|

Check for

updates |

Research Article Vol. 12, No. 12/1 Dec 2021/ Biomedical Optics Express 7906 |

Biomedical Optics EXPRESS o~

Classification of two species of Gram-positive
bacteria through hyperspectral microscopy
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Abstract: Gram stain is one of the most common techniques used to visualize bacteria under
microscopy and classify bacteria into two large groups (Gram-positive and Gram-negative).
However, such an inaccurate classification is unfavorable for bacterial research. For instance,
soil-rhizosphere bacteria, Bacillus megaterium (B. megaterium) and Bacillus cereus (B. cereus)
have different effects on plants, nonetheless, they are both Gram-positive and difficult to be
differentiated. Here, we present a method to precisely classify Gram-positive bacteria via
hyperspectral microscopy. The pH-value differences in the intracellular environment of various
types of bacteria can lead to different ionization of the auxochrome of crystal violet (CV)
molecules during the Gram stain process. Consequently, there is a subtle difference in the
absorption peak of Gram-stained bacteria. Harnessing hyperspectral microscopy can capture
this subtle difference and enable precise classification. Besides the spectral features, the spatial
features were also used to improve the quality of bacterial identification. The results show that
the classification accuracy of two species of Gram-positive bacteria, B. megaterium and B. cereus,
is up to 98.06%. We believe this method can be used for other Gram-positive bacteria and
Gram-negative bacteria, realizing a more elaborate classification for Gram-stained bacteria.

© 2021 Optica Publishing Group under the terms of the Optica Open Access Publishing Agreement

1. Introduction

Gram stain is a microbial staining technique that was first devised by Hans Christian Gram in
1884 [1]. This stain method utilizes the principle of electrostatic interaction between dye and
microorganism to realize staining and has the advantages of a simple staining procedure and high
staining efficiency [2]. Conventional Gram stain involves the following four steps [3]: primary
stain, mordant, decolorization, and counterstain. This method of staining differentiates bacteria
into two large groups [4]. One group of bacteria forms a strong electrostatic bond with the
dye and is stained purple in the primary stain, while another group of bacteria forms a weak
electrostatic bond with the dye, thereby dye-losing after decolorization, following which they are
stained pink in the counterstain. Those stained purple are Gram-positive bacteria with the pH
values ranging from 1.75 to 4.15, while those stained pink are Gram-negative bacteria with the
pH values ranging from 2.07 to 3.65 [5-7]. Therefore, bacteria can be classified as Gram-positive
or Gram-negative according to their colors. However, this method is relatively inaccurate and
is unfavorable for the subdivision of bacterial species. For instance, both B. megaterium and
B. cereus in the soil can be isolated from the roots of plants [8,9]. However, they cannot be
classified via Gram stain because these two species of bacteria are Gram-positive and have
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a similar morphology. Because these two species of bacteria have different effects on plants
[10-13], we expect that they can be labeled specifically by staining. Considering that Gram stain
is currently one of the most common staining techniques for making bacteria visible [14], its
effectiveness will be further enhanced if bacteria can be classified more precisely through Gram
stain.

The pH value of the intracellular environment of bacteria affects the electrostatic interaction,
thereby affecting the effect of Gram stain [15]. In fact, the slight difference in pH values
causes different ionization of the auxochrome of crystal violet (CV) molecules during the Gram
stain process, leading to a slight difference in the staining effect [16]. This difference can
be used to realize a more precise classification of Gram-stained bacteria. Considering that
this slight staining difference is difficult to observe with naked eye or ordinary color cameras,
hyperspectral microscopy has been employed in the present study. Hyperspectral microscopic
imaging (HMI) is a non-destructive, non-contact, and advanced detection technology [17] that
can simultaneously obtain two-dimensional morphological characteristics and one-dimensional
spectral characteristics of target objects and form a three-dimensional hyperspectral data cube
[18]. At present, HMI technology has been widely used in the identification and analysis in
biologies, such as classification of fungi [19,20], detection of nerve fibers [21], identification
of microalgae [22], and location or detection of cancerous tissues/cells [23-26]. Because the
optical microscope is restricted by the diffraction limit, for small-sized bacteria, the difference
between them cannot be observed from the morphology. The HMI technology makes it possible
to identify bacteria. In 2013, HMI was used with a k-nearest neighbor (k-NN) classifier to detect
and classify non-O157 Shiga toxin—producing Escherichia coli (STEC) serogroups [27]. In
2015, HMI combined with principal component analysis (PCA) was used for the early and rapid
identification of Salmonella serotypes [28]. In 2020, HMI coupled with deep learning (DL)
frameworks was proposed for the rapid classification of foodborne pathogenic bacteria [29]. In
particular, HMI accompanied by a support vector machine (SVM) classifier has already been
used for the classification of Gram-stained bacteria [30]. However, they merely used HMI to
identify bacteria as Gram-negative or Gram-positive and did not conduct in-depth research on
the spectral differences of bacteria that could be either negative or positive.

In this study, we propose a precise classification method for Gram-stained bacteria that can
be employed to classify two species of Gram-positive bacteria (B. megaterium and B. cereus).
The results show that the transmission spectra of these two species of Gram-stained bacteria
are different. By combining the linear discriminant analysis (LDA) algorithm, an accurate
classification of these two species of bacteria can be achieved (accuracy 98.06%).

2. System and samples
2.1. Experiment equipment and image acquisition

The HMI system used in this experiment is illustrated in Fig. 1. The core components include a
halogen lamp with a temperature-color-balancing daylight filter for 3200 K, an infinity-corrected
microscope objective (Nikon, Plan Fluor, 150x, N.A. =0.90), a liquid-crystal tunable filter (LCTF,
CRI Inc., VariSpec VIS, Connecticut City, United States) used for narrow-band filtering with
a spectral range of 420-720 nm, a 16-bit complementary metal-oxide-semiconductor (CMOS,
ORCA-Flash 4.0 LT C11440-42U, Hamamatsu City, Japan) camera with a pixel size of 6.5um X
6.5um, and a color charge-coupled device (CCD, Mshot, MC20-C) camera. When the broadband
light from the halogen lamp reaches the bacterial sample, one part of it is absorbed, while the other
part that passes through the sample is filtered by the LCTF and is subsequently imaged by the
CMOS camera. By scanning the slide samples, a series of single-band 512x512 grayscale images
that constitute a hyperspectral data cube are obtained. The inset illustrates the three-dimensional
information of the sample.
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Fig. 1. Hyperspectral microscopic imaging system and hyperspectral data cube. Inset
illustrates the acquisition of spatial and spectral information.

2.2. Experimental samples

The bacterial suspension was provided by the Beijing Beina Chuanglian Biotechnology Institute.
The sample preparation steps are as follows. A liquid tube containing 5-10 mL of liquid medium
(nutrient broth) was prepared, and 0.5 mL of liquid medium was poured into a lyophilized tube
containing bacteria. After approximately 1 min, the liquid medium was completely mixed with
the lyophilized powder, and subsequently they were added into the liquid tube and mixed evenly.
The bacteria were thereafter cultivated for 3 days in a water-bath thermostatic oscillator at 37
°C (140r/min). Finally, the bacteria were inactivated for 15 min in a high-temperature pressure
cooker at 121 °C and 0.25 MPa.

After inactivation, the samples were sent to BersinBio Technology Co., Ltd for Gram staining.
First, for the pure sample, the bacteria were directly heat-fixed on slides, while for the mixed
samples, two species of pure bacteria were dissolved in 1 mL of phosphate buffer saline (PBS)
solution individually; thereafter, 0.5 mL of each were mixed and the mixed bacteria were
eventually heat-fixed on slides. Second, we visually selected slides with a low density of bacteria
to avoid the influence of the bacterial overlap. For example, the density of bacteria (more than
1000 bacteria in the field of view) on the slide shown in Fig. 2(a) is extremely high for our study,
while the density of bacteria (less than 1000 bacteria in the field of view) on the slides shown
in Fig. 2(b) and Fig. 2(c) is moderate and appropriate for our study. Finally, all the selected
slides were stained by the classical Gram stain method: primary stain with CV solution for 1 min,

Fig. 2. The microscopic images of unstained and Gram-stained bacteria. (a) and (d) are B.
megaterium, while (b) and (e) are B. cereus. (c) and (f) are the mixtures of B. megaterium
and B. cereus. (d)—(f) are taken by the color CCD camera.
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mordant with iodine-potassium iodide solution for 1 min, decoloring with 95% alcohol for 25 s,
counterstain with safranin solution for 1 min, and finally sealing the piece with neutral gum. In
this experiment, we prepared 10 slides of B. megaterium, 10 slides of B. cereus, and 10 slides of
the bacterial mixture. Because the samples were all Gram-positive bacteria, they were stained
purple.

3. Method and results

3.1.  Transmission spectra acquisition and analysis

To investigate the staining differences between these two species of bacteria, we obtained the
transmission spectra of these samples via hyperspectral microscopy. The scanning spectral range,
scanning step size, and exposure time were set at 420-720 nm, 2 nm, and 60 ms, respectively.
Figure 3(a) shows the intensity information of the spectra, and the inset is a grayscale image
illustrating the target points (bacteria) and background point. The transmittance of a target point
in the field of view (FOV) at a certain wavelength is defined by Eq. (1).
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where T'(1) represents the transmittance of a target point, and A represents a certain wavelength.
The intensities of the target and background points are represented by I(A)pacreria and I(Dpackgrounds
respectively. The transmission spectrum for the target point was obtained by calculating the
transmittance for each wavelength. For example, we acquired the transmission spectra of two
target points (P1 and P2 in Fig. 3(a)), as shown in Fig. 3(b).
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Fig. 3. Acquisition and processing of spectra. (a) is the intensity spectrum of samples. Inset
is a grayscale image showing the target points (for example, P1 and P2) and background
point (for example, Background). (b) is the transmission spectrum of the target points.

The average transmission spectra of these two species of bacteria based on 680 groups of
spectral data (340 groups from each species) are shown in Fig. 4. One can see that there is a
slight difference in the absorption peaks between B. megaterium and B. cereus. Specifically, the
absorption peak of B. megaterium is 592 nm and that of B. cereus is 638 nm.

Because they are Gram-positive bacteria, their staining color is dependent on the primary
stain. In this step, the samples were stained with Co5H39CIN3 (CV) solution. The CV solution
was an alkaline stain. The inset in Fig. 4 shows a schematic of the chemical structure of CV.
Triphenylmethane is a chromophore in CV, with an absorption peak at approximately 584 nm
[31], based on the principle of complementary color light, triphenylmethane is purple, resulting
in the purple staining of bacteria. -N(CH3); is an auxochrome in the CV that ionizes in water,
generating a positive charge and can electrostatically combine with negatively charged substances
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Fig. 4. Average spectra of B. megaterium and B. cereus. The error bars on the spectra
represent the transmittance difference between the different target points at the same
wavelength. The inset is a schematic illustrating the chemical structure of CV.

(peptidoglycans) in the cell wall. This electrostatic binding between the dye and sample is
affected by the pH of the intracellular environment. When the pH value is different, the strength
of electrostatic binding is also different, therefore the staining effect of the sample is also different.
According to the literature, the pH values of B. megaterium and B. cereus are 1.80 and 3.0,
respectively [7]. Consequently, the difference in pH values between them leads to different
ionization of the auxochromes that combine with bacteria. The pH of B. megaterium is relatively
low, leading to the ionization effect of auxochromes obviously, and it has a stronger electrostatic
interaction between B. megaterium and CV. This makes B. megaterium retain more CV after
decolorization, and consequently, the red shift of the spectral absorption peak is more obvious.
As a result, there was a slight difference in the color of the two species of bacteria after the
process of primary stain.

Moreover, we investigated the staining of each spot in a bacterium. Figure 5 shows the spectra
of all pixels in a bacterium. It is observed that the spectrum of each spot in a certain bacterium
maintains a consistent trend and the position of the absorption peak is stable. The high stability
of the spectra enables the improvement of the identification accuracy of bacteria. Moreover, it
reflects that the pH values of the bacteria are relatively uniform and stable.

3.2. Training and testing of the classification prediction model

Machine learning (ML) has been widely used to identify bacteria alongside HMI technology.
Therefore, we also utilized ML to identify B. megaterium and B. cereus in our study and further
compared and optimized several classification models of ML, such as the decision tree (DT), linear
discriminant analysis (LDA), quadratic discriminant analysis (QDA), support vector machine
(SVM), naive Bayes (NB), and k-nearest neighbor (k-NN). We obtained two hyperspectral cubes
from each pure sample slide, and they were used to extract the original data for training and
testing. 35 groups of spectra were extracted from each cube. Therefore, a total of 700 groups of
spectra for each kind of bacteria were extracted from 20 pure sample slides. The training set
was composed of 340 groups of standard spectra of B. megaterium and 340 groups of standard
spectra of B. cereus, and we also used this dataset as a validation set to evaluate different machine
learning models. The classification accuracy (ACC), sensitivity (SEN) and specificity (SPEC)
of the ML models were calculated in this experiment. ACC is an overall evaluation. SEN is a
measure of the proportion of positives identified correctly in all positives, and SPEC is a measure
of the proportion of negatives identified correctly in all negatives. In this study, the B. megaterium
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Fig. 5. Spectral information of several bacteria. (al) shows the spectra of all pixels in a
B. megaterium corresponding to the bacterium in the red box in (a2). (b1)—(d1) are also
the spectra of the other three samples of B. megaterium corresponding to the bacteria in
the red box in (b2), (c2) and (d2) respectively. (el) shows the spectra of all pixels in a B.
cereus corresponding to the bacterium in the red box in (e2). (f1)—(h1) are also the spectra
of the other three B. cereus corresponding to the bacteria in the red box in (f2), (g2) and (h2)
respectively.

is the positive samples. These parameters are defined by the formula (2)-(4).

Nt
Accuracy(ACC) = ”relxloo% 2)
TP
ivity (SEN) =
Sensitivity (SEN) TP+ N 3)
TN
Specificity (SPEC) = ———— 4
pecificity ( )= TN 7P 4

where Ny, represents the number of samples identified to be correct and N, represents the
total number of samples. 7P and TN present the number of true positives and the number of
true negatives, while FN and FP present the number of false negatives and the number of false
positives, respectively. Corresponding calculation results of each model are shown in Table 1.

Table 1. Classification accuracy of the ML models

Model DT LDA QDA SVM NB k-NN
Accuracy (%) 97.2 100 99.9 99.9 95.3 99.6
Sensitivity (%) 97.1 100 99.7 99.7 92.9 99.1

Specificity (%) 97.4 100 100 100 97.6 100
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According to Table 1, the ACC, SEN and SPEC of the LDA model reach 100%. Therefore,
we selected the LDA model for the classification. The test set was composed of 360 groups of
standard spectra of B. megaterium and 360 groups of standard spectra of B. cereus. Moreover,
there was no overlap between the test set and the training set. Based on the LDA model, we
obtained the classification results for this set of data, as shown in Table 2.

Table 2. Classification results obtained using the LDA model based on
transmission spectra

Predict
B. megaterium B. cereus
B. megaterium 357 3
Actual
B. cereus 11 349

Table 2 shows the confusion matrix after cross-testing. Based on the confusion matrix, the
sensitivity of B. megaterium and the specificity of B. cereus were calculated to be 99.17%,
96.94%, respectively. Besides, it can be observed that the number of samples identified to be
correct is 706, while the number of samples identified to be incorrect is 14, and the total number
of both samples is 720. The identification accuracy is up to 98.06%. First, this demonstrates that
the spectral characteristics and the difference between the two spectra are stable, owing to the
stability of the intracellular pH values of the two species of bacteria. Second, this proves the
effectiveness of this method.

3.3. Automatic classification of bacteria

In the identification of the entire image, only the pixels associated with bacteria are needed to be
identified. Therefore, we used a binary algorithm to separate target pixels from the background
for saving computation and reducing errors. To achieve effective binarization, it was necessary
to select an image with a high contrast between the target points and the background. Because
the contrast of the spectral image at a wavelength of 628 nm was the highest in all spectral
images, it was chosen to be binarized. It was also required to enhance the contrast of the chosen
image before binarization. In this study, we selected a minimum gray threshold (Low_In) and
a maximum gray threshold (High_In) in the image at 628 nm (Fig. 6(a)). The values between
Low_In and High_In were mapped to values between 0 and 1. Values below Low_In and above
High_In were clipped. That is, the values below Low_In were mapped to 0 and those above
High_In were mapped to 1. Through this method, a contrast-enhanced image was obtained, as
shown in Fig. 6(b).

Fig. 6. Process of contrast enhancement of image. (a) is an original image at 628 nm and
(b) is a contrast-enhanced image.
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After enhancing the image contrast, the image segmentation method was employed for
binarization. The entire image (Fig. 7(a)) was divided into 8 X 8 tiny squares, and Fig. 7(b) shows
four of them. The adaptive threshold of each small square was obtained from the gray histogram,
as shown in the middle row of Fig. 7(c). This threshold was applied to the binarization of the
corresponding small square. If the gray values of the points were lower than this threshold, they
were labeled as 1 (targets). If the gray values of the points were higher than this threshold, they
were labeled as 0 (background). A binary image is presented in Fig. 7(d). In the classification
process, the points labeled as 0 were directly defined as the background, therefore it was not
necessary to identify them employing the LDA model.
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Fig. 7. The process of module binarization. (a) is a contrast-enhanced image for image
segmentation. (b) are the 4 small images divided from (a). (c) shows each small image and
the corresponding gray histogram, and the threshold is obtained from the gray histogram to
binarize the image. (d) is a binary image after image segmentation.

Further, we introduced the connected-domain algorithm to mark each bacterium as a connected
domain. The LDA model was employed to identify all pixels in each connected domain; if
more than half of all target pixels in a certain connected domain was identified as a certain
species, then this connected domain (corresponding cell) was identified as this species of bacteria.
Figure 8 shows the identification process of the mixed samples of the two bacterial species.
The classification results based on the transmission spectra are shown in Fig. 8(d), where B.
megaterium and B. cereus are labeled in red and green, respectively.

Fig. 8. The process of automatic identification of mixed bacteria in FOV. (a) is an original
image at 628 nm. (b) is an image of contrast-enhanced. (c) is a binary image. (d) is a
pseudo-color image after classification. B. megaterium and B. cereus are labeled in red and
green, respectively.

Figure 9(a)—(d) shows the entire image identification effect of the mixed sample in other FOVs.
Since both of them are Gram-positive bacteria, it is difficult to distinguish these two kinds of
bacteria by conventional microscope and the naked eye. However, the pseudo-color image based
on the identification of spectra of them can help us to distinguish these two kinds of bacteria
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intuitively in the field of view. In addition, to observe the identification effect of the image more
intuitively, the slides with only pure species of bacteria were identified, as shown in Fig. 9(e)-(i).
One can see that the identification results can be displayed intuitively on the pseudo-color images;
the distribution of bacteria in the images can be observed, and the identification result of pure
bacteria is highly accurate. Therefore, the proposed method can accurately identify these two
Gram-stained positive bacteria, irrespective of it being pure bacteria or a mixture of bacteria. As
long as there is a difference in the pH of the two species of bacteria, even if the difference is
subtle, an appropriate identification result can be obtained using the HMI system.

Fig. 9. Automatic identification of pure and mixed bacteria in other FOVs which are
independent of training and test set. (a)—(d) are mixed bacteria. B. megaterium is labeled in
red, while B. cereus is labeled in green. (e)—(h) are B. megaterium and (i)—(l) are B. cereus.

4. Conclusion

In this study, HMI technology is first used to classify Gram-stained B. megaterium and B. cereus.
Although they are both Gram-positive and morphologically similar, a slight difference in the
transmission spectrum between them can still be observed. This is because of the difference in
acidity and alkalinity of these two species of bacteria that results in a different structure of CV
after ionization, causing a color (transmission spectra) difference between them. Based on this,
an HMI system that can simultaneously obtain spectral information and spatial information of a
sample can be used to identify the two species of bacteria. Combined with the LDA algorithm,
the identification accuracy is as high as 98.06%. Moreover, the spatial features were also used to
enhance the quality of the identification of the entire image and enable the visualization of the
identification results in the field of views. We believe that this method can classify various kinds
of Gram-stained bacteria precisely, especially using hyperspectral images with a wide spectral
range from visible to near-infrared. It expands the function of Gram-stain and provides a novel
approach for the species-identification or subspecies-identification of bacteria.
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