidence of the strain inherent metal-resistant mechanisms against the heavy metals Cu, Zn, and Pb. 

The EDX study provided a conclusive evidence of metal deposition on the cell wall of Paenibacillus dendritiformis VSR 204 (Figure 3A-D). A comparative analysis of the EDX spectra revealed substantial differences between metal-absorbed bacterial biomass and the control sample. Specifically, the EDX spectra of metal-treated samples exhibited distinct peaks corresponding to the absorbed metals, whereas the control sample showed no such peaks (Figure 3A).
Furthermore, the EDX spectra demonstrated the presence of biological elements such as carbon (C), nitrogen (N), and oxygen (O) within the 0-5 keV energy range, indicative of the bacterial biomass. In, the EDX analysis, metal peaks were detected within 5-20 keV energy range, confirming the absorption of heavy metals by the bacterial cells. Specifically, copper peaks were detected within this energy range of 5-10 and particularly at 8 keV (Figure-3B).  Interestingly, the EDX data from copper-treated samples revealed an additional peak corresponding to calcium, suggesting potential interactions between copper and calcium ions. Zinc peaks were observed at 8.6 keV (Figure 3C). Lead peaks were detected at above 10 keV (Figure 3D). This EDX analysis demonstrated the absorption of heavy metal ions by Paenibacillus dendritiformis VSR 204 from metal-incorporated media. The findings corroborate with SEM and FT-IR data, confirming heavy metal absorption by metal-treated biomass. The study underscores the EDX analysis as a powerful tool for investigating metal absorption in microbial systems.
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  Figure-2: SEM images of Paenibacillus dendritiformis VSR 204 in control and 

        treatments

A) Absence of heavy metals (control)
B) Presence of CuCl2 heavy metal
C) Presence of ZnCl2 heavy metal
D) Presence of PbCl2 heavy metal
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Figure-3:  EDX analysis of Paenibacillus dendritiformis VSR 204

(A)  In absence of heavy metals (control)

                    
  (B)  In presence of CuCl2 heavy metal 

(C) In presence of ZnCl2 heavy metal

                          

(D) In presence of PbCl2 heavy metal

FT-IR study

FT-IR (Fourier Transform Infrared) spectroscopy holds a well-established position as a frequently employed technique in infrared analysis. Renowned for its efficacy, this approach serves as a potent tool for swift and precise identification of organic compounds, as well as the functional groups implicated in metal absorption processes. Given its capabilities, FT-IR analysis was performed in this study, with the aim of shedding light on the roles fulfilled by functional groups during the process of metal absorption. Through a comparison with control samples, this technique enabled us to pinpoint the specific functional groups intricately linked with the absorption of metals. For an in-depth exploration of the functional group involvement in the bacterium metal chelation mechanism, FT-IR analysis was conducted across a spectral range spanning from 400 to 4000 cm-1. This comprehensive analysis encompassed both the treated bacterial samples exposed to Cu, Zn, and Pb metals, as well as the untreated control samples (Figure-4A).

Upon meticulous analysis of the FT-IR data, a multitude of peaks emerged in the control samples, the details of which are tabulated (Table-2). A broad and strong band positioned at the 3440 cm-1 region indicated the presence of overlapping OH and NH groups. The identification of N-H stretching and C-H stretching was facilitated by smaller peaks at 2972 and 2927 cm-1, respectively. A compellingly strong peak at 1653 cm-1 signified the symmetric stretching vibration of the C=O (Ketone) group, alongside C=N and NH group stretching. Additionally, the presence of C=C stretching corresponding to amide II was noted through a peak at 1551 cm-1. Symmetric stretching of methyl groups became evident at 1400 cm-1. Further, in the fingerprinting region, peaks at 1049 cm-1 (CO-O-C, C-O stretching coupled with C-O bending of C-OH in carbohydrates), and 558 and 412 cm-1 (out-of-plane bending vibrations) revealed the presence of other functional groups, all in alignment with standard IR interpretation data.

Interestingly, comparative analysis of FT-IR data revealed shifts in peak positions in the metal-treated bacterial biomass compared to the control. These changes are tabulated in table- 3. Also, a substantial shift was observed in the prominent peak at 1653 cm-1 in the control samples, shifting to 1637 cm-1 in all three metal-treated bacterial samples. This shift suggests a significant absorption event at this region, potentially attributed to metal interaction.

Of particular interest, the disappearance of the peak at 1400 cm-1, corresponding to the symmetrical stretch of methyl groups, was observed solely in the Zn-treated biomass (Figure-4C). Conversely, in Cu and Pb treated biomass, the band shifted from 1400 cm-1 to 1409 cm-1 and 1401 cm-1, respectively. This points towards the involvement of methyl groups in Zn metal absorption. Similarly, the peak at 1551 cm-1 disappeared in Cu-treated biomass (Figure-4B), whereas in Pb and Zn treated biomass, it was shifted from 1551 to 1560 cm-1, indicating the role of C=C stretching in Cu metal chelation. Further significant shifts were noted in Pb-treated biomass at 1637, 1576, and 1036 cm-1 (Figure-4D), potentially suggesting the participation of C=O, C=C, and C-O stretching vibrations during metal absorption. Intriguingly, the IR region spanning 4000 to 2500 cm-1 in metal-treated bacterium displayed minimal change compared to the control, indicating the absence of metal absorption in this region.

These shifts in vibration frequencies, particularly those linked to symmetric stretch of methyl groups, C=O, C=C, and C-O groups, provide valuable insight into the interaction between functional groups and metal ions. It's plausible to hypothesize that the C=O group might be a key player in the chelation of Cu, Zn, and Pb metals in Paenibacillus dendritiformis VSR 204.

     Table-2: FT-IR data of control sample (Paenibacillus dendritiformis 

                   
        VSR 204 grown in glucose broth)

	S.No.
	       Wave number

(cm-1)
	Vibration
	Functional group

	1
	3440.03
	OH
	Bonded and non-bonded OH
groups and water

	2
	2972.33
	N-H stretching
	Ammonium ions

	3
	2927.01
	C–H Stretching
	Aliphatic methylene group

	4
	1653.51
	C=O, C=N, NH
group stretching
	Mainly of adenine, thymine, guanine, cytosine

	5
	1551.24
	C=C stretching
vibration
	Aromatic skeleton

	6
	1400.96
	Symmetric of methyl groups
	Mainly in proteins

	7
	1049.13
	C-O stretching
	Carbonate

	8
	558.31
	Skeleton vibrations
	----

	9
	412.51
	Skeleton vibrations
	----


          
  Table-3: Interpretation of Paenibacillus dendritiformis VSR 204 treated with

                                
       CuCl2, ZnCl2, and PbCl2

	S.No.
	Wave number  (cm-1)
	Vibration
	Functional group
	     Noticed in

	Peaks between 4000-2500

	1.
	3416.53
	O-H Stretching asymmetric
	Bonded and non-Bonded OH groups and water
	Cu

	2.
	3438.23
	O-H stretching of OH group
	Bonded and non-Bonded OH  groups and water
	Pb

	3.
	3427.06
	N-H Stretching asymmetric
	Ammonium ions
	Zn

	4.
	2971.33
	N-H stretching
	Ammonium ions
	Cu

	5.
	2971.97
	N-H stretching
	Ammonium ions
	Cu

	6.
	2971.93
	N-H stretching
	Ammonium ions
	Zn

	7.
	2970.26
	CH3 stretching
	Main contribution from proteins  and little from lipids, fatty acids.
	Pb

	8.
	2925.08
	C-H stretching
	bands CH2 lipids, CH3 lipids
	Pb

	9.
	2926.49
	Aromatic C-H stretching
	Aliphatic Methylene group
	Zn

	Peaks between 2000-1500

	10.
	1637.43
	C=C uracyl, C=O
	Uracil and Ketone esters
	Cu, Zn,
Pb

	11.
	1617.96
	C-C stretch
	Mainly ring of phenyl
	Cu

	12.
	1654.07
	Amide-I, C=O, C=N, N-H
	Mainly of adenine, thymine, guanine, cytosine
	Pb

	13.
	1560.81
	C=C Stretching
	Aromatic skeleton
	Zn, Pb

	14.
	1576.95
	C=N Stretching
	With adenine, Thymine
	Pb

	Peaks between 1500- 400 (Fingerprinting region)

	15.
	1409.95
	CH3 asymmetric deformation
	Main contribution from proteins and little from lipids, fatty acids.
	Cu

	16.
	1401.65
	Symmetric stretching of CH3
	Bending modes of the methyl groups of proteins.

delta[(CH3)] sym.
	Pb

	17.
	1383
	CH3 Stretching, C–O, deformation
C–H, deformation N–H Stretching
	Main contribution from proteins and little from lipids, fatty acids.
	Zn

	18.
	1384
	CH3 Stretching C–O, deformation
C–H, deformation N–H Stretching
	Main contribution from proteins and little from lipids, fatty acids.
	Cu, Pb

	19.
	1128
	C-O stretching
	Carbonate
	Cu, Zn

	20.
	1107
	n(CO), n(CC),
	ring (polysaccharides, pectin)
	Zn

	21.
	1036
	C-C skeletal stretching
	-----
	Pb

	22.
	952.28
	C-C skeleton vibration
	-----
	Zn

	23.
	620.31
	C(alpha)-S stretching vibration, not CH3SCN
	-----
	Zn

	24.
	619
	Skeleton vibrations
	-----
	Cu

	25.
	540-404
	Skeleton vibrations
	-----
	Pb

	26.
	522-404
	Skeleton vibrations
	-----
	Zn

	27.
	478
	Skeleton vibrations
	-----
	Cu


                                                                      (A)

(B)


(D)

      Figure-4: FT-IR analysis spectra of Paenibacillus dendritiformis VSR 204

          A) In absence of heavy metal (control)
              (B) In presence of CuCl2
                        (C) In presence of ZnCl2
                   (D) In presence of PbCl2

Discussion 

Within bacteria, mechanisms of resistance to metal pollutants give rise to metal tolerance and adaptation strategies, particularly when exposed to extreme metal concentrations. Previous research, such as that conducted by Sanket et al. (2017), has already indicated that bacteria exposed to metal stress activate a range of resistance mechanisms. These mechanisms include the efflux of metal ions, enzymatic conversions, reduction of cellular targets, creation of permeability barriers, and cellular sequestration. These defence mechanisms become even more pronounced in bacteria due to repeated exposure to metal pollutants, as highlighted by the findings of Das et al. (2012). Recent research by Karmakar et al. (2024) reinforces this by showing that Bacillus use multi-pathway systems, such as enhanced efflux and intracellular sequestration, to survive chronic heavy metal stress.

In line with these established trends, the present study observations align with the broader understanding of bacterial responses to metal stress. This is evident in the case of isolate 170S, which exhibited remarkable metal tolerance against heavy metals including Cu, Zn, Cd, and Pb. The strain demonstrated the ability to tolerate concentrations of up to 2000 mg/L under specific growth conditions involving glucose, a pH of 7.0, and a temperature of 30°C, as reported by Ghada et al. (2023). These results showed that bacteria possess intricate adaptive strategies to counter the challenges posed by elevated metal concentrations. The data suggests that despite the unsuitable environment created by high metal levels, bacteria strive to mitigate their impact through the activation of well-documented resistance mechanisms. This phenomenon can be attributed to the evolutionary pressure exerted by recurring encounters with metal pollutants, which drives bacteria to refine and amplify their resistance strategies over time.

The SEM analysis provided valuable insights into the response of Paenibacillus dendritiformis VSR 204 when subjected to sub-inhibitory concentrations of Zn, Cu, and Pb. Through the SEM images, noticeable alterations in cell morphology were apparent, signifying pronounced effects induced by the presence of metals. This phenomenon was complemented by the observation of cells enclosed within biofilm matrices (EPS), further adorned with metal particles on their surfaces. The distinct metal stress conditions gave rise to varying cell morphology. Particularly, the emergence of cell aggregation and the development of stable biofilms, as highlighted in prior research by Koechler et al. (2015), were evident in our findings. This aligns with the established protective role of exopolysaccharides (EPS) secreted by bacteria under metal stress, acting as a defence mechanism (Dogan et al., 2015).

Interestingly, the exposure to CuCl2 led to cell elongation, resulting in rounded ends. In contrast, ZnCl2-treated cells exhibited deformed membranes and distinctive structures, manifesting an oval shape within densely packed aggregates. Across all scenarios, the common trend of cell aggregation and shrinkage within the EPS matrix was evident, presenting a unified appearance attributable to EPS overlap. It is noteworthy that despite the presence of Zn and Cu, the formation of biofilms exhibited relatively minor reductions, indicating the ability of the bacterial strain to absorb metals even at sub-inhibitory concentrations within the experimental conditions. This interpretation is substantiated by the observed changes in biofilm formation, cellular shrinkage, and membrane deformation compared to control samples. Such morphological plasticity is a recognized survival trait; Demonstrating the bacterium innate strategies to counter heavy metals, the emergence of unique cellular responses is coupled with the formation of biofilms and extracellular polymeric substances (EPS). Amidst these processes, the intricate interplay of mechanisms becomes apparent. Metal uptake and efflux are notably shaped by supplementary layers such as extracellular lipopolysaccharide (LPS) or intricate carbohydrate matrices. The synergy of these elements, along with the presence of biofilms, considerably impact on the rates and mechanisms governing the dynamic movement of metal ions Outten and Thomas (2001) and  Scott and Karanjkar (1995).

Top of Form

The EDX analysis performed in this study served as a significant corroborative tool, lending further validation to the uptake and localization of heavy metals by Paenibacillus dendritiformis VSR 204. This alignment with both SEM and FT-IR results collectively substantiates the successful absorption of Cu, Zn, and Pb heavy metals by the treated biomass. The utility of EDX analysis in revealing the capacity of microorganisms to assimilate heavy metals from their surroundings, as indicated in studies by Michalak et al. (2011, 2014), underscores the effectiveness of this technique. Additionally, various investigations have harnessed EDX analysis to elucidate ion exchange mechanisms responsible for metal absorption by microorganisms (Halttunen, 2008; Vijayaraghavan et al., 2009; Mitic Stojanovic et al., 2011; Lima et al., 2013; Shivkumar et al., 2014). Although such mechanisms were not detected in our study, the robustness of EDX analysis as a tool for studying metal absorption remains evident. Also, recent research by Hamed et al. (2025) on a bacterial consortium from the Egyptian Petroleum Refining Company utilized EDX to confirm that chromium ions were not merely adsorbed to the surface but were bioaccumulated and subsequently reduced. This suggests that the lack of ion-exchange signals in our EDX data may point toward a similar internal sequestration or metabolic reduction strategy rather than simple surface binding. The collective findings of this study explaining a comprehensive understanding of the strategies employed by Paenibacillus dendritiformis VSR 204 to counteract the adverse effects of heavy metals, specifically Cu, Zn, and Pb. The convergence of evidence derived from SEM, FT-IR, and EDX analyses strengthens our comprehension of the bacterium's resilience under conditions of extreme metal stress. These findings contribute to the broader understanding of bacterial adaptive mechanisms in challenging environmental scenarios and have implications for potential bio remediation strategies. The involvement of possible functional groups in metal chelation was reported previously through FT-IR analysis (Shivkumar et al., 2014). 

The Fourier Transform Infrared (FT-IR) analysis provided a comprehensive insight into the functional groups present in the bacterial biomass. Several prominent bands were observed, each indicative of specific functional groups. Firstly, a broad and intense band at the 3440 cm-1 region was detected; pointing towards the overlapping of the OH and NH groups (Si Y Samulski, 2008). This spectral signature indicated the presence of free hydroxyl (OH) groups within the bacterial biomass, a finding consistent with previous studies (Gnanasambandam and Protor, 2000; Iqbala et al., 2008).

Further exploration of the FT-IR data revealed the identification of specific stretching vibrations. Notably, N-H stretching and C-H stretching were discerned from smaller peaks observed at 2972 and 2927 cm-1, respectively (Krishnamurthy et al., 2021). A particularly strong peak at 1653 cm-1 was indicative of symmetric stretching vibrations of the C=O (Ketone) group, alongside C=N and NH group stretching (Mossoba et al., 2005). Another peak at 1551 cm-1 was attributed to C=C stretching vibrations, specifically corresponding to amide II (Colagar et al., 2011). This spectrum of findings highlighted the presence of a diverse array of functional groups contributing to the bacterial biomass.

Symmetric stretching of methyl groups became evident at 1400 cm-1, further enriching our understanding of the bacterial composition (Lee et al., 2009). In the fingerprinting region, additional peaks emerged at distinct wave numbers. A peak at 1049 cm-1 corresponded to CO-O-C, indicative of C-O stretching coupled with C-O bending, characteristic of the C-OH group found in carbohydrates (Andrus and Strickland, 1998). Peaks at 558 and          412 cm-1 were attributed to out-of-plane bending vibrations, further underlining the structural complexity of the bacteria.

The spectral region between 4000 and 2500 cm-1 in the IR analysis of the metal-treated bacterium demonstrated minimal change in comparison to the control. This observation suggests that metal absorption did not significantly impact this particular region. However, the more substantial changes observed in other vibration frequencies are noteworthy, pointing to the interaction of specific functional groups with the metal ions. In particular, the alterations in the symmetric stretching vibrations of methyl groups, C=O, C=C, and C-O groups indicate their direct involvement in interacting with the metal ions. A compelling hypothesis that emerges from these findings is that the C=O group likely plays a pivotal role in the chelation process of all three metals within Paenibacillus dendritiformis VSR 204. This deduction is supported by the consistent shifts observed in the IR peaks associated with the C=O group when comparing metal-treated bacteria to the control.

The significant alterations in the IR data align with findings from related studies. For instance, research on nickel absorption by Trichoderma viride demonstrated the involvement of amine, hydroxyl, C=O, and C-O alcoholic groups, highlighting the diverse functional groups that can participate in metal absorption mechanisms (Durve and Chandra, 2014). Similarly, close similarities in peak intensity changes during metal absorption have been documented in previous investigations (Moppert et al., 2006; Ova and Ovez, 2013; Sofu et al., 2015; Kumar and Dwivedi, 2019; Priyadarshnee and Das, 2021; Pagnucoo et al., 2023). The observed changes in IR data, combined with congruent findings from related studies, provide a more comprehensive understanding of the specific molecular interactions that underlie the metal absorption process within Paenibacillus dendritiformis VSR 204.
CONCLUSION  

It has been evidence that this Paenibacillus dendritiformis VSR 204 is a Metal tolerant bacterium for the removal of copper, zinc and lead heavy metals. The metal absorption capacity of this bacterium was increased by adopting glucose broth medium as a growth medium, temperature 30oC and pH 7.0. Morphological changes and metal peaks presence in SEM-EDX data of metal treated bacterium confirmed the metal absorption nature of the bacterium compared to control. Band shifting in the FT-IR data of metal treated bacterium confirmed the involvement of functional groups in the metal absorption. As a conclusion it is confirmed that Paenibacillus dendritiformis VSR 204 would be a potential bio-remediator in the removal of metal pollutants from its surrounding environment. 
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Abstract : Morphological changes under extreme metal stress environment are one of the metal resistance mechanisms seen in bacteria. Considering this, a study was conducted on a metal tolerance bacterium i.e.  Paenibacillus dendritiformis VSR 204 isolated from metal contaminated soils and also ascertain on the functional group involvement in metal absorption or metal chelation.  Particularly, Paenibacillus dendritiformis VSR 204 exhibited an impressive tolerance to Copper (Cu), Lead (Pb), and Zinc (Zn), enduring concentrations of up to 3300 ppm, 2700 ppm, and 8000 ppm, respectively. The discernible transformations in biofilm within bacterial cells subjected to extreme metal stress were elucidated through Scanning Electron Microscopy (SEM) analyses, effectively contrasting against untreated control. Additionally, Energy-Dispersive X-ray Spectroscopy (EDX) investigation unveiled the uptake and localization patterns of heavy metals within the bacterial matrix. The functional group involved in metal chelation was revealed by FT-IR. Biofilm formation changed only after the exposure of bacterial cells to sub inhibitory concentrations of heavy metals Cu and Pb. In contrast, no changes were observed in biofilm formation even at sub inhibitory concentrations of Zn remaining similar to that of control. Hence this study clearly confirmed that Paenibacillus dendritiformis VSR 204 could be helpful in the cleanup of heavy metals like Cu, Zn and Pb from the environment.
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