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Abstract:



The phenotypic responses of E. coli cells exposed to 1.2% (v/v) of 1-butanol, 2-butanol, isobutanol, tert-butanol, and 1,4-butanediol were studied in near real-time using Raman spectroscopy. A method of “chemometric fingerprinting” was employed that uses multivariate statistics (principal component analysis and linear discriminant analysis) to identify E. coli phenotypic changes over a 180 min post-treatment time-course. A toxicity study showed extreme variability among the reduction in culture growth, with 1-butanol showing the greatest toxicity and 1,4-butanediol showing relatively no toxicity. Chemometric fingerprinting showed distinct phenotype clusters according to the type of alcohol: (i) 1-butanol and 2-butanol (straight chain alcohols); (ii) isobutanol and tert-butanol (branched chain alcohols); and (iii) control and 1,4-butanediol (no terminal alkyl end) treated cells. While the isobutanol and tert-butanol treated cells led to similar phenotypic responses, isobutanol was significantly more toxic. In addition, the phenotypic response was found to take place largely within 60 min of culture treatment; however, significant responses (especially for 1,4-butanediol) were still occurring at 180 min post-treatment. The methodology presented here identified different phenotypic responses to seemingly similar 4-carbon alcohols and can be used to study phenotypic responses of virtually any cell type under any set of environmental conditions or genetic manipulations.
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1. Introduction


Toxicity is a major impediment to production of alcohols by fermentation, as they inhibit microbial growth and restrict product yields significantly [1,2,3,4]. For example, with production of isobutanol from E. coli, growth is retarded by concentrations as low as 1% (v/v) [4]. To maintain homeostasis and optimize the use of resources, host microbes activate several genetic programs in response to changing environmental conditions [5,6,7,8,9,10]. Previous studies have shown that the microbial response to alcohol toxicity is not universal but varies according to the host microbe and the type of alcohol [8,9,10,11,12,13,14]. Understanding the nature and dynamics of the host response to specific alcohols is essential for designing effective metabolic and process engineering solutions. In this research, Raman spectroscopy was used to explore the dynamic phenotypes of E. coli cells exposed to toxic levels of different 4-carbon alcohols.



The cellular response to alcohol toxicity is dominated by the physiochemical properties of the alcohol rather than by specific receptors [14]. Alcohols are known to cause membrane disruption by mechanisms of desiccation (alcohols with less than four carbon atoms) or intercalation (alcohols with more than four carbon atoms) of lipophilic side chains inside the membrane lipid bilayer [14,15,16]. It is generally agreed that long-chain alcohols have the ability to intercalate further into the lipid bilayer and disrupt hydrogen bonding between hydrophobic tails, causing relatively more toxicity than short-chain alcohols [17,18,19]. Alcohol toxicity causes increased cell membrane fluidity, altered regulation of internal pH, disruption of protein–lipid interactions, and decreased energy generation by the inhibition of glucose and nutrient transport [4,20,21]. The following alcohol toxicity responses have been elucidated: (i) altered cytoplasmic membrane as well as cell surface properties; (ii) altered cell envelope protein composition; (iii) changed peptidoglycan, membrane lipid, and lipopolysaccharide (LPS) compositions; and (iv) synthesis of protective metabolites and solvent efflux pumps [20,21]. In addition to isobutanol, 1-butanol (or n-butanol) remains a promising biofuel (and chemical commodity). Yet, it is one of the most toxic alcohols due to its elevated hydrophobicity (relative to other alcohols) [15], and its toxicity is strain-dependent [8,9,10,11,12,13]. Despite significant advances, many details regarding the mode of action of different alcohols as well as the nature and adaptation mechanism to alcohol exposure are still being resolved.



Recently, the application of Raman spectroscopy for near real-time phenotyping was demonstrated by the analysis of E. coli DH5α cells exposed to 1.2% (v/v) 1-butanol [22]. Raman spectral data for control and 1-butanol exposed cultures were correlated with GC-FID analyses of fatty acids. Consistent trends were observed for changes in saturated, unsaturated, and cyclopropane fatty acids with 1-butanol exposure and over a time-course. Raman bands (i.e., spectral peaks) were correlated with other standardized methods including: (i) fluorescence anisotropy measurement of membrane fluidity; (ii) Bradford assay of total protein content; and (iii) HPLC analysis of individual amino acids content. The major advantages of the approach are that (i) results are returned in near real-time; (ii) it is non-destructive to the sample; and (iii) minimal sample preparation is required (chemical label-free). Raman spectroscopy has also been applied in other biological research for purposes of (among many others) (i) species characterization [23]; (ii) studying cell differentiation [24]; (iii) identifying the mechanism of action of antimicrobial compounds [25], and fermentation monitoring [26,27,28].



In this research, we examined the dynamic phenotypic response of E. coli to several 4-carbon alcohols: (i) 1-butanol; (ii) 2-butanol; (iii) isobutanol; (iv) tert-butanol; and (v) 1,4-butanediol. 1-Butanol is produced biologically through fermentation by Clostridium (e.g., both C. acetobutylicum and C. beijerinckii) [29,30]. Metabolic pathway engineering has enabled production of isobutanol [31] and 1,4-butanediol [32]. The present study builds on the previous study with 1-butanol induced phenotypes [22], but instead of considering individual Raman bands and relating them to measurable phenotypic traits, the entire spectra were used as representatives of cell phenotypes. Comparison of these spectra involved the use multivariate statistics (i.e., principal component analysis (PCA) and linear discriminant analysis (DA)) in a method we refer to as “chemometric fingerprinting”. This method of data analysis served to identify similar and significantly different phenotypic responses of E. coli cultures over a 180 min time-course following alcohol exposure.




2. Experimental Section


2.1. Bacteria Strain and Chemicals


E. coli DH5α cells were used in all experiments and were obtained from Invitrogen Life Technologies (Grand Island, NY, USA). Frozen stock cultures were plated onto solid agar plates prior to experiments or otherwise were stored in glycerol at −80 °C. All chemicals were purchased from Sigma–Aldrich (St. Louis, MO, USA) and were of at least 99% purity.




2.2. Culture Conditions


E. coli cells were grown in LB media containing tryptone (10 g/L), yeast extract (5 g/L), and sodium chloride (10 g/L) as previously described [22]. Cultures were grown at 37 °C and agitated in a rotary shaker at 210 RPM. Culture optical density was measured at 600 nm (OD600). Subcultures were prepared by diluting 100 µL of culture with 25 mL fresh LB media. At the onset of the exponential growth phase (OD600 of 0.4–0.5), the culture was split into six equal portions (5 mL each), with one serving as the negative control. The different alcohols: 1-butanol, 2-butanol, isobutanol, tert-butanol, and 1,4-butanediol were added to respective cultures to a concentration of 1.2% (v/v), and all cultures were re-incubated for 60 min prior to sampling. Samples (250 µL) were taken every 30 min from all cultures for a total of 180 min. Cells were centrifuged at 10,000 rpm at 4 °C for 5 min and washed with chilled PBS buffer. This process was repeated five times. The cells were re-suspended in 250 µL of Type 1 purified water for analysis by Raman spectroscopy.




2.3. Raman Spectroscopy and Data Analysis


Raman spectroscopy was performed as published previously [22,25], except that the analysis required 50 µL of washed cells. In short, cells were dried at room temperature on an aluminum surface and analyzed using a Bruker Senterra dispersive Raman spectrometer, which was attached to a confocal microscope (100× magnification) and equipped with OPUS software (Bruker Optics, Billerica, MA, USA). Laser excitation of 532 nm (20 mW) was applied for 10 s and a spectral resolution of 9–15 cm−1 was used. A minimum of 50 spectra were collected from different location in each sample. All data analysis was carried out in OPUS (baseline correction) and MATAB (R2012A) (MathWorks, Natick, MA, USA). Spectra were vector normalized over the entire wavelength range of the spectra (400–3200 cm−1) [22]. PCA allowed for identification of outlier data points, which were then excluded. PCA was then used to reduce the dataset for DA. DA was then performed using the first 10 principal components, as described previously [25], in order to separate and cluster samples based on the different phenotypic responses to 4-carbon alcohol exposure.





3. Results


3.1. Variable Inhibitory Effect of 4-Carbon Alcohols on E. coli Cultures


To assess the inhibitory effects of the different 4-carbon alcohols on E. coli culture growth, 1-butanol, isobutanol, 2-butanol, tert-butanol, and 1,4-butanediol were applied to E. coli cultures to 1.2% (v/v) at the start of the exponential phase (OD600 = 0.5–0.6). The culture OD600 values were monitored for 180 min, and results are shown in Figure 1. Little effect on growth was observed for 1,4-butanediol and tert-butanol treated cultures compared to the control culture (no alcohol added). By contrast, drastic effects on growth were observed for the 1-butanol, isobutanol, and 2-butanol treated cultures. The highest toxicity was caused by 1-butanol, consistent with previous literature reports [15]. Although the negative effect on growth was statistically significant for these three alcohols, there was a profound difference in the magnitude of that effect. However, it was not clear whether the difference is quantitative or qualitative. In other words, it was not clear whether the difference in the degree of inhibition resulted from different modes of actions eliciting different metabolic and/or phenotypic responses. To address this question, Raman spectroscopy was used to profile these cultures during the toxicity response.


Figure 1. Chemical structures of 4-carbon alcohols and E. coli culture growth inhibition. Each alcohol was added to 1.2% (v/v) at 0 min. Each curve label (A–E) corresponds to the alcohol above. Curve F corresponds to the control (no alcohol treatment). Chemical structures were drawn using ChemAxon MarvinView.
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3.2. Raman Spectra of E. coli Cultures Are Consistent and Reliable


For each alcohol treatment, at least 50 spectra were collected at each of the designated time points (0, 60, 90, 120, 150 and 180 min). The mean Raman spectra (with baseline correction) for the control and alcohol-treated cultures at 180 min are shown in Figure 2. A visual inspection of the superimposed spectral data (with no statistical analysis), showed differences in regions corresponding to nucleic acids (~1070–1090 cm−1), proteins (1449 cm−1, 1655–1680 cm−1), and lipids (1320 cm−1, 1607 cm−1) [33] within the biological region (Figure 2a) and shifts in the CH region (Figure 2b). Spectra differences were qualitative as well as quantitative (i.e., there were peak shifts and not just changes in intensity). This was the first evidence that the variation in the degree of inhibition resulted from the fact that different alcohols elicit different phenotypic responses. The next step was to apply chemometric fingerprinting to test whether differences in Raman spectra were sufficient to generate distinct and identifiable metabolic profiles based on alcohol treatment.


Figure 2. Normalized and averaged Raman spectra of the control and alcohol-treated cultures at 180 min over (a) the biological range (700–1800 cm−1) and (b) the CH range (2800–3100 cm−1).
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3.3. Chemometric Fingerprinting to Distinguish E. coli Phenotypes (by Alcohol)


PCA was used to reduce Raman spectra, and the first 10 principal components scores were used as inputs for DA. The purpose of DA is to detect differences among PCA-reduced Raman spectra. Results are represented in a graphical format on a two-dimensional canonical plot, where each data points represents an entire Raman spectrum. Spectra that cluster together imply similarity, and those that do not cluster are dissimilar. Here, a Raman spectrum is representative of an E. coli cell phenotype. The PCA-DA (i.e., chemometric fingerprinting) approach was first applied to distinguish phenotypes by alcohol treatment (at all time points). Results are shown in Figure 3, and the six datasets (5 alcohol-treated cultures and the control) separated into three clusters on the canonical plot. These clusters correspond to: (i) 1-butanol and 2-butanol (linear chain alcohols); (ii) isobutanol and tert-butanol (branched chain alcohols); and (iii) 1,4-butanediol and the control (no terminal alkyl end). The first cluster (1-butanol and 2-butanol) is intuitive since both alcohols are highly toxic to E. coli cultures (Figure 1). The third cluster (1,4-butanediol and the control) is also intuitive because little difference is observed in Figure 1 for these two. The second cluster consists of isobutanol and tert-butanol. IsoButanol showed significant toxicity, while tert-butanol showed much less toxicity (Figure 1). However, the phenotypic responses of exposed E. coli cells (over all time points) showed to be similar in Figure 3. This is non-intuitive and suggests that even though E. coli cells have the same phenotypic response to the branched-chain alcohols, the longer terminal alkane chain of isobutanol (by one carbon) may be responsible for the reduced cell density values observed (Figure 1).


Figure 3. Chemometric fingerprinting results to distinguish E. coli phenotypes by alcohol treatment (for all time points). Three clusters are identified and consist of (1) 1-butanol and 2-butanol; (2) isobutanol and tert-butanol; and (3) the control and 1,4-butanediol treated cultures.
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It is obvious that the DA clustering shown in Figure 3 is not entirely clear. This is because we have included all time-points to distinguish by alcohol treatment only. Typically, DA results presented in the literature show distinct clustering with low cross-validation error rate (5%–10%). Indeed, in this study, DA showed distinct clustering with 1% cross-validation error when analysis was conducted for a specific time point. However, given the realizations of (i) the biomolecular complexity of the cell; (ii) thousands of molecules in the cell are Raman active, and (iii) the fact that DA was performed for all time-points together, it is reasonable to expect clustering that is not so distinct and a high error rate. The “leave-one-out” cross-validation error was relatively high at 29.4%. To ensure further that the clustering in Figure 3 is based on real phenotypic differences and not over-fitting based on random error, we repeated the analysis with Raman spectra randomly mislabeled. No clustering was seen in this randomized assignment test and the “leave-one-out” cross-validation error was 83.1%. In conclusion, despite the relatively high error rate, we are confident that clustering observed in Figure 3 is based on real phenotypic differences resulting from treatment with the different alcohols.




3.4. Chemometric Fingerprinting to Distinguish E. coli Phenotypes (by Time of Exposure)


Next, the chemometric fingerprinting analysis was applied to the dataset with respect to time (for all alcohol-treated cultures). The purpose of this analysis was to determine the dynamics of the phenotypic responses observed. Results are displayed using the two-dimensional canonical plot in Figure 4. The “leave-one-out” cross-validation error in this case was 23.8%, and the discussion above regarding the lack of clear clustering applies to Figure 4 as well. Cross-validation error for a repeated analysis with Raman spectra randomly mislabeled was 84.2%. The initial time point (0 min) corresponds to the point at which the 4-carbon alcohols were added to the culture (during exponential growth). Interestingly, results revealed that the culture toxicity response was almost immediate and was easily detectable within the first 60 min following exposure (Figure 4). From there, continued movement of data point clusters away from the initial time point (0 min) was observed, with the final time point (180 min) cluster being the furthest distance from the initial time point. This analysis provides a means of monitoring the dynamics of phenotype changes when the entire chemical composition of a culture (i.e., the entire Raman spectrum) is considered simultaneously. While this analysis considers all 4-carbon alcohols, the procedure was next performed on individual time points and alcohol treatments.


Figure 4. Chemometric fingerprinting results to distinguish E. coli phenotypes by time (for all alcohol treatments). The times given in the legend refer to minutes past the addition of alcohol to cultures growing in exponential phase.
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3.5. Chemometric Fingerprinting to Distinguish E. coli Phenotypes (by Alcohol and Time)


To further illustrate the 4-carbon alcohol induced response phenotypes (and to possibly discern mechanisms), chemometric fingerprinting was applied with respect to alcohol at single time points (60 and 180 min). The resulting two-dimensional canonical plot is shown in Figure 5. At 60 min (Figure 5a), the control and 1,4-butanediol treated phenotypes cluster together, suggesting a minimal immediate response of the cultures to 1,4-butanediol. However, at 180 min (Figure 5b), these phenotypes have separated completely on the canonical plot, suggesting a distinctive long-term response, even though toxicity (i.e., growth inhibition) was not detected (Figure 1). It is unclear why this phenotype is located farther from the control culture than phenotypes resulting from toxic 1-butanol exposure on the canonical plot in Figure 5b. The short-term response (60 min, Figure 5a) shows significant separation of 1-butanol, 2-butanol, isobutanol, and tert-butanol phenotypes, suggesting distinct toxicity responses. However, none of these clustered together, which suggests the phenotypic responses to all 4-carbon alcohols were different in the short-term. It is noted that a significant short-term phenotype response was observed for tert-butanol treated cells (Figure 5a), but toxicity was much less compared to 1-butanol (Figure 1). This suggests that no direct link exists between growth inhibition (Figure 1) and phenotype dissimilarly, as determined from a canonical plot produced by PCA-DA.


Figure 5. Chemometric fingerprinting results to distinguish E. coli phenotypes by alcohol treatment at (a) 60 min and (b) 180 min.
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4. Discussion


4.1. Monitoring Phenotypic Changes in Near Real-Time


The methods presented here provide a way of monitoring phenotypic changes of microbes in near real-time using Raman spectroscopy. In our previous publication [22], the effect of 1-butanol toxicity on the E. coli cells was studied by extracting the intensity of specific bands from a Raman spectrum and correlating these with phenotypic traits such as: (i) membrane fatty acids composition; (ii) cell membrane fluidity; and (iii) amino acids composition. In this research, chemometric fingerprinting (with PCA-DA) was used to make use of an entire Raman spectrum, which includes contributions from all chemicals comprising the sample. The Raman spectrum of a cell is complex (Figure 2) and can contain contributions from thousands of molecules. Thus, an entire Raman spectrum actually contains very detailed information about the cell-wide phenotype, and the Raman spectroscopy based methodology presented here uses this information to compare and distinguish among microbial phenotypes. In the application presented, the phenotypic responses resulting from treatment of E. coli with different 4-carbon alcohols was studied. The alcohols differed in location of the alcohol group and alkyl chain length. These resulted in significantly different toxicity levels (Figure 1), which was expected based on previously published research. However, the resulting phenotypes among the treated cultures were found to be different and dynamic.




4.2. Effects of Terminal Alkyl Chain Length


The results of this study confirm that 4-carbon alcohols with longer terminal alkyl chains have greater toxicity (primary alcohols > secondary alcohols > tertiary alcohols) to E. coli cells when applied at 1.2% (v/v). 1,4-Butanediol does not have a terminal alkyl chain, since both ends are capped with alcohol groups, and it was expected this would lead to minimal toxicity. These results were confirmed in the growth inhibition study (Figure 1), and the chemometric fingerprinting results (over all time points) revealed clustering between the control and 1,4-butanediol treated phenotypes (Figure 3). This suggests that there was relatively no phenotype change with the addition of 1,4-butanediol. However, as phenotype changes were studied at 180 min only, clear separation was observed between the control and 1,4-butanediol treated cells. Thus, it can be concluded that E. coli phenotypes do in fact respond to 1,4-butanediol, but this happens very slowly (around 180 min) and that minimal toxicity results. Overall, 1-butanol and 2-butanol treatments produced similar E. coli phenotypes (Figure 3 and Figure 5a), but 1-butanol is more toxic (Figure 1). However, at 180 min (Figure 5b), the 2-butanol treated phenotypes showed more similarity to the 1,4-butanediol phenotypes, possibly suggesting multiple responses over the time-course. Finally, isobutanol and tert-butanol clustered together in Figure 3, suggesting similarities in phenotypic responses over the entire time-course. This is interesting because isobutanol proved to be much more toxic than tert-butanol (Figure 1). With similar phenotypes, the dramatic change in toxicity levels can be attributed to the molecular structures of the alcohols themselves, which both contain branched alkyl groups. This suggests that the branched alkyl group played a role in the phenotypic response, but even an increase in the terminal alkyl chain length by one carbon can determine whether this phenotypic response thrives or fails when faced with potential toxicity. Clearly, more research is needed to determine how microbes sense their environment and induce phenotypic changes. For example, much could be learned from extending this study to include different alcohol concentrations. But, it does appear that several phenotype response programs are in place and have different levels of success for alcohols based on molecular factors such as the alkyl chain length and branching patterns.




4.3. Potential Uses


The chemometric fingerprinting approach used here to study dynamic phenotypic responses in near real-time has broad applicability. One of the drawbacks of Raman-based analyses of complex biological systems (i.e., a cell) is the ambiguity that can exist with Raman band assignments. The approach presented here eliminates this potential problem, as entire Raman spectra (not individual bands) are used in the analysis. While this may not have applicability to extract specific chemical information (e.g., fatty acids, amino acids, etc.), the approach can be used to compare among phenotypes and study the dynamics of phenotypic responses. Thus, this approach can be applied to all microbes and treatments and has additional applicability to eukaryotes and biomedical research. Observed phenotypic responses from this study with different 4-carbon alcohols could prove very useful for engineering alcohol tolerance in bacteria. By studying the observed clustering patterns, one can discern cell response mechanisms that are attributed to improved tolerance.
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