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ABSTRACT

Segmentation methods are so much efficient to segment complex
tumor from challenging datasets. MACCAI BRATS 2013-2017
brain tumor dataset (FLAIR, T2) had been taken for high grade
glioma (HGG). This data set is challenging to segment tumor due
to homogenous intensity and difficult to separate tumor boundary
from other normal tissues, so our goal is to segment tumor from
mixed intensities. It can be accomplished step by step. Therefore
image maximum and minimum intensities has been adjusted
because need to highlight the tumor portion then thresholding
perform to localize the tumor region, has applied statistical
features(kurtosis, skewness, mean and variance) so tumor portion
become more visualize but cann’t separate tumor from boundary
and then apply unsupervised clusters like kmean but it gives hard
crisp membership and many tumor membership missed so texture
features(Correlation, energy, homogeneity and contrast) with
combination of Gabor filter has been applied but dimension of
data increase and intensities became disturb due high dimension
operation over MRI. Tumor boundary become more visualize if
combine FLAIR over T2 sequence image then we apply FCM and
result is: tumor boundaries become more visualized then applied
one statistical feature (Kurtosis) and one texture feature(Energy)
so tumor portion separate from other tissue and better
segmentation accuracy have been checked with comparison
parameters like dice overlap and Jaccard index.
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1. INTRODUCTION

Images are composing of voxel of pixels, it has been seen in field
of image processing. Segmentation is one of performance-oriented
technique to segment within boundary or detect edge in image and
its application also exhibits in medical imaging like MRI, CT scan
to segment region of interest.

Magnetic Resonance Imaging (MRI) gives important information
inside human body like brain and other organ which are scanned
by doctor using MRI machine, abnormalities are investigated for
treatment. These machines have scanner and capture image
intensities, normally they get variation therefore MRI resultant
image possess intensity biasness and machine creates image
which consists of more homogenous pattern and organ become
hide, therefore we need to handle intensity distribution to see our
region of interest.

MRI sequences are T1, T1CE, T2, FLAIR (Fluid attenuated
inversion recovery). T1 weighted depict white matter (as inner)
and grey matter (as outer) tissues region whereas t2 weighted
images are more contrast or darker image and their boundaries are
clearer with darkness. T2 and FLAIR images have been
segmented in this paper.

Features plays important role for identification of variability
among different shapes, they work with combination of un
supervised clustering techniques to give better segmentation
results for detection of brain tumor.

The organization of this paper is as, section number 2 is consisting
of related work which give very clear picture, section number 3 is
pertaining material which have taken from BRATS MACCAI
2017-2013 brain tumor dataset. Section number four reflects
methodology of our work, section number 5 ‘RESULT AND
Discussion’s analysis portion of this work and last portion is
conclusion and future work.

2. RELATED WORK

The identification of tumor tissue in MRI of brain has been
possible with segmentation methods like automatic segmentation
[21]-[26]. It is important to see the tumor portion in those images
which is clearer like in MACCAI BRATS brain tumor dataset and
for verification point of view they have been cross check with
already available tagged data. Therefore, this work has been
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divided into four streams, first to check either brain tumor MRI
image skull has been already stripped? So, this part is for
preprocessing. Second thing is to check also for preprocessing
which technique is better for enhancement of dataset. For
segmentation which is next step. Clustering is one of best un
supervised technique for segmentation technique of brain tumor [1]
‘a benchmark’, used SOM-FKM for segmentation purpose. Third
step is to check the most coherent features to FKM-SOM for
tumor segmentation purpose and last thing is evaluation of results.
In following paragraphs, we will check them one by one.

It is important to understand which preprocessing (enhancement
of MRI) required for our experiment dataset (MACCAI BRAIN
TUMOR DATASET), for brain generally three preprocessing
practice, one is skull removal second is denoising and third one is
intensity normalization. For this dataset skull is already removed
or stripped by ITK, it is a skull removal filter. ITK(insight
segmentation registration toolkit) is firstly register with atlas
image then brain mask has been erode and present as refined brain,
brain has been extracted with level set. Level set evolve towards
brain edges dedicatedly [2].

Intensity distribution is required for image correction. If MRI
imaging have been acquisitioning for same patient image with
same MRI scanner then check other patients with same scanner,
discrepancy exist therefore no standard tool available for
segmentation to check intensity range so we have applied
Intensity normalization is best for MACCAI brain tumor dataset
[3]. Sampling performed with nearest neighbor pixels
interpolation, all 2mm isotropic resolution has been compared
with ground truth 1mm resolution therefore intensities are
sampled [4]. Different algorithms have been checked over Brats
MACCAI brain tumor glioma dataset and limitation remain due to
variability if tumor shape and intensity biasness. Therefore, with
such dataset we need to coupe with biased intensities so
conclusively we need this dataset and preprocessing by using
intensity normalization.

Focusing [1] a benchmark dataset, the best automatic technique
for segmentation is basically FKM and FKM is hybrid with SOM.
For accurate segmentation, it is important to target the features
which are closer to segmentation like FKM and SOM. One feature
is consisting of ten to thousands of variables of data which are
related to other variable [6]. Feature is like structure of object
which directs region of interest of brain tumor. Different kind of
features exists like texture features, statistical feature and
histogram features. Therefore, need of time is to explore those
features which are nearer to brain tumor segmentation. Problem
occurs when segmentation of image is performed with texture, so
problem has been resolved using unsupervised method Fuzzy c
mean. Features are mean, variance, third and fourth ordered
moments [7]. Texture analysis has been performed for
segmentation and checked one nearer feature is homogeneity
which help to find out region of interest in image [8]. Texture
features like Horlick thirteen features (angular momentum,
contrast, correlation, variance, entropy, inverse difference moment,
sum average, sum variance, entropy information, measure of
correlation, max correlation coefficient, inertia, cluster shade,
cluster prominence, local homogeneity, and energy) and these
features are called over Grey level co-occurrence matrix (GLCM)
[9]. The features which are statistical, texture, histogram gradient
features over MRI they are coherent if apply unsupervised
technique for segmentation of brain tumor. K mean cluster gives
segmentation without miss cluster region due to hard clustering,
but their membership is low [10]. K mean sometimes as hard

crisp cluster, fuzzy or soft clustering in which feature vector X has
degree of membership in each cluster. At first step it guesses the
mean from m1, m2, m3...mk the from estimated mean to find out
degree of membership [11]. Kmean is not suitable due to hard
clustering. FCM need large CPU times computation. FCM
clustering with kohenen mean cluster overlap grayscale intensity
and not clearly boarder between tissues successfully. FCM is
sensitive for noise but FKM improves segmentation degradation
when noise corrupt the image. Statistical features like histogram
features and gradient based parameters. Histogram is computed
without considering spatial relationship. Histogram features are
mean, variance, skewness and kurtosis [12]. Statistical features
are better for detection of region of interest (brain tumor) than
Gabor texture feature because of they consume low space than
Gabor which have high dimension [13].

Un supervised clustering technique for segmentation of brain
tumor they never work good if work individually or performance
degrades. Like If we have used Self Optimization mapping (SOM)
then overhead occurs but if combine with some un supervised
clustering technique so performance increase. SOM is initially
assigned weights then train data, after training best match unit
node has been selected to draw radius around central nodes but
this method is more computation with minimum accuracy [14].
The drawback of SOM is that competitive neural layer become
equal to desire regions. It is possible to determine correct number
of regions of detected tumor [15] so it is limitation of
conventional SOM but with FCM a fuzzy partitioning technique
which check member of tumor in multiple cluster of datasets and
give better segmentation. Hybrid SOM-FKM gives accurate
segmentation with evaluation parameters like Jaccard index, DOI,
sensitivity, specificity, recall, precision [16]. [19] SOM-FKM
gives better segmentation whereas SOM reduce dimension and
FKM gives maximum membership for segmentation, but tumor
segmentation has not discussed. FCM and KMean both are
combine to achieve better results of segmentation but mk
memberships can be missed[20]. Clustered have been calculated
then correct intensity to find out tumor region then joint label
fused for accurate segmentation of tumor performed[21].

From all above issue it have been observed that hybrid SOM-
FKM and other segmentation techniques gives better accurate
segmentation with comparison parameters but problem still
remains in region of interest where mixed intensities occurs as
mentioned in bench mark paper [1] .

3. MATERIAL

For experimentation, dataset which has been used it is Brats 2013-
2017 MACCAI brain tumor dataset. This is published dataset
which have been used by different researchers across the world.
For detection of tumor, the dataset is consisting of low grades
glioma as well as high grade glioma. Dataset pertains 285 MRI
patients known as volume. Their naming convention is like
BRATS 17-2013-8-1. This dataset is consisting of images from
year 2013 to 2017. In dataset 210 patients are high grades glioma
whereas 75 are low grade glioma. MRI images sequences are Flair,
T1, TICE, T2. Mostly images in this dataset are axil orientation
where some of orientations are sagittal and coronal. Total number
of HGG are 210*155*4=130200 whereas low grade glioma are
75*155*4= 46500. Tagged images are already segmented images,
they have been used to check already given segmentation with
already selected sequence. For every sequence one tagged image
is available for test or validate the result of segmentation. Dataset
is publically available for experiments [5].



Table 1 is a list of HGG and LGG images of 285 patients, for
every patient tagged segmented images available for test so 285
tagged images are available. Figure 1 is axil orientation (FLAIR)
image for volume number 2, in Figure 2 that FLAIR image have
been normalized with adjusted intensity from normalization
purpose to segment region of interest. Figure 3 for T2 sequence
image and in Figure 4 it has been normalized to separate tumor
tissues from normal tissues and Figure 5 is available tagged tumor
for testing.

Table 1. MACCAI BRATS 2017-2013 dataset

;)I‘fypes )p:z’::eczzg)s X sequences Numk-)reort?)lf

folder images

HGG 210x4x155(patients  x 130200
sequences X slices)

LGG 75x4x155(patients X 46500
sequences X slices)

Tagged | 285 x1 x 155 (patients 44175

(already | x sequences x slices))

segmen

ted)

Subtota | 46x1x155(patients  x 28520

| sequences X slices))

(Validat

ion)

Grand 220875

total

Figure 1. Flair (Bratsl7_2013 2 1)

Figure 2. T1(Brats17_2013 2 1)

Figure 3. T2(Brats17_2013 2 1)

Figure 4. (T1CE(Brats17_2013 2_1))

Figure 5. Tagged image (Brats17_2013 2_1)

4. METHODOLOGY

Figure 14 is a frame work diagram. Unsupervised clustering
techniques have been checked across features to get good
segmentation results of segmentation over BRATS MACCAI
brain tumor dataset over T2 and Flair images. We have selected
slice number 75" because layer of tumor boundary is roughly
visible from rest of 155 slices. Ten more close slices of tumor
have been checked. Firstly, input image is converted greyscale
using mat2gray function. Intensities have been adjusted to max
and min pixel values of image so that tumor portion can be
prominent. We have three cases and in third case, better
segmentation has been achieved. At first case, for localization of
tumor adjusted image have been thresholder so that region of
interest can be seen. Over thresholder region statistical features
(mean, variance, skewness, kurtosis) are applied, tumor become
highlight but couldn’t separate from other brain tissues then in
second case Kmean has been applied but due to hard crisp many
memberships of tumor region are missed. In another case two
texture features after GLCM with combination of Gabor filter
applied but dimension of image become higher and more complex.
At last segmentation with good result achieve when from adjusted
intensities we have applied FCM. We have concatenate flair
image intensities with T2, T2 is darker whereas flair is light so
tumor boundaries become more visible then we have applied
FCM with different class of intensities and tumor is segmented
with intensity of 0.1. Before FCM statistical feature kurtosis has
been applied and after FCM segmentation texture feature Energy
is applied so tumor has been segmented.

Segmentation for Flair image: -

Figure 6. Original flair image 75 number slice



Figure 7. Intensity Normalize

Figure 8. Binary Tumor Segmented Image

Figure 9. With Homogeneity feature of texture detection of
Tumor

Two cases are important to see for contributed segmentation.
Figure 6 is Flair orientation image and its intensity has been
adjusted in Figure 7 then in Figure 8 we can see using
thresholding tumor boundary has been segmented. In Figure 9 we
can see clearly that after applying homogeneity a texture feature
tumor boundaries become more prominent. During our
experiment over Figure 6 we have noted, original Flair image is
given Contrast and variance feature values over flair images are
very low over for tumor segmentation whereas Kurtosis feature
very high.

Segmentation for T2 number of slice for same patient as same
slice of Flair: -

Figure 11. Contrast

PFimol info: (282, 2030 0.10

Figure 12. Tumor headlight with black color using FCM with
intensity of 0.1

Figure 13. More highlighted with applying energy feature
with black region boundary around grey fluid

In Figure 10, experiment have been performed over T2 sequence
of image and tumor is more contrast and intensities are more
homogenous to segment so in this case step by step tumor have
been segmented, in next step Figure 11 average intensities then
combine Flair sequence with T2, apply FCM therefore tumor has
been segmented with black portion with intensity of 0.1 in Figure
12 and at last after applying energy feature tumor boundary
segmented with black portion, it can be seen in figure 13.

Statistical features give illusion with minimum cost [17].

Table 2 is showing statistical features whereas Table 3 is showing
for texture features.

Table 2. Statistical Features

Feature Formula
Name
Kurtosis ot 2
L ala+1) X, —K B 3(n-1)
Hurtosis = {(%—1)(;@—2)(;2—3)2( s ] } (n-20n-3)
Skewness . Y Z(x" _f]s
B - 1)(n-2) 5
Variance L_ ] i
iy i1 |r§ll 'E‘R{"-f-'}— mn—1 ”.gnl?“?“ /
Mean 1
flx.v)=— a(r,c)
’ ’ mn ”_E‘H =




Texture feature can be seen from [18] over GLCM, here subset
have been used.

Read Nifty sice from
data set{fiir, t2)

Convertto gray scale
\sing mat2gray

Intensity adjust of
image foinrease

Thresholding of ray rontrast

cale for localization of
tumar

Agply gray co metri for exture Statistical feture apply for

features{Contrast Correlation extraction of tumar boundary
Energy Homogensity) aver {Mean, Variance, Skewness,
slice Kurtos)

(rabor flter applied for texture
segmentation to identify region

K mezn applied over threshald

slice

FCM with combination over statistical kurtosis
feature) and texture] energy feature)

Evaluation of sice for the
estlts

Jaccard
[ndex

Figure 14. Frame work diagram

5. RESULTS AND DISCUSSION

In MACCAI BRATS brain tumor dataset segmented tag images
are provided to checked and validate foe every single patient. We
have performed segmentation through FCM and results from
FCM with eight features like texture (Energy, homogeneity,
contrast, correlation) and statistical (Mean, variance, kurtosis,
skewness). They are subset features from their main class but give
help for better segmentation. The output results have been
compared with given tagged images of every patient individually.
For comparison and evaluation dice overlap and Jaccard index
have been used. Then we are comparing our results with [1] bench
mark and draw conclusion. Table 4 and Table 5, for Flair and T2
ten images 75" to 85" sequence ten features (Contrast,
Homogeneity, Energy. Variance, Mean, skewness, kurtosis) have been
checked whereas Table 6 is comparison among benchmark and

this paper result values. Figure 15 and Figure 16 shows features
over this dataset whereas Figure 17 is comparison among this
paper result versus benchmark results.

Table 3. Texture features

Feature name Formula
Energy Mo 2
>(5)
i,7=0
Contrast Wl
S (- )
A
i,7=0
Homogeniety [ Py
¥
i =0 1+[3 =
Correlation " —_— )
%115{?. 17— LN — L)
z‘,T-'n a
Brats17 2013 2 1
120

100

80

60

40

20
o m 1
R

Figure 15. Statistical and Texture feature over 10 images of
volume number Flair sequence (Brats17_2013 2 1)

T2 sequence with 10 tumor
images for single volume

150
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0 |
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Figure 16. With T2 sequence
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Table 4. Flair sequence image across features

Slices | Contrast | Homogenity | Energy | Variance | Mean | Kurtosis | Skewness
75 0.01 0.9988722 | 0.9689 | 0.091314 | 0.1975 | 2.05732 0.9546
76 0.0032 0.9983835 | 0.9574 | 0.019642 | 0.2055 | 47.9113 0.9546
77 0.0037 0.9981391 | 0.9559 | 0.020122 | 0.2063 | 46.6976 0.9546
78 0.0029 0.9985276 | 0.9624 | 0.017296 | 0.2063 | 54.8159 0.9546
79 0.0023 0.9988283 | 0.9697 | 0.013944 | 0.2048 | 68.717 0.9546
80 0.0027 0.9986341 | 0.9678 | 0.014708 | 0.2048 | 64.9888 0.9546
81 0.0017 0.9991353 0.975 | 0.011612 | 0.204 | 83.1183 0.9546
82 0.0036 0.9981892 | 0.9591 | 0.018597 | 0.2087 | 50.7724 0.9546
83 0.0036 0.9981955 | 0.9585 | 0.01891 | 0.2071 | 49.8835 0.9546
84 0.0041 0.9979261 | 0.9548 | 0.020481 | 0.2071 | 45.8254 0.9546
0.0381 9.9848308 | 9.6296 | 0.246627 | 2.0521 | 514.787 9.5456
Table 5. T2 sequence image across features
Slices | Contrast | Homogenity | Energy | Variance | Mean Kurtosis | Skewness
75 | 0.788324 0.13 0.490745 0.116 0.22142 | 2.128872 | 0.985862
76 | 0.999896 | 0.782292798 | 0.491435 0.115 0.22 2.130904 | 0.9888
77 | 2.525444 0.135 0.491435 | 0.114098 | 0.219034 | 2.137703 | 0.988837
78 | 2.433906 | 0.142091685 | 0.489172 | 0.11119 | 0.215939 | 2.147838 | 0.993262
79 2.34915 | 0.785769993 | 0.491075 | 0.113917 | 0.218271 | 2.157703 | 0.997835
80 | 2.332344 | 0.786765506 | 0.491416 | 0.115429 | 0.219257 | 2.166712 | 12.16933
81 | 2.423925 | 0.78529869 | 0.493503 | 0.119781 | 0.222866 | 2.174276 | 7.286939
82 | 2.672338 | 0.781041972 | 0.494175 | 0.121017 | 0.223501 | 2.182282 | 6.483036
83 | 2.713894 | 0.779862143 | 0.496041 | 0.107486 | 0.210274 | 2.184867 | 1.016572
84 | 2.650975 | 0.496312765 | 0.496313 | 0.079189 | 0.180368 | 2.180669 | 1.016187
Table 6. Bench mark comparison table
Jaccard Index and DOI for Jaccard
MACCAI Brats braint Tumor Jaccard Index _
versus G. Vishnu Varthanan Index(Brats) | DOI(Brats) | (Vishnu) | DOI(Vishnu)
13.3 235 34.85 34

DOI(Brats) Jaccard Index DOI(Vishnu)

Jaccard
Index(Brats)

(Vishnu)

M Brats17_2013_2_1(flair)

Figure 17. Comparison with benchmark

In Figure 17 it is clear cut seen for DOI and jaccard index of our
results are 23.58, 23.5 whereas for benchmark they are 34.85 and
34 so we have some motivations and result can be improve if we
reduce dimension with SOM and then using FKM for more
accurate segmentation can be achieve.

6. CONCLUSION AND FUTURE WORK

We can conclude this work as using segmentation methods with
help of feature gives better accurate segmentation over Brats
MACCAI brain tumor dataset over Flair and T2 sequence, when
both sequence combine then better picture of tumor visualize and
when applies subset of texture and statistical feature with FCM
therefore tumor boundaries separate from normal brain. But this
work compromise because we are solving mixed intensity issues
and FCM with texture and statistical feature has been used but if



we used SOM for feature reduction and also reduce noise then
apply FKM then will be able to get more better segmentation.
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ABSTRACT

Glaucoma is one of the leading cause of blindness characterized
by increased intra ocular pressure (IOP), visual field defects and
irreversible loss of vision. Remedial intervention of glaucoma
primarily aims at the reduction of IOP and subsequent
examination concerning the related anomalies in the aqueous
outflow system (AOS) especially with newer angle procedures.
Thus, high resolution imaging of the iridocorneal angle (ICA)
region comprising trabecular meshwork (TM) is extremely
valuable to clinicians and vision analysts in comprehending the
disease state for the efficacious analysis and treatment of
glaucoma. Imaging of the AOS inside the eye using the digitally
scanned Bessel-Gauss beam light sheet microscopy has been used
in this study to obtain high resolution optical sections with
minimal phototoxicity and photobleaching. This paper
investigates the effect of long working distance objectives in
obtaining high resolution TM images while offering non-contact
and non-invasive approach in imaging. A series of experiments
were conducted to optimize various imaging parameters using
porcine eyes as test samples. Investigations carried out by
illuminating both the anterior segment region and limbal region
resulted in promising results. A delineated network of collagen
fibers in a meshwork fashion can be clearly seen in the obtained
images of the TM. The optical sectioning capability of this
technique is demonstrated and the structural features match well
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1. INTRODUCTION

High resolution imaging and ultra-sensitive detection techniques
in biomedical optics are remodeling the medical landscape with
newly developed clinical instruments [1-3]. There are various
methodologies and techniques that have been developed over the
last few decades towards resolution improvement, and aberration
and curvature correction for bio optic applications [1, 4-8]. Vision
researchers around the globe have been constantly striving to
innovate better diagnostics and treatment methods for various eye
aliments. Primary angle closure glaucoma is one of the major eye
diseases causing blindness worldwide [9]. Glaucoma is an eye
disease caused by irregularities in the ocular aqueous outflow
system (AOS) causing an elevated intraocular pressure (IOP) that
may result in the decay of retinal ganglion cells, resulting in loss
of vision. Primary angle closure glaucoma may occur when the
iris is pushed or pulled against the drainage channels at the
iridocorneal angle (ICA) region [10]. The aqueous outflow system
at ICA consists of the trabecular meshwork (TM), the Schlemm’s
canal and the collector channels [11]. Imaging of ICA in high
resolution is of great diagnostic value to clinicians for the
assessment of the disease state. The main diagnostic techniques
currently available for ICA visualization can be broadly classified
into photographic (gonioscopic photography [12], EyeCAM™
[13], pentacam [14] etc.) and optical tomographic methods
(Ultrasound biomicroscopy [15], optical coherence tomography
(OCT) [16] etc.). All these imaging modalities allow visualization
of ICA and help in the diagnosis and management of glaucoma.



There are advantages and inadequacies in measurement reliability
and repeatability associated with each of these techniques. The
widely used clinical reference standard for ICA assessment is
gonioscopy. However patient discomfort and physician
compliance are two main concerns of this technique. Since this
technique is quite tedious and requires cumbersome methods and
expertise to record the data, ICA images from gonioscopy are
often not documented. In addition multiple reflections from the
gonioscopic lens or mirrors used along with the coupling gel
affects the image quality of the gonioscopic system [17]. To be
able to resolve the TM structures, a spatial resolution of about 1-5
pm is required. Another clinically effective, state of the art tool
used in the assessment of ICA to investigate angle closure is OCT.
Even though OCT can image features on a micrometer scale, the
low image contrast of the OCT images restricts the visualization
of TM structures [18]. In other words, these commonly used
techniques usually cannot deliver high resolution images required
for the visualization of the TM structures.

In this regard, we consider light sheet fluorescence microscopy
(LSFM), as a potential imaging solution that has the ability to
produce high resolution optical images with minimal
photobleaching and phototoxicity [19]. In conventional static
LSFM, a stationary sheet of light is projected onto the sample
plane utilizing a cylindrical optics. The fluorescence signal
emitted by the sample is then imaged using an imaging optics
placed perpendicular to the illumination axis. This technique can
generate two dimensional optical sections of the samples under
investigation with high resolution in large field of view. A thinner
and high signal to noise ratio light sheet with an extended depth of
focus can be realized by digitally scanning a Bessel-Gauss beam
in one dimension [20]. The superiority of Bessel-Gauss beam
based LSFM had been demonstrated by several research groups.
[21, 22]. Here we present our recent advances in Bessel-Gauss
beam light sheet microscopy for high resolution imaging of the
ICA, in particular, the trabecular meshwork. By incorporating
long working distance (WD), high numerical aperture (NA)
objectives, this method provides a non-contact and non-invasive
technique for high resolution imaging of the TM.

2. EXPERIMENTAL
2.1 Preparation of Samples
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Figure 1. Absorption and emission spectra of aqueous
fluorescein sodium solution

We randomly collected porcine eye samples (Sus scrofa
domestica) to use them as ex-vivo samples for the measurements.
The samples were collected from a local abattoir to be transported
and kept in ice boxes till investigations began for maintaining the
freshness. The samples were mounted on to a custom made eye
holder and the anterior chamber of the eye samples was injected
with 0.2 ml of 0.05% wi/v fluorescein sodium (Bausch & Lomb,
UK). The experiments were completed within 8 hours of the death
of the animal. We have taken proper precautions on bio safety,
according to the regulations of Nanyang Technological University
(NTU) and Agri-Food and Veterinary Authority (AVA) of
Singapore. The absorption and emission spectra of aqueous
fluorescein sodium solution are shown in Figure 1. The emission
spectrum shown here is obtained by exciting the fluorescein
solution at 488 nm, corresponding to the excitation wavelength
used for the measurements.

2.2 Optical Setup for Imaging
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Figure 2. Schematic of the Bessel-Gauss beam light sheet
microscopy used for the imaging of ICA

For the fluorescence excitation, a fiber coupled continuous wave
(CW) laser diode of 488 nm emission wavelength (LUX-488
Omicron, Germany) was used. The beam was expanded and
collimated to the required size with the help of an external beam
expander. A 176° apex angle plano convex axicon lens (Thorlabs)
was used for the generation of the Bessel-Gauss beam. The



generated Bessel-Gauss beam was made incident on a two axis
Galvano scanner and directed to the illumination objective using a
tele-centric scan lens followed by a tube lens. An infinity
corrected, long working distance (WD = 20 mm) apochromatic
objective of 20X magnification was used (Plan Apo, NA 0.42,
Mitutoyo, Japan) for sample excitation. The Bessel-Gauss light
sheet was created by scanning the vertical mirror of the Galvano
scanner. The imaging arm consisted of an identical infinity
corrected long working distance objective and a tube lens (f = 200
mm, WD = 148 mm, Thorlabs) with the optical axis orthogonal to
the excitation arm. A 60 mm macro lens (Nikon AF Micro Nikkor
60 mm) was used for an easier collection adjustment at the camera
end. Scattered excitation laser was isolated with the help of a 488
nm notch filter in the imaging system. A 5.5 megapixel SCMOS
camera (Andor Neo, UK) was used for recording the images. The
illumination laser power was always kept lower than the
maximum permissible exposure (MPE) limit recommended by the
American National Standards Institute (ANSI) and the
International Commission on Non-lonizing Radiation Protection
(ICNIRP) [23, 24]. The experimental setup used for the
measurements is outlined in Figure 2.

3. RESULTS AND DISCUSSION

Compared to a conventional Gaussian beam, the Bessel-Gauss
beam can maintain a focused spot over a relatively larger distance
[25, 26]. Additionally, the use of self-reconstructing Bessel beam
results in the improvement of the sample image contrast and the
reduction in shadowing and scattering artifacts. The use of
fluorescence dye enhances the contrast of the images further. In
addition, the digitally scanned light sheet technique offers a better
control over the intensity profile and size of the generated light
sheet compared to conventional static light sheet microscopy.

The images obtained using the digitally scanned Bessel-Gauss
beam light sheet from a porcine eye sample are presented in
Figure 3. These images clearly show the ICA region and the
trabecular meshwork can be distinctly identified in these images.
The optical sectioning capability of this technique is presented in
a series of images (Figure 3b - 3d). These images are obtained by
progressively moving the detection objective towards the sample
in steps of 50 um.

Figure 3. Optically sectioned Images (at 50 pm steps) of
porcine TM obtained using the Bessel-Gauss beam light sheet
microscopy

4. CONCLUSION

An imaging system based on digitally scanned Bessel-Gauss beam
light sheet for the high resolution visualization of the iridocorneal
angle region in the eye is presented with illustrative examples.
The results shows a delineated network of collagen fibers in a
meshwork design. Structural details of the obtained TM images
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are found to be in good agreement with previous reports in
literature [27-29]. The optical sectioning capability of this
technique is also demonstrated. High resolution imaging of the
ICA and TM can help in the early and accurate detection of
glaucomatous disease process, which empowers clinicians and
vision researchers to comprehend the pathology and diverse
conditions of the eye disease for ensuing treatment and follow-up
methodology. Improved direct high quality visualization of the
TM region through this system can be used for Laser
trabeculoplasty, and further glaucoma management.
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ABSTRACT

Semantic segmentation of colon gland is notoriously challenging
due to their complex texture, huge variation, and the scarcity of
training data with accurate annotations. It is even hard for experts,
let alone computer-aided diagnosis systems. Recently, some deep
convolutional neural networks (DCNN) based methods have been
introduced to tackle this problem, achieving much impressive
performance. However, these methods always tend to miss
segmented results for the important regions of colon gland or
make a wrong segmenting decision.In this paper, we address the
challenging problem by proposed a novel framework through
conditional generative adversarial network. First, the generator in
the framework is trained to learn a mapping from gland colon
image to a confidence map indicating the probabilities of being a
pixel of gland object. The discriminator is responsible to penalize
the mismatch between colon gland image and the confidence map.
This additional adversarial learning facilitates the generator to
produce higher quality confidence map. Then we transform the
confidence map into a binary image using a fixed threshold to
fulfill the segmentation task. We implement extensive
experiments on the public benchmark MICCAI gland 2015 dataset
to verify the effectiveness of the proposed method. Results
demonstrate that our method achieve a better segmentation result
in terms of visual perception and two quantitative metrics,
compared with other methods.
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In this paper, we study the problem of semantic segmentation of
colon gland where the goal is to predict a category label at each
pixel in the colon gland images. The accurate segmentation results
can assist pathologists to make diagnose whether the colon gland
is benign or malignant. However, this is a challenge task due to
two-fold reason. First, the colon gland images always have
complex context and huge variation. Figure. 1 illustrates an
example of different morphology for colon gland. Figure. 1(a)
shows two benign cases while Figure. 1(b) gives two malignant
cases. We can observe that both the benign and malignant cases
reveal complex context. Also, the variation between benign and
malignant cases is quite huge; Second, the colon gland images
with accurate annotations are scarce, because of manually
labelling a large-scale training dataset is labor-intensive and time-
consuming.

Ground Truth

(b) malignant cases

(@) benign cases

Figure 1. Different morphology of colon gland. The white
regions of ground truth present different gland objects. Figure.
1(a) shows two benign cases while Figure. 1(b) gives two
malignant cases

Recently, there are some attempts to address this challenging
problem. These methods can be roughly classified into two groups:
hand-crafted feature leaning based methods and deep-learning
based methods. For the first group, some representative examples
include structure-based method [1]-[2]; polar space random field-
based method [3]; stochastic polygons-based method [4]. Though
these methods achieved appealing segmentation performance,
they harness the handed-crafted features to accomplish
segmentation task, restricting segmentation effect because taking
all the necessary factors into account for perfect design is almost
impossible from a certain point of view.

With the great success of deep networks on 1000-way image
classification [5], some deep leaning-based methods for
segmentation task of have been proposed. Specifically,
Ronneberger et al. introduced a U shape convolutional neural
network to fulfill medical image segmentation (U-Net) [6]. Huang

*corresponding author



et al. presented dense convolutional network [7], which has been

impressive performance. Nevertheless, they always tend to miss
segmented results for the important regions of colon gland or
make a wrong segmenting decision.

Recently, the generative adversarial network (GAN) introduced
by Goodfellow et al. [8] has acquired great success in generative
modeling. Conceptually, it consists of a generator G and a
discriminator D where G is in charge of capturing the potential
data distribution while D attempt to distinguish a sample came
from the training data rather than G. Later, Mirza et al. [9] expand
the original GAN to the conditional case, i.e., conditional GAN
(cGAN) where both G and D are conditioned on some additional
information, such as class labels or data from other modalities.
The authors augured that this conditional strategy can not only
increase the stability during training but also improve the
descriptive power of G. It has been widely used to some other
tasks, such as image-to-image translation [10], image de-raining
[11], CT denoising [12], just to name a few. Our work is also
inspired by cGAN [9].

The main contributions of this work are listed as follows.

(1) It proposes a novel framework through cGAN tailored for the
semantic segmentation of colon gland. The generator learns a
mapping from gland colon image to a confidence map. While the
discriminator is to penalize the mismatch between colon gland
image and the confidence map which, in turn, facilitates the
generator to produce higher quality confidence map.

(2) It harnesses a fixed threshold to transform the confidence map
into a binary image to fulfill the segmentation task. This strategy
is simple yet efficient.

(3) It implements extensive experiments to verify the
effectiveness of the proposed method. Results reveal that the
proposed reaches a better segmentation results in terms of visual
perception and two quantitative metrics.

the backbone adopted by many works. These methods achieved

2. THE PROPOSED METHOD

We detail the proposed method in this section. We start with the
introduction of the cGAN-based segmentation architecture; then
its objective is discussed; finally, we give the segmentation
procedures.

2.1 Architecture

The overview of the architecture tailored for semantic
segmentation of colon gland is illustrated in Figure. 2. Similar to
the original GAN [8], the architecture consists of a generator G
and a discriminator D. G is responsible for generating high-quality
confidence map to indicate the score for each pixel belongs to
gland objects, given a colon gland image as input; while D tries to
distinguish the relationship between colon gland image and the
ground truth or G-generated. The additional adversarial learning
facilitates G to produce high quality confidence map. For
simplicity, we denote the convolutional layer, BatchNorm layer,
Deconvolutional layer as Conv, BN, Deconv, respectively. The
numbers in the rectangle represent the kernel size, stride, and
padding size of the Conv, respectively.

We can observe from Figure. 2(a) that G contains 16 blocks. G_1-
G3 are Conv-BN-Relu blocks; G_4-G_14 are resnet blocks [13];
G_15-G_16 are Deconv-BN-Relu blocks; G_17 is the Conv-
Sigmoid block.

We leverage a 70%70 PatchGAN introduced by [10] as the
discriminator D in this work. Generally speaking, it tries to
distinguish each path with size of 70%70 in an image is real or
fake. The discriminator convolves with image, and all the
responses are averaged to generate the final output of D. Figure 2
(b) show the architecture of D.
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Figure 2. The overview of the proposed architecture. For each block, the numbers in the rectangle represent the kernel size, stride,
and padding size of the Conv, respectively



2.2 Objective

Generator G learns a mapping from colon gland image X to a
confidence map y, or X = y. G is trained to generate outputs that
can confuse D while D tries to distinguish real images and G-
generated images. This training procedure can be formulated as

Lo (G:D) =E{ 0 [ 109D (X, ¥) ]+ E{ [ log(1-D(xG(x))) | (D)

On the other hand, we also wish the output of G could reach the
ground truth as much as possible. Hence, we employ the binary
entropy loss towards this goal:

Loce (G)=Ef . n i) L—ylog(G(x)) -(1- y)log(l—G(x))J Q)

The final objective therefore is
G =argminmax L, (G,D)+ ALy (G) 3)

Where A controls the relative importance of the two terms.
Experimentally, we set the A to 80 throughout this work.

2.3 Segmentation Procedures

Once trained, we only harness the trained G to fulfill
segmentation task. Given a colon gland image X as input, the well-
trained G outputs a confidence map y with a range from 0 to 1
indicating the probability of being a pixel of gland object. The
closer the score reach to 1, the more likely the corresponding pixel
belongs to gland objects. To obtain the final binary segmentation
result, the confidence map should be further processed.
Specifically, we exploit a fixed threshold 0.5 to segment the
confidence map to generate final binary segmented result m.
Mathematically, this process can be formulated as

1, y,, 205
"1 700, otherwise

(b) Ground Truth

(a) Original imgae

I

(¢) U-net

3. EXPERIMENTS AND DISCUSSION
3.1 Dataset Acquisition

We assess the proposed method on the public benchmark dataset
of Gland Segmentation Challenge Contest in MICCAI 2015 [14].
The training dataset includes 85 images and the test dataset
contains 80 images. The test dataset is further divided into two
parts. The part A contains 60 test images while the part B includes
20 test images. Both the training and test images have the ground
truth annotations provided by expert pathologists. We harness the
original training dataset without any data augmentation
transformations to train the model and evaluate our method on the
test dataset.

3.2 Training Strategy

We implement our experiments in Pytorch [15]. Following [8], we
train G and D alternately. Both G and D use Adam [16] solver
with f=0.5. The learning rate remains a constant of 0.0002
throughout the learning process. We train the proposed framework
from scratch and obtain the “optimal” model after 80 epochs
through training dataset.

3.3 Visual Perception Assessment

We compare our method with two deep learning-based methods
[6]-[7]. We first assess the visual perception of segmentation
results. To have a fair and comprehensive comparison, we select
four examples from test part A and test part B, respectively.
Figure. 3 exhibits four examples came from part A and the
segmentation results generated by various methods. We can
observe that the segmentation results of our method are closest to
ground truth, compared with other methods. All the gland regions
almost have accurate segmentation results. Figure. 4 illustrates

(d) Dense U-net (e) GAN

Figure 3. Four examples came from part A and the segmentation results generated by various methods
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Figure 4. Four examples came from part B and the segmentation results generated by various methods

another four examples from part B. Similar to Figure. 3, our
method also reveals good performance, leading to more accurate
segmentation results. The eight examples above demonstrate that
our method has a better visual perception of segmentation results.

3.4 Quantitative Comparison

We utilize two common metrics, the intersection over union
(mIOU) [17] and dice coefficient to verify the proposed method. A
brief introduction of the two metrics is presented as follows.

(i) Intersection over union (IOU) [17]

This metric is always utilized in the semantic segmentation task,
comparing the global similarity between ground truth and
prediction result. Its definition is

IGP|
IGUP|
where G denotes the ground truth, P is the prediction result. N, U

represent the intersection and union between G and P,
respectively.

IOU(G,P)= 5)

(ii) dice coefficient
Similar to IOU, dice coefficient is another metric used in
segmentation results assessment, which is formulated as

2|GnO
2|GnO| (6)
|G|+]O]

Note that for each metric, a higher value indicates a better
segmentation result.

Dice(G,0) =

We calculate the mean IOU (mIOU) and mean Dice coefficient
throughout the whole test dataset. Table. 1 list the mIOU and
mean Dice scores of various methods.

We can observe that U-Net gives the lowest scores for test part A
and test Part B in terms of mIOU and mean dice, whereas our
method reaches the highest scores for test part A on both the
metrics. Though our method achieves the second rank for test part
B in terms of mean Dice, it presents the highest score on mIOU.
To sum up, our method shows strong competitiveness in
quantitative evaluation.

Table 1. The mIOU and mean Dice scores of various methods.

Approach Test Part A Test Part B
PP mIOU mean Dice mIlOU mean Dice
0.8650
U-Net 0.7212 0.8241 0.7736
Der,lf; U- | 07440 0.8445 0.7760 0.8695
GAN
(ours) 0.8047 0.8866 0.7812 0.8678

Note: The best results for each metric are highlighted in bold.
4. CONCLUSION

In this paper, we proposed a novel framework via cGAN to
accomplish the semantic segmentation of colon gland. The
generator in the framework is trained to learn a mapping from
gland colon image to a confidence map indicating the
probabilities of being a pixel of gland object. While the
discriminator penalizes the mismatch between colon gland image
and the confidence map. This additional adversarial learning
facilitates the generator to produce higher quality confidence map.
Moreover, we transform the confidence map into a binary image
using a fixed threshold to fulfill the segmentation task. Extensive
experiments on the public benchmark dataset of MICCAI 2015
was implemented to verify the effectiveness of the proposed
method. Results demonstrated that our method achieve a better




segmentation result in terms of visual perception and two
quantitative metrics, compared with other methods. In the future
work, we attempt to extend the proposed framework to other
medical image segmentation task.
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Image Processing, Textural Feature Extraction and
Transfer Learning based detection of Diabetic Retinopathy
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ABSTRACT

Diabetic Retinopathy (DR) is one of the most common causes of
blindness in adults. The need for automating the detection of DR
arises from the deficiency of ophthalmologists in certain regions
where screening is done, and this paper is aimed at mitigating this
bottleneck. Images from publicly available datasets STARE, HRF,
and MESSIDOR along with a novel dataset of images obtained
from the Retina Institute of Karnataka are used for training the
models. This paper proposes two methods to automate the detec-
tion. The first approach involves extracting features using retinal
image processing and textural feature extraction, and uses a Deci-
sion Tree classifier to predict the presence of DR. The second ap-
proach applies transfer learning to detect DR in fundus images. The
accuracies obtained by the two approaches are 94.4% and 88.8%
respectively, which are competent to current automation methods.
A comparison between these models is made. On consultation with
Retina Institute of Karnataka, a web application which predicts
the presence of DR that can be integrated into screening centres
is made.

CCS Concepts

eApplied computing — Bioinformatics;

Keywords

Computer Aided Diagnosis; Biomedical Image Processing; Textu-
ral Feature Extraction; Transfer Learning

1. INTRODUCTION

Diabetic Retinopathy (DR) is caused by high blood sugar lev-
els which affect blood vessels in the retina. It is predicted that the
number of people suffering from DR would grow from 126.6 mil-
lion in 2010 to 191 million by 2030[1]. DR is diagnosed by oph-
thalmologists through the analysis of retinal fundus images, which
is exacting and time-consuming. Automating the detection of DR
would reduce the burden on the ophthalmologists so that they can
focus on the patients in need, and will allow more patients to be
screened.

Permission to make digital or hard copies of all or part of this work for personal or
classroom use is granted without fee provided that copies are not made or distributed
for profit or commercial advantage and that copies bear this notice and the full cita-
tion on the first page. Copyrights for components of this work owned by others than
ACM must be honored. Abstracting with credit is permitted. To copy otherwise, or re-
publish, to post on servers or to redistribute to lists, requires prior specific permission
and/or a fee. Request permissions from permissions @acm.org.

ICBBB ’19, January 7-9, 2019, Singapore, Singapore
© 2019 ACM. ISBN 978-1-4503-6654-0/19/01... . $15.00
DOI: https://doi.org/10.1145/3314367.3314376

S Natarajan
PES University, Bangalore
natarajan@pes.edu

17

B Narasinga Rao
PES University, Bangalore
narsingrao@outlook.com

Some of the manifestations in the retinal fundus image from
which the pathology can be detected are hard and soft exudates,
red lesions, and venous loops. The feature extraction and classifi-
cation approach in this paper focuses on the detection of exudates
and red lesions as these are the most prominent signs of DR. In ad-
dition to these, it also uses the textural features extracted from the
image to classify it. The transfer learning approach takes into ac-
count the features of the image that the deep learning model finds
to be the most significant for classification, which is determined by
the model after being trained with sufficient images. The doctors
in Retina Institute of Karnataka [2] were consulted for this study,
and based on their inputs, an end to end web application which pre-
dicts the presence of DR given a retinal fundus image, which can
be integrated into screening centres was developed. Ultilising the
diagnosis predicted by the application, the medical practitioners in
the screening clinics can accordingly refer the patients in need to
ophthalmologists.

The rest of this paper is organised as follows: Section 2 high-
lights the previous research done on automating the detection of
DR. Section 3 details the implementation of the proposed approaches
for the detection of DR. Section 4 involves the results and discus-
sion of the methods used. Section 5 holds the conclusion of this

paper.

2. RELATED WORK

Previous research and work done on automating the detection of
Diabetic Retinopathy are discussed below:

Grace and Kajamohideen[3] developed a Computer-Aided Diag-
nostic system to classify images with DR. Image processing tech-
niques including colour space conversion, Kirsch’s template and
histogram equalization were employed to detect exudates present
in the image. Seven morphological features were extracted from
the processed image. These features were input to an RBF-kernel
SVM classifier to predict the presence of DR. This method illus-
trated good performance, but was restricted to the identification of
exudates. According to the Diabetic Retinopathy Disease Sever-
ity Scale and International Clinical Diabetic Retinopathy Disease
Severity Scale, there are many cases in Nonproliferative DR where
exudates are not present[4]. These cases will go undetected by this
approach.

Pratt et al. [5] proposed a CNN approach to diagnose and classify
the severity of DR. The severity classes include no DR, mild DR,
moderate DR, severe DR and proliferative DR. Max pooling was
performed using a kernel with size 3x3 and strides 2x2. The CNN
was flattened into one dimension after the last convolutional block.
Overfitting was avoided using class weights relative to the number
of images in the respective class. Images input to the classifier
were subjected to colour normalisation and resized into 512x512



pixels. The Kaggle dataset was used to test this system and it gave
an accuracy of 75%.

On interacting with doctors from multiple eye hospitals, it was
found that although much research has been done on automating
the detection of common medical conditions, there is no software
that is currently being used by clinics or hospitals to automate the
detection of DR. This paper describes an approach that could serve
as a tool which can be integrated into screening clinics.

3. MATERIALS AND METHODS
3.1 Data Collection

Anonymised retinal fundus images obtained from the Retina In-
stitute of Karnataka were used, along with images from the publicly
available STARE [6] dataset for the feature extraction and classifi-
cation approach. For the Transfer Learning approach, images from
STARE, HRF [7] and Messidor [8] datasets were used to train the
model.

3.2 Feature Extraction and Classification
Approach
The feature extraction approach involved the detection of the
most common manifestations of DR - exudates and red lesions, in
the fundus image. The areas of these manifestations along with the
textural features of the image, were input to an Information Gain
Decision Tree classifier to predict the presence of DR.

3.2.1 Exudates Detection
3.2.1.1 Image Preprocessing.

The retinal image was masked around the field of view (FOV)
using Hough circle detection [9]. A good contrast between the ex-
udates and the background, as well as between the optic disc and
the background is provided by the green channel. Thus, the green
channel was used for the exudates detection and for making the op-
tic disc mask.

3.2.1.2 Optic Disc mask creation.

Contrast Limited Adaptive Histogram Equalization [10]
(CLAHE) was applied to enhance the contrast of the green chan-
nel of the image. To the result of this step, 2-D first derivative of
Gaussian Matched Filter with dynamic thresholds corresponding to
the image was applied. The maximum intensity point in the filtered
image was found. This point corresponds to the optic cup, which is
the brightest region of the optic disc. Using the average cup to disc
ratio and size of the retina, a mask of optic disc was created using
the optic cup as center. Important stages involved in the creation
of optic disc mask are shown in Figure 1: For the image shown in
Figure 1(a), the resultant image formed by applying CLAHE to the
inversion of its green channel is shown in Figure 1(b). Figure 1(c)
is the filtered image and Figure 1(d) shows the optic disc mask.

3.2.1.3 Detection of Exudates.

Ilumination Equalisation was applied to the preprocessed image
to overcome uneven illumination of the images and to make all the
images belong to approximately the same intensity range.

IE(Image) = Box51(Image) — 128 (1)

where IE represents Illumination Equalisation and Box51 repre-
sents a Box filter of size 51 x 51

A 2-D first derivative of Gaussian Matched filter was used to
convolve over the illumination equalised image. Optic disc was
masked from the filtered image. This is illustrated in Figure 2.
Figure 2(a) shows the Illumination equalised image. Figure 2(b)
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Figure 1: Optic Disc mask creation stages: For the image
shown in (a) the resultant image formed by applying CLAHE
to the inversion of its green channel is shown in (b). (c) is the
filtered image and (d) shows the optic disc mask

shows the result of applying the exudates detection algorithm on
Figure 1(a)

(@) (b)

Figure 2: Exudates detection: (a) Illumination equalised im-
age (b) Result of applying the exudates detection algorithm on
Figure 1(a)

3.2.2 Red Lesions Detection

A good contrast between the red lesions and the background is
provided by the green channel. To prevent the aberrant detection of
bright regions (exudates and optic disc), a low intensity difference
between them and the background is required, which is prominent
in the red channel. To utilise the advantages of both the channels,
the image formed by modifying the histogram of the green chan-
nel in accordance with that of the red channel was used. IE was
employed to this image using Equation(1).

Simple image enhancement techniques like CLAHE and Con-
trast Stretching were used to enhance the contrast of the image
while limiting the amplification of noise. This was followed by a
2-D Gaussian Matched Filter to match red lesion templates. The re-
sulting image consisted of red lesions and blood vessels, which are
similar in structure and colour, along with some noise. An open-
ing morphological transformation with an elliptical kernel of size
7 was applied to the filtered image. Adaptive Gaussian Threshold-



ing, CLAHE and denoising were used on the filtered image to form
the blood vessel mask. The blood vessel mask was applied to the
morphologically transformed image to obtain the red lesions. The
important stages in red lesions detection is illustrated in Figure 3:
3(a) is the original image, 3(b) is the histogram matched image,
3(c) is the filtered image 3(d) is the morphologically transformed
image, 3(e) shows the blood vessel mask and 3(f) illustrates the red
lesions detected.

(a) (b)
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Figure 3: Important stages in red lesions detection: (a) Origi-
nal image (b) Histogram matched image (c) Filtered image (d)
Morphologically transformed image (e) Blood vessel mask (f)
Red lesions detected

3.2.3 Textural Feature Extraction

Textural features [11] are quantifications of various textures per-
ceived from an image. A grey level co-occurrence matrix (GLCM)
was used for the calculation of the textural features of each image.
To increase the accuracy of image classification and to make it less
sensitive to the scale of each textural feature, the GLCM was nor-
malised. 15 textural features were extracted, namely ASM, Energy,
Dissimilarity, Entropy, Contrast, Correlation, Homogeneity, Sum
of squares variance, Sum Average, Sum Variance, Sum Entropy,
Difference Variance, Difference Entropy, Information Measure of
Correlation - 1, and Information Measure of Correlation - 2, which
are calculated using the formulae in Table 1.

3.2.4 Classification

The exudates area, red lesions area, and the 15 textural features
extracted were input to Gini and Information Gain Decision Trees,
Support Vector Machine with RBF Kernel and Linear Kernel and
Feedforward Artificial Neural Network classifiers. The number of
images of class DR was 89, while the number of images of class
Normal (Healthy - No DR) was 25. To prevent class-bias and over-
fitting of the classifiers, stratified 5-fold cross validation was used.
Table 2 shows the performance comparison of the classifiers. Since
the Decision Tree with Entropy as the criterion for splitting had the
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best cross validation accuracy and performance, it was the chosen
as the final classifier for the feature extraction approach.

3.3 Transfer Learning

Transfer learning [12] was introduced to make machine learning
systems leverage the knowledge learnt from the previous tasks for
the current task. It has successfully been used to transfer knowl-
edge and improve models from one domain with enough data to
learn from, to a similar domain where not enough data is avail-
able. GoogleNet Inception-v3 [13], a deep Convolutional Neural
Network (CNN) [14] with 22 layers was trained for the ImageNet
challenge to classify 1,000,000 images into 1,000 classes. This pre-
trained Inception-v3 deep CNN was used for image classification.
The final layer of the CNN was re-trained to classify the images
as DR and Normal. A total of 601 images labelled "Normal" and
761 images labelled "DR" from the online datasets HRF, STARE,
and Messidor were used for training. An accuracy of 88.8% was
obtained over the test dataset which was a combination of images
provided by the Retina Institute of Karnataka along with images
from the STARE dataset.

4. RESULTS AND DISCUSSION

The image processing, textural feature extraction and classifica-
tion approach was developed using Open Source Computer Vision
(OpenCV). This approach achieved an accuracy of 94.4% over a
subset of the images in the STARE dataset, along with the dataset
provided by the Retina Institute of Karnataka

TensorFlow was used to retrain the final layer of the pre-trained
Inception-v3 deep CNN to classify the images as DR or Normal.
Having an accuracy of 88.8% over the test dataset, the performance
of this approach was slightly lower than the feature extraction ap-
proach.

To accomodate images from fundus cameras with varying focal
length and images with varying illumination, the image processing
method modifies all its images to match a baseline. During this
process, some critical features of images with a different baseline
may get obscured. This would reduce its performance with such
images. However, it would perform very well with images having
configurations similar to its baseline.

The transfer learning method uses a deep CNN which can cap-
ture all kinds of local and more abstract features of the image, and
learns to adapt to different dataset configurations with increased
range of datasets and images supplied for training the model, so
it does better given a random image from any dataset or fundus
camera, compared to the image processing method, but does not
perform as well as the image processing method for images with a
similar baseline.

The image processing method would be better suited for instances
where the configuration of the images that will be input to it is
known beforehand, and would perform well in screening clinics
where the same fundus camera would be used to capture the retinal
images. The transfer learning method would be of better use where
the configuration of the image is not known, so it can be used in a
website hosted on the internet for people to check the prediction of
DR for a given retinal image from any dataset.

5. CONCLUSIONS

Two methods were used to detect the presence of DR in reti-
nal fundus images. The first method employed image processing,
textural feature extraction and classification using a decision tree
with information gain classifier. The second method used Transfer
Learning on the pre-trained GoogleNet Inception-v3 CNN. Both



Table 1: Textural Features Used

Texture Feature Formula
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Table 2: Classifier Comparison

Classifier Mean Accuracy | Mean Precision | Mean Recall | F1 Score

Decision Tree 0.849 0919 0.836 0.876

(Gini)
Decision Tree

(Information Gain) 0.944 0.926 0.953 0.939
SVM

(RBF Kernel) 0.782 0.890 1 0.942
SVM

(Linear Kernel) 0.765 0.893 0.944 0917

Feedforward Artificial
Neural Network 0.776 0.889 0.993 0.938
Logisitic Regression 0.761 0.874 0.930 0.901
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methods demonstrated good performance.

A web application was developed which would take as input
a fundus image, and output the prediction of whether the image
shows signs of DR or not. The screening clinics can integrate this
tool with their systems so that the technician can refer the patients
with the pathology to ophthalmologists.

The authors are currently collaborating with the doctors of Retina
Institute of Karnataka to integrate the web application in diabetic
screening centres.
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ABSTRACT

Single cell RNA-sequencing (SCRNA-Seq) has emerged as a
popular transcriptomic profiling approach to address long-
standing questions on developmental biology and cancer biology.
With the advent of increasing single-cell computational methods,
it is not easy to determine which profiler to use. Here, we provide
an integrated pipeline for both gene expression and genomic
architecture analysis in single cells. Our pipeline reveals the
global expression profile of the populations, and also identifies the
changes in transcriptome/genome including alternative splicing
(AS), single-nucleotide polymorphisms (SNPs), RNA editing and
gene fusion.
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1. INTRODUCTION

Single cell RNA sequencing (scRNA-Seq) has been widely used
in researches of various areas but not limited to tumorigenesis,
neuroscience, metagenomics and evolution [1-3]. Although a
numerous of pipelines have been published [4-6], few have
introduced a series of toolkits inferring changes in genome from
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RNA-Seq data. A typical sScRNA-Seq pipeline focused on gene
expression generally begins with quality control (QC) and read
alignment, followed by quantification of gene expression levels.
Softwares like FASTQC [7], Qualimap2 [8] and RSeQC [9] are
commonly used for QC. Reads are mapped to genomic loci with
tools such as HISAT [10] and STAR [11] and then normalized as
TPM (Transcripts Per Million), FPKM (Fragments Per Kilobase
of transcript per Million mapped reads), and RPM (Reads Per
Million) using RSEM [12], HTSeq [13], WemlIQ [14] etc.
Afterwards, subpopulations are identified and characterized with
RacelD3 [15], RCA [16] or other clustering algorithms.
Furthermore, single cell sequencing data can shed lights on
detailed trajectories of a biological process. For instance, methods
like Monocle [17], Oscope [18] and TCM [19] can infer
trajectories in cell differentiation.

In this study, we developed an efficient pipeline for full-length
scCRNA-Seq data analysis (shown in Figure 1), which meets the
requirements of exploring of both expression patterns and
structural features of a transcriptome. Starting from raw FASTQ
files, the pipeline firstly applied quality control to the datasets,
then mapped reads to the reference genome with STAR [11] and
quantified the mRNA expression level using RSEM [12]. The
landscape of gene expression were characterized mainly by Seurat
[20]. Besides, changes in transcriptome including alternative
splicing, SNPs, RNA editing, and gene fusion were assessed by
appropriate tools.

2. MATERIALS AND METHODOLOGY

2.1 Preprocessing of sScRNA-Seq Data

Raw sequencing data of chronic lymphocytic leukaemia (CLL)
tumor cells [21] (renamed according to the sampling time) were
downloaded from dbGAP on request. We assessed the read
quality using FastQC (v0.11.5) [7] with default parameters.
Cutadapt (v1.8) [22] was applied to the raw reads with parameter
‘-a GTCTCGTGGGCTCGG -A TCGTCGGCAGCGTC -mask-
adapter --quality-base=64 --max-n=0.2’. Reads with adapter
sequences or low-quality segments were removed from the
downstream analysis. The high-quality reads were mapped to
UCSC hg38 genome and transcriptome using STAR (v2.6.0c) [11]
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using arguments ‘--genomeDir $star_index_dir -twopassMode

Basic -chimSegmentMin 12
--chimJunctionOverhangMin 12 --alignSJDBoverhangMin 10 --
alignMatesGapMax 100000

--alignintronMax 100000 --chimSegmentReadGapMax 3 --
alignSJstitchMismatchNmax 5 -1 5 5 --outFilterMultimapNmax
10 --outSAMtype BAM SortedByCoordinate --outFilterType
BySJout  --outSAMstrandField intronMotif  --quantMode
TranscriptomeSAM’.

The output BAM files were sorted by reference coordinates and
indexed with samtools (v1.5.0) [23]. We retained those single
cells that yield more than five million mapped reads.

2.2 Expression Estimates

The TPMs for each gene/transcript was quantified by RSEM
(v1.3.0) [12] and we limited the abundance estimation to known
transcripts using “rsem-calculate-expression --alignments --no-
bam-output --paired-end --single-cell-prior $star_output_bam
$rsem_index_prefix”. Single-cell samples with distinct number of
detected genes were considered as outliers and excluded.

Gene expression data of 49 CLL tumor cells were analyzed by
Seurat (v2.3.2) [20] to identify subpopulations, where “bimod”
test was used in the detection of marker genes in subpopulations.
Subsequently, pathways of those differential expressed genes
(DEGs) were enriched by clusterProfiler (v3.4.4) [24], with cutoff
values of p <0.05 and g < 0.05.

2.3 Alternative Splicing Detection

Splicing alterations were detected using junction reads from the
output of aligner through Outrigger [25]. BAM files were firstly
preprocessed by outrigger index. Then validation was done
according to splice sites features by outrigger validate. While
“percent spliced-in” (Psi/¥) scores for skipped exon (SE) and
mutually exclusive exon (MXE) events were estimated by
outrigger psi. Subsequently, python package “anchor” [25] was
applied to Psi matrix for feature identification, classifying
alternative splicing events into included, excluded, bimodal, and
multimodal according to psi distribution. Bimodal and multimodal
AS events could be used for subpopulation identification with the
help of their highly related genes. However, “anchor” was not
included in the present pipeline on account of the vast majority of
absent psi value in CLL dataset.

2.4 SNP Calling

SNPs were called following GATK workflow [26] using RNA-
Seq data. We excluded SNP clusters or variants that were not
passed the strand bias filter or read depth less than 20. The
resulting callset in a single cell was combined using GATK toolkit
“CombineVariants” [26] with the “-genotypeMergeOptions
UNIQUIFY” option. Indels were removed by vcftools [27]. The
remaining variants were annotated by Annovar [28], thus SNPs
were defined as known SNPs (included in dbSNP [29]) and novel
SNPs.

On the other hand, the coverage of variant sites was calculated by
samtools [23] and finally integrated into the SNP matrix. We
generate a binary matrix M for phylogenetic tree construction,
where M;; refers to genotype for variant site i in sample j.
Mutations were removed when absent in less than 50% of cells, or
observed in more than 80% of samples. SiFit [30] was employed
for tumor phylogenetic inference under finite-sites models, taken
M as the input. The SiFit method has taken the errors of single-
cell sequencing into account and developed a heuristic search
algorithm for phylogeny estimation
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Figure 1. Overview of computational workflow for sScRNA-Seq
dataset

2.5 Detection of RNA Editing Events

We detected RNA editing sites using RED-ML [31] with
commands “perl red ML.v2.pl -rnabam $BAM -reference
$GRCh38.primary.assembly.genome.fa -dbsnp
dbsnp_151.hg38.vcf.gz —simpleRepeat simpleRepeat.bed -alu
hg38.alu.bed”. Annotations were performed using Annovar [28]
in editing sites with more than 20 supporting mutated reads. We
then marked oncogenes and tumor suppressor genes using
COSMIC database (release v84) [32].

2.6 Gene Fusion Detection

Fusion genes were predicted by STAR-Fusion (v1.4.0) [33] using
BAM files from STAR aligner as inputs. Parameters -
Fusionlnspector  inspect  --Fusionlnspector  validate  --
examine_coding_effect --extract fusion_reads” were invoked for
validation of fusion genes and exploration the impact of fusion
events.

2.7 Availability

Codes and examples  were
https://github.com/Cacti-Jiang/scICW.

3. EXPERIMENT AND RESULT

3.1 Gene Expression Profiles of Single Cells
We download RNA-Seq data from dbGAP (phs001181.v1.pl). A
total of 49 CLL tumor cells and 4 bulk samples were qualified for
further analysis. The mean clean reads ranged from 5.43 Mb to
41.86 Mb in the single cell datasets. The mapping rate of most
single cells (35/49) was over 75%, with more than 75% reads
mapping to exonic regions. We filtered out genes with TPM <t 1.
Consequently, we obtained an average of 1430 and 22,540 genes
for single cells and bulk samples respectively.

To assess the heterogeneity in tumor cells, a graph-based k
Nearest-Neighbor method was employed for the identification of
subpopulations. As presented in Figure 2A, CLL tumor cells
sampling during 1982-2000 were divided into three groups. Group
A mainly included cells from the early phase of observation (1982)
or during recovery (1998). Most tumor cells sampled in the year

provided online at


http://www.escience.cn/system/download/80123
http://www.escience.cn/system/download/80123

of progression made up of Group B. The majority of cells from
1995 were clustered into Group C, indicating a distinct expression
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Figure 2. Gene expression profiles of 49 CLL tumor cells. (A) tSNE plot of CLL tumor cells. (B) Heat map of differentially
expressed genes between subpopulations. (C) GO analysis for marker genes in Group B and Group C

Differential gene expression analysis was carried on the identified
subpopulations, and 183, 196, 372 marker genes were obtained
respectively (Figure 2B). CCR6, which is essential in the
maturation and differentiation of antigen driven B-cells [34, 35],
was upregulated in Group B. Immunosuppressive factor such as
TNFRSF14 [36, 37], IL10RA [38], IL10RB [39] were
overexpressed in Group C. Gene ontology (GO) enrichment on
DEGs shown in Figure 2C suggested a splicing activation in
Group B. Meanwhile, cells in Group C presented the upregulation
in “antigen processing and presentation of exogenous antigen”
and “response to type I interferon” pathways, indicating that
immune response is activated after cytotoxic therapy.

3.2 Characterization of Transcriptomic

Architecture of a Single Cell

We further explored splicing alterations in the dataset. An average
of 282 SE and MXE events were found, ranging from 23 to 487.
Figure 3A illustrated that the number of AS events vary slightly
from sampling time except 1998, which may be due to an
improvement in the year. The frequency of AS events in different
years was presented in Figure 3B, among which a vast majority of
AS events were detected in a single cell. Bimodal exons
constituted nearly a quarter of the AS events in the dataset, but it
failed to aid in subpopulation classification due to excessive
missing values.

SNPs calling from RNA-Seq data reflect changes on genomics to
a certain extent. We ultimately obtained 200,910 SNPs from 49
CLL tumor cells. According to Figure 4A, over 80% SNPs were
found in gene regions. SNPs in intron were the most common
distribution in most years except 1995, which may be introduced
by RNA editing. To further understand the effect of mutations,
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Figure 3. AS detection at the single cell level. (A) Boxplot
showing AS events detected in single cells. (B) The frequency
distribution of AS in cells sampled from different years. X-
axis represents the number of single cells shared the same AS
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variants in coding regions were  assigned to
nonsynonymous/synonymous SNPs. It can be seen from Figure
4B that more than half of the SNPs could modify the amino acid
sequence of protein. Moreover, the most abundant types of RNA
variants were A>G, T>G, C>T and G>A, among which A>G
substitution was reported as the most frequently occurring RNA
editing events as shown in Figure 4C. Surprisingly, single cells
shared few SNPs with bulk populations, whereas variations in
dbSNP comprised the majority (Figure 4D). Then we explored the
effect of SNPs during tumor progression. Samples from 1995
were clustered together and resembled to a part of cells from 2000
in Figure 4E, suggesting a genomic distance in various cells.

Additionally, 111,558 RNA editing events in single cell dataset
were detected in total, distinguishing editing sties from SNPs. As
shown in Figure 5A, most RNA editing events occurred in
intronic regions. Figure 5B indicated that the largest number of
editing events/genes were identified in cells from the year 1995.

Gene fusion plays a crucial role in carcinogenesis so that a
chimaera detection step was invoked in our pipeline. A small
number of fusion genes were found, with the average number of
10 to 14 among different years (Figure 5C). A total of 479
chimaeras were detected in our single cell dataset, while 8 fusion
genes were found in bulk populations. 57 fusion genes detected in
more than 2 cells were listed in Figure 5D. It’s worth noting that
rearrangement between MALAT1 and B2M, which has not been
reported previously in CLL, was detected in 5 cells (Figure 5E).
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MALATL is an important long non-coding RNA (IncRNA) in
tumor metastasis [40, 41], while B2M is reported as tumor
suppressor gene in COSMIC database [32]. Therefore, we
suppose that the MALATL1/B2M fusion probably promotes tumor
progression and metastasis.

4. CONCLUSION

In summary, we have presented an integrated pipeline for SCRNA-
Seq data analysis, which can be applied for either gene expression
profiling exploration or detection of variants in genome based on
RNA-Seq data. The pipeline is comprised of a variety of prevalent
tools, which are suitable for researches on larger datasets.
However, it is not applicable to studies using the unique
molecular identifier (UMI)-tag-counting strategy, which fails to
cover large segments of the gene body. While it is feasible to call
SNPs using RNA-Seq data, the matched DNA-seq data are
strongly recommended when calling variants such as SNPs and
RNA editing sites.

Notably, coding in Perl, the pipeline is user-friendly. Researchers
can easily adjust parameters in the config files to optimize the
outputs. Indeed, our pipeline can be expediently reprogrammed
with whichever toolkit the users preferred.
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ABSTRACT

Comparative genomics is a field of research that compares
genomes of different organisms to identify common patterns. It is
a powerful method used to identify the genetic diseases that cause
mutations. Multiple Sequence Alignment (MSA) is an
intermediate step in comparative genomics analysis that aligns
three or more biological sequences of similar length. MSA is an
NP-hard problem for which no efficient algorithm exists to
perform this in a reasonable amount of time. However, humans
across evolution have developed special intuition to identify
visual patterns in short periods of time. Hence, a citizen science
approach can be devised to solve the MSA problem by
transforming it into a human computing game on creating visually
similar patterns. In this paper, we introduce the mobile game
“Genenigma”, which harnesses the human computing capability
to align multiple sequences of genomes and use the results to help
geneticists to understand the genetic code. The usability and
performance scores of “Genenigma” predicts a larger user base
than existing mobile games built for this purpose.

CCS Concepts
Applied computing — Life and medical sciences = Genomics
— Computational genomics

Information systems — Information systems applications —
Mobile information processing systems

Keywords
Comparative genomics; Multiple sequence alignment; Citizen
science; Crowdsourcing; Gamification; Genenigma application

1. INTRODUCTION

Comparative genomics is a field of biological research where
genomes of different species are compared to identify mutations
that cause genetic diseases [1]. However, the NP hardness of
multiple sequence alignment (MSA) problem, which is an
intermediate step in comparative genomics analysis, poses
significant challenges in this field.

Since the multiple sequences of DNA alignment require high
computing capabilities [2], an alternative devises citizen science
approaches can be used to solve the problem of MSA. Citizen
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science is a contribution by the public to science and research by
participating in crowdsourcing, data collection and analysis. By
applying citizen science in genomic research, the general users
can use their human computing ability to align sequences and
contribute to solving the MSA problem. One such initiative is the
development of human-computing games, where the players align
multiple sequences under a given set of rules and constraints.

The number of smartphone users is estimated to grow from 2.1
billion in 2016 to around 2.5 billion in 2019. It has been observed
that over 36% of the world's population is projected to use a
smartphone by 2018, up from approximately 10% in 2011 [3].
Therefore, the smartphone can be considered as a suitable medium
to reach a larger crowd. According to statistics, consumers spend
more than 1 billion hours per month playing mobile games [4].
The time and effort spend on mobile games can be utilized
productively for knowledge improvements of the users, while
providing an entertainment factor. Thus, a problem can be
converted to a mobile game that exploits the problem-solving
capabilities of the general users. For example, mobile gaming
applications can be built as a part of large-scale projects to collect
data and analyze them with the use of crowd sourcing.

This paper introduces the human-computing mobile game,
‘Genenigma’ that solves the NP-hard computation problem of
aligning multiple sequences of DNA. Genenigma is an easy to
play game application with an underlying research purpose. DNA
sequences are composed of four acids named Adenine (A),
Cytosine (C), Guanine (G), and Thymine (T) [5].
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Figure 1. Alignment of ACGT DNA sequences

Supplying these raw ACGT sequences (see Figure 1) to non-
expert human users to be aligned is not effective. Instead, they are
represented by four images that look like normal puzzle pieces
and the entire alignment problem is represented as a puzzle game,
which requires as much as similar pieces to be aligned under the
same column. Additionally, Genenigma has a defined scoring
system. Players can read the game rules and understand the
scoring process. While playing the game they can use the clues
that popup to improve their scores. If a player’s score is higher
than the available maximum score for a given alignment, those
significant scores are stored for the use of geneticists. Geneticists
can use this data to conduct research on genetic diseases such as
cancers, heart and muscular and brain diseases that are involving
the sensory system. The concept of this game is adapted from the



similar game “Phylo”, developed by Kawrykow et al. [6] in 2012.
Our study explores the ways and aims to increase the usability of
gamification. With the usability measures, it is expected to have a
larger user base for Genenigma.

This paper is structured as follows. Section 2 describes the
existing applications that use the concept of citizen science to
process genomic and protein sequence data. Section 3 states the
functional and non-functional requirements, the architecture and
the scoring mechanism used in Genenigma. Specific
implementation details of the game are presented in Section 4.
Section 5 describes the testing procedure and the results in terms
of the aspects; functionality, performance and usability. Section 6
concludes the paper indicating future possible extensions.

2. BACKGROUND

2.1 Human Computing Games

Different human computing games exist with an underlying
research purpose and several of them use the concept of citizen
science to solve problems in bioinformatics research. Phylo [6]-[8]
and Bionigma [9], [10] are some of the existing such games.
“Phylo” is developed by McGill University, Canada for DNA
sequence alignment and it has been built as a web-based game. It
is facilitated with both desktop and mobile application [8].
“Bionigma”, a collaborative game which is inspired by Phylo is
developed for protein sequence alignment. It can be played on
standalone PCs and supports different operating systems. This has
built using Unity game engine and contains attractive graphics.
Both these games have their own scoring systems [9]. Even
though web-based and PC versions of human computing games

are available for solving DNA and protein sequence alignment
problems, they are not as popular as mobile games [11]-[13].
Although Phylo supports MSA of DNA, there is some negative
user feedback, such as the inability to track user scores, not
keeping the users logged in, difficulty to move puzzle pieces due
to their small size and inability to zoom in and out [7].

There are different tools specifically developed for mobile game
development. The Unity game engine, Corona SDK, Unreal
engine, LibGDX, Flash and Action Script are some of them.
LibGDX [14], [15] is a cross platform Java game development
framework, which is capable of publishing games on Windows,
Mac, Linux, Android, iOS, BlackBerry and HTML5, with the
same code base. However, from the developer point of view, the
lack of a visual editor is a limitation. Unity game engine [16] is
also a cross platform game engine used primarily to develop both
3D and 2D video games for PCs, consoles and mobile devices.
The benefit of using Unity over LibGDX is the visual editing for
Uls and active community support. Popular 2D mobile games
such as Angry Brids, Orio and Blind Forest have been developed
using Unity. Since Unity 3D is a commercial product, it has been
evolving and becoming easy to use. Thus, Unity3D has become a
popular choice among modern day mobile game developers.

2.2 Multiple Sequence Alignment

Sequence alignment in bioinformatics is used to arrange the
sequences of data such as DNA, protein in order to categorize
similar regions based on the relationships among the sequences
[17].

Table 1. Feature comparison of MSA approaches

Feature Progressive approach Iterative approach
Key idea Mathematical process independent of the biological reality Realigns the sequences during multiple iterations of the
Heuristic method process
Starts with one sequence and progressively aligns the others Iteratively realigns the initial sequences and adds new
Initially requires n-1+n-2+n-3...n-n+1 pairwise alighment sequences to the growing MSA.
Alignment | Let x; . .. X, be a sequence. Subgroups are selected based on the sequence relations on
method Start with the most similar sequence. the guide tree/ random selection.
For each pair x;, X;, compute the pair-wise alignment Start with the pair-wise re-alignment of sequences within
- Align the new sequence with every previous sequence. subgroups and then the re-alignment of the subgroups.
- Create a distance matrix for each sequence pair. -Compute the initial profile, by taking the highest scoring
- Placing the sequences at the terminal nodes and create a pair-wise alignment
phylogenetic “guide tree” from the matrices. -Find the sequence, that is most similar and align with the
- Determine the next sequence to be added to the alignment profile; Repeat for all sequences in MSA
using the guide tree. -Obtain the convergence using an iterative process: for a
- Preserve gaps. given sequence xi, align it against the profile of the other
Merge the result to create MSA sequences to create new MSA
Plus points | A fast approach and efficient with large scale data Optimization method
A widely used method due to speed and accuracy
Uncertainty | MSA depends on the merging order This can be resulted in local minima and can be slower, as
Initial errors can propagate to the rest of the MSA. Not itis inherited from optimization methods
guarantee the optimal alignment. Can be a good or poor estimate
Require user judgement for the reliability
Low performance when the sequences are vaguely related
Other facts | The initial decision is fixed Use machine learning approaches such as genetic
Most successful implementation is Clustal algorithms and Hidden Markov Models. Successful
Requires user input and skill implementations are PRRP, MAFFT, MUSCLE

Genome sequences are analyzed to identify the functional regions
including genes and regulatory regions in the sequences. There are
two types of sequence alignments, (1) pair-wise alignment that

identifies similar regions between two biological sequences and (2)
multiple sequence alignment (MSA) that considers more than two
sequences of the same length. The goals of MSA can be identified



as: (1) summarize the sequence of data; (2) identify the variation
among sequences; (3) use alignment model as a test hypothesis
and (4) check whether a model reflects a known biological
evidence [17][18]. MSA can be implemented using two main
approaches, progressive and iterative. Table 1 states a comparison
of these two approaches.

The progressive approach is a mathematical process that begins

with one similar sequence and gradually align the other sequences.

Progressive MSA is an efficient approach to align large scale
sequences and a popular due to its speed and accuracy. However,
this method does not ensure a globally optimal alignment as this is
a heuristic method with a fixed initial decision and the errors can
be propagated. Also, when the sequences are distantly related, this
gives low performances.

Instead, the iterative approach re-aligns the initial sequences
during the iterations of the process by adding new sequences to
the growing MSA [17]. Here, the re-alignment of the sequence
relations are made using guide tree and random selections. This is
an optimal method that uses techniques such as genetic algorithms
and Hidden Markov Models. There are several iterative methods
such as PRRP, MAFFT, MUSCLE [19]. However, this process
can be trapped in local minima and can be slower.

In order to fulfil the growing bioinformatics computational needs
many techniques have been used in the literature, such as using
GPUs with cloud computing [20], [21] and webservices [22] that
enables high power computations. Alternatively, gamification
together with crowdsourcing is a widely used method to acquire
and analyze scientific data [12]. Based on the literature, human-
computing systems are efficient in mobilizing general users and
generating scientific data. Being a distributed production and
problem-solving model in many domains, crowdsourcing gathers
contributions from online communities [23].

Thus, we propose an approach for the MSA of a genome assembly
using crowdsourcing with gamification. Our development of MSA
is based on the progressive approach and use heuristics to get
aligned the sequences. We have used the same concept as of
Phylo, with more user friendly features and overcoming some of
the limitations of Phylo game. We expect the proposed game to
have a larger user base that will contribute to solving the problem
of MSA in DNA sequences.

3. SYSTEM DESIGN

3.1 System Features

The main functional requirement of Genenigma is the ability to
calculate the alignment score while the player is moving blocks.
This requires an efficient score calculation algorithm that works in
real-time. Section 4 describes the mechanism employed in
Genenigma to calculate the alignment score. The system has
functionalities to save the current level of the game and load the
last saved level when the player continues playing. The non-
functional requirements include real-time performance, ability to
run on multiple mobile platforms, user friendly gaming interface
and offline syncing of data. Also, the system should not crash or
hang, other than due to an operating system or device fault.

Figure 2 shows the use cases view of the game application.
Initially a new player must register for the system. Once the login
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is successful, the user can start playing. When the player
completes a level, his progress, alignments and scores are saved in
a remote database. If the mobile device is not connected to the
internet, it temporarily saves this data to a local database and later
synchronizes with the main server. This data is made accessible
for geneticists and other researchers as well. Once a player quits
the game, his level is also saved and resumed when he returns.
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Figure 2. Usecase view of Genenigma
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3.2 System Architecture
Figure 3 shows the component level architecture diagram of the
system followed by descriptions of each component.

3.2.1 User-Interface

The user interface (UI) of the system is the touch sensitive display
of the mobile device that the player holds. The main user inputs
are a tap (touch), double tap, drag and drop, and slide. Tap on
buttons will navigate to the corresponding menus, start/quit/save a
game etc. A player can move puzzle pieces on the game board by
dragging and dropping. A player can slide the background to view
longer puzzle sequences. The outputs are perceived by the player
in terms of audio, visual and haptic interactions happening
between the player and the mobile device. Player activities and
game responses are displayed visually on the device screen.
Players hear background music and sense vibratory reactions
when puzzle pieces collide with one another.

3.2.2 Game Runtime Environment

The player inputs are handled by the input handler. Responses to
those inputs will map to one of the outputs described above after
going through processing. Game data is stored in the application
itself or in a backend database. Details of user accounts are stored
in a remote database. The resource manager manages the memory
and CPU processing to ensure efficient performance.

3.2.3 Game Logic

This component handles all the logic related to the game play.
Calculating and updating the alignment score in real-time with
each player movement is its main function. It has a script engine
which consists of scripts attached to each game object in the core.
The physics engine contains the logic to move the puzzle pieces
and handle collisions. The movements are depicted as naturally as
possible so that it never bores the player.
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Figure 3. The component level architecture of the Genenigma system

3.2.4 Core Module

The Core module contains the game loop, event listeners and
game objects. When a player drags and drops a puzzle piece, it
executes the same code inside the loop that contains the logic for
score calculation. This happens continuously until the player
reaches or exceeds the available maximum score for that level.
Then the player is re-directed to the next level where the score is
re-calculated. The puzzle piece is game objects inside the core
which listen to drag and drop events. A trigger ‘onEndDrag’ is set
in each puzzle piece to notify the scoring functions to update the
score each time a player releases a given piece.

3.3 Logical View of the System

Figure 4 shows the class interactions of the application. The class
“BuildAncestorAndScore” calculate the alignment score and
building ancestor sequences. “AddSprites” class loads new puzzle
sequences to the game. All the classes named “UpdateX..XX”
listen to updates of the score and sub components of the score and
refresh the visual score boards accordingly.
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Figure 4. Logical design view of Genenigma

3.4 Process View of the System

Each sequence consists of four different puzzle pieces, which
represent nucleotides A, C, G and T. Puzzle pieces can be moved
(dragged and dropped) horizontally, swapping of pieces is not

allowed, however. After each player movement, the score is
calculated as follows.

Consider the comparison of two sequences,

e Matches: If two similar puzzle pieces from two sequences
occupy the same position in the horizontal axis, then the player
earns +1.

e Mismatches: If two different puzzle pieces from two sequences
occupy the same position in the horizontal axis, then the player
earns -1 or -2.

e Gaps: If there exists a gap between two puzzle pieces in the
same sequence, then the player earns -4 irrespective of the gap
size.

o Extends: Each additional free space in a gap is considered as an
extend and the player earns -1 per each extends.

Figure 5 shows the alignment of two sequences with matches,
mismatches, gaps and extends. When this is applied to multiple
sequences that form a phylogenetic tree, this sequence comparison
needs to be done for all pairs of sequences in the alignment.
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Figure 5. An alignment of two sequences

Figure 6 shows two separate phylogenetic trees and the green
arrows show the pairs of sequences compared in it. Ancestor
sequences are not shown in the diagram. For example, the first
two sequences generate an ancestor sequence and it is compared
with the third sequence.
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Figure 6. Comparing sequences in two Phylogenetic trees
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This is carried out iteratively until all given sequences in the
phylogenetic tree are compared and the final score is calculated.
This process is illustrated in Figure 7.
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Figure 7. Activity diagram for score calculation

3.5 Data View of the System

Genenigma mobile application is designed by following the data-
driven design principles in which game content such as sprites,
textures and sounds are separated from the code. This separates
game design from implementation and enables code reuse. In
addition, the system uses a backend NoSQL database to store
sequence alignment data, user account details and the current level
and the current score at the time of quitting. It also uses a local
embedded database to temporarily store results when network
connectivity is not available. Once the connectivity is back, the
system syncs this data with the backend server database and frees-
up the device space. Figure 8 shows the structure of the NoSQL
database the game uses. Data is saved in the database in JSON
(Java Script Object Notation) format. A separate data
management layer handles saving, retrieval and transfer of data.
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Figure 8. Database structure of Genenigma system

4. SYSTEM METHODOLOGY
4.1 Implementation Procedure
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The application is developed using C# scripts. Unity Editor
2017.3 is used as the game engine. It is where all the scenes,
menus and Uls reside. Graddle in JDK 1.8.0_101 and Android
SDK 3.1.1 are used to build the application for Android mobile
platform. To create graphics rich Uls, Adobe Photoshop CS6 is
used. Firebase, a cloud-hosted real-time NoSQL database is used
to save game scores and sequence alignments of a given player.
Firebase is used, since it can persist data locally even when the
device is not connected to the internet. This avoids the complexity
of maintaining two databases, a local and a backend server
database to maintain responsiveness while the user is offline.
When the device is connected to the internet again, Firebase
synchronizes all the local updates with the cloud database,
automatically merging any conflicts. DC Free (Database Control
Free) [24], which is a free asset available in Unity asset store is
used to manage user accounts and authenticate users.

4.2 Score Calculation

It is important to measure the quality of MSA. The main
techniques that can be used to measure the alignment accuracy are
(1) Sum-of-pairs score (SPS) and (2) total-column score (TCS)
[19]. SPS is the sum of all pair-wise induced alignment scores.

According to the literature, since the well-defined algorithms and
better approximations are expensive to use for score calculations,
we have used a simple scoring method similar to the scoring
mechanism given in Phylo application. We have customized the
existing scoring mechanism to make the game easier to play,
increase the speed with a minor accuracy loss. For example, the
value deducted from the final score due to the subsequent
mismatches, extends and gaps, is reduced to avoid the score being
rapidly reduced only after a few movements of play. In sequence
alignments, some mismatches happen due to complementary pairs
of nucleotides in DNA sequences and they are considered as key
and lock pairs in biology [25]. For a better alignment, it is suitable
to deduct a lower value from the score for a mismatch occurring
due to a complementary pair of nucleotides than for a mismatch
occurring due to a non-complementary pair. When a mismatch
occurs, better alignment scores can be obtained by using a scoring
matrix derived from statistical analysis of DNA data.

The pseudo-code of the main algorithm, which calculates the
score for a given alignment is indicated in Figure 9. Each bold
coloured method calculates its sub-score component according to
the rules described in Section 3.5). This calculation is performed
in each time a player changes the position of a puzzle piece. For
this, the position of the puzzle piece and its attached tags are used.

Integer totalScors € 0
for esach (related pair of szequences and its
e dicticnary) {

alMatches (firstSeq,
Seq) s

< CalMismatches
al:

s ¢ CalGapsAndExtends

Figure 9. Pseudo-code for score calculation



4.3 Genenigma User Interfaces

Figure 10 shows the main user interfaces of the game. The
application starts with the login interface. The main menu appears
once a player is successfully authenticated. There is a user
instruction interface that describes how the game is played and
how the score is calculated. Figure 10 (a) shows the interface that
prompts the user to select a set of puzzle pieces. One set consists
of four differently coloured puzzle pieces that represent ACGT
nucleotides in a DNA sequence. The use of different coloured sets
breaks the monotony and improves the player experience. Figure
10 (b) shows a snapshot of the game in play mode. It shows the
score, the number of matches, mismatches, gaps and extends and
the phylogenetic tree formed by the sequences. Images are
included in the phylogenetic tree to show the organisms to whom
the DNA sequences belong to. The puzzle pieces are draggable
and longer sequences can be discovered by sliding the device
screen. Figure 10 (c) shows the level completion interface which
is prompted when the player completes all the stages in a level.

Score: 15 STAGE 3
mismatches: 16 gaps: 5

matches: 51 extends

—p ¥
Lh ;"

matches: 83 mismatches: 19

MAIN MENU

Figure 10. (a) Puzzle piece set selection, (b) Snapshot of the game
play, (c) Interface prompted at level completion

We have improved the GUI of Genenigma, compared to Phylo.
The Uls are made similar to the current puzzle games including
high quality graphics, animations and sounds. Phylo contains
much simpler and monotonous user interfaces having single
coloured puzzle pieces and fewer animations. Genenigma also
prompts pop up scores indicating whether the player movement is
good or bad, while Phylo does not have this feature.

5. TESTING AND ANALYSIS

Genenigma [26] runs on the Unity Editor. For testing purposes,
the game was built for Android OS and tested using a Samsung
Note5 mobile device having the specifications indicated in Table
2. The performance and the usability aspects of the game were
tested and compared with those of Phylo.
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Table 2. Specifications of Samsung Galaxy Note5 model

Category Specification

Operating System | Android 5.1.1 Lollipop, TouchWiz

Display 5.7-inch QHD (2560x1440, 518 ppi)
Super AMOLED

Processor Exynos 7420 octa-core (2.1GHz quad +
1.5GHz quad)

Storage 32GB

RAM 4GB (LPDDR4)

5.1 Performance Evaluation

Performance and usability are two important aspects of mobile
games. Mobile devices have less computing power and memory
capacity than personal computers. Therefore, it is important to
devise mechanisms to reduce the consumption of power and
memory. At the same time, mobile games should be user-friendly
and appeal to the user. However, there is often a trade-off between
these two aspects. Samsung’s Smart Manager widget was used to
monitor the speed and the memory usage of both Phylo and
Genenigma. At the time of this evaluation McGill University has
also upgraded Phylo using the Unity game engine. Thus, we have
compared the two games that run on Unity, which is a fairer
comparison. Table 3 shows the obtained performance measures.

Table 3. Performance comparison of Phylo and Genenigma

Feature Phylo Genenigma
Storage 61.73MB 71.1MB

RAM (Avg) 181.3MB 196.32MB

CPU usage Negligible (0.0%) Negligible (0.0%)
Data usage Depends Depends

When compared to Phylo, Genenigma consumes 15% more
storage space and 8% more RAM. This is beca Genenigma uses
large and colourful images that are attractive to the users and
easily touchable while Phylo has simple and small single coloured
puzzle pieces that are less appealing and harder to touch. Thus,
compared to the benefits gained in terms of usability, the higher
usage of memory in Genenigma can be considered insignificant.
Also, once the installation is complete, no static memory is
consumed by Genenigma. Therefore, consumption of ~10MB
more of RAM at the installation can be considered acceptable.

Each puzzle piece is an image and the memory usage is
approximate to a number of images multiplied by the image size.
The memory usage can be reduced by destroying game objects
after each level that will release the used memory. Popup score
animations are also game objects. These animations are also
destroyed in the background. The player is unaware of all these
functions happening in real-time at the back-end and is provided
with a smooth and appealing game flow.

5.2 Feature Comparison

Genenigma gaming application has considered design constraints
of crowdsourcing to find optimal evolutionary scenarios for
genome transformations for the genome evolution with duplicate
genes. Although, there are many MSA tools, it is identified that
none of the tools are accurate for any data set and the tool
selection is based on their popularity. Table 4 shows the feature
comparison of this application with Phylo, which is an existing
application that transforms an MSA problem into a set of puzzles
with the intention of accuracy improvement of the comparison of
DNA data.



Table 4. Feature comparison of Phylo and Genenigma

Property Phylo [6][12] Genenigma Tool
General Entertaining game Both general and expert users can play
features No standard score to estimate the alignment quality Attractive with high quality graphics, animations and sounds.
Use a simple structure to guide the participants
Task Identify the useful features that predict Identify player strategies to solve the game by recording every
difficulty - The difficulty level of the puzzle move
- Improvements of computer-generated alignment Adjusting difficulty levels of the game based on the player's skill
- The number of solutions needs to improve an MSA | level: longer and balanced trees are assigned to high levels.
Task Describe the pipeline filtering and solution assemble Includes a pop-up score prompt, that hints at the likelihood of the

aggregation | Measure the improvements
Estimate the efficiency

Support the scientific interpretability of the data.

player’s move that can increase the score, leading to produce high
quality alignments with a minimum error.

Consists with a leaderboard that shows the high scores for each
level in the game, its sequence alignment, and the player. Thus,
interested users can take the current best alignment (high-score),
by giving their sequences as a level.

User Analyze individual player performance Keep track of user profile data for performance measures
profiling Characterize the performance of different level Record all the sequence alignments corresponding to a player and
players. Regular players perform well on difficult | identify top players according to the scores.
puzzles by progressively identifying good alignments
Prior Anyone can use the game without a prior training or Alignment accuracy is independent of general and expert users
knowledge | knowledge in biology

5.3 Usability Testing

The System Usability Scale (SUS) [27] was used to measure the
usability of Genenigma. It consists of a 10-item questionnaire
with five response options for respondents; from strongly agree to
strongly disagree. This questionnaire was shared among a sample
of undergraduate and postgraduate students, and the responses
were collected separately. The Results of the responses were
plotted in Figure 11.

Ease to use
Well integrated
Learn to use quickly

Felt confident using

Like to use
frequently

o

50 100 150

Percentage of users agreed with the statement

Figure 11. N-gram options vs. percentage users

All the players in the sample have agreed with the ease of the
game. This is due to the easy navigation, familiar game objects
(puzzles) and the supplied tutorial on score calculation. Next
identical high percentile is reported for well-integrated and learn
to use quickly items. This is because; score board and game play,
stages and levels have been integrated well.

Once a player plays the first few introductory levels, then the
player becomes familiar with the game. The item “Like to use”
has a value of 63%, because the MSA game is simple and
different than existing puzzle type mobile games. Since the
purpose of this game is not completely entertainment, Genenigma
has a level of complexity inherited by long gene sequences
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6. CONCLUSION

This paper describes the design and implementation of a human
computing game, Genenigma, which provides successful means
of solving the multiple sequence alignment problem making use
of the concept of citizen science. This tool considers the design
constraints of the crowdsourcing game to find optimal
evolutionary scenarios for genome transformations for the
genome evolution with duplicate genes. The calculation of the
alignment score in Genenigma is similar to the game “Phylo”,
which is a popular mobile game for aligning DNA sequences.
According to the usability evaluation scores, Genenigma shows
better improvement due to its user-friendliness, graphics rich
interface, animations and sounds, and hence is expected to reach a
larger community. Also this paper has considered optimization
techniques for memory usage and process speed up.

As future enhancements, this game can be extended to compare
multiple protein sequences. Efficient and effective methods for
gnome evolution with duplicate genes can be identified. A game
needs to have an essence of excitement and curiosity for it to be
more interesting. The strategies to solve the game by players can
be identified by tracing user movements in the game play. The
difficulty levels of the game can be adjusted based on the skill
level of the players. This game currently contains only a few
levels. But more challenging levels can be added including
timeouts and accomplishments, which may add more anxious and
excitement to the game, making it more interesting to play. The
user performances can be measured by keeping track of profile
data. Moreover, as the game reaches a large user base, the stored
sequence alignments in the remote database will be made
available for the access of researchers through a public website.
Further, the design constraints of the game can be enhanced to get
an optimal evolutionary scenario for genome transformations.
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ABSTRACT

Building ancestral recombination graphs (ARG) with minimum
number of recombination events for large datasets is a challenging
problem. We have proposed ARGAWG and REARG heuristic
algorithm for constructing ARGs with thousands of whole
genome sequences. However, these algorithms do not result in
ARGs with minimal number of recombination events. In this work,
we propose GAMARG algorithm, an improvement of ARG4WG,
to optimize the number of recombination events in ARG building
process. Experiment with different datasets showed that
GAMARG algorithm outperforms other heuristic algorithms in
building ARGs for large datasets. It also is much better than other
heuristic algorithms and comparable to exhaustive search methods
for small datasets.
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Bioinformatics

Life and medical sciences —

Keywords
Ancestral recombination graphs; Minimal ARG; Minimum
number of recombinations; Recombination breakpoint

1. INTRODUCTION

Ancestral recombination graph (ARG) plays a central role in the
analysis of within-species genetic variations [1]. The relationships
between current species and common ancestors can be described
by coalescence, mutation and recombination events in the ARG
(Figure 1). Looking backward in time, the coalescence events
merge two identical sequences to one; the mutation events make
change in a site of the sequence; the recombination events break
one sequence to two subsequences that then make change in the
genetic information of the next generations. So the mutation and
recombination events are important factors in consideration when
building ARGs.

Approaches have been proposed to infer ARGs. Most of methods
use the infinite-sites assumption that does not allow back and
recurrent mutation in a single site. Thus, they try to build ARGs
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with the minimum number of recombination events. This is
proved an NP-hard problem [2].

Several methods have been proposed to construct ARGs with
optimal number of recombination events (called minimal ARGS)
for small datasets. Song et al. [3] built minimal ARGs by scanning
all possible ways and selecting the best way to move trees for
each marker from left to right along the sequence to optimize the
number of recombination events. Given a number of
recombination events, Lyngse et al. [4] tried to construct an ARG
using a branch and bound algorithm. If it is impossible to have an
ARG, the number of recombination events is increased by one.
The process is continued until an ARG is constructed. All these
exhaustive search methods have very high computational
complexity. They are just able to work with up to dozens of short
sequences.

To deal with larger datasets, other heuristic methods have been
proposed. In spite of focusing on building minimal ARGs, they try
to build plausible ARGs. Margarita proposed by Minichiello and
Durbin [5] can handle a thousand sequences with hundreds of
markers; ARG4WG of our group [6] can handle thousands of
whole human genomes. The longest shared ends criterion in
building ARGs allows ARG4WG to work on large datasets with
less number of recombination events than Margarita. Our
experiments showed that ARGAWG is able to build ARG with
fewer number of recombination events than Margarita but still
does not reach the minimal ARGs.

To build large ARGs with minimum number of recombination
events, we evaluated the effect of different factors on reducing the
number of recombination events in ARG building process for
genome-wide and suggested a new design of ARG4AWG, called
REARG [7]. Specifically, we combined some other factors such
as similarity between sequences and the length of sequences into
REARG. This strategy enables REARG to build ARGs with a
smaller number of recombination events in comparison to
ARGAWG. However, REARG still is not as good as other
exhaustive search methods.

As the longest shared ends criterion does not result in the
minimum number of recombination events (Figure 2b), we should
combine ARGAWG with other optimal criteria to reduce the
recombination events. Notably, the four-gamete test [8] is the key
idea leading to various methods either to find the lower bound of
the number of recombination events or to construct explicitly
minimum recombination ARG. In this work, we propose
GAMARG method to build large ARGs with the minimum
number of recombination events. Our experiments on different
datasets showed that GAMARG algorithm is able to handle
thousands sequences with tens of thousands of markers, and also
could reach the minimum recombination ARGs.
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Figure 1. An example of an ARG for 5 sequences of length 5

The paper is organized as follows. In section Il, we introduce the
ARG building problem. Some problems in choosing the
breakpoint position in recombination step of four-gamete test
method and ARG4WG algorithm that directly affect to the
number of recombination events in ARG building process are
pointed out in section Ill. The GAMARG algorithm will also be
proposed in this section. The performance of our algorithm in
comparison to other heuristics and exhaustive search methods is
discussed in section IV. Finally, we conclude our work and
suggest some future works.

2. ARG BUILDING PROBLEM

Given a set D = {S;, ..., Sy} of N input sequences (haplotypes), Sx
has m markers, 1 < x < N; S,[i] denotes site i of S, that has the value
of either 0 (one of the SNP alleles), or 1 (another allele), 1 <i<m.
The ARG building problem is to construct the relationships
between sequences in D through three events: coalescence,
mutation, and recombination. The coalescence events merge two
identical sequences to one. The mutation event makes change in a
site of the sequence. The recombination event breaks one
sequence to two subsequences, one subsequence contains the
prefix of the sequence and one contains the suffix of the sequence.
Our task is to build an ARG with the minimum number of
recombination events under the infinite-sites assumption.
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Consider a data set D(5) = {S;, S,, Ss, S4, Ss} of 5 sequences with 5
sites as below:

1 2 3 4 5
S; = 1 1 0 0 1
S, = 0 1 0 1 O
S; = 0 0 0 1 O
s, = 1 0 0 0 O
Ss = 1 0 0 0 1

Figure 1 is an example of an ARG building process for D(5). An
ARG with 12 events (numbered from 1 to 12 in circles) is built
backward in time, starting from the input data, until a single
common ancestor (10001) is reached. A "™*" at a site denotes a non-
ancestral material. 3 different evolutionary events are performed in
the building process. A recombination event as in the state 1 breaks
a sequence 01010 into two sub-sequences: 01*** contains the prefix
and **010 contains the suffix of the sequence 01010. A coalescence
event as in the state 2 combines two sequences **010 and 00010
into one sequence 00010. A mutation event as in the state 3
changes a mutated site 4 from 1 to 0.

3. METHOD

3.1 Four-Gamete Test

Under the infinite-site assumption, we called two sites i and j
incompatible if they contain all four gametic types 00, 01, 10, 11
[3]. There will be at least one recombination event between two
incompatible sites i and j. The exhaustive methods aim to find out
the optimal breakpoints, that is, the smallest number of
recombination events, to break all these incompatible sites.

Let FreqGamete;; = {freq00;;, freq01;;, freql0;;, freqll;;} be the
frequencies of gametic types 00, 01, 10, 11 occurring between
sites i and site j, respectively.

In the data set D(5), there are three pairs of incompatible sites: site
1 and site 2; site 2 and site 4; site 2 and site 5. The frequencies of
4 gametic types are FreqGamete;, = {1,1,2,1}; FreqgGamete,, =
{2,1,1,1}; FreqGamete, s = {2,1,1,1}, respectively. In this case, at
least two recombination events must be happened in the
evolutionary history of the sequences. Figure 1 is a minimal ARG
with two recombination events representing the evolutionary
history of data set D(5).

We observed that there are three gametic types having frequency
1. So breaking one of these gametic types between these sites will
give us better solution. For example, performing a recombination
between site 1 and site 2 on one of three sequences S;, Sy, Sz will
break this pair of incompatible sites. However, as freq10; , equals
2, so if we perform a recombination between site 1 and site 2 on
one of two sequences S, Ss, we just reduce the frequency of
occurrence of gametic type 10 by one and we do not break this
pair of incompatible sites. In this case, we need one more
recombination event to break this pair of incompatible sites
(Figure 2a).

3.2 ARG4WG Algorithm
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Figure 2. ARG building process for data set D={ S;, S,, Ss, S4, S5} (a) based on four gametic tests and (b) in ARG4WG algorithm
Ry L L .. G i . L.
-4 denotes a recombination event between site i and site j; = denotes xth coalescence event; — denotes a mutation event at site i. (a) The

ARG building process started by choosing S, to do a recombination event between site 1 and site 2 (Ry2(1)). As freq0l;, =

2, this

recombination event help to reduce the frequency of gametic type 01 between site 1 and site 2 by one and FreqGamete; , = {1,1,1,1} on
the next generation. So we need to do one more recombination event between those sites (R12(2)) to break this pair of incompatible sites.
So this choice (and also the same with Ss) will waste two recombination events while choosing S;, S,, Ss (that all have the frequency of
occurence of gametic type equal 1) to break between those sites just waste one recombination events. (b) The longest shared end is
detected between S, and Ss (covered by rectangles), a recombination event between site 4 and site 5 is putted on S, (or Ss) to produce 2
subsequences. By this way, ARG4AWG always need 3 recombination events to build ARGs for this data set.

Working backward in time, ARG4AWG first performs all possible
coalescence and mutation events. The algorithm then searches for
a pair of sequences that have the longest shared ends, that is, the
longest match in term of ancestral material from the left or the
right of two sequences. A recombination is performed on a
sequence to break a sequence into two subsequences. A
subsequence containing the longest shared region will be
coalesced with the remaining sequence right after the
recombination step.

The longest shared ends strategy helps ARG4WG to work with
thousands of whole genome sequences. It aims to build plausible
ARGs and cannot give us the minimal ARGs. Figure 2b illustrates
briefly the way ARGAWG works with data set D(5). As we see, in
this case, ARGAWG always performs recombination on S, or Sg
first. This choice does not give us the optimal solution and require
at least 3 recombination events to build an ARG.
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3.3 GAMARG Algorithm

We propose GAMARG algorithm that combines the four-gamete
test constraint with the longest shared ends strategy in ARGAWG
to optimize the number of recombination events in ARG building
process.

As using four-gamete test to build minimal ARG is not possible
for large datasets. From the observation described in Section 3.1,
we propose a simplification of the four-gamete test by considering
only pairs of incompatible sites having frequency 1 for at least
one gametic type. This assumption guarantees that we always
break at least one pair of incompatible sites when performing a
recombination between a pair of incompatible sites i and j.

Let & be a size of sliding window that we will scan to find all pairs

of incompatible sites in this region. In particular, we scan through
all markers. For each marker i (0 <i < m), we will scan to find all

pairs of incompatible sites in a range [i, i+ &].



Let S(i,j) be a sequence containing a gametic type with frequency
1 at a pair of incompatible sitesiand j (0<i<m,j-i< &). Thatis,
Sx(i,j) satisfies the following conditions:

{frerOi,]v > 0 and freq01;; > 0 and freq10;; > 0 and freqll;; > 0
freq00; ; = 1 or freq01; ; = 1 or freql0; ; = 1 or freqll; ; =1

We use the same definitions as in [1]:
o §,[i] matches S,[i] if Sy[i] = S,[i] or Sy[i] =* or S,[i] = *.

o (S,Sy{d,I}is a shared end pair of sequence S, and sequence
S, with the maximal matching length I from the left (d = left)
or from the right (d = right).

o (S:Sy{d,I} exists if and only if there are at least one marker i
in matching region that S,[i] = S,[i] =*.

For a shared end pair (S,,S,){d,I}, following the longest shared
end strategy, the breakpoint is specified between:

e land I+ 1whered = left and S,[i] match S,[i] for all 1 <i <1
and S,[1+1] =S,[I+1].

e | -1land |l where d = right and S,[i] match S,[i] for all | <'i <
m and S,[I-1] = S,[I-1].

Given a candidate sequence S,(i,j), we need to find the best
breakpoint in range [i,j]. We once again tackle this problem by
using the longest shared end strategy. We find out the longest
shared end between this sequence and all other sequences. If there
exists a sequence S, that a shared end pair (S, S;){d,I} satisfies i <
I <j, then S, will be broken at marker | as mentioned above. If no
shared end pair in range [i,j] exists, the breakpoint is chosen
randomly between site i and i+1 or between site j-1 and j.

GAMARG algorithm: The GAMARG algorithm starts from
time t = 1. The set of sequences at time t is denoted as D; (D;=D).
For each D, the candidate lists for coalescence, mutation and
recombination events are constructed as the following:

e Coalescence list C: For a shared end pair (S,,S,){d,I} of
sequences Sy and Sy, if | = m, then (S,,S,){d,I} is added into
the coalescence list.

e Mutation list M: For a marker i (1 <i<m),if S,[i] =1 and
VS, € D \ {S,}:Sy[il #1 or S[i] = 0 and vS, € D, \
{Sx}: Sy [i] # 0. then S,[i] is added into mutation list.

e  Gamete list G: For a pair of incompatible sites (i,j) (0<i<m,

j-i< &), if exist a sequence S, that contains a gametic type
with frequency 1, then S,(i,j) is added into gamete list.

e Shared-end list S: For a shared end pair (S,S,){d,I} of
sequences Sy and Sy, if 0 < I <m, (S,Sy){d,I} is added into the
recombination list.

When one of three events occurs, the next sequence set Dy, is
created from the current sequence set D, as described below and
four candidate lists are updated.

e If a coalescent event occurs between two sequences S, and Sy,
two sequences S, and S, are merged into a common ancestor
N
Dy = (D \{Sy, Sy}) u{s’}

e  If a mutation event occurs on a sequence S, a new sequence S’
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is created from sequence S with the mutation:
Diyy = (D\{SH U{S}.

e If a recombination occurs on a sequence S(i,j), a breakpoint
is put in [i,j]. Two new subsequences S, and Sy, are created
from sequence S,:

Dt+1 = (Dt\{Sx}) Y {leerz}

e If a recombination occurs on a shared end pair (S,, S,){d,I},
pick a sequence having less ancestral material in its shared
end part to do recombination. Assuming Sy is chosen,
sequence S, will be broken into two new subsequences Sy
and S,,:

Dey1 = (D\{Sx}) U {Sy1, iz}

The GAMARG algorithm
Input: A set of N sequences with m markers (snps)

Output: An ARG containing coalescence, mutation and
recombination events among sequences.

e Step 1: If Coalescence list C is not empty, do all possible
coalescence events.

e Step 2: If Mutation list M is not empty, do all possible
mutation events then go to Step 1. If no mutation
possible, go to Step 3.

e Step 3: If Gamete list G is not empty, do a recombination
then go to Step 1.

e Step 4: If Shared-end list S is not empty, do a
recombination followed by a coalescence. Go to Step 1.

e Step 5: Repeat Step 1, Step 2 and Step 3, Step 4 until a
single common ancestor is reached.

Candidates from four lists are selected as the following:

e  The candidate from the coalescence list or the mutation list to
perform coalescence or mutation is taken randomly.

e In the Gamete list, if a candidate sequence S,(i, j) having the
shortest distance from site i to site j, that is, (j — i) has the
smallest value, S, is the first priority to perform
recombination. If there is more than one candidate having the
same shortest distance, we will choose one randomly.

e In the Shared-end list, the pair of sequences with the longest
shared end in term of ancestral material will be the first
choice for recombination. If there is more than one candidate
having the same longest shared end, one is picked randomly.

The random choices in GAMARG algorithm result in different
ARG:s for different runs.

4, EXPERIMENTS AND RESULTS

To evaluate the performance of GAMARG, we conducted
experiments on different datasets. First, we measured GAMARG,
Margarita, ARG4AWG, REARG, and exhaustive algorithms on
Kreitman's dataset [9] that included 11 sequences of length 43.
This small dataset is a benchmark used in evaluating the
performance of many algorithms either to find lower bound of
recombination or to build minimal ARGs.
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Figure 3. The smallest number of recombination events found by 3 algorithms for 100 and 200 haplotypes with 2000, 5000, and
10000 SNPs of DS1, DS2, and DS3

Second, we tested all 4 above algorithms on two simulation
datasets: SDS1 included 50 sequences of length 54 and SDS2
included 75 sequences of length 45 that were public at
https://people.eecs.berkeley.edu/~yss/lu.html.

Third, we examined GAMARG algorithm on the datasets used in
[7] that extracted from the 1000 Genomes Project [10]. Note that
experiment results from [7] showed that Margarita was not stable
and needed a huge number of recombination events to build an
ARG for these datasets. We compared GAMARG with ARG4AWG
and REARG in terms of the number of recombination events and
the runtime. We could not perform exhaustive search methods as
they were not applicable for these large datasets.

REARG has three versions called REARG_SIM, REARG_LEN,
REARG_COM. The output of REARG is the best output from all
these versions.
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4.1 Kreitman’s Dataset

1000 ARGs were built by each algorithm and we recorded the
ARG having the smallest number of recombination events.
ARGAWG and REARG got ARG with 10 recombination events
as their best results. Margarita could build an ARG with 8
recombination events. The GAMARG could generate different
ARGs with 7 recombination events using 18 < § < 43. This
result is the optimal solution as is also found by exhaustive search
methods [3], [4]. This result shows that GAMARG is as good as
exhaustive searches for small datasets. Moreover, it takes only 8
seconds to build 1000 ARGs (i.e., as fast as ARGAWG).

4.2 Simulation Datasets

10000 ARGs were built by each algorithm on each dataset and we
recorded the ARG having the smallest number of recombination

events. We ran GAMARG with different & and we had best results
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Figure 4. Average of runtimes (second) of ARGAWG, REARG, and GAMARG for 100 and 200 haplotypes with 2000, 5000,
and 10000 SNPs of DS1, DS2, and DS3 datasets

with 29 < 8§ <54 for SDS1 and 11 < 8§ < 45 for SDS2. The
results of all algorithms are described in Table 1.

The experiment results show that GAMARG can reach to minimal
ARGs for SDS1 and only one recombination more than the
optimal solutions for SDS2. The results of Margarita, ARG4WG,
and REARG are very far from the optimal solutions.

Table 1. The results from different algorithms on simulated

datasets

SDS1 SDS2
Minimal ARG | 10 12
Margarita 14 18
ARGAWG 17 18
REARG 17 20
GAMARG 10 13
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4.3 Datasets from the 1000 Genomes Project
We compared the runtime and the number of recombination
events on 18 datasets of 100, 200 haplotypes with 2000, 5000,
10000 SNPs extracted from 3 different regions (i.e. DS1, DS2,
DS3) of Chromosome 1 from the 1000 Genomes Project.

As in [7], on each data set, 1000 ARGs were built by each
algorithm and the ARG with the smallest number of
recombination events was recorded. In these tests, we ran

GAMARG using 6 = 5.

Experiment results (see Figure 3) show that GAMARG algorithm
produces ARGs with much smaller number of recombination
events in comparison to that of ARG4WG and REARG in all tests.
The outperformance of GAMARG in comparison to other
algorithms is clearly significant for 100 sequences. For larger
datasets with more sequences, the diversity of the data increases.
Thus, there are many incompatible sites, however, only few of
many of them might satisfy the constraint that at least one gametic
type having frequency 1. In this case, the advantage of GAMARG
over ARGAWG and REARG is not very significant.

The average running times to build an ARG by
each algorithm were calculated for each test. As shown in Figure



4, for 2000 SNPs, there are not much different in the running
times between algorithms. For longer sequences (i.e., 5000 and
10000 SNPs), GAMARG is slower than ARGAWG but faster than
REARG.

4.4 Discussion

Four-gamete test is the well-known technique in computing the
minimal recombination ARG for small datasets. The longest
shared end strategy in ARG4AWG algorithm is very effective for
large datasets. The combination of them in GAMARG algorithm
allows it not only to work with thousands sequences with tens of
thousands of SNP markers but also to find minimal recombination
ARGs.

The results on small datasets indicate that both ARG4AWG and
REARG algorithms are not suitable for small datasets. The
longest shared segment strategy of Margarita has obtained the
better results than ARGAWG and REARG for small datasets.
However, this strategy causes Margarita much more
recombination events and runtime than ARG4AWG and REARG
for medium or large datasets [6], [7]-

The proposed GAMARG algorithm performs well in all cases, not
only for small datasets but also for large datasets. However, we

need to investigate the best choice for & parameter more. For

small datasets, it is not a problem because GAMARG requires
only small time to build thousands ARGs.

For human genome data set, we examined GAMARG with

different values for & (i.e., 5, 10, 15, 20, 25, and 30) on different

datasets with different sizes. 5000 ARGs were built and ARG
with the smallest number of recombination events was recorded
on each dataset. The results show that GAMARG produces
similar results while § has one of values 5, 10, 15 for 500 SNPs.
However, for longer sequences (i.e., 1000 and 2000 SNPs), the
algorithm works best in term of number of recombination events
with § = 5.

5. CONCLUSION

Constructing minimal ARGs from large datasets is still an open
problem. ARG4WG algorithm can build ARG for thousands of
whole genome sequences, however, it is not designed to construct
minimal ARGs. In this work, we propose GAMARG algorithm
that combines four-gamete test with the longest shared end
strategy in recombination step to optimize the number of
recombination events in ARG building process. The GAMARG
algorithm infers ARGs with smaller number of recombination
events than all other heuristic methods. Specially, the GAMARG
algorithm can competitive with exhaustive search methods as it
can find minimal ARGs for small datasets in very little time.
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In the future, we will consider more about methods to calculate
the haplotype blocks to have a better estimation for parameter §.
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ABSTRACT

CRISPR from Prevotella and Francisella 1 (Cpfl), a RNA-guided
DNA endonuclease that belongs to a novel class 1l CRISPR
system, has recently become a popular tool for genome editing.
How to improve the on-target efficiency and specificity of this
system is an important and challenging problem. This paper
presents a method for CRISPR-Cpfl guide RNA activity
prediction. Convolutional Neural Network (CNN) and support
vector regression (SVR) are combined for this purpose. In the
proposed framework, single-base substitution mutation data
augmentation technique is applied to generate guide RNAs with
indel frequencies, thus increasing the labeled data. In the hybrid
CNN-SVR model, CNN works as a trainable feature extractor and
SVR performs as the regression operator. Specifically, a merged
CNN-based regression model is used to pre-train the model for
predicting Cpfl activity based on target sequence composition.
Considering the chromatin accessibility information, the SVR is
used to generate the predictions. Experiments on the commonly
datasets show that our algorithm outperforms the available state-
of-the-art tools.

CCS Concepts
Applied computing — Life and medical
Bioinformatics

sciences —

Keywords
CRISPR-Cpfl; data augmentation; convolutional neural network
(CNN); support vector regression (SVR); on-target

1. INTRODUCTION

Clustered regularly interspaced short palindromic repeats
(CRISPR) from Prevotella and Francisella 1 (Cpfl) is an effector
endonuclease of the class Il CRISPR—Cas gene editing system [1,
2]. CRISPR-Cpfl differs from Cas9 in several ways: cleavage
with 5 overhangs, a shorter guide RNA (gRNA), and a longer
distance between the seed sequence and cleavage site [3].
Previous studies demonstrated that CRISPR-Cas based genome
editing may introduce off-target effects which can lead to a
significant level of non-specific editing at other unplanned
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genome loci [4]. Therefore, the efficacy of the CRISPR-Cpfl
gRNA needs to be carefully studied.

An increasing number of studies have reported on prediction of
CRISPR single guide RNA on-target knockout efficacy based
machine learning, such as L1-regularized linear regression [5],
L1/L2-regularized linear regression [5], random forest [6, 7],
support vector machine (SVM) [7, 8], gradient boosted regression
trees [5, 9-11], logistic regression classifier (CINDEL)[2]. A
benchmark study demonstrated that machine learning based tools
generally perform better performance than traditional alignment-
based methods (CasFinder [12], etc.). However, the conventional
machine learning techniques were limited in their ability to
process the raw data. Further, a major limitation of these methods
is that they rely on laborious manual feature engineering.
Additionally, the prediction results mainly depend on the feature
extraction. Therefore, machine learning system requires
considerable domain expertise to design the feature extractor [13].

Guide RNA activity prediction in CRISPR-Cas system based on
deep learning techniques can effectively resolve the problems
mentioned above. Deep learning allows computational models
that are consist of multiple processing layers to learn
representations of features with multiple levels of abstraction [13].
More importantly, deep learning methods require very little
engineering by hand. The layers of features are learned from data
by a general-purpose learning procedure instead of designing by
human engineers. Some successful deep learning based models
have been provided for solving the challenges of evaluating
CRISPR-Cas system guide RNA activity. For example, Chuai et
al. proposed DeepCRISPR tool for single guide RNA (sgRNA)
on-target and off-target site prediction based deep learning. It has
been shown that data augmentation technique to generate novel
sgRNAs with meaningful labels, thus indeed improving the
prediction performance and making the training model robust [14].
Kim et al. proposed convolutional neural networks (CNN)
incorporated chromatin accessibility for CRISPR-Cpfl gRNA
activity prediction [9]. In their research, the training dataset used
in the study is relatively small (n=15, 000). Notably, compared
with Cas9, the available information about Cpfl is relatively
limited.

In this paper, we introduce a hybrid CNN-SVR model for
CRISPR-Cpfl gRNA activity evaluation with data augmentation.
The key idea of our method is to train a specialized CNN to
extract robust target sequence composition features and provide
them to SVR regression operator. First, we investigate data
augmentation technique named single-base substitution mutation
for CRISPR-Cpfl gRNA training datasets. Considering that one
base mismatch in the PAM-distal region of the gRNA has little
influence on the indel frequency. We amplified the training
dataset by changing one base of gRNA at position 5 in the
promiscuous region (at positions 19-23 from PAM), and the indel



frequency keeps consistent with the original gRNA. After data
augmentation, we get 60,000 training data with indel frequency.
Second, we merge two independent sub-networks to pre-train the
parameters of the model, and then use the element-wise
multiplication operator by considering chromatin accessibility
feature. Finally, the SVR procedure is performed to predict the
gRNA indel frequency. Experiments show that the proposed
model can give good gRNA activity prediction compared with
other state-of-the-art algorithms.

2. PROPOSED FRAMEWORK

2.1 Single-base Substitution Mutation Data

Augmentation

The CNN model relies on large amounts of the training data. In
order to combat overfitting, we used a specific data augmentation
method to add sample replicas with indel frequency preservation.
Previous studies have shown that the PAM-distal region has a
high tolerance for mismatches [15, 16]. Specifically, Kim et al.
proposed that promiscuous region, at position 19-23 from PAM,
one base mismatch only slightly decreased the indel frequencies.
Inspired by this research, single-base substitution mutation was
performed to make data augmentation. Considering that gRNAs
with one mismatch in the promiscuous region has little effect on
cleavage efficacy, we extended the raw datasets by changing the
fifth position base in promiscuous region into three new gRNAS,
meanwhile, the indel frequencies of the augmented gRNAs are
consistent with the original gRNA. Consequently, a 34-nt guide
sequence can be expanded to 4 gRNAs with the same indel
frequency (Figure 1). By adopting single-base substitution
mutation data augmentation technique, data set HT1-1(n=15,000)
was extended to 60,000 non-redundant gRNAs with biologically
meaningful indel frequencies.

34 bp synthetic target and target context sequence

Data augmentation
(4 bp + PAM + 23 bp protospacer + 3 bp)

AGCGTTTAAAAAAC TG CTQECT

PAM

Original data

Seed Trunk Promiscuous

AGCGTTTAAAAAACATCGAACGCATCTGCTACCT

Vi
I
AGCGTTTAAAAAACATCGAACGCATCTGCTCCCT | |
AGCGTTTAAAAAACATCGAACGCATCTGCTTCCT | |

1

Figure 1. lllustration of the single-base substitution mutation
data augmentation procedure

2.2 One-hot Encoding for gRNA Sequence

We formulated one-hot encoding to encode the gRNA sequence.
The nucleotide sequence is represented by four channels: A-
channel, C-channel, G-channel and T-channel. For example, for
A-channel, the presence of the nucleotide A at a particular base
pair position is denoted by 1, while the absence of A is denoted by
0. Similarly, C-channel, G-channel and T-channel were
represented in the same way. As a result, we obtained a four-
binary-channel representation of each gRNA. Figure 2 shows an
example of the one-hot encoding representation schema of the
gRNA sequence.

2.3 CNN Feature Extraction

A convolutional neural network (CNN) is a feed-forward artificial
neural network [13]. It is a multi-layer neural network with a deep
supervised learning architecture. CNN integrates feature learning
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and regression into the optimization progress. The CNN
procedure mainly consists of two parts: an automatic feature
extractor and a trainable classifier. The automatic feature extractor
contains convolution layers and pooling layers. Backpropagation
algorithm usually used to train the convolution kernels and the
weights of the last output layer.

AGC

Anoo

TTAGGCCC

G
5]
0
1 [ { o [
T oo oo olofoolofofolo]o
Figure 2. One-hot encoding schema for the gRNA. The gRNA
sequence is denoted by four channels: A-channel, C-channel,
G-channel, and T-channel

In our study, we build our merge CNN-based network with pre-
training based fine-tune for CRISPR-Cpfl gRNA on-target
prediction. Our merged CNN model mainly following the three-
stage designs, such as convolutional layers, pooling layers and
fully connected layers with modifications, including batch
normalization [17] rectified linear unit (ReLU) [18], and dropout,
to prevent overfitting. The structure of the sub-network is shown
in Figure 3 for on-target prediction. The inputs of the CNN are the
gRNA regional information data. We used 3 convolution layers
for feature extraction. Each convolutional layer is followed by
batch normalization and a ReLU activation function. Batch
normalization can deal with both the overfitting and underfitting
problem in a robust way. Also, we utilized average pooling layer
to reduce the dimension of the input. Moreover, we employ
dropout regularization technique with a 0.3 dropout rate to combat
overfitting. Subsequently, we added 3 dense layers to collect
knowledge of the network and keep the remaining feature maps
unchanged [19].
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Figure 3. Block of the sub-network for feature extraction

2.4 Support Vector Regression

Support vector regression (SVR) aims at minimizing the
generalization error bound to improve generalized performance
[20]. The main idea of SVR is based on the computation of a
linear regression function in a high dimensional feature space
where the input data are mapped via a nonlinear function [20, 21].
Supposing a training set D = {(xq,y1), (x2,¥2),+ (o Vi) } €
N x R, where X denotes the space of the input patterns. e — SV
regression tries to find a function f(x) that has at most & deviation
from the actually obtained targets y; for all the training data. The
objective function is:

ming, 3 lwll? + € I, L (F () — 1) €



where C is the regularization constant, e-insensitive loss function
I, described by

(0 iflpll < e
L) = {lpl — ¢, otherwise @

Analogously to the “soft margin” loss which was used in SVM,
by introducing slack variables &; and &;, then the corresponding
objective function is:

min,, , ¢ 2 5 lll? + C Xy L (& + &) 3)
s.t.
fx) -y < €+{i
}’ijf(xi)ﬁf‘Ffi )
§20¢420i=12--m
The corresponding Lagrangian is:
L(wb,3.3.6. &1 i) (5)

= loll? + X, (6 + &) — TPy m & — X &y
I GF) —yi—e—E)+ IR G (i - f) —e— &)
Here L is the Lagrangian and ¢, 7, u, i are Lagrange multipliers.

By solving the dual optimization problem, the result of SVR may
be written as

f() = X2, (G = G) xx + b (6)

Consider the map ®:X — F, training patterns of x; are mapped
into some feature space F. And the SVR can be written as

f(x) = X72,(G = &) k(xx) + b
where k(x, x;) = ¢ (x;)"$(x;) is a kernel function.

2.5 Hybrid CNN-SVR Model

In the CNN network, the input of the activation function is the
summation of linear combination of the outputs from previous
hidden layer with trainable weights and the corresponding bias.
The outputs of the last layer are the estimated probabilities for the
inputs. In general, the output probability is calculated by an
activation function. Compared with simple linear combination,
SVR performs better in handling high dimension regression
problem. The combination of CNN-SVR network can combine
their virtues and make them complement each other to improve
the prediction.

U]

Inspired by this, we use SVR regression operator to replace the
final layer in CNN model. The proposed CRISPR-Cpfl guide
RNA activity prediction system was designed to integrate the
CNN and SVR regression operator. Specifically, first, the encoded
augmented on target gRNA data are sent to the input layer, and
the original merged CNN with the output layer is trained until the
training process converges. Second, the SVR with Radial Basis
Function (RBF) kernel replaces the CNN linear output layer. The
SVR operator takes the outputs from the hidden layer as a new
feature vector for training. After being well trained, the SVR
performs the regression task and makes indel frequency prediction
for gRNAs with such automatically extracted features.

2.6 Overview of Hybrid CNN-SVR with Data

Augmentation Procedure

We introduce a hybrid CNN-SVR model for CRISPR-Cpfl gRNA
activity prediction with single-base substitution mutation data
augmentation. As shown in Figure 4, the main idea of our hybrid
CNN-SVR algorithm is described as follows: (1) Single-base
substitution mutation data augmentation procedure was performed
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to magnify the training data size. (2) The 1-by-34 target sequence
(4 bp + PAM + 23 bp protospacer + 3 bp) was converted to 4-by-
34 binary vectors using one-hot encoding. (3) Two independent
sub-nets based CNN with the same structure were joined by
“concatenate” operator. The structure of the sub-net was described
in “CNN feature extraction” section. (4) Two sub-nets based CNN
were concatenated to pre-train the model using augmented data.
And the goal of pre-train is to minimize the mean square error loss
of the loss function. The pre-trained model parameters were saved
to further fine tune the model. (5) We loaded the trained model
weights parameters and fixed the corresponding layers. The
chromatin accessibility information was incorporated to fine-tune
the model. (6) The SVR operator was performed to get the
regression score for CRISPR-Cpfl indel frequency prediction.
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Figure 4. CRISPR-Cpfl gRNA activity prediction schema
based on hybrid CNN-SVR combining data augmentation

3. EXPERIMENTS

To evaluate the feasibility of the hybrid CNN-SVR model with
data augmentation for CRISPR-Cpfl gRNA activity prediction,
we conducted experiments on the public datasets. We
implemented our algorithms using Keras and Tensorflow, running
on Intel Core i7 CPU at 3.6 GHz with 16 GB RAM and NVIDIA
8 GB GTX 1080 GPU. The optimized parameters are tuned
automatically under the Adam optimizer. We empirically
demonstrate the hybrid CNN-SVR’s effectiveness on several
commonly datasets and compare with the state-of-the-art
architectures. Spearman correlation coefficient was used to
quantitatively validate the performance of the proposed algorithm.

3.1 Data Resources

We used the public dataset available in [9], namely HT 1 and HT
2, and HT 3, which contain target sequence compositions and the
corresponding indel frequencies. The HT 1 and HT 2 datasets
consist of 16,292 and 2,963 unique guide sequences in HEK293T
cells, respectively. HT1 dataset was randomly split into data set
HT 1-1 (n=15,000) and HT 1-2 (n=1,292). Single-base
substitution mutation technique is used to increase the sample size
of HT 1-1 dataset, this augmentation resulted into 60,000 non-
redundant gRNAs with indel frequencies for training process. The
above mentioned datasets have no available chromatin
accessibility information. Data sets HEK-lenti (n=148), HEK-
plasmid (n=55), and HCT-plasmid (n=66) contained the guide
RNA sequences, chromatin accessibility information, and the
corresponding indel frequencies. They were prepared at
endogenous sites from HEK293T and HCT116 cell lines. The
binary chromatin accessibility information for the cell lines were
obtained from the Encyclopedia of DNA elements. The DNase |
hypersensitive sites are labeled as “1” while the others are labeled
as “0”.

3.2 Epigenetic Features
Locus accessibility of the gRNA was important for determining
the gRNA activity [22]. Specifically, the chromatin accessibility



can affect the efficiency of Cas9 mediated indel formation [22]. In
eukaryotes, chromosomal DNA is packaged into a regularly
repeating chain of nucleosomes. The chromosomal will prevent
DNase | from nicking DNA sequence, which result in the
preferential sensitivity of the accessible nucleosome free regions
to DNase | cleavage. DNase I-hypersensitive sites (DHSs) are
usually used to determine chromatin accessibility [23]. Kim et al.
proposed that considering the chromatin accessibility information
contributed to good-performing for CRISPR-Cpfl guide RNA
activity prediction. Enlightened by these, we incorporated
chromatin accessibility expecting to get a better performance.

3.3 Training Hybrid CNN-SVR

We trained the proposed model in two main steps. First, pre-train
of the entire architecture. Second, fine-tune with endogenous
target data considering chromatin accessibility, which contribute
to the improvement of the prediction.

3.3.1 Pre-Training

We used augmented HT 1-1 data set as training dataset, HT 1-2 as
validation data set. The first input of hybrid CNN-SVR is the
augmented 34-bp gRNA sequences with PAM. We use the grid
search from the scikit-learn python machine learning library to
tune the hyperparameters. The proposed model was wrapped with
the KerasRegressor class. To use the wrapper, we first defined a
function that creates the proposed model, then passed this function
to the “build_fn argument when constructing the KerasRegressor
class. We optimized the mean squared error loss function using
the Adam optimizer [24]. Hyperparameter optimization
experiments were performed sequentially as follows: batch size
(chosen from [64, 128, 150, 256, 300, 512, 1024]) and number of
epochs (chosen from [10, 20, 40, 60, 80, 100, 200]), learning rate
(chosen from [0.001, 0.01, 0.02, 0.03, 0.04, 0.05, 0.06, 0.07, 0.08,
0.09, 0.1, 0.2, 0.3]), neuron activation function (chosen from
[‘hard_sigmoid’, ‘softplus’, ‘softsign’, ‘relu’, ‘tanh’, ‘sigmoid’,
‘linear’]), network weight initialization (chosen  from
[‘he_normal’, ‘he_uniform’, ‘glorot_uniform’, ‘glorot_normal’,
‘zero’,  ‘normal’,  ‘uniform’,  ‘lecun_uniform’]), dropout
regularization (chosen from [0.0, 0.1, 0.2, 0.3, 0.4, 0.5, 0.6, 0.7,
0.8, 0.9]). After that, hyperparameter of the number of epochs was
re-tuned by optimizing the loss function. Hyperparameter
optimization experiments were carried out by threefold cross-
validation.

3.3.2 Fine-Tuning of Hybrid CNN-SVR Model

We next generated a hybrid CNN-SVR for gRNA on-target
knockout efficacy prediction, comprising two parts. Taking
chromatin accessibility into consideration, we added a chromatin
accessibility layer before the SVR regression output layer. During
the fine-tuning, we used the pre-trained network weights, only
updating those of the last three layers.

3.4 Experimental Results

In order to quantitatively verify the superiority of the proposed
hybrid CNN-SVR model with data augmentation, we compare its
performance with DeepCpfl network, and the conventional
machine learning based methods, such as L1 regression, L2
regression, L1/L2 regression, gradient boosted regression, and
CINDEL. Performance comparison experiments were trained on
augmented HT1-1 dataset (n=60,000 with indel frequencies at
independent target sequences), for 3 independent test data sets
(HT 1-2, HT 2, HT 3), the Spearman correlation coefficient
between measured indel frequencies and predicted Cpfl activity
scores are shown in Table 1. These results indicated that hybrid
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CNN-SVR generally outperformed the conventional machine
learning based algorithms and Seq-deepCpfl for prediction of
CRISPR-Cpfl gRNA activity based on target sequence

composition.
Table 1. Comparisons of testing results on HT 1-2, HT 2, HT 3
datasets

Model HT 1-2 HT 2 HT 3

L1 regression [5] 0.75 0.73 0.57

L2 regression [5] 0.75 0.73 0.56

L1L2 regression [5] 0.75 0.73 0.57

BoostedRT [11] 0.74 0.74 0.53

CINDEL [2] 0.64 0.64 0.50

Seq-deepCpfl[9] 0.76 0.75 0.58

CNN-SVR 0.77 0.76 0.57

Consider the chromatin accessibility may improve the prediction
of Cpfl activities at endogenous target site. HEK-lenti dataset was
used to fine-tune the parameters of the proposed hybrid CNN-
SVR model. HEK-plasmid (n=55) and HCT-plasmid (n=66) data
sets were used for testing. Table 2 lists the Spearman correlations
between measured indel frequencies and predicted activity scores
comparison of hybrid CNN-SVR with other prediction models in
HEK?293T cells and HCT116 cell. Of the note that “+CA” means
incorporating chromatin accessibility. Without considering the
chromatin accessibility, we noticed that Spearman correlation of
CNN-SVR method reached 0.73 and 0.57 on the HEK-plasmid
and HCT-plasmid data sets. Combining the chromatin
accessibility, compared with other models, CNN-SVR showed
better performance, achieving Spearman correlations of 0.90 and
0.76, respectively. Notably, the chromatin accessibility
information contributes to the prediction of Cpfl activities at
endogenous target sites.

Table 2. Spearman correlation results of CNN-SVR and other
models on HEK-plasmid and HCT-plasmid data sets

Model HEK-plasmid | HCT-plasmid
L1 regression [5] 0.67 0.56
L1 regression + CA [5] 0.77 0.64
L2 regression [5] 0.67 0.55
L2 regression + CA [5] 0.76 0.63
L1L2 regression [5] 0.67 0.55
L1L2 regression + CA [5] 0.77 0.64
BoostedRT [11] 0.69 0.56
BoostedRT + CA [11] 0.70 0.62
CINDEL[2] 0.55 0.42
CINDEL + CA[2] 0.63 0.50
Seqg-deepCpfl [9] 0.69 0.57
DeepCpfl + CA [9] 0.87 0.77
CNN-SVR 0.73 0.57
CNN-SVR + CA 0.90 0.76
4, CONCLUSION
In this study, we present hybrid CNN-SVR with data

augmentation, an efficient and extendable method for CRISPR-
Cpfl gRNA activity prediction. Compared with machine learning
based models, such as L1 regression, L2 regression, L1/L2
regression, gradient boosted regression, and CINDEL, and the
deep learning based DeepCpfl method, experimental results
indicate that leveraging single-base substitution mutation
augmented labeled gRNA sequences as well as CNN-SVR based
model contributes to efficiently learn gRNA representations and
boost the prediction performance. The experimental results on the
benchmark HEK-plasmid dataset demonstrate the power of our



hybrid CNN-SVR model for evaluating the activity of CRISPR-
Cpfl gRNA. Additionally, the proposed method automates the
feature identification for gRNA design, which facilitating
interpretation and optimized CRISPR on-target design. For future
work, the hybrid CNN-SVR based CRISPR-Cpfl gRNA activity
evaluating precision will be further increased by using a larger
dataset considering more epigenetic features.
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ABSTRACT

A new approach using the Hilbert vibration decomposition (HVD)
for extracting the respiration from the photoplethysmographic
(PPG) signal is proposed. It is suggested that the largest energy
component of the PPG signal acquired using the HVD is
analogous to the respiratory signal. The proposed PPG-derived
respiration (PDR) technique is examined over the Capnobase and
MIMIC datasets by evaluating the correlation and respiratory rate
errors calculated between the derived and reference respiratory
rates (RRs). Upon comparing the performance of the proposed
approach with the existing techniques, the proposed approach is
seen to be yielding better correlation and smaller errors in the RRs
computed from the PDR and recorded respiration signals on both
the datasets. The experimental analysis suggests that the proposed
technique can be employed for efficacious computation of the
respiration from the PPG signal. Efficient and reliable extraction
of the respiratory signal from PPG will help in the improvement
of low-cost and less discomfort mobile-based healthcare systems.

CCS Concepts

Applied computing — Health informatics
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1. INTRODUCTION

The photoplethysmographic (PPG) signal is a preferable
physiological signal for the development of mobile-based
healthcare systems due to feasibility, mobility, comfortableness,
and cost of the PPG device [1]. The PPG signals are primarily
used for non-invasive measurement of blood oxygen saturation,
but they can also be used for computing of many health
parameters such as the respiratory rate (RR), heart rate (HR), and
blood pressure (BP) [1]. The HR measurement using the PPG
signal recorded from the wrist is very popular for monitoring of
exercise in the sports.

Many algorithms have been developed by the researchers to
extract RR using the PPG signals [1-8]. These techniques can be

Permission to make digital or hard copies of all or part of this work for
personal or classroom use is granted without fee provided that copies
are not made or distributed for profit or commercial advantage and
that copies bear this notice and the full citation on the first page.
Copyrights for components of this work owned by others than ACM
must be honored. Abstracting with credit is permitted. To copy
otherwise, or republish, to post on servers or to redistribute to lists,
requires prior specific permission and/or a fee. Request permissions
from Permissions@acm.org.

ICBBB '19, January 7-9, 2019, Singapore, Singapore

© 2019 Association for Computing Machinery.

ACM ISBN 978-1-4503-6654-0/19/01...$15.00

DOI: https://doi.org/10.1145/3314367.3314369

48

categorized mainly into two classes: PPG pulse morphology-

based approaches [2-4] and filtering based approaches [1], [5-8].
Addison et al. [2] explained that the respiratory process influences
the PPG signal mainly in following ways: baseline modulation,
PPG pulse amplitude modulation, and modulation of pulse
frequency. Based on these variations, Karlen et al. computed RR
by fusing three respiratory rates (RRs) each estimated from three
different changes in PPG due to the respiratory process [3].
Lazaro et al. proposed an algorithm to obtain RR by tracking
variation in the width of PPG pulse caused by the respiration [4].
In [3-4], detection of the fiducial points in PPG (such as pulse
peak, pulse apex, onset and end points) is needed for the RR
estimation. These fiducial points are much responsive to the noise
and movement artifacts [1]. The time-varying correntropy spectral
density (CSD) of the PPG signal is also investigated for tracking
the respiratory frequency peak in the spectrum [7]. However, most
of these techniques are validated on a small dataset extracted
either from the Capnobase database [9] or their personal database

[5].

Further, Nakajima et al. derived RR and HR using the PPG based
on a band-pass filter with a predefined frequency band [5]. The
drawback of this approach is that if RR lies outside the predefined
frequency band than the estimation of RR may be erroneous. The
use of the wavelet functions for the RR estimation from PPG is
exploited in [6]. In the wavelet-based techniques, a suitable choice
of mother wavelet and levels of the decomposition is required for
better results. The empirical mode decomposition (EMD) which is
a data-driven technique is also employed to get the respiratory-
related information from the PPG signal [8]. However, the EMD
based approach suffers from mode mixing problem [1]. Recently,
the ensemble empirical mode decomposition (EEMD) is used to
process the PPG signal for deriving HR and RR [1]. The EEMD,
however, resolved the hassle of mode mixing in EMD but it
created a new one that accepts the residuary noise in the signal
reconstruction.

Recently, the Hilbert vibration decomposition (HVD) is seen to be
emerging as a popular tool to investigate the non-stationary
signals [10]. The HVD technique has been applied to many
biomedical signal processing applications including baseline
wander removal of ECG [11] and computation of respiration from
the electrocardiogram (ECG) signal [12]. The HVD decomposes
the given signal into various mono-components of gradually
changing amplitudes and frequencies. The first component of
HVD corresponds to the varying largest energy component, and
the residual signal comprises details of the smaller energy
components in the input [10]. In this paper, a new approach based
on the HVD is suggested for deriving the respiration from the
PPG signal. It is hypothesized that the respiratory component in
PPG has a significant portion of the overall energy of the PPG
signal. The proposed hypothesis is supported by the fact that the



respiratory process affects the PPG characteristics (including the
pulse amplitude and baseline of the PPG signal) significantly [3].
Consequently, these substantial magnitude variations can be
separated in the largest component of PPG acquired through the
HVD for an accurate estimation of the respiration.

2. MATERIALS AND METHODS

2.1 Data

The proposed PDR approach is tested on the Capnobase [9] and
MIMIC [13] databases which are publically available. The
Capnobase database consists of 42 concurrently acquired ECG,
PPG and respiration signals with each of 8 minutes in duration
from 29 children and 13 adults at a sampling rate of 300 Hz [9].
The recorded respiratory signal is used to compare the PDR signal
and, therefore, it is denoted as the reference respiration. The
recordings are segmented into equal length epochs of duration 30
seconds (s). For experimental use, a total of 605 epochs are
extracted from the PPG recordings and used for the performance
evaluation of the proposed technique.

On the other hand, the MIMIC database includes 72 simultaneous
recorded BP, ECG, PPG, and respiratory signals at a rate of 125
Hz [13]. In 72 records, some of the records do not have either
PPG or respiration or both. However, in this study, simultaneously
recorded PPG and respiratory signals are required for the
experimental analysis. Therefore, in the remaining records which
have both the PPG and respiratory signals, a total of 2300 epochs
(which are visually uncorrupted) of duration 30s each are selected
for the experimental use.

2.2 Proposed Methodology

The HVD decomposes a given multicomponent non-stationary
signal into various mono-components of slowly varying
amplitudes and frequencies [10]. The first component of the
decomposition represents the varying largest amplitude, and
therefore this component is denoted as the dominant one in the
input signal. The residual part is a mixture of other lower
amplitude signals. The HVD is an iterative technique where
extraction of each component consists of mainly three stages [11]:
(i) computation of the instantaneous frequency (IF) of largest
amplitude component, (ii) computation of the instantaneous
amplitude of largest component, and (iii) subtraction of the
estimated mono-component in the input signal to get the residual.
Hence, the decomposition of a given signal X(t) by applying the

HVD technique can be represented as [10]
x(t) = > a, () cos( [o, (t)dt), 1)
k

where a, (t) and o, (t) denote the envelope and the IF of k"

component, respectively. The HVD technique uses the analytical
signal depiction of the input signal to compute the amplitude

envelope and IF of the dominant component in the composite [10].

In the HVD based signal decomposition, the component x, (t)
corresponds to higher energy as compared to the component , (t)
for 1 >k.

Upon decomposing the PPG signal x(t) using the HVD, the

component acquired in the first iteration of decomposition
consonant with the largest energy component in PPG. In this
study, it is hypothesized that the respiratory component in PPG
has a substantial amount of the overall energy of the PPG. This
essentially signifies that the largest energy component acquired
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Figure 1. PPG signal decomposition using HVD method. (a)
PPG signal, (b) reference (recorded) respiration, and (c)
largest energy component (or first component) of the PPG
decomposition using HVD

from PPG by applying the HVD method will be analogous to the
respiration of the subject. Mathematically, the largest energy
component x (t) is expressed using (1) as [11]

x() =a ) cos( [ @ (t)ct) @
The signal x (t) , when plotted against time, shows cyclic

variations closely resembling the reference respiration as
illustrated in Figure 1. In Figure 1, it can be observed that the
largest component of PPG matches the reference respiration. Next,
the signal x (t) is filtered through a band-pass filter (0.08 — 0.8

Hz) to remove the components other than the respiratory range. In
this paper, the resultant output of the filter itself is denoted as the
PPG derived respiration (PDR) signal. The PDR signal computed

through the proposed approach is symbolized as R, for further
use.

It can also be highlighted here that if the respiratory component in
the PPG has smaller energy than that of the other components in
the PPG signal, the largest component of HVD may not resemble
the reference respiration. The large signal DC offset is the
required condition aimed at the HVD based adaptive non-
stationary respiration filtering [10]. In the cases of a small
respiratory component in the PPG, the required condition can be
simply achieved by adding to the initial signal a constant value
larger than the peak value.

2.3 Performance Measures

The proposed approach is evaluated by comparing the PDR with
the recorded (reference) respiration by means of the correlation
and errors in RRs. The Pearson’s correlation coefficient (PCC) is
computed here to measure the similarity among the PDR and
reference respiratory signals. The error between RRs calculated
from the PDR and reference signals is evaluated using the mean
absolute error (MAE), percentage error (PE) and root mean square
error (RMSE) defined as

%g\d(n)
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Figure 2. Box-whisker plots of correlation coefficient computed between the derived and reference respiration signals using the
Capnobase (left) and MIMIC (right) datasets (RIFV: respiratory induced frequency variation approach, RIAV: respiratory
induced amplitude variation approach, and HVD: proposed approach)

_ 1.3 d(n)-r(n)]
PE = S Z‘—r(n) x100 %, 4
RMSE = /%i[d(n)—r(n)]z, (5)

where, N is the total number of epochs in a recording, d(n) and
r(n) denote the RRs in breaths per minute (bpm) calculated from

the PDR and reference respiration signals, respectively, for n™
epoch.

Here, d(n) for n" epoch is calculated using the fast Fourier

transform method. In the PDR signal spectrum, the dominant
frequency ( f,) in the respiration frequency band (0.08 — 0.8 Hz,

i.e., 4.8 — 48 bpm) is determined, and then it is converted to RR
which is defined in [1] as

d(n)=f, *60 (breaths/min) (6)
The RR of the reference respiration (r(n)) for n™ epoch is
calculated using the similar process as described above.

3. EXPERIMENTAL RESULTS

The proposed approach is validated over a larger number of
epochs of duration 30s each extracted from two well-known
independent databases, namely the Capnobase and the MIMIC.
The performance of the proposed PDR approach is compared with
two state-of-art PDR methods based on the respiratory-induced
amplitude variation (RIAV) [3] and respiratory-induced frequency
variation (RIFV) [3]. Here, the PDR signal obtained using the
RIAV and RIFV methods are denoted as Reiay and Rery
respectively. Additionally, some other existing PDR techniques

are also compared with the proposed technique based on the
RMSE values.

Box-whiskers plots of correlation computed among the derived
and reference signals for different PDR techniques are depicted in
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Table 1. Comparisons of proposed PDR approach with some
existing techniques using the Capnobase dataset (Parameters
are shown as median values (1* quartile, 3™ quartile))

PDR MAE PE RMSE
Methods (bpm) (%) (bpm)
R 2.5 23.3 4.8
RIFV (0.4, 4.5) (2.7,38.3) (1.1,75)
R 1.9 14.6 3.3
RIAV (0.3,3.9) (2.6, 30.8) (0.9,6.3)
R 0.97 8.8 1.4
HVD (0.2,3.3) (0.4, 26.5) (0.3,5.5)

Figure 2. Using the Capnobase dataset, the median values of the
correlation coefficient for different PDR techniques are obtained

as: Ry, = 053, Ry, = 0.73, and Ryvp = 0.80, and, using the

MIMIC dataset, the median values of correlation are computed as:

Reey = 038, Ry = 0.66, and Ryp =073 In the statistical

test, Friedman test found a significant difference between the
correlation values computed for different PDR techniques using
both the datasets for a value of p<0.001. As shown in Figure 2, the
higher values of correlation are obtained for the proposed
technique in both the datasets as compared to RIFV and RIAV
techniques which shows the better resemblance between R

and the reference respiration.

HVD

Other performance measures computed for different PDR
technique using the Capnobase and MIMIC datasets are shown in
Table 1 and Table 2, respectively. In the CapnoBase dataset, the
proposed approach is observed to be providing the lower values
(median) of MAE, PE, and RMSE as 0.97 bpm, 8.8%, and 1.4
bpm, respectively, then that of the two existing techniques.
Contrarily, in the MIMIC dataset, the proposed technique
outperformed the two well-known existing methods by achieving
the lower values of MAE, PE, and RMSE as 1.8 bpm, 12.8%, and



Table 2. Comparisons of proposed PDR approach with some
existing techniques using the MIMIC dataset SParameters are

shown as median values (1°** quartile, 3™ quartile)
PDR MAE PE RMSE
Methods (bpm) (%) (bpm)
6.5 39.6 8.1
RRIFV
(3.8, 8.9) (28.1, 65.8) (6.1, 10)
2.2 15.1 3.6
RRIAV
(1.1, 4.4) (6.3, 32) (2.2,6.3)
1.8 12.8 3.1
RHVD
(0.9, 3.4) (7.1, 20.4) (1.4,5.9)

3.1 bpm, respectively. These above results demonstrate that the
proposed technique can be used for accurate monitoring of RRs in
the patients with dissimilar problems.

Additionally, the Bland-Altman plot is also studied to assess the
agreement between two variables. This plot investigates the limit
of agreement (LOA) between two variables which is defined
using the mean and standard deviation (SD) of difference as
[mean - 1.96SD, mean + 1.96SD] for 95% confidence range [14].
Thus, to measure the agreement between derived and reference
RRs, the Bland-Altman plots for the estimated RRs using the
proposed approach over the Capnobase and MIMIC datasets are
shown in Figure 3. In Figure 3, the values of LOA for the
Capnobase and MIMIC datasets are obtained as [-9.83, 7.94] and
[-7.38, 10.75], respectively. Upon analysing the respiratory rate
errors, the performance of proposed approach is found to be
satisfactory as it provides a good agreement in the RRs computed
from derived and reference respiration signals for both the
datasets used in this work.

4. DISCUSSION

This study aimed to develop an effective approach for non-
invasive monitoring of the respiration from the PPG signal. The
proposed work used the HVD method for decomposition of the
PPG signal into various mono-components with gradually
changing amplitudes and frequencies. As the respiratory process
causes substantial variations in the PPG signal characteristics, the
respiratory component in PPG can be assumed to be having a
significant fraction of the overall energy of the input signal. This
assumption, in turn, leads to develop a simple but effective
approach for estimating the respiration from the largest energy
component of the PPG signal obtained using the HVD method.
The proposed approach is validated comparatively over a larger
dataset obtained from the patients suffered from dissimilar
problems. Results demonstrated that the proposed technique
provides more accurate and reliable results than the existing
methods.

Comparison of the proposed approach with some recently
developed PDR algorithms based on the RMSE value is also
presented in Table 3. Table 3 shows that the proposed PDR
approach delivers a better estimation of the RR than the existing
methods by attaining a lower value of RMSE as 1.4 bpm on the
Capnobase dataset. In the comparison, the CSD based technique
in [7] showed the lower value of RMSE than that obtained for the
proposed technique. This lower value of RMSE is obtained due to
longer data length (epoch length was taken as 120s) selected to
validate the PDR technique. It is also mentioned in [7] that the
performance of the algorithm degrades as the epoch length
decreases. Since the shorter duration epochs are more suitable for
clinical applications and therefore, in the current study, the
proposed technique is validated over shorter data length segments
of the PPG signal. Also, unlike to the EEMD based algorithm
where many intrinsic mode functions (IMFs) are used to
determine RR [1], the proposed PDR approach requires the largest
energy component (which is obtained in the first iteration of
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Figure 3. The Bland-Altman plot for the proposed technique showing the LOA between the reference and derived RRs for both the
Capnobase and MIMIC datasets. (a) Capnobase dataset and (b) MIMIC dataset
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Table 3. Comparison of the proposed PDR approach with
some other exisitng methods over the Capnobase dataset
based on median (1** quartile, 3" quartile) values

PDR Methods RMSE (bpm) Epoch Length (s)
Proposed Approach 1.39 (0.3,5.5) 30
EEMD-PCA [1] 2.77 (0.50, 5.9) 30
Smart Fusion [3] 1.56 (0.60, 3.15) 32
CSD [7] 0.95 (0.27, 6.20) 120
PSD [7] 3.18 (1.20, 11.3) 120
EMD [8] 3.5 (1.1, 11) 60

decomposition) alone to obtain the respiration. This, in turn,
reduces the computational cost of the PDR approach which is an
important factor considered in the development of mobile-based
healthcare systems. In contrast to RIFV and RIAV, the proposed
approach reduces the need for the detection of fiducial points (e.g.,
pulse peak positions) in the PPG which is an extra (but important)
step required in the RIFV and RIA

It may so happen that the respiratory component in the PPG signal
doesn’t appear to be the largest energy component. Then, the first
component obtained from the PPG decomposition using the HVD
may not resemble the reference respiration. The large signal DC
offset is the required condition aimed at the HVD based adaptive
non-stationary respiration filtering [10]. In the cases of a small
respiratory component in the PPG, the required condition can be
simply achieved by adding to the initial signal a constant value
larger than the peak value. This solution for the HVD based PDR
approach in the case of a small respiratory component in the PPG
further strengthens the reliability of the proposed technique for
obtaining the respiration under diverse conditions. However, if the
muscles noise or artifacts lie in the respiratory band and are of
significant magnitude in the PPG signal, then the proposed HVD
based scheme may provide erroneous results in the respiration
estimation.

It can also be mentioned here that the recordings of both the
datasets used here are recorded from different subjects suffering
from unalike problems. Nevertheless, the HVD based approach
not only shown a better resemblance with the reference respiration
but also provided a good agreement in RRs computed from RHvD
and the reference respiration. This essentially means that the
performance of the proposed approach is not dependent on the
type of dataset.

5. CONCLUSION

This paper presents a new approach using the HVD for extracting
the respiration from the PPG signal. It is shown that the
respiratory component in PPG can be separated in the largest
energy component of PPG decomposition using the HVD method.
In the experiments, the proposed PDR approach is applied to the
Capnobase and MIMIC datasets. The proposed approach is found
to be performing better than the available PDR techniques in the
literature by attaining a greater value of the correlation among the
PDR and reference signals, and the smaller values of errors in
RRs calculated among the PDR and reference respiration. Results
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prove that the proposed approach can be utilized for deriving the
respiration from the PPG signal.
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ABSTRACT

In this paper, we describe the calcium signaling phenomena using
finite element method in a typical neuron cell. Neuron being the

fundamental cell of the brain has many important roles to perform.

The approximated geometry of the neuron is considered to
approximate the calcium flow in it. Calcium is considered to be
the important second messenger which helps in maintaining
plethora of functions like synaptogenesis, proliferation, cell
differentiation, etc. The level of the cell calcium is maintained by
several important physiological parameters of the calcium toolkit
like buffers, endoplasmic reticulum, mitochondria, voltage gated
calcium channel, etc. Here, we have considered the cytoplasmic
calcium binding buffers in knowing its effect on cytosolic calcium
concentration. Exogenous buffers EGTA and BAPTA are
considered here. Mathematical model involving two-dimensional
partial differential equation is used to delineate the calcium
diffusion in presence of calcium binding buffers. Appropriate
boundary conditions matching with the physiology of the brain
are incorporated. To obtain the desired results finite element
technique is used. Discretization and further refinement of the
mesh is done to obtain more better approximation of the calcium
flow. The results obtained here clearly show the significant impact
of buffers on calcium diffusion.

CCS Concepts

Computing methodologies — Modeling and simulation —
Model development and analysis — Model verification and
validation

Keywords
Calcium signaling; EGTA, BAPTA, Finite element technique

1. INTRODUCTION

Computational biology has emerged as an amalgamative research
interest now-a-days. The combination of biology and

computational tools helps in unrevealing many physiological facts.

Computational tools comprises of mathematical models and
innovative soft computing skills. Keeping in mind this
background, in this paper, we have estimated the calcium flow in
neuron cell. Neurons are the basic building blocks of the central
nervous system which maintains the brain equilibrium with the
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help of other cells like astrocytes, oligodendrocytes, microglia, etc.
[1]1,[2],[3]. The fundamental function of a typical neuronal cell is
to process and further transfer the set of information. Hence, the
signaling pathways of calcium in neurons play a crucial role in
maintaining cell balance. Calcium is ubiquitously known as the
second messenger.[4] Out of three different types of second
messenger calcium comes under the hydrophilic category which
consists of the messengers that are situated at the cytosolic level.
Being a second messenger, it handles variety of physiological
functions like cell differentiation, synaptogenesis, proliferation,
exocytosis, fertilization, depolarization, gene expression, energy
production, etc.[3]. Hence, the level of calcium inside the neurons
and in brain has great impact; the alterations in which would
cause devastating neuronal disorders like Alzheimer's disease,
Parkinson’s disease, epilepsy and so on.[5]-[8] The cell calcium at
cytoplasmic level is mainly maintained by calcium binding
buffers.[9] Other than cytoplasmic calcium buffers, voltage gated
calcium channel, endoplasmic reticulum, mitochondria, several
pumps and exchangers have their role in maintaining the cell
calcium.[4] As suggested by the name, buffers bind with the
calcium at the peripheral level and thus the level of the calcium is
maintained. It has been estimated that around 99 % of the calcium
gets processed at the source and the rest passes through sink by
certain physiological phenomena.[10] Endoplasmic reticulum and
mitochondria are the small entities which are present inside the
cell and maintain the cytoplasmic calcium levels. On the other
hand, calcium channels and the calcium exchangers help in
maintaining it by working simultaneously between plasma
membrane and the cytosol. Thus, adequate and normal amount of
calcium in cells helps in knowing spatial as well as temporal
spread of calcium which further leads to normal calcium signaling
cascades.

From the literature survey, it has been found that various
analytical and numerical methods are incorporated by the
researchers to study the calcium concentration distribution in
presence of different physiological parameters in cells like
neurons, astrocytes, myocytes, oocytes, etc. Finite element
method has been employed by the researchers for one and two
dimensional calcium diffusion problems. Naik and Pardasani have
used voltage gated calcium channels, RyR and buffers to know
their impact on calcium reaction diffusion using finite element
method.[11], Panday and Pardasani delineated calcium
concentration distribution in presence of sodium calcium
exchanger in oocytes.[12] Also, one dimensional unsteady state
for calcium diffusion has been solved using variational-Ritz
approach by Tewari and Pardasani.[13] Jha et al. have used finite
element method to portray the calcium diffusion in astrocytes in
presence of various physiological parameters.[14] Jha and
Adlakha studied calcium diffusion in dendritic spines using finite
element method in presence of excess buffers.[15] Also, Kotwani
and Adlakha used finite element method to show the significance
of buffers, source amplitude and source geometry on spatial and
temporal calcium concentration distribution.[16] All the authors



have considered the regular geometry to obtain the calcium flow.
No attempts have been made in the past to delineate calcium
concentration distribution for irregular shaped geometry of the
neuron cell having sole as well as multiple calcium entries.

Keeping in mind the above physiological facts and the literature
survey, in this paper we have computationally estimated the
calcium concentration distribution in neuronal cells in presence of
exogenous calcium binding buffers EGTA and BAPTA. The two-
dimensional computational model and the technique used to
obtain the desired results are shown in the next sections followed
by results and discussion.

2. MATHEMATICAL FORMULATION

The two dimensional calcium diffusion model can be represented
with the help of partial differential equation which can be stated
as,[17]

oC 0°C
ERr

o°C
Dea, Y f(xy,C)

where f(x,y,c) is the additional physiological phenomena like
calcium buffering, flux through voltage channels, exchange
through certain exchangers and so on.

In our case, the term f(x,y,c) consists of the physiological
phenomena of calcium buffering. The spatial and temporal spread
of the calcium highly depends on the binding affinity and amount
of buffer. Here, we have considered two exogenous buffers
namely EGTA and BAPTA to estimate the calcium flow.
Mathematically calcium buffering phenomena can be described
as[18],[19]

[Ca*]+[B] < [CaB]

Using Fickian law, the resulting differential equations can be
stated as [19],[17],[20]
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i denotes diffusion coefficients for calcium,
.oy

buffer and calcium bound buffers respectively. 1’ 1 are the

association and the dissociation rates for buffer ‘j’ respectively.

Thus, substituting the reaction term in the computational model,
we have our problem model to process for numerical technique.
Hence the two-dimensional model is described as,

o%c
+D, ? -ka,[Bl.(c-c,)
Further the boundary conditions are incorporated such that the
physiological facts are not affected. Physiologically, the

oc | o%c

a ot

2+
background concentration of [Ca™] js considered 0.1 pM. Single
and multiple fluxes of calcium are designed to estimate the actual
flux conditions. It is stated as:

This mathematical model is further treated with finite element

technique to obtain the results.

3. FINITE ELEMENT TECHNIQUE

Basically finite element technique is used to obtain the solution
for domains having complex geometries.
incorporated it to get the approximated calcium concentration
distribution in neuronal cells. The geometry of a typical neuronal

cell is designed as a domain which is further discretized into

number of elements. On comparing the results obtained, it has
been found that refined mesh yields better approximation. Thus,
the finite element process is described as:

3.1 Approximated Geometry of the Cell-

Domain Description
Figure 1 shows the domain of a typical neuronal cell. A typical

neuronal cell geometry is taken as a domain, which consists of

dendrites, soma, axon and axon terminals. Being computational

study, only 6 dendrites and 5 axon terminals are assumed. The

next step is to incorporate the physiological boundary condition

Hence, here we have
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Figure 1. Approximated geometry of a typical neuron cell

3.2 Boundary conditions
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Figure 2. Physiological condition of calcium flux incorporated
on the cell: A) Sole flux B) Multiple fluxes

The calcium from the plasma membrane enters in the cytoplasm
of the neuronal cells. Here we have considered sole and multiples
fluxes to obtain a better view about the calcium distribution.
Figure 2 shows the incorporated boundary condition on the
domain of the cell, which matches with actual physiology of the
cell.

3.3 Discretization of the Domain
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Figure 3. Meshing of the domain: A) Initial mesh B) Refined

mesh

Figure 3 shows the discretization of the neuronal cell having
initial and refined mesh. The initial mesh consists of 278 nodes
and 382 triangular elements whereas refined mesh consists of 937
nodes and 1528 elements. Further refinement yield to increase in
elements but no significant and noteworthy changes in the
approximate solution is found. Hence we have not considered that
results. Also, the results obtained for the initial mesh are not
discussed, as we have a better approximation of calcium flow with
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us. Next section shows the calcium concentration distribution in
presence of EGTA and BAPTA in a typical neuronal cell having
sole and multiple calcium fluxes.

4. RESULTS AND DISCUSSION

In this section, the obtained results are discussed. The values of all
the physiological parameters are stated in Table 1 or mentioned
when necessary.

Table 1. Values of physiological parameters[21],[10]

Parameter Values
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Buffer  Association 1o
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Figure 4. Spatial calcium concentration distribution in
presence of BAPTA having sole fluxes: A) Low amount B)
High amount

Figure 4 shows the spatial calcium concentration distribution in
presence of sole flux of BAPTA. Here, the results are obtained for
the refined mesh only, as it yields better approximation. The
amount of the buffer considered and the buffer affinity for
BAPTA are mentioned in Table 1. To know impact of calcium
binding buffers on the cytosolic calcium, we have considered two
cases having negligible and immense amount of BAPTA. As
expected, it has been found that the amount of the buffer has
noteworthy impact on the cytosolic calcium concentration
distribution. It can be seen from the plots for the low and high
amount of buffer that the plot having negligible amount of buffer
have higher calcium as compared to the one having higher amount



of BAPTA. Thus, the results obtained here are in harmony with
the physiological fact. Further, to get more realistic output,
calcium flux is considered from multiple boundaries. The results
for the multiple calcium flux are shown in Figure 5. The values of
the physiological parameters are same as considered before. The
change in the geometry of the cell due to it clearly shows the
significant impact of the multiple calcium fluxes. Also, it can be
observed that the amount of buffer greatly affects the spatial
distribution of calcium concentration distribution.
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Figure 5. Spatial calcium concentration distribution in
presence of BAPTA having multiple fluxes: A) Low amount B)
High amount

Similarly, the results are obtained for EGTA. Figure 6 and Figure
7 shows the spatial calcium concentration distribution in presence
of EGTA having single and multiple boundary conditions. The
values of the physiological parameters are stated in Table 1. Here
also, the results are obtained for refined mesh only. Figure 6
shows the calcium diffusion for sole flux having low and high
amount of buffer whereas, Figure 7 shows it for the multiple
calcium entries. It is known that the buffer present at the
peripheral region binds with the calcium, resulting into calcium
bound buffers and thus the cell level in the cytoplasm is altered,
i.e. more the calcium, lower is the calcium level and vice-versa.
From the graphs it is clearly seen that the amount of buffers is
directly related to the two dimensional spatial spread of the
calcium. The decrease in amount of buffer which further result
into excess amount of calcium may lead to neurodegenerativity
and the cell death cascades due to the toxicity rendered by cell
calcium.
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Figure 6. Spatial calcium concentration distribution in

presence of EGTA having sole flux: A) Low amount B) High
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Figure 7. Spatial calcium concentration distribution in
presence of EGTA having multiple fluxes: A)Low amount B)
High amount
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5. CONCLUSION

In this research article, we have considered two-dimensional
partial differential diffusion equation to explicate calcium
signaling pathways in presence of exogenous buffers named
EGTA and BAPTA. The fundamental nature of the buffer is to
lower down and maintain the cell calcium which is verified in this
research article. The finite element technique is employed here to
get the estimated results. The reason for employing to finite
element technique is to get better approximate views about
physiological phenomena. More realistic view is obtained with the
help of multiple calcium fluxes and better approximation is
generated due to refinement of the mesh. The results are obtained
for low and high amount of EGTA and BAPTA which clearly
shows the impact of buffers on cytosolic calcium concentration
distribution. Also, multiple fluxes with high amount of buffer
yield more realistic results. Thus, this research article explicates
the normal cell signaling cascades of calcium. It can be concluded
that the amount of buffer directly affects the calcium
concentration. Hence it is essential for maintaining cell calcium;
the alteration in which may lead to fatal neurogenerative disease
which can be further studied in higher dimensions.
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ABSTRACT

Calcium (Ca?") is a vital and very important cation for proper
functioning of the nerve cells. There is abundant amount of Ca?*
in human nerve cells among them very few amount lies in the
cytosol in the form of free Ca®*. These free amounts of Ca®" react
with calbindin-Dygc which works as buffer species and
significantly lower down the intracellular Ca®* concentration.
Parkinson’s disease is a brain disorder of the human nerve cells
associated with alteration in Ca®* signalling process. In present
study an attempt has been made by considering fractional
advection diffusion equation to study the effect of buffer on Ca**
diffusion in Parkinsonic nerve cells. An appropriate initial and
boundary condition is taken according to the physiology of the
problem. Analytical solution is obtained corresponding to time
fractional advection diffusion equation and space fractional
advection diffusion equation. The obtained results are simulated in

MATLAB and interpreted with the Ca?" distribution in nerve cells.
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1. INTRODUCTION

Ca®" works as a second messenger in human nervous system and
transmit the information in the form of signal transduction. Ca?*
signalling in the nerve cells has a complex biological process
throughout the living life. The entire process of Ca?" signalling is
depends on various physiological parameters. Calbindin-Dygy is a
Ca®* hinding proteins to control the adequate amount of
intracellular Ca** concentration in nerve cells [18]. Parkinson’s
disease is a chronic degenerative disease of central nervous
system. The degeneration of dopamine neurons in the midparts of
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the brain indicates the early symptoms of disease. Basically it is
characterized by motor and non-motor symptoms. The motor
symptoms include the shakiness in one or two hands, rigidity of
muscles, inability to stand or walk and bradykinesia [2].

Jha et al. have studied the effect of buffer concentration on Ca®*
diffusion by using fractional modelling. They obtain the spatio-
temporal profile of Ca?" concentration for different amount of
EGTA buffer. They observed that high amount of EGTA buffer
gradually lower down the Ca®* concentration. Finally they
simulate the obtained results with the Parkinson’s disease [12].
Joshi et al. have studied the effect of buffer concentration on Ca®*
diffusion in presence of mitochondria. They consider fractional
diffusion equation and use the fractional integral transform to
obtain the analytical solution. They observed that mitochondria
play a significant impact on intracellular Ca?* concentration. Also,
they incorporated the obtained results with Parkinson’s disease
[13]. Dave and Jha have studied the effect of buffer concentration
on Ca?* diffusion in presence of voltage gated Ca®* channel. They
consider two dimensional advection diffusion equations to obtain
the analytical solution. They observed that buffer concentration
has lower down the Ca?" concentration whereas voltage gated
Ca*" channel raise the Ca®* concentration in the nerve cells. Lastly,
they interpreted the obtained solution with the neurodegenerative
disorder known as Alzheimer’s disease [5]. Also, Dave and Jha
have studied the effect of calmodulin on Ca®* diffusion in view of
normal and Alzheimeric human brain. They considered advection
diffusion equation and solve using Laplace and similarity
transformation. They obtained the distribution profile of Ca®*
concentration for normal and Alzheimeric brain [4]. Jha and
Adlakha have studied the effect of exogenous buffer on Ca®*
diffusion. They adopted finite element method to solve two
dimensional diffusion equations. They obtained spatial
distribution profile of Ca*" concentration for different amount of
EGTA buffer. They observed that exogenous buffer play
significant role on Ca*" diffusion process [7]. Naik and Pardasani
have studied the effect of EGTA and BAPTA buffer on Ca?*
diffusion in presence of voltage gated Ca?" channel and ryanodine
receptor. They obtained numerical solution of two dimensional
diffusion equations by finite element approach. They obtained the
distribution profile of Ca®* concentration for different amount of
EGTA and BAPTA buffer [15]. Also, Jha et al. have studied the
effect of EGTA and BAPTA buffer on Ca?" diffusion. They
considered advection diffusion equation and applied the finite
volume method to obtain the distribution profile of Ca®
concentration. They observed that both EGTA and BAPTA
buffers have peculiar effect on Ca®" diffusion [9]. From the
literature survey, it is noticed that the effect of buffer on Ca**
diffusion has been studied on various cells like neuron, astrocytes,
fibroblast, myocytes, oocytes, etc. [6], [8], [10], [11], [14], [16],
[20]. Also, it is observed that very less amount of work has been



done by considering fractional modelling or in the view of
neurological disorder.

In present study, the fractional advection diffusion model is
incorporated by replacing the first order time derivative and
second order space derivative in the classical advection diffusion
equation by Caputo fractional derivative. Caputo fractional
derivative is employed due to its non-local property and ability to
deal with the integer order initial and boundary condition [1],
[17].

2. MATHEMATICAL MODEL
The bidirectional reaction between Ca?* and buffer is expressed as
[10], [19]

[Ca® ]+[B]<>[CaB]

The resulting partial differential equation is

(1)

olea”]_ D.,V:[Ca™ [+ 3 R, (2)
@= D,V?[B]+R, 3)
@ = D,,;V*[CaB]-R, (4)

where reaction term R; is in the terms of association and

dissociation rate constant of buffer concentration of calbindin-Dog.

R, :—k*[B]LCaZ*J+k’[CaB] (5)

Dca, Dg, Dcqs are diffusion coefficients of free Ca*, free buffer
and Ca?* bound buffers respectively. Then along with equation (1-
5) the mathematical model can be frame as

oD[Ca*]=D,_,D/[Ca*"]-uD,[Ca*]
—k;[B]..(ICa*]-[Ca*'],)

where |D[Ca*] and | D”[Ca*] is the Caputo time

fractional derivative of order a (0< o< 1) and Caputo space
fractional derivative of order B (1< B< 2) respectively.

(6)

Along with initial and boundary conditions as,

[Ca*](x,0)=g(X), [Ca*](zo,t)=0
The equation (6) can be rewritten as

DfC=D,-_D’C-uD,C-aC+b
whereC =[Ca*"], a=k/[B], and b=k;[B],C

(7)
(8)

Applying temporal fractional Laplace transform and spatial
fractional Fourier transform technique on equation (8) and then by
using equation (7), the solution of equation is obtained in terms of
green function

o0
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where @ = {iuk + D, (—ik)ﬂ —a} -1,

E, (2)= Zr( D R(a)>0, a,z2eC

and

E.,(2)= Z R(a),R(p) >0,

a,p,2eC

are the Mittag-Leffler function for one and two parameter [17].

r(k )

The solution of time fractional advection diffusion equation can
be obtained by varying fractional order a in equation (9) at f=2.
Again by applying fractional integral transform, the solution of
time fractional advection diffusion equation is

a

1
j e = k 2M,, (k)6,dk
7[1,2D at‘Z
: (10)
bt* Te 4Dct P atakk%ﬂ_a’l;_k)gldk
m[ZDCat“
in(x —kut®
where 91 — @
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M. (2)= Zr( —ak+(1-a))-k!’

and
¢(a,ﬂ;2)=kz=(;r(6¥+ﬂ).k!,a >—1,IBEQ

are the Mainardi function and Wright function [17].

The solution of space fractional advection diffusion equation can
be obtained by varying fractional order 3 in equation (9) at a=I.
Again by applying fractional integral transform, the solution of
space fractional advection diffusion equation in terms of stable
distribution is [3]

e ™ bt
0, +
(Dcaat)/v/’ {Ing, —at}

G, (xt)=

(11)

3. RESULTS AND DISCUSSION

The numerical values to obtain the distribution profile of
intracellular Ca®* concentration is stated in Table 1. The



intracellular Ca®* concentration is measured versus time and space
by varying fractional order derivative.

Table 1. Numerical values of physiological parameters use [18],

[11]
Symbol Parameter Value Units
Diffusion coefficient of
Dea HSIon SOt | 200-300 | s
Buffer concentration of
Bl calbindin-Dys <360 | M
[Ca?']., Background [Ca®'] 0.1 uM
Dissociation constants of
Ko calbindin-Dyg 393 M
+ Buffer association rate 1.1
k .
constant of calbindin-Dog 8 uM’s
- Buffer dissociation rate §
k _ h 1
constant of calbindin-Dog 29.5 S

0.9
Ei 0.8 (a)
g‘ﬁ 0.7
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Figure 1. Temporal Ca®" concentration profile at a=1for (a)
Parkinsonic nerve cells (b) Normal nerve cells

Figure 1 shows the temporal profile of Ca*" concentration at
different value of space fractional derivative by keeping fix time
derivative. The range of buffer concentration calbindin-Dog varies
from 100 pM to 360 puM. Experimental evidence show that the
low amount of calbindin-D,g, is found in the person suffering
from the Parkinson’s disease [21]. So by keeping in mind, the
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physiological amount of buffer concentration, we have taken into
consideration 130 pM and 260 pM amount of buffer for
Parkinsonic nerve cells and normal nerve cells respectively. The
graphical results shows that the Ca®* concentration profile for
various values of space fractional derivative is high for lower
amount of buffer concentration of calbindin-D,g (i.e. [B]=130
uM). For higher amount of calbindin-Dyg (i.e. [B]=260 uM) in
Figure 1b the entire profile of Ca®* concentration significantly
decreases. Physiologically it happens due to more amount of
calbindin-D,g react with free Ca®* ions and make a Ca?" bound
buffer.

Figure 2 shows the spatial profile of Ca?" concentration at
different value of space fractional derivative. The amount of
buffer concentration of calbindin-Dyg in Figure 2a and Figure 2b
is same as Figure la and Figure 1b respectively. The graphical
result shows that the peak in the profile of Ca*" concentration is
high for low amount of buffer concentration. It has been observed
that by reducing the order of space fractional derivative the entire
flow profile gradually decreases and finally attains the steady state
level. The spatial distribution profile of Ca®* concentration for
B=2 and a=1, i.e. corresponding to classical advection diffusion
equation validate our obtained results to the previously reported
results in the literature [4], [5], [9], [12].
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Figure 2. Spatial Ca®" concentration profile at o=1for (a)
Parkinsonic nerve cells (b) Normal nerve cells

Figure 3 shows the temporal profile of Ca*" concentration for
fractional order time derivative 0=0.9 and integer order space



derivative B=2. The effect of fractional advection diffusion is
observed for low and high amount of calbindin-Dyg in Figure 3a
and Figure 3b respectively. The higher amount of calbindin-D g
reduces the intracellular Ca®* concentration from 0.026 uM to

0.018 uM.
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Figure 4 shows the spatial distribution profile of Ca®*
concentration for fractional order time derivative a=0.9 and 0=0.8
for Figure 4a and Figure 4b respectively. The space order
derivative is taken as integer order i.e. f=2. The effect of
fractional advection diffusion is observed for [B]=130 uM and
[B]=260 uM in both the cases. It is observed that flow profile is
higher for low amount of calbindin-Dyg, and lower for high
amount or overexpression of calbindin-D.,g. The obtained results
helps to identify when the nerve cells produce toxicity or
apoptosis. Thus it reveals the beauty of fractional order modelling
to study the complex behaviour of biomathematical problems.

4. CONCLUSION

In this paper, the effect of calbindin-D.g, is shown in presence and
absence of advection flux. The mathematical model is framed in
the form of fractional advection diffusion equation. The obtained
results show the significant effect of buffer on calcium profile at
high flux rate. The fractional advection diffusion model helps to
reveal the inside mechanism to understand the physiological
behaviour of normal and Parkinsonic nerve cells. Caputo
fractional order derivative is a nonlocal operator so it gives the
concise behaviour of the nerve cells. The obtained result is very
interesting and helps the scientists by incorporating more
physiological parameters in fractional advection diffusion model
to reveal the entire molecular mechanism occuring in Parkinsonic
brains.
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ABSTRACT

Before last two decades, astrocytes were treated as supporting
cells of neuron. Now it is regarded as important and strong
participant in central nervous system. Astrocytes also play
important role in many neuronal disorders like Alzheimer’s,
Parkinson’s etc. Astrocytes release gliotransmitters like glutamate.
Astrocytes take part in synapse in calcium dependent manner.
However, it is not clear about the effect of astrocyte geometry on
calcium distribution. In this study we present a geometry based
mathematical model of an astrocytes. Mathematical model is
developed in the form of reaction diffusion equation by
considering the effect of endogenous and exogenous buffers on
cytosolic calcium concentration. In present study it is concluded
that the effect of geometry also visible and found significant on
cytosolic calcium distribution in astrocytes.
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1. INTRODUCTION

Since two decades, calcium signaling in central nervous system
(CNS) has been associated with neuron only. Later on
experimental observation gave importance to astrocytes and
suggested that astrocytes are also involved in signaling process in
CNS [27, 19]. Astrocytes are present in the brain around 10-15
times the number of neurons [13]. Astrocytes are electrically non-
exitable cells as it does not generate action potential. Even though
astrocytes play important role in calcium signalling and other
brain function like synaptogenesis, cell differentiation, etc. [27, 19,
1,4].

Free calcium ions (Ca®") are known as second messenger which

distribution;  Astrocytes  geometry;
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play important role in calcium signaling in nerve cells like neuron,
astrocytes etc. [4, 28, 10]. Intracellular calcium signaling plays
important role in synaptic activity. Astrocytes release
gliotransmitters including glutamate, ATP or GABA in calcium
dependent manner [5, 26]. High cytosolic calcium concentration
leads to the release of gliotransmitters as well as responsible for
the toxicity of cell death [10, 5, 26].

The calcium binding protein (Buffers) exists in the cytosol which
binds with free calcium ions and thus reduces the cytosolic free
calcium level [27, 14]. The effect of immobile buffers has been
shown by the numbers of researchers in past experimentally as
well as computationally [2, 6-9, 11, 12, 16-18, 20-25] for different
nerve cells like neuron, astrocytes, oocytes, cardiac myocytes etc.

Earlier researchers have shown the effect of buffers on free
calcium ions regular geometry in two dimensional like rectangular,
circular etc. [22, 2, 17, 18, 20, 21, 7]. In this study a
computational model is used to study the role of astrocytic
geometry in regulating calcium distribution.

In literature, Jha et al. have studied the effect of immobile buffer
on cytosolic calcium concentration in astrocytes [10]. Later on
authors have extended the model by including voltage gated
calcium channel [9] and endoplasmic reticulum [11]. Finite
element method and finite volume method are employed to get the
solution. Earlier authors have solution of advection diffusion
using analytic solution [8]. Pathak and Adlakha have investigated
about the effect of buffers and different intracellular flux on
calcium distribution in cardiac myocytes [22, 23]. Kotwani and
Adlakha have studied the effect of buffers and ER flux on calcium
distribution in fibroblasts [16, 17]. Authors have studied the effect
of fluxes with excess buffer approximation using source
amplitude and source geometry. Bhargava and Pardasani have
used Galerkin approach to study the calcium distribution in
neuron. Later on Naik and Pardasani have extended the
mathematical model and studied the effect of voltage gated
channel and ryanodine receptor with excess buffer approximation
[18]. Panday and Pardasani have used finite element method to
study the mechanics of calcium regulation in oocytes [20, 21].
Authors have extended the mathematical model and investigated
the effect of Na+/Ca2+ exchanger of Ca2+ distribution in oocytes.
Jha et al. have studied the effect of buffer, ER fluxes and
Na+/Ca2+ exchanger on cytosolic Ca2+ distribution in neuron [6,
7]. Authors have extended the mathematical model as well as the
geometry of space and considered spine dendrite structure of
neuron. Above and all, the authors have studied the effect of
various parameters on cytosolic calcium distribution on different
nerve cells. Many analytic and numerical methods have been
employed to get the solution with regular geometry to
approximate the shape of nerve cells. In 2017, Khalid et al. have
studied the effect of ER on cytosolic calcium distribution in



astrocytes. The main motivation of this work is geometry based
computational modeling of calcium distribution in astrocytes [15].
Authors have approximated the star shaped astrocyte using
comsol interface. In present study, the geometry of astrocyte is
plotted in MATLAB (Figure 2). The mathematical formulation
and computational model implementation is given in next section.

2. COMPUTATIONAL MODEL
IMPLEMENTATION

We have used a mathematical model in the form of reaction
diffusion equation under physiology of astrocytes [10]. We have
taken into account from the entry of free calcium ions in diffusion
manner by mouth of the channel to react with buffers. The major
significant difference between our implementation and model
used by Jha et al, is the consideration of star shaped geometry of
astrocytes. The mathematical model is solved using finite element
method in MATLAB. In order to solve governing equation, we
have used heat transfer in MATLAB.

3. MATHEMATICAL FORMULATION

To develop the mathematical model of calcium distribution in
astrocytes, we have considered the law of conservation in
differential form as shown in Figure 1 [10]

70 Buffer Concentration

Calcium Concentration

Figure 1. Spatial distribution of calcium concentration in
astrocyte in presence of buffer [10]
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at

2 = f(x,t,0) (1)

where ¢ is the calcium concentration, j is the rate change of ¢
across the boundaries, f(x,t,C) is considered as reaction rate of
calcium buffering inside the cytosol. The total diffusive flux is
considered and given as

aC(x,t)

e )

J(x,t) = —D¢q

Using equation (1) and equation (2), two dimensional

mathematical model is developed and given as
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C' = div(D¢q * grad(C)) + f(x,t,€)  (3)

To develop the mathematical term for calcium buffering in
astrocyte, a reaction term is considered and shown in next
subsection

3.1 Calcium Buffering

The free calcium ions in the cytosol bind with the buffers present
in the peripheral region of the cytosol. There the reaction between
buffers and calcium ions takes place which results in the calcium
bound buffers.

Thus, the mathematical formulation for physiological
phenomenon of calcium buffering is given as [24, 25, 3, 14]

[ Ca™ |+[B; |=[ CaB, | (4)

where [B;] and [CaB;] are free and bound buffer,

respectively and j is an index over buffer species. The resulting
partial differential equation in two dimensions using Fickian
diffusion can be stated as [24, 25, 3, 14]

oC o’C o°C
—_—= DC&‘LW-’-W]-’-ZRJ- +o0Ca (5)

— et 2+ -
where R; = —k; LBjJLCa J+kj LCaBjJ
In the above equation, D¢, is the diffusion coefficient of free
calcium, Dg; is the diffusion coefficient of free buffer and Dc.g; is
the diffusion coefficient of calcium bound buffer. kj+ and kj_ are
association and dissociation rate constants for buffer j,
respectively. For stationary immobile buffers, Dgj= Dcagj=0.

3.2 Finite Element Model

Finite element method is employed to solve the equation (3) using
initial and boundary condition. Matlab pdetool is used to draw the
structure of astrocyte. The whole area of astrocyte is discretized in
192 triangles consisting 129 nodes as shown in Figure 2.
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Figure 2. Finite element discretization of shape of astrocytes



4. RESULTS AND DISCUSSION
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Figure 3. Spatial distribution of calcium concentration in
astrocyte in presence of different amount of EGTA buffer

Figure 3 shows the spatial calcium concentration distribution in
presence of the exogenous buffer. EGTA is considered to be the
exogenous buffer having association rate of 1.6 M. Figure 3(a)
shows the spatial diffusion in presence of 20 pM of EGTA,
whereas Figure 3(b) shows the diffusion in presence of 70 UM of
EGTA. As the association rate of EGTA is very low, i.e. 1.6 pM,
the significant difference due to the variable buffer concentration
is not found. It is observed from Figure 2 that the diffusion starts
from 0.445 M and spreads gradually in both the directions and
finally attains the background concentration.
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Figure 4. Spatial distribution of calcium concentration in
astrocyte in presence of different amount of BAPTA buffer

Figure 4 depicts the calcium concentration distribution spatially in
presence of BAPTA. The buffer association rate of BAPTA is 600
M. Figure 4(a) and Figure 4(b) shows the spatial distribution in
presence of 20 pM and 70 M of BAPTA respectively. The
fundamental nature of the buffer is to lower down the calcium
concentration. This fact can be clearly verified from both the
figures. In Figure 4(a) the diffusion starts from 0.65 M whereas
in Figure 4(b) it starts from 0.25 M. The reason for the change at
the mouth of the calcium channel is the high association rate of
BAPTA and amount of it considered. The spread is observed to be
in both the directions and it finally converges to the assumed
background concentration, i.e. 0.1 M.

5. CONCLUSION

In this paper, a geometry based computational model is taken into
consideration to visualize the calcium concentration distribution
in presence of exogenous buffers, EGTA and BAPTA. To
maintain the calcium concentration of the cell, buffers play an
important role. The association rates of both the buffers have a
vast change and hence the significant change can be seen.
Graphically the diffusion is plotted spatially in presence of both
the buffers and varying buffer concentrations. The nature of the
buffer of maintaining the cellular calcium concentration can be
visualized from both the figures. Also the geometry of the
astrocytes and corresponding flow in it can be seen clearly from
all the figures. Hence, the computational models play an
important role in depicting the physiological process of calcium
buffering. Further, more rigorous geometry can be formed in
presence of various parameters to study the calcium diffusion.
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ABSTRACT

Fidelity of cell division depends on the ability of an internal cell
structure called the mitotic spindle, to maintain the structural
integrity of the cellular architecture despite being subject to high
compressive loading. We propose a generic software tool called
Spindle FEA that employs continuum mechanics and finite
elements analysis (FEA) code Abaqus CAE to study the stability
of mitotic spindles in various phases of mitosis. The proposed
application has a modular structure which allows easy
modification of any part of the analysis which is of particular
importance considering that new knowledge of spindles is
constantly emerging. Thanks to the highly optimised finite
element solver used in Abaqus CAE, Spindle FEA is highly
suitable for large multi-parametric studies which in turn may
significantly benefit the planning of new experiments or
identifying new key properties of the spindle. We also discuss the
main physiological properties of spindles and show how they are
modelled with the proposed technique as well as discuss all the
essential analysis steps. We use Spindle FEA to study the
buckling of a mitotic spindle in anaphase B to show how the
additional stiffness of the lateral support of the spindle affects the
left-right symmetry of cell division as well as to demonstrate the
capacities of the proposed technique.
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1. INTRODUCTION

The mitotic spindle is a cytoskeletal structure that plays a crucial
role in cell division (mitosis) by generating forces needed to
separate the chromosomes while preserving cell shape under
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external loads and ensuring correct positioning of the nucleus. The
structural performance of spindles is partially facilitated by their
highly complex architecture that combines various proteins
arranged in the form of microtubules (MTs), cross-linkers
(connectors), protein motors, centrosomes (poles), chromosomes
and others. Investigation of the arrangement, properties and
interaction of these structural units is essential to understand the
high load bearing capacity of the spindle and the consequent
robustness of the biological functions that rely on its mechanical
stability.

Many experimental [1-4] and theoretical studies [5-8] at various
levels of spindle organisation and length scales address the
questions of force generation, structural performance and stability
of spindles. They include the near atomic level studies of MT
connectors and motors [9], investigation of the structural
properties of individual MTs [10-13] as well as analysis of MT
organisation [1], coupling and positioning [6,14,15]. Studies of
the spindle as a whole address spindle structure and orientation
within the cell [2,16,17] and estimation of forces arising within
the spindle as well as mechanisms of spindle formation [18].

The studies focused on creating some unified models of the
spindle which incorporate the properties of each structural unit
into a complete hierarchical model of the whole spindle are rather
incomplete. One such generic model of the inter-polar bundle of
MTs in the fission yeast cells is proposed by Ward et al. [2] and is
based on the Langevin dynamics framework [19]. Other models
aim at producing closed form analytical solutions or scaling laws
to explain force generation and structural stability of the spindle
under compression [7,8,20]. These studies are of particular
interest to us as they lay the foundation for the understanding of
the structural behaviour of the spindle as a whole and, to some
extent, incorporate all its hierarchical complexity. Furthermore,
they clearly make the case for the importance of structural models
of the spindle as a whole in scaffolding biological mechanism. In
addition to this, the global models of the spindle are mostly
tailored to some specific cell types and/or particular phases of
mitosis. Motivated by this, we propose an alternative approach to
structural modelling of the spindle as a whole. Here, we lay the
foundation for a generic computational framework based on
continuum mechanics methods and the theory of elastic stability
which deploys Abaqus CAE finite element analysis (FEA) code to
studying structural response of spindles. The proposed framework
is embedded in the developed application Spindle FEA [21] which
is linked to Abaqus CAE code via an API and receives a list of
spindle parameters from a user, generates a Finite Element (FE)
model of a spindle and submits it to FEA solver for analysis. In
this paper, we discuss a high-level architecture of the developed
application, formulate essential assumptions and limitations, and
employ Spindle FEA to study the elastic stability of the fission
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yeast spindle in late anaphase B. Then we compare our results
with those by Ward et al. [27] and discuss the applicability of the
proposed framework. Our long-term goal is to create an open
source modular platform that will be used and extended by the
community of researchers and incorporate continuously emerging
new knowledge about spindles.

We show that at the current development stage, Spindle FEA
application based on the continuum mechanics framework is a
highly customisable and versatile tool that can be tailored to
model many structural aspects of mitotic spindles in various cell

types.

2. ARCHITECTURE OF THE
APPLICATION

The basic requirements that we pose to our application are the
ability to model the hierarchical complexity of a mitotic spindle,
applicability to wvarious cell types and phases of mitosis,
extensibility, and scalability & simplicity of use. We aim to
develop a platform that can be used by researchers in the field and
be extended by them to account for new experimental and
theoretical findings as well as to give researchers a numerical tool
that they can use to test various modelling assumptions.

The application is based on continuum mechanics discretised
using a finite element (FE) method in quasi-static approximation.
Continuum mechanics at a length scale of dozens of nanometres
(length scale of an MT cross-section) has been successfully used
before [6,15,22] demonstrating its applicability at such scales. In
classical mechanics, finite element analysis (FEA) has long
become a standard tool for computer-aided design and modelling
of structures, especially when the geometry is complex and/or the
boundary conditions are difficult for analytical treatment. The
benefits of FEA are the high versatility of modelling, the
applicability of the methods to virtually any structural mechanics
problem and simplicity of its use. Therefore, at the current stage,
in Spindle FEA we employ a highly optimised, efficient and
reliable commercial FE solver such as Abaqus CAE. The reason
for using this closed source solver is that it is one of the industry
standards in FE analysis and also provides a convenient Python
2.7 API to control the solver. In the further releases we will aim to
adjust the application to work with other open-source FE solvers
but after their ability to deal with spindle stability problems is
thoroughly tested.

Spindle geometry generation, material properties definition, FE
meshing and model formulation is triggered in Spindle FEA and
executed in Abaqus CAE. Such formulated problem is then
wrapped in the form of a specific input file which is passed to the
FE solver for analysis. The results of the calculations can be then
extracted and visualised either in the Abaqus graphical user
interface or using python data tools. In the basic use scenario, the
user provides the essential model parameters in a single file
“job.py” located at the root of application and executes a single
command line command. The model generation and analysis are
then done automatically. In such a way, altering the geometry of
the spindle, and/or material properties of its parts and running
multi-parameter studies is as easy as changing the appropriate
parameters in “job.py” file. In the case of a more advanced use,
new material models, geometric and/or material nonlinearities and
new types of analysis can also be incorporated into the framework
by modifying the existing modules or adding new ones.

The detailed interactive user manual for Spindle FEA explaining
the steps needed to run the analysis as well as to introduce basic
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configurational changes can be found within the Spindle FEA
directory [21] by following the simple guide in “README.txt”
file. Alternatively, the application directory can be downloaded or
cloned from https:/git.soton.ac.uk/ailv14/SpindleFEA.git and the
interactive documentation can also be accessed and cloned from
https://git.soton.ac.uk/ailv14/SpindleFEA-docs.git. A website
with the interactive documentation as well as modelling examples
is spindlefea.soton.ac.uk. The link to it will be added to a
“README” file in https:/git.soton.ac.uk/ailv14/SpindleFEA.git

2.1 Main Assumptions

Some of the further discussed assumptions and limitations are
inherited from the continuum mechanics and FEA, others come
from the physics and biology of a mitotic spindle. Many of these
assumptions are prone to changes as the understanding of the
problem evolves and thus new material, geometry models,
physical and physiological properties may be introduced by the
users in the future.

We assume that all the structural parts of the spindle are solid and
continuous bodies and that the atomic and molecular thermal
fluctuations are neglected. As we are currently focused on the
various scenarios in which a spindle becomes structurally unstable
and buckles, only linear buckling is considered. At this stage we
assume all spindle parts to be linearly elastic implying a linear
stress-strain relationship defined by Hooke’s law also assuming
all deflections and rotations to be small.

The mechanical model of MTs and connectors is an isotropic
Bernoulli-Euler beam [23]. Although, several recent studies
indicate that the orthotropic beam model for the MTs may be
more realistic [10,13], we use the isotropic model due to its
simplicity. Going beyond the assumptions of the models used in
this paper — orthotropic models, geometric and material
nonlinearities, as well as post-buckling analysis, may be also
incorporated relatively easily as such problems are typically
studied by FEA.

The implementation of the quasi-static assumption allows us to
perform linear buckling analysis of the spindle without dealing
with the complicated step-dependent nonlinear buckling analysis
or dynamical analysis as done by Ward et al. [2]. The validity of
the quasi-static assumption requires the slow evolution of the
spindle in time. Thus, loads and deformations develop slowly and
the forces are in equilibrium at each time snapshot of the mitosis
which typically spans over time interval of dozens of minutes [2]
and the each of the mitotic phases changes slowly over a duration
of several minutes. Thus, we are able to neglect the time
dependence of the problem and apply the linear theory of elastic
stability.

Finally, in our use of finite element analysis we divide the spindle
into a number of small sub-structures (finite elements) connected
at nodes whose displacements are described by assumed shape
functions used for the interpolation of the displacement field
within each element; the shape being controlled by a set of
relatively small number of generalised coordinates. These
displacements are approximated by polynomial shape functions
that satisfy variational constraints on the energy of the system.
The matching of the displacements, strains, stresses, etc., between
elements, is ensured by continuity conditions. In the case of linear
buckling analysis, the FEA returns critical buckling loads of the
structure and the associated instability shapes or modes.
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2.2 Mitotic Spindle Structure

Consider the scheme of the mitotic spindle structure shown in
Figure 1 (A). The red arrows indicate the direction of the loads
generated by protein motors pushing against the antiparallel
assembly of inter-polar MTs (ipMTs) indicated by purple and
green lines. The purple lines indicate MTs growing from the left
pole while the green ones indicate MTs growing from the right
pole. A detailed view of the mid-zone and near-pole parts of the
inter-polar assembly is shown in Figure 1 (B) and Figure 1 (C).
The inter-polar MTs translate the forces generated by motor
proteins to the centrosomes or poles indicated by two big blue
circles in Figure 1 (A), causing the two poles to separate. The
poles are supported inside the cell by a number of radially
oriented astral MTs (aMTs) indicated by blue thick lines in
Figure 1 (A). Astral MTs connect centrosomes to the membrane
of the cell and experience forces transmitted by the poles as well
as reaction forces from membrane resistance to expansion as
indicated by blue arrows in Figure 1 (A). Furthermore,
centrosomes are also connected to both halves of the
chromosomes (orange bodies in Figure 1 (A)) by means of
chromosomal MTs (chMTSs) indicated by thin cyan lines. Thus,
under the influence of protein motors the centrosomes move apart,
pushing the membrane via the attached aMTs and pulling the
chromosomes apart due to chMTs. The direction of the
chromosome splitting loads is indicated with orange arrows. In the
case of late anaphase B, chromosomes have been already split
apart so we do not account for chromosome splitting forces.

Note that the actual spindle of a living cell contains hundreds of
different MTs and other bodies. The scheme in Figure 1 (A),
Figure 1 (B) and Figure 1 (C) is simplified to show only the high-
level architecture of the spindle and thus emphasise the key
structural elements modelled here. A photo of the actual spindle
reconstructed from the electron microscopy was adapted from [17]
and is shown in Figure 1 (D) to demonstrate how complex the
actual spindle is. The white lines are the individual MTs and the
black circles indicate the poles.

Following the scheme in Figure 1 (A) Spindle FEA generates a
structure of a mitotic spindle depicted in Figure 2 (A). Here the
centrosomes are indicated with the large red circles, the astral
MTs and inter-polar MTs are represented by light-blue lines and
the mid-zone where the MTs are connected by cross-linkers is
shown in green. The detailed view of the mid-zone is shown in
Figure 2 (B) depicting inter-polar MTs as well as connectors and
motors. The zoomed view of a connector and an MT are shown in
Figure 2 (C) and Figure 2 (D). The load P arising from motor push
is shown with black arrows in Figure 2 (C). The centrosome with
the radially oriented astral MTs is depicted in Figure 2 (E).

In the model presented here, we reduce the complex structural
behaviour of the spindle to a problem of stability of equilibrium of
the elastic system consisting of elastically coupled flexible bodies.
The initial state of the system is taken to be in equilibrium. When
loading is quasi-statically increased it reaches the critical point
after which a pitch-fork bifurcation occurs, leading to symmetry
breaking via buckling mode. We are interested in the onset of
buckling and in the dependence of buckling loads and
corresponding deformed configurations of the spindle on spindle
parameters. Hence, in order to be able to study this problem, we
first need to discuss the structure and mechanical behaviour of
each individual part of a typical spindle.
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2.3 Structure and Properties of a Microtubule
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Figure 1. Mitotic spindle architecture at various hierarchical
levels. Forces acting in spindle are shown in (A) along with the
cell membrane, centrosomes, chromosomes, chromosome MTs

(chMTs), astral MTs (aMTs) and inter-polar MTs (ipMTs).
The magnified view of the spindle mid-zone with protein
motors and mesh of MT connectors reported in [17] are

shown in (B). The inter-polar MTs along with the connector
mesh near poles are shown in (C). Red arrows indicate the
direction of protein motors push. The view of the spindle
constructed from electron microscopy data is adapted from
[15] and shown in (D) The cross-section of inter-polar MT
bundles as reported in [27] near pole is shown in (E) while the
cross-section of the inter-polar MT bundle in mid-zone as
reported in [27] is shown in (F). The cross-section architecture
was enriched by considering that inter-polar bundle is
embedded in a mesh of connectors as reported in [17]. The
motor proteins are omitted in (E) and (F) to simplify the
scheme

Microtubules are hollow filaments with cylindrical cross-section
[5,10,13]. The outer diameter of a typical MT is D ~ 25 nm
while its inner diameter d =~ 15 nm as indicated in Figure 1 (F).
The length of MTs varies depending on the cell type and is
between 1 — 10 um to 50 — 100 pum. Stiffness of MTs is derived
from the characteristic length scale called persistence length
which is measured in experiments [10], [23] and represents a ratio
of MT bending stiffness x to thermal noise kzT written as
l, = k/kgT; here k is the bending moment per unit curvature
response. The simplest mechanical model of an MT that has been
often used in literature [6,15,22] is based on isotropic Bernoulli-



Euler beam. However, the values of persistence length measured
in experiments [24,25] indicate that an orthotropic beam model
with shear effects would more accurately capture the MT
mechanics when MT length L < 21 pm [10]. In the current study
we restrain ourselves to the isotropic model with the orthotropic
MT model to be incorporated in the near future.

Late anaphase B spindle model

generated using proposed FE framework
\OpT L
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Figure 2. Late anaphase B mitotic spindle FE model. The
generic architecture with centrosomes (red), inter-polar and
astral MTs (blue) are shown in (A). The parts of the ipMTs
interlinked by bridges and protein motors are green. The
detailed view of the inter-polar zone is shown in (B). This blue
links between MTs are MT connectors and motor proteins.
The magnified view of a connector is shown in (C). Here, MTs
are green and connector/motor is a blue link. When the
motors walk in MTs they create two antiparallel loads P
shown with arrows. The connector length is L¢ and stiffness is
ElIc. The MTs have stiffness EI and are also embedded in a
highly chaotic mesh of cytoskeletal proteins. The effect of such
embedding is modelled using distributed elastic springs k
which are shown in (C) and (D). The detailed view of the
centrosome with the radially extending astral MTs is shown in
(E)
Typically, MTs that form a spindle are prone to large levels of
compression due to forces generated by motor proteins that may
destabilise them and cause buckling. In contrast to the typical
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beam buckling, MTs retain a considerable level of initial load
bearing capacity even when buckled [6,15]. This may be
explained by the effect of a short wave-length buckling occurring
thanks to the extra support that is provided by the cross-linkers.
Furthermore, it has been shown that MTs in a living cell are also
embedded in the mesh of connectors attaching them to the rest of
the cytoskeleton and providing considerable lateral support [3]
(see Figure 1 (B) and Figure 1 (C)) which also leads to the short-
wave buckling mode.

We model MTs as long slender cylindrical elastic beams with
circular cross-section as shown in Figure 1 (E) and Figure 1 (D).
We employ the isotropic Bernoulli-Euler beam model. Every MT
is defined by length L and cross-sectional stiffness ET as shown in
Figure 2 (D). The MTs are embedded within the cytoskeleton by
means of a dense network of protein connectors that we model
using elastic springs k uniformly distributed along the MT
contour as shown in Figure 2 (C) and Figure 2 (D).

Two types of MTs participate in a spindle, namely, inter- polar
MTs in a pole-to-pole bundle which has length =~ 10 um in late
anaphase B and astral MTs that extend from poles to the
membrane and are = 2 um long. The locations of astral MTs are
randomly generated on the centrosome sphere as shown in
Figure 2 (A) and Figure 2 (E). The inter-polar bundle has a well-
defined morphology presented in Figure 2 (B). The antiparallel
alignment of MTs in a bundle implies that MTs do not span the
entire inter-polar distance but grow towards each other from
opposite poles and meet in the mid-zone where they are linked by
cross-linkers and protein motors as shown in Figure 2 (A) and
Figure 2 (B) as well as in Figure 1 (B) and Figure 1 (C). The
cross-sectional assembly of ipMTs is defined by the inter MT
distance § and MT angle ¢ as shown in Figure1(E) and
Figure 1 (F). For our modelling, we use values of & and ¢
generated by the Gaussian distribution with mean and standard
deviation taken from the spindle measurements performed by
Ward et al. [2]. These parameters, as well as other model
parameters, are given in Table 1 of Appendix A. The length of the
inter-polar MTs is also picked from a Gaussian distribution
defined by mean and standard deviation given in in Table 1 of
Appendix A. The inter-polar MTs grow from the centrosomes and
thus are rigidly attached to them. In the model, it is represented by
imposing continuity of displacements and rotations between the
centrosomes and the ipMTs ends. The number of ipMTs in late
anaphase B is between 5 and 6 [2].

2.4 Cross-Linkers and Protein Motors

Consider a zone of overlap in the inter-polar bundle where MTs
are strongly cross-linked by actin-binding and kinesin proteins
[3,26] as shown in Figure 1 (B). The protein motors push the
antiparallel MTs into the opposite directions thus separating poles.
Fidelity of this mechanism as well as structural integrity of the
inter-polar bundle are crucial for mitosis and, thus, need to be
accounted for by our modelling.

In the model both tubulin motors and other cross-linkers are
regarded as thin 6 — 40 nm long struts randomly distributed
along the mid-zone. Ward et al. [2] adopt from [26] the
assumption that cross-linkers do not contribute to bending
stiffness of the MT bundle. Yet, we assume that they have a finite
but small thickness of ~ 5 nm. This allows us to have the cross-
linker radius as another arbitrarily small parameter which we
believe would represent the actual physics of the connector more
accurately. It was shown [9], [3] that connectors are well coupled
to the adjacent MTs which allows us to assume continuity of



displacement and rotation be- tween the adjacent nodes of the
connector and the MT in the FE model. The estimated number of
cross-linkers coupling inter-polar MTs varies in a wide range and
they are randomly distributed along the MT length. The detailed
scheme of the inter-polar bundle featuring dozens of connectors
randomly distributed along five ipMTs is shown in Figure 2 (B).
The detailed view of the connector linking two MTs is depicted in
Figure 2 (C). The direction of force generated by the protein
motor is shown with vectors P and the connector length L, as well
as cross-sectional stiffness E1, are indicated in the scheme.

Brangwynne et al. [15] have shown that individual microtubules
bear up to 100 times larger compression loads in leaving cells.
Also, in vivo buckling wavelengths of MTs appear much shorter
than those predicted for isolated MTs [15,22]. It is argued that
MTs in the cell are mechanically coupled not only to each other
but also to the surrounding cytoskeleton by a mesh of cross-
linkers which adds considerable stiffness to the MTs and
contributes to short-wave buckling and to a dramatic increase in
buckling loads compared to isolated MTs [3]. This network or
mesh of proteins surrounding the MTs and linking them to the rest
of the cytoskeleton has been observed using 3D reconstruction of
electron microscopy data [3]. It was reported that this network has
a chaotic morphology and can link 2, 3 or even 4 MTs at once
which is shown in Figure 1 (B), Figure 1 (C), Figure 1 (E) and
Figure 1 (F) with the help of yellow and orange dots.

We model the effect of the embedding of MTs into a cytoskeletal
mesh by attaching an evenly distributed elastic springs k (stiffness
per unit length) to the contours of MTs while the second ends of
the springs are attached to some fixed points in space mimicking
high rigidity of the cytoskeleton of the cell. Therefore, the
distributed spring contributes to the stiffness of each individual
MT. The proposed distributed springs are sketched in Figure 2 (C)
and Figure 2 (D). We further omit displaying these springs to
simplify the graphics.

2.5 Spindle Analysis Algorithm
The standard modelling case of a mitotic spindle employing
Spindle FEA contains the following steps.

3. User specifies all the spindle analysis parameters in the
“job.py” file located in the root of the application directory.
The example of the user input data used in our modelling is
shown in Table 1 of Appendix A and in the interactive user
manual.

4. In “job.py” user may also specify the computation
parameters such as number of CPUs requested, memory
allocation and parallelisation algorithms.

5. The analysis may be run either from Abaqus graphical user
interface or from command line. The “job.py” file is then
submitted as an input file for the application.

6. The modelling starts by generating the geometry of
individual parts of the spindle such as MTs, cross-linkers
and centrosomes.

7. The material properties are then assigned to each part.
8. The parts are combined in the mitotic spindle assembly.
9. The connection properties between parts are specified.

10. The finite element mesh is generated on each part of the

spindle.
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11. The analysis input file is generated and submitted to the
FE solver which formulates the generalised eigenvalue
problem for the whole structure and works out the
eigenvalues which represent the critical buckling loads
and the eigenvectors that describe the buckling mode of
the spindle.

1 0.5 0
-_— I TR T
Relative magnitude of displacement

k =0.01 Pa
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k =40 Pa

N

k =200 Pa

Figure 3. Buckling modes of late anaphase B mitotic spindle
for various lateral support stiffness k. The colour code
represents the non-dimensional relative displacement
amplitude of the buckling mode with near-zero deflection
being blue and the near-one deflection labelled with red
colour

12. The analysis is terminated and the files with results
“job.odb” and “job.dat” are written and can be
manipulated with either from Abaqus GUI or directly

executing python code.



3. STABILITY OF AMITOTIC SPINDLE

IN ANAPHASE B

The stiffness added to the inter-polar MT bundle due to coupling
with the rest of the cell cytoskeleton is challenging to measure in
an experiment. Hence, we assume it as the governing parameter of
our study and, thus, investigate how it affects the deformation
profile of the late anaphase B spindle in buckling. We perform a
parametric study of the dependence of the buckling and left-right
symmetric properties of the spindle on the stiffness k of the
embedding of the inter-polar MT bundle in the surrounding
cytoskeleton. This is also a test case for the utility of our tool
Spindle FEA. In contrast to [2] we consider not only the inter-
polar MT bundle but also astral MTs which are attached to the
centrosomes and to the cell membrane. Six cases defined by k
being equal to 0.01 Pa, 10 Pa, 15 Pa, 20 Pa, 40 Pa and 200 Pa
were considered.

The computed deformed configurations of the spindle are
presented in Figure 3 for various values of lateral restoring force
constant k. Each deformed configuration is characterised by the
mode shape which is obtained from the eigenvector of the
generalised eigenvalue problem constructed using the
minimisation of the total potential energy according to the FE
method. The eigenvector is determined up to an unknown scaling
constant or amplitude of the buckling mode. Therefore, the
analysis returns the shape of the deformation profile of the beam
normalised to unity rather than the actual displacement in meters.
The correspondent eigenvalue is, however, a physical critical
buckling load in pN. It is essential to calculate the critical
buckling loads of the spindle and the associated buckling modes
as they give an estimate of the deformation pattern developing in
a spindle should it be loaded to a particular critical load
magnitude.

In Figure 3 a large relative displacement is indicated in red while
the small relative displacement is shown in blue. The black circles
represent the cell membrane which starts to split in the middle to
form two new cells. The dotted ellipse shows the central plane of
cell division with respect to which the division may be symmetric
or asymmetric. The red arrows indicate the direction of the
antiparallel push by protein motors.

From Figure 3, we observe that for k = 0.01 Pa the buckling
mode of the inter-polar bundle resembles the Euler mode of the
fixed-fixed beam-column [23] and also resembles the one reported
in [2] for k = 0 Pa. In this case, the lateral reinforcement of the
bundle is neglectfully small and the bundle forms an arc
symmetric with respect to the central plain.

When k = 10 Pa, we see that the deformation profile starts to
alter. The maximum displacement (shown in red) shifts slightly
towards the left pole. As the support stiffness increases to
k = 15Pa we observe that the symmetric arc is no longer
present. The high curvature zone indicated in red is now fully
shifted to the left pole indicating the possibility of a violation of
the division symmetry with respect to the central plane. In this
case, the motor push may be unevenly distributed between the left
and the right halves of the spindle. Also note, the local buckling of
one or two MTs prevails over the global buckling mode of the
whole spindle. When k = 20 Pa and then k = 40 Pa this effect
becomes even more prominent clearly demonstrating asymmetric
buckling with respect to the central plane. Furthermore, the
wavelength of the buckling mode decreases with k. In the case of
k = 0.01Pa, the single arc extends over the whole bundle.
However, for k = 20 Pa the arc spans roughly a half of the
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bundle. When k = 40 Pa the arc is even shorter while the
deformation of the whole bundle is strongly reduced. When
k = 200 Pa the two arcs buckling mode is observed and the
global mode of the whole bundle is mostly absent. This leads to
the conclusion that the lateral support transforms the global long-
wavelength buckling mode into the local short-wavelength
buckling, thus enhancing the structural performance of the spindle.
But on the other hand, the short-wavelength buckling mode is
much more sensitive to the irregularities in the bundle geometry
resulting in the effect of localisation of high relative displacement
amplitudes towards either of the poles which presumably may
affect the capacity of the cell to undergo symmetric division.
Nevertheless, a cell still possesses a very reliable division
mechanism which obviously should have some means of
correcting the left-right symmetry breaking. This mechanism is
not yet fully understood but we believe that the whole cell
mechanical model may enrich our understanding of mitosis. We
aim to create one such model in the future by extending the
current application.

Interestingly, for k = 200 Pa, we have observed another type of
mode which has not been reported before. For some bundle
morphologies when the support stiffness is high it is energetically
favourable not only to shorten the buckling wavelength but also to
develop another type of deformation such as torsion. Such
behaviour represents a bending- torsion deformation coupling and
can be observed only in three-dimensional modes. The torsional
part of the buckling mode arises from the rotation of the inter-
polar bundle cross-section about the axis that goes through the
shear centre of the cross-section. The actual three-dimensional
view of such a mode along with its projections on xz and
yz planes discarding the aMTs are shown in Figure 4 (A). The
view on the inter-polar bundle from the xy plane is shown in
Figure 4 (B). The direction of cross-section rotation is indicated
by the grey arrow. Notice, that the inter-polar MTs deform in the
helix-like fashion having both bending and torsion components to
the deformation.
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Figure 4. Three-dimensional buckling mode is depicted with
its xz and yz projections in (A). The xy view of the buckling
mode showing the inter-polar MT bundle cross-section
rotation and the development of helical buckling shape due to
torsion is shown in (B)

It should be also emphasised that due to the random positioning of
MTs and cross-linkers mitotic spindles vary considerably in
stiffness and structural morphology which, in turn, affect their
critical loads and buckling mode shapes. The reported results are
preliminary as many more computations are needed to gather



reliable statistics. Yet, the application testing and comparison of
the modelling results with ones reported by Ward et al. [2]
indicates the potential for our proposed method to address the
complex questions of spindle structural performance and of cell
mitosis as a whole.

4. CONCLUSIONS

In this paper, we have discussed a generic modular application
focused on studying the structural stability of a mitotic spindle in
cell division based on the continuum mechanics approach using
finite element analysis. The application is created in Python 2.7
programming language and employs commercial FE code Abaqus
CAE via Abaqus python API. The application can be easily
applied to study various mitotic spindles provided that relevant
experimental data is given. Large-scale parametric studies can be
easily performed as the application uses a highly optimised FE
solver that can be easily multithreaded. The application is easy to
use as all the essential parameters need to be provided in a single
file “job.py” and it can be also easily extended due to the module-
based architecture. We have tested the application on the anaphase
B spindle stability of the fission yeast cells and compared the
buckling modes with ones reported in [2].

We have applied Spindle FEA to studying the effect of lateral
reinforcement of the inter-polar MT bundle on the left-right
symmetry of a mitotic spindle buckling. We have also reported a
new type of buckling mode of the inter-polar MT bundle that can
be observed only in 3D analysis and employs bending-torsion
coupled deformation mechanism. Further testing and improving
the application to facilitate user experience as well as to extend a
range of application applicability is planned for the future work.
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6. APPENDIX

6.1 Geometric and Physical Parameters of the
Spindle

The geometric and physical parameters of the spindle employed in
the study and supplied to “job.py” file located within the root
directory of the application are presented in Table 1. The first
column contains the explanation of the parameter, the second
column contains name of the variable representing the parameter
and the third column contains parameter values. The content of
the “job.py” as well as the rules to modify it can be found in the
interactive documentation to the Spindle FEA [21].

Table 1. Mitotic spindle parameters

Name ‘ Name in “job.py” I Values
Spindle architecture
Total spindle length [2] _ 14.3 ym
Cell radius [2] _ 1.6 + 1pm
Inter-pole distance [2] SpindleLength 10 pm
Length of 2 um
interconnected zone [2] -

Microtubules

MT inner diameter [10] 0.015 pm
MT outer diameter [10] 0.025 pm
Inter-polar MT length _
defined by Gaussian lengthInterva | 0 = 5um,
distribution 1 U = 2um
Astral MT length aMTlength 2 um
Number of ipMTs [2] ipMTnumber 6
Number of aMTs aMTnumbers 20
Distance between o
ipMTs, distribution ) = 0.029 pm,
fitted to [2] separation p
= 0.04 pm
Angle between ipMTs, . o = 96.4°
i 1 1 1 an e
distribution fitted to [2] 9 p o= 111°
Elastic modulus of , 1.5
MTs [10] ElasticModulu . pN
S X 10 Y
um
Assumed Poisson ratio | pyissonRatio
of MT material for 0.3
isotropic case
Centrosomes
Centrosome radius CentrosomeRad
) 240 nm
ius
Centrosome length CentrosomelLen 480 nm
gth
Elastic modulus of 1.5
centrosome material CentrosomeE % 10° pN
pm?
Poisson ratio CentrosomeNu 0.3
of centrosome material )
Connectors
Connector radius connectorRadi
5nm
us
Connector length [27] - 20- 50 nm
Number of connectors
per MT Nconnectors 10
Elastic modulus of 1.5
connector material connectorE % 10° pN
pm?
Poisson ratio connectorNu
of connector material 0.3
Other parameters
Astral MT connecting . pN
spring stiffness aMIspring 0-200 1m?2
Inter-polar bundle . pN
supporting spring groundSpring | 0—200 R
Number of requested NumberOfEigs 5

eigenvalues
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ABSTRACT

Single factor optimization experiment and response surface
optimization experiment were designed to research the influence
of different culture medium components to bacteriostatic active
substances produced by bacillus amyloliquefaciens GN59 strain,
and a culture medium formula suitable for the GN59 strain to
produce the bacteriostatic active substances was screened. In the
single factor experiment, the optimal formula was: glucose
10.0g/L, K,HPO,-3H,0 1.2 g/L, KH,PO,1.0 g/L, (NH,),SO,2.00
o/L. NazCsHs0,-3H,0 0.9 ¢/L, and MgSO, 7H,O 0.15 g/L, and
the bacteriostatic activity was improved by 14.32% in comparison
with that before optimization. In the response surface
optimization experiment, the optimal culture medium components
were glucose 6.15 g/L, K;HPO,"3H,0 1.2 g/L, KH,PO,4 1.0 g/L,
(NH4)2504 2.50 g/L, Naz;CsHs07-3H,0 1.01 g/L, and
MgSO, 7H,0 0.15 g/L, the bacteriostatic activity was improved
by 31.18% in comparison with that before optimization, and
meanwhile, the product cost was lowered, and batch low-cost and
efficient ~ fermentation  production  of the  bacillus
amyloliquefaciens GN59 strain was realized.
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Since Johson et al. [1] published that bacillus has an effect of
controlling plant diseases in 1945, relevant scientific researchers
have made researches on it for many years. The researches show
that bacillus is a kind of important biocontrol microbial resource
[2-3], has the biocontrol effects of antagonism, bacteriolysis and
the like, is wider in bacteriocidal spectrum of the antibacterial
substances and high in stability [4], and has huge application
potential in the aspects of food preservation, feed additives and
biological medicine [5-6], etc. Researches on the bacteriostatic
active substances of bacillus in China are relatively late and are
not deep enough, and applications in the fields of feed, cultivation,
medicine health care and food, etc. are less.

Bacillus amyloliquefaciens GN59 is a strain which is screened
from collected samples of a poultry farm in the earlier stage by
the laboratory and has pathogenic bacteria (escherichia coli,
salmonella, staphylococcus, etc.) inhibition activity. Shiwei et al.
[7] found that bacillus amyloliquefaciens had preservative and
fresh-keeping effects for meat, and had a fine inhibiting effect for
main  pathogenic  bacteria, pseudomonas and listeria
monocytogenes. Liu Wenbo et al. [8] performed optimization on
a carbon source and nitrogen source combined culture medium of
bacillus amyloliquefaciens HAB-7, so that the culture medium
had a certain salt tolerance, and then a bacteriostatic effect for
plant pathogenic fungi was improved. Han Yuzhu et al. [9]
performed optimization on the fermentation and extraction
conditions of bacillus amyloliquefaciens H15 by taking common
mould of corn as indicator bacteria, and proved that the activity
of the antibacterial peptide obtained by hydrochloric acid and
acetone extraction methods was the highest. Mariana et al. [10]
inoculated Bacillus E164 strain on different medium, it showed
different bacteriostatic activity to Bipolaris sorokiniana.

The researches showed that bacillus amyloliquefaciens plays an
inhibiting role on pathogenic bacteria, fungi and virus, etc. [11] in
biological control application by producing active substances
such as antibacterial protein or polypeptide. Biological control
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has the advantages of high safety and pleiotropic effect [12], but
the output and activity of the antibacterial active substances are
affected by fermentation conditions[13]. For the same species of
bacillus, but under the different culture medium, Landy medium
can make Bacillus substills GEB3 and B2 strains to produce more
output and activity of the antibacterial active substances [14-15].
This experiment mainly studied the response surface optimization
of the culture medium of the bacillus amyloliquefaciens GN59
strain, and aims to increase active substances produced by the
strain by reasonable design of the culture medium components, so
as to provide reference for batch low-cost and efficient
fermentation production of the bacillus amyloliquefaciens GN59
strain.

2. MATERIALAND METHOD

2.1 Main Reagent and Instrument

LB nutrient agar medium, Bo Biotechnology Co. Ltd. in Qingdao
Hi-tech  Park; glucose, K;HPO43H,0, KH,PO, and
NazCgH507-3H20, Sinopharm Chemical Reagent Co. Ltd.;
(NH4),SO4 and MgSQO4 7H,0, Beijing Yili Fine Chemical Co.
Ltd.

Analytical balance METTLER TOLEDO; multiscan spectrum
American DYNEX Spectra MR (used for testing absorbance); pH
acidimeter SARTORLUS; autoclave; SGD-IV full-automatic
reducing sugar tester, developmed by Biology Institute of
Shandong Academy of Sciences.

2.2 Tested Bacterium

Tested strain GN59 is a strain of bacillus amyloliquefaciens
obtained by screening from collected samples of the poultry farm
by the laboratory, the adopted culture medium is an LB culture
medium: components (g/L) including 10.0 g of tryptone, 5.0 g of
yeast extract powder, 10.0 g of sodium chloride, and 15.0 g of

agar, and pH being 7.040.2. The culture medium is preserved in a
refrigerator of 4°C.

2.3 Preparation of Fermentation Supernatant
Operation is performed on an ultra-clean workbench, one loop of
the GN50 strain preserved on the LB slant culture medium is
scraped into 100mL of the LB liquid culture medium with an
inoculating loop, a shaking table is arranged, and culture is
performed for 15h at 30°C and at rate of 180 r/min, so as to
prepare a GN59 seed solution. The GN59 seed solution is
inoculated into a fermentation culture medium according to the
inoculation amount of 3%, constant-temperature shaking culture
is performed for 15h (30 °C, 180 r/min), centrifugation is
performed for 10min at the rate of 5000 r/min, the thallus is
removed, and the supernate is collected and is filtered with a 0.22
um membrane, so as to prepare a sterile fermentation broth,
which is preserved in a refrigerator of 4°C for later use.

2.4 Single Factor Optimization Experiment
The formula of the bacillus amyloliquefaciens GN59 reserved by
the laboratory is: 20.0 g of glucose, 2.0 g of K,HPO,3H,0, 3.0 g
of KH,PQ,4, 1.5 g of (NH4)2$O4, 0.5 g of N33C6H507'3H20, and
0.1 g of MgSO, 7H,0; pH is 7.0~7.2, industrial water is added to
the volume of 1L, and sterilization is performed for 20min at
0.1MPa at 121°C.

Currently, according to the above-said culture medium, single
factor optimization experiment * is performed on glucose,
dipotassium phosphate, monopotassium phosphate, sodium citrate
and magnesium sulfate respectively, and five different gradients
are set for each factor, referring to table 1.

Table 1. Single factor optimization of GN59 medium

Factor Level

1 2 3 4 5

Glucose 5 10 15 20 25

K;HPO, 3H,0 1 3 5 7 9
KH,PO, 0.5 1.0 2.0 3.0 4.0
(NH,)2S04 1.0 1.5 2.0 2.5 3.0
NazCgHs07°3H,0 0.3 0.5 0.7 0.9 1.1
MgSO, 7H,0 0.05 0.10 0.15 0.20 0.25

“In each single factor, non-variable factors maintain the original formula.

2.5 Response Surface Optimization

Experiment

According to the result of the single factor experiment,
Design-Expert 8.0.6.1 is adopted for variance analysis, three
factors which have the most significant influence on
bacteriostatic activity are selected, and response surface
experiments are designed for the three factor, wherein each
group of experiment is repeated for three times.

2.6 Testing on Bacteriostatic Activity of
Different Culture Media

A method of testing escherichia coli ODgy is adopted for the
culture medium optimization experiment. The specific operation
steps are as follows: on an ultra-clean workbench, adding 100uL
of escherichia coli liquid to each EP tube according to
experiment dosage, centrifuging at a high speed for 1min,
removing the supernatant and reserving the thallus, adding 1mL
of fresh LB liquid culture medium, marking and adding 100 pL
of sterile fermentation broth after culture medium optimization,
and uniformly mixing. ODgq is tested respectively at the Oth
hour and the 15th hour, and data are recorded. Each group of
experiment is repeated for three times.
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2.7 Verification Experiment

In order to further verify the research result of response surface
analysis, the original formula and the formula after single factor
optimization as well as condition parameters after response
surface optimization are selected to perform verification
experiment. Each group of formula is repeated for three times,
and the experiment is performed according to the experiment
steps of 1.6.

2.8 Statistic Analysis of Data

All experiments are repeated for three times, Excel software is
adopted for plotting for data of the single factor experiment, and
Design-Expert 8.0.6.1 software is adopted for the response
surface experiment to perform experiment design, inter-class
variance analysis (ANOVA) and data analysis.

3. RESULT AND ANALYSIS

3.1 Single Factor Optimization Experiment
of Bacillus Amyloliquefaciens GN59
3.1.1 Influence of Glucose

0.89
—=&— Glucose

0.6

ODSUO

0.2

5.0 10.0 15.0 20.0 25.0

Cocentration (g/L)

Figure 1. Effect of glucose on antifungal activity of B.
amyloliquefaciens GN59"
*Note: The lower the OD value is, the higher the bacteriostatic
activity is, similarly hereafter.

As a carbon source, glucose provides a carbon skeleton of cells
for the growth and metabolism of microorganism, and supplies
energy required by vital movement of the cells. Tested ODggg
data show that the bacteriostatic activity of the glucose is the
strongest at the concentration of 10 g/L, referring to Figure 1.
According to the experiment result, when the glucose
concentration is higher than 10 g/L, the bacteriostatic activity
does not have obvious change, proving that available carbon
source of the bacillus amyloliquefaciens is about 10 g¢/L, and
excessive carbon source cannot improve the bacteriostatic
activity of the fermentation broth and may cause high cost. By
comprehensive consideration, glucose with concentration of 10
o/L is selected as the optimal concentration for optimizing the
culture medium.

3.1.2 Influence of (NH4),SO,

As an inorganic nitrogen source, (NH,),SO4 mainly provides
element nitrogen needed by synthesis of amino acid, protein and
nucleic acid, etc. Tested ODggo data show that the bacteriostatic
effect of (NH,),SO, is the optimal at the concentration of 2.0
g/L, referring to Figure 2. Carbon/nitrogen ratio (C/N) may
affect the growth and propagation of microorganisms and the
accumulation of metabolite, and in combination of this

experiment result, either too low or too high C/N has influence
on the bacteriostatic activity of the bacillus amyloliquefaciens
GN59, when C/N is too high, mass propagation of thalli is
caused, and accumulation of bacteriostatic active products is
less; and only when C/N is appropriate, the output of
bacteriostatic active substances may be increased. According to
the experiment result, (NH,),SO, with concentration of 2.0 g/L
is selected as the optimal concentration for optimizing the
culture medium.

—e&— Ammonium sulfate

- i ‘(‘ocentration (g/L) ) ‘7
Figure 2. Effect of ammonium sulfate on antifungal activity
of B. amyloliquefaciens GN59

3.1.3 Influences of K,;HPO,-3H,0 and KH,PO,

—=&— Dipotassium hydrogen
phosphate

8 '/§—§\i/l
Q
o

Cocentration (g/L)
Figure 3. Effect of dipotassium hydrogen phosphate on
antifungal activity of B. amyloliquefaciens GN59

0.81 —=e&— Potassium dihydrogen

phosphate

0.2

0.5 1.0 20 3.0 4.0
Cocentration (g/L)

Figure 4. Effect of potassium dihydrogen phosphate on
antifungal activity of B. amyloliquefaciens GN59

As pH buffering systems, K,HPO, 3H,0 and KH,PO,can play
an adjusting role in a certain pH scope, so as to meet growth and
propagation of the microorganisms and produce metabolite.
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Tested ODgy data show that the bacteriostatic effect of
K,HPO,3H,0 is the optimal at the concentration of 1.2 g/L,
and the bacteriostatic effect of KH,PO, is the optimal at the
concentration of 1.0 g/L, referring to Figures 3 and 4. Suitable
growth pH of the bacillus amyloliquefaciens GN59 is 6.8-7.2,
and buffering systems of K,HPO,3H,0 and KH,PO,can play
an adjusting role at the pH of 6.4-7.2. The K,HPO43H,0
solution is alkaline, the KH,PQO,solution is acidic, and when the
two substances are mixed with equal dosage, pH is 6.8.
According to the experiment result, when the two are combined
to cause peracid, the bacteriostatic activity is reduced. By
synthesis of the experiment result, when alkalescent
concentrations are selected, that is, K;HPO,-3H,0 concentration
is 1.2 g/L and KH,PO, concentration is 1.0g/L, the bacillus
amyloliquefaciens GN59 is facilitated to produce bacteriostatic
active substances.

3.1.4 Influences of Na3zCgH507-3H,0 and
Magnesium Sulfate

0.8 1
—&— Sodium citrate

0.7 4

ODsoo
o
o

0.5

0.4

03 0.5 0.7 0.9 11
Cocentration (g/L)

Figure 5. Effect of sodium citrate on antifungal activity of B.
amyloliquefaciens GN59

Naz;CgHs0,-3H,0 may be utilized by bacteria to decompose
citrate to produce an alkali compound, and thus has good pH
adjusting and buffering performances; MgSO47H,0 is an
activating agent of many enzymes, and is capable of promoting
the metabolism of carbohydrates, synthesis of nucleic acid, and
transformation of phosphate, etc., and Mg2+ is EMP and TCA
paths and is an important enzyme activating agent for
production of lysine. Tested ODgy data show that the
bacteriostatic effect of Na;CsHs0;-3H,0 is the optimal at the
concentration of 0.9 g/L, and the bacteriostatic effect of
MgSO, 7H,0 is the optimal at the concentration of 0.15 g/L,
referring to Figures 5 and 6. According to the experiment result,
growth and metabolism of the bacillus amyloliquefaciens GN59

may be affected due to lack of NasCeHsO7-3H,0 and Mg*"
resulting in reduction of bacteriostatic activity. By
comprehensive consideration, Naz;C¢Hs07,-3H,0  with
concentration of 0.9 g/L and MgSO,4 7H,0O with concentration
of 0.15 g/L are selected as the optimal concentration for
optimizing the culture medium.

—a&— Magnesium sulphate

0.4 4

ODgy

0.05 0.10 0.15 0.20 0.25

Cocentration (g/L)

Figure 6. Effect of magnesium sulphate on antifungal
activity of B. amyloliquefaciens GN59

3.2 Response Surface Optimization
Experiment of Bacillus Amyloliquefaciens
GN59

3.2.1 Establishment of Regression Model

According to the single factor experiment result, glucose,
(NH4),SO; and NasC¢Hs0,-3H,O are selected to perform
response surface optimization experiment, and other factors of
the culture medium select the optimal concentrations of single
factors (K,HPO,3H,O: 1.2 g¢/L, KH;PO. 1.0 ¢/L,
MgSO, 7H,0: 0.15 ¢/L). Design-Expert 8.0.6.1 is adopted for
central combination experiment, and the experiment design and
result are as shown in table 2. The regression equation of ODggg
numerical value (YY) of the bacteriostatic activity experiment of
the fermentation supernatant of the bacillus amyloliquefaciens
GN59 to glucose (A), (NH4),SO4(B) and NazCsHs07-3H,0 (C)
is:

Y=0.089+0.014A5.638 %10 B+6.181>103C+0.015AB—2.250
10 AC-0.030BC+0.018A%+0.012B%+0.030C>.

Table 2. Response surface desigh matrix and experimental domain for the optimization of significant factors

Factor
Number Glucose (NH2),S0, NasCaH0r-3H,0 ODeno
gL gL gLt
High Level(+1) 15 25 1.2
Middle level(0) 10 2.0 0.9
Low level(-1) 5 15 0.6
1 -1 -1 -1 0.139
2 +1 1 1 0.133
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3 -1 +1 -1 0.122
4 +1 +1 -1 0.212
5 -1 -1 +1 0.204
6 +1 -1 +1 0.225
7 -1 +1 +1 0.104
8 +1 +1 +1 0.149
9 -1.68 0 0.111
10 +1.68 0 0.137
11 0 -1.68 0 0.095
12 0 +1.68 0 0.117
13 0 0 -1.68 0.154
14 0 0 +1.68 0.159
15 0 0 0 0.086
16 0 0 0 0.096
17 0 0 0 0.069
18 0 0 0 0.088
19 0 0 0 0.070
20 0 0 0 0.130

3.2.2 Variance Analysis of Regression Model

Quadratic polynomial model variance analysis (ANOVA) is
performed according to variance data of the regression model,
referring to table 3. In the regression model, P=0.0188, which is
extremely significant; and in lack of fit, P=0.2015, which is not
significant. The result shows that the regression model is better
in degree of fitting, and the influence of unknown factors to the

result is small, which can well reflect the correlation between
the ODgy numerical value of the bacteriostatic activity
experiment of the fermentation supernatant of the bacillus
amyloliquefaciens GN59 and glucose, (NH,),SO, and
NasCeHs07-3H,0. According to the significance testing result in
variance analysis, in the model, C?is extremely significant, BC
and A? are significant, and A, B, C, AB, AC and B? are not
significant.

Table 3. ANOVA for the quadratic polynomial modal

Source Sum of df Mean Square F p-value
Squares

Model 0.030 9 3.309%10° 412 0.0188"

A 2.748%10°° 1 2.748%10°° 3.42 0.0940

B 4.341x10°"° 1 4.341x10* 0.54 0.4790

C 5.217x10* 1 5.217x10* 0.65 0.4389

AB 1.800x10°° 1 1.80010°° 2.24 0.1652

AC 4.050%10° 1 4.050%10° 0.050 0.8268

BC 7.080%10°° 1 7.080%10°° 8.82 0.0141°

A? 4.862%10° 1 4.862%10° 6.06 0.0336

B? 2.077x10°° 1 2.077x10°° 2.59 0.1388

c? 0.013 1 0.013 16.00 0.0025"
Residual 8.029%10°° 10 8.029%10*

Lack of Fit 5.532x10°° 5 1.106>10°° 2.22 0.2015
Pure Error 2.497x10°° 5 4.994>10°*

Note: * means significant different, P<<0.05; ** means extremely significant difference, P<<0.01.

3.2.3 Response Surface Analysis

Figures 7-9 are three-dimensional response surfaces and contour
maps of influences of glucose (A), (NH,SO, (B) and
NasCsHs07:3H,O (C) on the ODgy numerical value of the

bacteriostatic  activity experiment of the fermentation
supernatant of the bacillus amyloliquefaciens GN59 under the
conditions of constant K,HPO,3H,0, KH,PO, and
MgSO,7H,0. By analyzing with Design-Expert 8.0.6.1
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software, it is known that the optimal fermentation conditions
for the bacillus amyloliquefaciens GN59 to produce
bacteriostatic active substances are as follows: glucose 6.15 g/L,
(NH4)st4 2.50 g/L, N33C6H507'3H20 1.01 g/L In such
conditions, the ODgy numerical value of the bacteriostatic
activity experiment is 0.0797.

ODgoo

+0.50

B:(NH.):S04
g

-0.50

-1.00 -0.50 0.00 +0.50 +1.00
A:Glucose
Figure 7. Three dimensional response surface and contour
plots of the effect of glucose and ammonium sulfate on the
antifungal activity of B. amyloliquefaciens GN59
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100 41,00

ODsoo

+0.50

C:Naz;CsHsO7°3H,0

-1.00 -0.50 0.00 00;50 +1.00
A:Glucose
Figure 8. Three dimensional response surface and contour
plots of the effect of glucose and sodium citrate on the

antifungal activity of B. amyloliquefaciens GN59
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B:(NH.;):SO..
Figure 9. Three dimensional response surface and contour
plots of the effect of ammonium sulfate and sodium citrate
on the antifungal activity of B. amyloliquefaciens GN59

3.2.4 Verification Experiment of Response Surface

Model

Based on the above-said experiment results, an original formula
(glucose 20.0 g¢/L, K,HPO,3H,O 2.0 g/L, KH,PO, 3.0 ¢/L,
(NH4)2SO4 15 g/L, Na;CgHs07:3H,0 0.5 g/L, MgSO47H20 0.1
g/L), a single factor optimization formula (glucose 10.0 g/L,
KoHPO43H,01.2 g/L, KH,PO4 1.0 g/L, (NH,),SO, 2.00 g/L,
NazCsHs07:3H,0 0.9 g/L, MgSO, 7H,0 0.15 g/L), a response
surface optimization formula (glucose 6.15 g/L, K,HPO,3H,0
12 g/, KH;PO, 1.0 g/L, (NH,),SO, 250 ¢lL,
NazCeHs07-3H,0 1.01 g¢/L, MgSO,7H,O 0.15 g/L) and a
control group (only added with escherichia coli) are selected for
verification experiment, and the experiment is repeated for three
times. In such conditions, the ODgy average numerical values
of the bacteriostatic activity experiment are respectively as
follows: the original formula: 0.433, the single factor
optimization formula: 0.371, the response surface optimization
formula: 0.298, the control group: 0.709.

4. DISCUSSION

As a biocontrol microorganism, the metabolites of the bacillus
amyloliquefaciens GN59 are affected by conditions of the
culture medium, and increase of output of bacteriostatic active
substances is of great importance to strengthening of
bacteriostatic activity of the GN59 strain. Liu Jinglan et al.[16],
by Plackett-Burman design and response surface experiment,
optimized antibacterial components produced by fermentation
of bacillus amyloliquefaciens CCQ9, the optimal culture
medium composition is as follows: wheat flour 14.0 g/L,
soybean cake meal 25.0 g/L, corn flour 8.0 g/L, MgS0O,0.1 g/L,
MnSQO,4 2.5 mg/L, FeSO, 0.8 mg/L, and the output is increased
by 4.2 times in comparison with that before optimization.
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In this research, culture medium composition of the bacillus
amyloliquefaciens GN59 is optimized, single factor
optimization and response surface optimization experiments are
successively performed on totally five factors, including glucose,
KzHPO4'3Hzo, KH2PO4, Na3C6H507'3Hzo and MgSO47Hzo,
and the influences of culture media of different combinations on
the metabolite of the bacillus amyloliquefaciens GN59 are
verified. The verification experiment results show that by
response surface optimization of the culture medium, in the
same fermentation conditions, each single factor may affect the
output of the metabolite of the bacillus amyloliquefaciens GN59,
and after response surface optimization, in the formula
conditions of glucose 6.15 g/L, K,HPO,-3H,0 1.2 g/L, KH,PO,
1.0 g/L, (NH4),SO,42.50 g/L, NazCe¢Hs07-3H,0 1.01 g/L and
MgSO, 7H,0 0.15 g/L, the antibacterial effect of the GN59
strain to escherichia coli is significantly increased, and the
bacteriostatic activity is increased by 31.18% in comparison
with that before optimization, proving that the content of
bacteriostatic active substances in the fermentation metabolite is
significantly increased.

The culture medium optimized by this research, by increasing
the bacteriostatic metabolite of the GN59 strain, increasing the
output of the bacteriostatic active substances by improving the
original formula, and meanwhile reducing the use amount of
fermentation raw materials, and lowering the production cost,
provides reference for batch fermentation production of the
bacillus amyloliquefaciens GN59 strain.
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ABTRACT

Centella asiatica has known as medical plant that used for
treating bruises and reducing swelling. From the previous
research lately, it reported that C.asiatica has properties to
improve memory recognition and promote healthy skin.
C.asiatica is herbal plant that available in the market, it has
been developed to enhance the amount of antioxidant.
Therefore, this study was aimed to determine the most
effective brewing process of C.asiatica tea and study the
amount of antioxidant activities. The temperature was vary

with 80<C, 85<C, and 90<C and time was 2, 3, 4, and 5 minutes.

The formation of consuming tea was determined by 30 target
panelists. The result showed that there was no significant
difference among all temperature and time that were
determined. The best temperature and time for brewing is 80<C
at 5 minutes because it saves energy and can extract the highest
amount of antioxidant from herbal tea.
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1. INTRODUCTION

World population right now is an increasing median age.
Meaning, it is a shift in the distribution of a country’s
population towards old ages. There are two demographic
effects that affecting the world population. First, increasing in
longevity causes the average age of the population by
increasing the numbers of elderly people. Another factor is
decreasing in fertility which reducing the population of babies.
(Brunborg H., 2012)[1] According to data from World
Population Prospects in the 2015 Revision [2], they expect that
between 2015 and 2030, the number of people in the world
aged 60 years or over is predicted to grow by 56 percent from
901 million to 1.4 billion by 2050[2]. Centella Asiatica is a
plant from India and Southeast Asia known as Asian medicine.
It prefers in riverbank and humid area. It comes up with
spherical shape of leave and has long stem. Centella Asiatica is
a creeping annual herb with soft tender leaves. The roots and
leaves develop from nodes. Centella Asiatica is a very popular
herb in India for longevity and mental function. It is used to
decrease fatigue and depression. It energizes the central
nervous system. The plant is also useful in repairing skin and
connective tissues. Centella Asiatica is used in Indian system
of disease treatment as diuretic, nerve tonic, alternative,
memory enhancer and blood purifier [3]. Chemically been
identified leading to therapeutic properties. Asiatic acid,
asiaticoside, and madecassoside form the major constituents
responsible for pharmacological value apart from being rich in
flavonoids and terpenoids. other volatile compounds was found
to be in a prominent amount in the essential oil of C. asiatica



on analysis with gas chromatography-mass spectrometry (GC-
MS). Chemically of Centella asiatica been identified and it had
3 major as main compounds that is asiatic acid, asiaticoside
and madecassoside which responsible for pharmacological
value and also rich in flavonoid and terpenoids [4].
Neuroprotection aspect of C. asiatica involves enzyme
inhibition, prevention of amyloid plaque formation in
Alzheimer’s disease, dopamine neurotoxicity in Parkinson’s
disease, and reducing oxidative stress [5]. Brewing become
importance factor in hot beverages especially coffee and tea.
These beverages easily effect when use different condition for
brewing. For example, For Arabica and Robusta Natural blend
(espresso  coffee), 92°C was the optimal water
temperature. For Robusta Torrefacto blend (espresso coffee)
the overall acceptability might lead to the selection of 88 °C as
the ideal water temperature[6]. Therefore, the aim of this
project is to study the appropriate brewing condition for
Centella asiatica tea.

2. MATERIALS AND METHODS

2.1 To Determine the Most Effective
Brewing Condition of Centella Asiatica Tea

2.1.1 Procedure

Centella asiatica was prepared with tea process. The time and
temperature brewing was varied which the time was used 2, 3,
4 and 5 minutes. The temperature was used 80 <C, 85 <C and
90<C. Tea brewing was divided into 4 sets base on the time.
Set 1, boiled water 150 ml will be prepared for 3 cups; the first
tea bag was dropped at 90<C for the first hot water and count
the time for 5 minutes. After that, the second tea bag was
dropped at 85<C. The last tea bags of set one will be dropped at

80<C. Serving temperature of tea was used between 65 — 75 <C.

For other sets will be brewing as same as the set 1 respectively,
that was 4, 3 and 2 minutes.

2.1.2  Sensory Analysis

There were 30 panelists that age between 50 — 75 years old
participated in the test whose can be male or female. 2 grams
of Centella asiatica dried leave was put in tea bag. Each
panelist was received 50 ml of sample. The tea sample was
served at room temperature. The herbal tea bag was shaking for
10 times before take out.

2.1.3 Chemical Analysis

The Centella asiatica tea was determined amount of
antioxidant activities. The basic methods were used. The
modified  Folin—Ciocalteu  method[7], DPPH radical
scavenging[8] and Ferric reducing antioxidant potential
assay[9] were used for evaluating antioxidant activity.

2.1.3.1 Antioxidant Activity by Determine Total

Phenolic Content

The tea sample 20 I of 10 mg/ml was mixed with 1.58 ml of
distilled water and 100 (i Folin—Ciocalteu phenol reagent [7].
The samples were stood for 8 minutes 30 seconds at room
temperature. Then, add 300 pil saturated sodium carbonate
solution and incubated in dark place at room temperature for
30 minutes. After that, the test samples will be observed the
optical density (OD) at 765 nm. The data was calculated as
microgram garlic acid equivalent (LgGAE/ml). The experiment
was done in triplicate[11].

2.1.3.2 Antioxidant Activity by DPPH Radical
Scavenging Activity

DPPH radical scavenging activity assay[8]. This assay uses to
show free radical scavenging activity between DPPH solvent
(2, 2-diphenyl -1-picrylhydrazyl) and an antioxidant. Tea
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sample 2 pl was mixed with 2 ml of methanol. Then, DPPH
was mixed with 100 ml of methanol. After that, volume of
DPPH reagent was varied with the volume of tea sample. The
varied sample was leaved in the dark place for 30 minutes. The
test samples was measured the optical density (OD) at 517 nm.
The result will be expressed as percentage reduction of DPPH.
All measurements should analyze in triplication and three
replications

% reduction of DPPH = 100 (22=2¢) (1)

Where A, is the initial absorbance and Ac is the value for add
sample concentration.

2.1.3.3 Antioxidant Activity by Ferric Reducing
Antioxidant Potential Assay (FRAP)

The tea sample was used for 2 I mixed with FRAP reagent[9]
1,000 M, mix well. The mixture was kept in the dark place at
room temperature for 30 minutes. After that, the mixture
solution was measured the optical density (OD) at 593 nm. The
value will be calculated as mmol Fe*/mg of sample. All
measurements should analyze in triplication and three
replications. FRAP reagent is mixture between sodium acetate
buffer pH 3.6, Iron chloride and 2, 4, 6 tripyridyl-s-triazine.

2.1.4 Statistical Analysis

Data of survey information were processes using SAS version
9.4 (Copyright © [2017] SAS Institute Inc., Cary, NC, USA)),
Factorial design with Randomized Complete Block Design
(RCBD) was applied as experimental design. The data in this
experiment was analyzed by using ANOVA (analysis of
variance) and the multiple comparison Turkey to find the most
effective factors to consumer (p < 0.05) The sensory testing
was used about liking score with 9 point hedonic scale.

3. RESULT AND DISCUSSION

3.1 To Determine the Most Effective
Brewing Process of Centella Asiatica Tea

3.1.1 Sensory Analysis

Table 1. Liking score of Centella asiatica tea in different
conditions from 30 consumers in 10 attributes

. Time(minute)
Attribute
2
Temperature (<C) 80 85 90
Overall liking ™ 7.00.9 6.7#.3 | 6.441.2
Color ™ 6.9 #.2 6.7 H.4 8.84+1.3
Green Aroma ™ 6.8 +.0 6.7+.1 | 6.1H.4
Roast Aroma "™ 6.6 +1.0 6.641.2 5.841.3
Green Flavor ™ 6.941.1 6.441.4 6.0+1.3
Roast Flavor ™ 7.140.6 6.441.3 6.141.0
Sweetness ™ 6.941.0 6.941.5 6.241.2
Bitterness ™ 7.240.8 6.941.5 6.541.0
Green Aftertaste ™ 7.040.9 6.641.4 6.940.9
Astringent ™ 7.240.9 6.741.5 6.841.0
. Time(minute)
Attribute
3
Temperature (<C) 80 85 90
Overall liking ™ 6.941.2 6.441.0 6.6 +1.0




Color ™ 7.0+.1 7.0+.1 6.8 1.2
Green Aroma "™ 7.04.1 6.941.0 6.4 %11
Roast Aroma ™ 6.84.3 6.010.9 6.5+0.8
Green Flavor ™ 7.3H.2 6.614.0 6.5+12
Roast Flavor ™ 6.841.2 6.6+1.0 6.4+14

Sweetness " 7.340.8 6.341.3 6.5+1.1
Bitterness " 7.040.8 6.841.3 6.7 +1.0
Green Aftertaste ™ | 7.340.6 6.841.1 7.1+0.8
Astringent ™ 7.34.9 7.04.1 7.0+0.7
Attribute Time(minute)
4

Temperature (T) 80 85 90

Overall liking ™ 6.841.2 6.5H.1 6.8 H.0
Color ™ 6.941.3 7.0+.0 7.0+.0
Green Aroma ™ 6.641.3 | 6.6+.1 6.9+.1
Roast Aroma ™ 6.941.2 | 6.3+.0 6.7 #0.8
Green Flavor ™ 6.4H.1 6.4H.1 6.5+.1
Roast Flavor ™ 6.441.0 6.441.0 6.641.3
Sweetness " 6.6+1.3 6.641.3 6.641.2
Bitterness " 6.6+1.4 6.6+1.4 6.941.2
Green Aftertaste ™ | 6.641.2 6.61.2 6.8+1.0
Astringent ™ 6.8+1.4 6.8+1.4 6.9+1.0

Attribute Time(minute)

5
Temperature (<C) 80 85 90
Overall liking "™ 6.6+x.4 | 6.74.1 24#.1

Color ™ 6.8+.1 | 7.0#+.3 6.7+.0
Green Aroma " 6.6+.1 [ 6.9+.2 6.7 +.0
Roast Aroma ™ 6.3+.2 [ 6.6 .0 6.6 0.8
Green Flavor ™ 6.2+1.4 | 6.6+.1 6.7+.1
Roast Flavor ™ 6.3x.4 | 6.841.1 6.740.8

Sweetness " 6.0+.7 | 6.841.0 6.6+1.0
Bitterness " 6.5#1.5 | 6.7+.0 6.6+1.0
Green Aftertaste ™ | 6.541.5 | 6.840.9 6.6+1.2
Astringent ™ 6.74#1.5 | 6.840.9 7.744.2

The result showed that there was no significant difference
(p>0.05) in all time and temperature for brewing process (see
Table 1). The highest mean score of brewing from overall
liking is 80T with 2 minutes (7.0 20.9). From this testing can
see that the liking score is decrease when they use more time
for brewing the tea. Moreover, this condition also gets highest
mean score in color (6.9 +1.2), roasted flavor (7.140.6) and
bitterness (7.240.8). But when the sample was brewed
temperature at 80<C with 3 minutes get more attributes than
using 2 minutes for brewing that is green aroma (7.0 +1.1),
green flavor (7.3+1.2), sweetness (7.310.8) and green aftertaste
(7.320.6). Astringent give highest mean score (7.7%4.2) when
brewed at 90<C with 5 minutes. Heating can help in astringent,
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focusing on tannin compound (give astringent feeling) which
heating can reduce the level of tannin in winged bean. [11-13].
From other research said that green tea was brewed with water
at 50C or 70<C, the flavour intensity of seaweed did not
change. But when brewing at 95<C the intensity of seaweed
flavour in the tea was lower than the intensity of tea brewed
with 50C or 70<C water. The intensity of straw-like flavour
increased as the water temperature increased. [14]

3.1.2 Chemical Analysis

Herbs are rich in phenolic compounds which are active
compound and act as antioxidant properties. Centella asiatica
also has active compounds such as triterpenes [15] and
polyphenols [16] which contains high total phenolic contents.
There are no significant differently (p>0.05) in antioxidant
activities (see Table 2). Total phenolic content was determined
with standard garlic acid in term of pg/ml dried weight. The
highest antioxidant activity represented by amount phenolic
compound that is 2.5#1.8 pg/ml dried weights which use 85C
with 5 minutes. This condition also gets highest in Ferric
reducing antioxidant that is 2.521.8 mmol Fe®*. For DPPH
assay is significantly different in all processes that the highest
mean is 2.641.9 pg/ml which used 90<C with 5 minutes. From
the result can see that time to brewing is effect to the sample by
let it extract with water or soaking for long time can get more
antioxidant in total phenolic content, ferric reducing and DPPH.
However, the result of commercial tea bag compared with tea
bag that used in the experiment showed that there was the same.
Brewing long time and high temperature can extract more
antioxidant and intensity of tea [17]. For example, Brewing
white tea at 98 °C for 7 min is the best condition to obtain a
high content of antioxidant polyphenols and pleasant sensory
properties. [18] Moreover, brewing time also important in tea
infusion which brew tea for 3, 4 and 5 minutes get more
antioxidant activity and phenolic content than brew tea for 1
minute. [19]

Table 2. Result of Total phenolic content, Ferric reducing
antioxidant potential and DPPH radical scavenging of
Centella asiatica tea from brewing different condition

Temper

ature Time TPC™ FRAP " DPPH™

min 2+

(<) (min) o/mi mmol Fe o/mli
80 2 1.440.9 1.4+10 0.140.0
80 3 1.040.3 1.040.3 0.240.0
80 4 1.340.2 1.340.2 0.240.1
80 5 2.242.3 2.242.3 0.640.1
85 2 1.540.3 1.540.3 0.442.5
85 3 1.340.3 1.34#0.4 0.240.0
85 4 1.640.3 1.640.3 0.240.0
85 5 2.541.8 2.541.8 1.840.5
90 2 1.2#4.1 1.2#4.1 0.3#0.1
90 3 1.140.2 1.240.2 0.540.2
90 4 1.640.6 1.740.6 0.840.4
90 5 2.240.6 2.140.6 2.641.9




4. CONCLUSION

Centella asiatica tea was developed to be functional herbal tea
which improved for the people. Only C.asiatica tea can help to
promote skin and improve memory and intelligence. The
temperature and time for brewing tea do not affect the amount
of antioxidant much so that the appropriate brewing
temperature 80<€ and time for 5 minutes for brewing tea use
less energy and get more intensity. This condition is not quite
different in amount of antioxidant activity with 85 € and time
for 5 minutes.
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ABSTRACT

Herein we report on the synthesis the synthesis of new dimethyl
[1-(benzyl-, 2-phenylethyl-) -4-hydroxypiperidin-4-
yl)]phosphonates obtained by reacting 1-(benzyl- or 2-
phenylethyl-)piperidone-4 with dimethylphosphite in presence of
sodium methylate in hexane. NMR spectroscopy showed that the
complexation of f-cyclodextrin (B-CD) (host) with the
hydroxyphosphonate (guest) is accompanied by the entry of a
hydrophobic aromatic fragment of the substrate molecule into the
inner sphere of the host molecule. In addition, the supramolecular
interaction of the hydrophilic part of the guest molecule with the
outer surface of B-CD is shown. As a result, a 1:1 complex is
formed. Dimethyl [1-(benzyl-, 2-phenylethyl-)-4-
hydroxypiperidin-4-yl)]phosphonates showed perceptible
stimulation of growth and development of stems and/or roots of
spring wheat Triticum aestivum Kazakhstanskaya-10, Severyanka
and Miras.
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1. INTRODUCTION

One of the most intensively developing areas of supramolecular
chemistry is the preparation and study of inclusion complexes of
biologically active compounds (BAC) with cyclodextrins (CD) [1-
3]. It had been known that these complexes make it possible to
regulate the solubility of BAC in water, reduce toxicity, permit the
transfer of liquid substances to solid substances, and also increase
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the stability of substances to oxidation and hydrolysis [4-6]. The
choice  of  dimethyl[1-(benzyl- or  2-phenylethyl-)-4-
hydroxypiperidin-4-yl)|Jphosphonates as a substrate  for
supramolecular self-assembly with B-CD is due to the fact that
there were found promising biologically active compounds in a
family of piperidine derivatives [7, 8] and piperidine
hydroxyphosphonates [9,10].The increased interest in CDs is due
to their cyclic structure and the ability to form supramolecular
host-guest inclusion complexes with a variety of hydrophobic
substrates due to the internal cavity. The attractiveness of CD as
host molecules is explained by their availability and non-toxicity
[11]. In supramolecular chemistry, the determining role is played
by the size and shape or geometric complementarity of the
interacting components, therefore p-CD is chosen to obtain the
inclusion complex with dimethyl[1-(benzyl-, 2-phenylethyl-)-4-
hydroxypiperidin-4-yl)]phosphonates

HO o OH
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Figure 1. p-Cyclodextrin
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2. SYNTHESIS OF DIMETHYL[1-
(BENZYL-, 2-PHENYLETHYL-)-4-
HYDROXYPIPERIDIN-4-

YL)]JPHOSPHONATES

In the current work, dimethyl[1-(benzyl- or 2- phenylethyl-)-4-
hydroxypiperidin-4-yl)]phosphonates and their supramolecular p-
CD form were synthesized in order to investigate for all of them a
plant growth stimulator and an immunocorrector activity. The
structure of hydroxyphosphonates and complexes is established
by NMR spectroscopy. The desired dimethyl[1-(benzyl- or 2-
phenylethyl-)-4-hydroxypiperidin-4-yl)Jphosphonates was
prepared by reacting corresponding piperidone-4 with dimethyl
phosphite in the presence of sodium methylate in 48% yield and
78% vyield, respectively.

0 s
l_OCH, o_ 0-CHs
R—N O + H-P, MeONa P
\ hexane 7 _
OCHj o N—R
HO

R= PhCHy; PhCH,CH,
Figure 2. Synthesis of hydroxyphosphonates

Purification of the product was carried out by crystallization from
hexane. Hydroxyphosphonates are crystalline substances with
mp.112-13 and 118-21 <C.

In the *H NMR spectrum (Table 1) of dimethyl[1-(2-phenylethyl)-
4-hydroxypiperidin-4-yl)] phosphonate, recorded in CDCls,
strong-field multiplet signals are observed at 1.87-1.91 and 1.98-
2.04 ppm corresponding to axial H*% and equatorial protons
H%®% of the piperidine ring. The multiplet signal in the form of an
asymmetric triplet at 2.43-2.48 ppm. resonates the axial protons of
the piperidine ring H*®. The remaining equatorial piperidine
protons H?*® and methylene protons H® after superimposing
signals appear as a multiplet in the area of 2.78-2.78 ppm.
Multiplet in the area of 2.58-2.63 ppm. is attributed to the protons
of the methylene bridge H’, singlets at 3.78 and 3.81 ppm. - to the
hydrogen of the methoxy groups HY” and H?, respectively. In the
aromatic region of the spectrum, the multiplets at 7.18-7.20 and
7.25-7.29 ppm. correspond to the phenyl protons H™'2% and
H®* The hydroxyl proton H® represents a broadened singlet at
3.94 ppm.

In the **C NMR spectrum (Table 12, the piperidine ring signals are
observed at 31.72 (C*®), 47.59 (C*®), and 69.38 (C*) ppm. When
broadband proton decoupling is used, because of the conservation
of spin-spin interactions of *C-*!P through one, two and three
bonds, the singlet carbon signals are split into doublet ones with a
consequent decrease in the value of Jcp from the C* atom to the
carbon atoms C*° and C*5. Carbon atoms of methoxy groups
CY"® resonate at 53.75 ppm, methylene carbon atoms at 33.80 (C?)
and 60.77 (C”) ppm. In the aromatic region, carbon signals of the
phenyl substituent are observed at 126.12 (C'9), 128.49 (C***),
128.79 (C****) and 140.47 (C°) ppm.

The structure of the compound was also confirmed by the two-
dimensional NMR spectroscopy COZY (*H-'H) and HMQC (*H-
3¢), which makes it possible to establish spin-spin interactions of
a homonuclear and heteronuclear nature. The observed
correlations in the molecule are presented in the Figure 3.
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(b)
Figure 3. Correlations in COZY (a) and HMQC spectra (b)

In the H-'H COZY spectra of the compound, the spin-spin
correlations through three bonds of protons belonging to
neighboring methylene groups of the piperidine cycle and phenyl
ring H**-H** (1.89, 2.05 and 2.08, 1.89; 1.99, 2.45 and 2.43, 2.00;
2.01, 2.79 and 2.00, 2.43; 2.43, 2.79 and 2.80, 2.47), H'-H?® (2.58,
2.78 and 2.78, 2.60) and H'*2* _H014 (7,19, 7.29 and 7.29, 7.19)
are observed.

Heteronuclear interactions of protons with carbon atoms through a
single bond were established using spectroscopy *H-*C HMQC
for the following pairs: H**-C3® (1.87, 31.71 and 2.00, 31.59),
H28-C2%(2.45, 47.62 and 2.79, 47.49), H.-C®(2.83, 33.71), H'-C’
(2.57, 60.82), HY®.C"® (3.78, 53.78), H@.C0 (7.19,
128.71), 11218, C111213 (7 18, 126.17).

3. SYNTHESIS OF g-CD
SUPRAMOLECULAR INCLUSION
COMPLEX

A supramolecular inclusion complex is formed by mixing
equimolecular amounts of ethanol solution of the corresponding
hydroxyphosphonate with B-CD in water at room temperature,
followed by evaporation of solvents at 50-55<C.

18
HsC 20

B-CD

Figure 4. Formation of B-CD supramolecular inclusion
complex with dimethyl[1-(2-phenylethyl)-4-hydroxypiperidin-
4-yl)]phosphonate

The investigation of supramolecular complexes via the NMR
spectroscopy is based on the determination of the difference in the
values of the chemical shifts *H and *C of dimethyl[1-(2-
phenylethyl)-4- hydroxypiperidin-4-yl)]Jphosphonate, B-CD and
complex. By the chemical shift values of internal or external
protons of B-CD, it is possible to detect the formation of internal
or external complexes, respectively. The change in chemical shifts
of *H and C in the spectra of guest makes it possible to
determine the direction of occurrence of the latter in the cavity of
B-CD (host) [12, 13].



The comparison of 'H NMR spectra of guest and the
supramolecular complex recorded in D,O shows that the protons
H' H™13 and H™ of the phenyl hydrophobic substituent, the
piperidine protons H** and H*®  as well as methylene protons
H® undergo the greatest screening due to the process of
complexation of hydroxyphosphonate.

In the B-CD molecule, the maximum changes in the chemical
shifts are observed for the proton H-3 host located in the internal
hydrophobic cavity and the truncated cone of the proton H-4
located on the hydrophilic outer surface. It can be assumed that
the greatest supramolecular interaction of “guest-host” molecules

is realized with the participation of the above protons during the
formation of the inclusion complex according to the scheme:
Comparison of the integrated intensities of protons of B-CD and
dimethyl[1-(2-phenylethyl)-4-hydroxypiperidin-4-yl)phosphona-
te in the complex indicates the formation of a supramolecular
compound in which one molecule of the host belongs to one
guest molecule.

A similar picture is observed in the NMR spectra of dimethyl[1-
benzyl-4-hydroxypiperidin-4-ylJphosphonate, B-CD and their
complex.

Table 1. The chemical shifts of *H and *C of phosphonate, B-CD (8,) and their complex (8)

# Group oo, ppm o, ppm A6=0-9,
HorC CH, H Bc H ‘ Bc H ‘ Bc
dimethyl[1-(2-phenylethyl)-4-hydroxypiperidin-4-yl)Jphosphonate
35 CH, 1.87-1.91 31.75 1.75-1.79 29.85 -0.12-(-0.12) -1.65
3°5° 1.98-2.04 1.84-1.90 -0.14-(-0.14)
2.6 CH, 2.43-2.48 47.59 2.24-2.38 46.64 -0.19-(0.10) -0.95
2°,6° 2.78-2.81 2.78-2.80 0-(-0.10)
4 >C< - 69.38 - 68.52 - -0.86
8 CH, 2.78-2.81 33.80 2.66-2.68 32.04 -0.12-(-0.12) -1.76
7 CH, 2.58-2.63 60.77 2.53-2.55 59.88 -0.05-(0.08) -0.89
17 CH; 3.78 53.75 3.70 54.44 -0.08 0.69
20 CH; 3.81 53.75 3.72 54.44 -0.09 0.94
12 CH 7.18-7.20 126.12 7.04-7.05 126.56 -0.14-(-0.15) 0.44
11,13 CH 7.18-7.20 128.49 7.04-7.05 128.44 -0.14-(-0.15) -0.05
10, 14 CH 7.25-7.29 128.79 7.14-7.15 128.44 -0.11-(-0.14) -0.35
9 >C< - 140.47 - 139.35 - -1.12
B-CD
1 CH 4.87 102.43 4.89 102.11 0.02 -0.32
2 CH 3.45 72.87 3.48 72.00 0.03 -0.87
3 CH 3.77 73.54 3.70 73.32 -0.07 -0.22
4 CH 3.39 82.00 3.45 80.93 0.06 -1.07
5 CH 3.68 72.52 3.65 72.00 -0.03 -0.52
6 CH, 3.68 60.40 3.68 59.88 -0.03 -0.52

In the B-CD molecule, the maximum changes in the chemical
shifts are observed for the proton H-3 host located in the internal
hydrophobic cavity and the truncated cone of the proton H-4
located on the hydrophilic outer surface. It can be assumed that
the greatest supramolecular interaction of “guest-host” molecules
is realized with the participation of the above protons during the
formation of the inclusion complex according to the scheme:
Comparison of the integrated intensities of protons of B-CD and
dimethyl[1-(2-phenylethyl)-4-hydroxypiperidin-4-yl)]Jphosphorna-
te in the complex indicates the formation of a supramolecular
compound in which one molecule of the host belongs to one
guest molecule.

A similar picture is observed in the NMR spectra of dimethyl[1-
benzyl-4-hydroxypiperidin-4-ylJphosphonate, B-CD and their
complex.
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4. BIOSCREENNIG OF DIMETHYL[1-
(BENZYL-, 2-PHENYLETHYL-)-4-
HYDROXYPIPERIDIN-4-
YL)]JPHOSPHONATES ON SAMPLES OF
SPRING WHEAT

The studies were carried out on model samples of spring wheat
Triticum aestivum Kazakhstanskaya-10, Severyanka and Miras.
Severyanka and Miras are drought tolerant varieties, and the
Kazakhstanskaya-10 was studied as a standard. There was a
significant stimulation of growth and development of wheat
seedlings of all three tested varieties with both
hydroxyphosphonates - stems by about 30%, roots by 20-30%
(Tabl.2.)



Table 2. Biometric data of wheat of three varieties in the
control and in the presence of SAV-2 and SAV-3; n=15

Kazakhstanskaya Severyanka Miras
-10
Wheat | Height, | Root | Height, | Root | Height, | Root
cm length, cm length, cm length,
cm cm cm
Control| 15,82 7,25 15,67 7,42 14,93 7,21
45 | H,45 | H,62 | H,34 | H,25 | #,36
SAV-2| 1544 | 9,28 15,58 10,5 14,79 9,5
+,72 | 59 | H,15 | H55 | 40,77 | #,86
(28% *) (41% *) (31% *)
SAV-3| 18,27 9,97 16,77 9,08 16,12 7,29
8 | 40,81 | H,64 | 224 | H,16 | 2,21
(250/ * 0/ * 0p * (22% *) 0f *
6 *) | (18% *) | (35% *) (30 % *)
Note: * - of stimulation

5. EXPERIMENTAL PART

IR spectra were recorded on a spectrometer «Nicolet 5700 FT-IR>»
in the tablet with KBr. NMR spectra of synthesized compounds
were recorded at <«NM-ECA 400» («Jeol>> company)
spectrometer with an operating frequency of 399.78 MHz (*H)
and 100.53 MHz (*3C) on carbons in CDCl; or D,O at 25°C.
Monitoring of the reactions and the individual compounds were
done by Thin Layer Chromatography (TLC) on Al,Os. Separation
and purification of the substances was performed using
crystallization from hexane.

5.1 General Procedure

Dimethyl[1-(benzyl-, 2-phenylethyl-)-4-hydroxy-piperidin-4-
yl)]phosphonate. To the cooled (10°C) stirred solution of 0.0246
mol of 1-(benzyl- or 2-phenethyl)piperidin-4-one and 0.0246 mol
of dimethyl phosphite in 20 ml hexane 0.7 ml of the sodium
methoxide solution was slowly added dropwise at such a rate that
the temperature of the reaction mixture does not rise above 30<C.
The reaction solution was stirred at room temperature for 4 h. In
the process of the dropwise addition of CH3ONa the precipitate
formation was observed which then was filtered off, washed with
hexane, and dried in a vacuum desiccator.

Yield 354 g (48.1%) of dimethyl[1-(2-phenylethyl-)-4-
hydroxypiperidin-4-yl)]Jphosphonate as a white solid. Tpe 112-
113°C. IR (KBr), cm™: 3368.4 (O-H); 2927.4 (C-Haom), 1652.7
(C-Carom.), 1419,6 (C-N), 1156.7 (P-O), 1031.4 (P=0). Calculated
for C14H,,NO4P, %: C, 56.18; H, 7.41; N, 4.68; O, 21.38; P, 10.35.
Found, %: C, 56.03; H, 7.38; N, 4.90; P, 10.23.

Yield 6.04 g (78.2%) of dimethyl(1-benzyl)-4-hydroxy- piperidin-
4-yl)]phosphonate as a white solid. Tpe 118-121°C. IR (KBr),
cm't: 3333.0 (O-H); 2928.5 (C-Harom.), 1654.0 (C-C aom), 1454.0
(C-N), 1156.1 (P-O), 10335 (P=0). Calculated for
CisH4NO4P, %: C, 57.50; H, 7.72; N, 4.47; O, 20.43; P, 9.89.
Found, %: C, 57.33; H, 7.48; N, 4.39; P, 10.03.

Complex of dimethyl[1-(benzyl-, 2-phenylethyl-)-4-
hydroxypiperidin-4-yl)]phosphonate with f-CD. To a solution of
0.0015 mol of dimethyl[1-(benzyl-, 2-phenylethyl-)-4-
hydroxypiperidin-4-yl)Jphosphonate in 20 ml of ethanol with
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stirring, add 1.7 g (0.0015 mol) of B-CD dissolved in 40 ml of
distilled water. The mixture is placed in a drying oven (50-55 <C)
for evaporation of ethanol and water.

Yield 2.10 g (97.8%) of complex of dimethyl 1-benzyl-4-
hydroxypiperidin-4-yl)]Jphosphonate with B-CD as a white
powder melting with decomposition above 250<C. Calculated for
CssHg,NOgoP, %: C, 46.89; H, 6.47; N, 0.98; O, 43.51; P, 2.16.
Found, %: C, 47.00; H, 6.56.

Yield 2.09 g (96.2%) of complex of dimethyl[1-(2-phenylethyl-)-
4-hydroxypiperidin-4-yl)Jphosphonate with B-CD as a white
powder melting with decomposition above 250<C. Calculated for
Cs;HosNO3oP, %: C, 47.27; H, 6.54; N, 0.97; O, 43.08; P, 2.14.
Found, %: C, 47.13; H, 6.68.

6. CONCLUSION

Thus, there had been synthesized dimethyl[1-(benzyl-,2-
phenylethyl-)-4-hydroxypiperidin-4-yl]phosphonates and their
complexation behavior with B-CD was studied. The phosphonate
molecules react by its hydrophobic part with the host hydrophobic
surface, and the more hydrophilic part of guest molecule is
located close to the external hydrophilic part of B-CD.
Bioscreening on seeds and seedlings of spring wheat of three
varieties: Kazakhstanskaya-10, Severyanka and Miras showed
significant stimulation of growth and development in presence of
hydroxyphosphonates - stems by about 30% and roots by 20-30%.
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ABSTRACT

Actinomycetes known as the largest antibiotic producer that has a
broad range habitat. Research has been done to find a new
antibiotic from the various habitats of actinomycetes. Lichens was
the symbiotic structure of alga and fungi known as the ecological
niche of various kinds of microbes including actinomycetes. The
aim of this study in deep of isolate strain LC-23 for production of
antimicrobial, characterize the metabolite profile of the ethyl
acetate extract and identification based on 16S rRNA gene
sequence analysis. The result revealed actinomycetes from lichen,
strain LC-23 showed potency against Gram positive bacteria.
Ethyl acetate extract of the strain showed positive inhibition
against Staphylococcus aureus BTCC B-611 and Micrococcus
luteus BTCC B-552. Minimum Inhibitory Concentration (MIC) of
extract LC-23 was less than 2.106 ppm. The ethyl acetate extract
was subjected to fractionation and tested against the pathogenic
microbes and showed inhibition activity in column 9 and 10, and
specifically in column 7E to 7G for Staphylcoccus aureus BTCC
B-611 and 7E-7H for Micrococcus luteus BTCC B-552. The
identification based on 16S rRNA gene sequence showed strain
LC-23 was 98.51% similarity to Streptomyces palmae type strain.
Neighbor-joining phylogenetic tree confirmed the relationships of
this strain to other members of Streptomyces genera.
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Lichens.

1. INTRODUCTION

The pharmaceutical industry was an implication of the
bioprospecting development in human’s life. Exploration various
organisms as the drug sources has been developed to all biological
taxa including Prokaryotes [1]. Ability to produce secondary
metabolite was the important roles of Prokaryotes for humans.
One function of Prokaryote’s metabolite was to inhibit the growth
of pathogenic microbes. The discovery of new drugs in academics
and laboratory level has traditionally been focused on the
exploitation of actinomycetes and filamentous fungi [2].

Actinomycetes as the highest producer of antibiotics from
Prokaryotes have been known for decades [3]. Two third or
approximately 80% of the world’s antibiotics including the most
important in medical treatment produce by actinomycetes in the
genus of Streptomyces and Micromonospora [4]. The specific
potency of actinomycetes in pharmaceutical as anti-infection [5]
and anticandidal [6].

The enchantment for actinomycetes also caused by the broad
habitat of these filamentous bacteria. Actinomycetes are kind of
microorganisms that has the widest distribution in nature [4]. It’s
broad habitat urged some research to find new compound through
invention of ecological niches that still rare to be explored.
Invention of new source of actinomycetes being a good choice for
pharmaceutical development [7]. Some studies have been
conducted to isolate actinomycetes from new sources;
endosymbiont of plant species [8], extreme habitats [9,10], and
symbiosis of microorganisms such as lichen [1,11]

One source that interesting to be explored is lichens. Lichens are
the symbiotic of alga/cyanobacteria and fungi [11]. The structure
of this organisms made it possible to produce thousands of
bioactive compounds [7]. Lichens also being habitat for various
bacteria, that the roles in Iytic activity was important to produce
bioactive compound such as hormones or antibiotics to fulfill
nitrogen requirement [12].

The aim of this study was to analyze strain LC-23 isolated from
Indonesian lichen growth on the bark of Averrhoa carambola for
production of antimicrobial, characterize the metabolite profile of



the ethyl acetate extract and identification based on 16S rRNA
gene sequence analysis.

2. MATERIAL AND METHODS

2.1 Microorganism Used
Strain LC-23 was isolated from Lichen grown on the bark of
Averrhoa carambola plant. The strain is grown in ISP2 medium

and maintained in glycerol suspensions (20%, v/v) at -80<€ [7,11].

The strain was deposited in Research Centre for Biotechnology,
Cibinong West Java. Bacillus subtilis BTCC B-612, Escherichia
coli BTCC B-614, Candida albicans BTCC Y-33, Staphylococcus
aureus BTCC B-611, Micrococcus luteus BTCC B-552 were used
as pathogenic microbial testing. The growth medium of the
bacterial testing was Nutrient Broth while Candida was Potato
Dextrose Broth. All the microbial testing was grown for 18-24
hours. Morphological characterization was conducted by using
light microscope and Scanning Electron microscope.

2.2 Screening Antimicrobial Activity of Strain
The actinomycete pure strain on ISP-2 agar medium was screened
by agar diffusion method to determined antimicrobial potency.
The microbial that used as indicator for the testing consists of
three Gram positives bacteria: Bacillus subtilis BTCC B-612,
Micrococcus luteus BTCC B-552, Streptococcus aureus BTCC B-
611; Gram negative bacteria Escherichia coli BTCC B-614; and
fungi Candida albicans BTCC Y-33. The pure strain of
actinomycete was taken with sterile straws and put on the surface
of medium agar with the microbial testing, and incubated in
optimum temperature of each microbial testing. The inhibition
zone was measured [7].

2.3 Extraction and Metabolite Identification
by Disc Dilution Method

One loop of pure strain was cultured in 10 ml into of NL19 liquid
medium for 4 days as pre-culture. It was then moved to 100 ml of
liquid medium as main culture and incubated for another four
days in buffle Erlenmeyer. The composition of NL19 liquid
medium was 20 g/L soy flour, 20 g/L D-mannitol, and pH 7.2.
The culture was then centrifuged at 9,000 rpm for 10 minutes to
separate supernatant and sediment pellet. The supernatant was
taken, and added by ethyl acetate in ratio 1:1, and incubated in
shaker incubator for 1 hour The upper layer was then evaporated
and measured the dry mass of the extract [14]. The screening was
done in paper disc diffusion method after diluted the dry extract
by acetonitrile.

2.4 Determination of Minimum Inhibitory

Concentration (MIC)

Determination of MIC values were carried out by serial dilution
methods on 96 well microplate. The dilution method was
conducted in this study (Figure 4) as follows: 150 J of pathogen
microbial testing culture was put to the wells column 1-3 of
microplate, then the first row added with 130 d of NB sterile
medium and 20 il of extract LC-23. This first row is Oxdilution.
A 150 J was then moved from the first row to the second row,
and this second row is 2xdilution. The dilution was done until the
last row, and the dilution times of extract was 4% 8> 16> 32x
64 and 128> If the extract can inhibit the growth of microbial
testing, the well became clear after 24 hours incubation at 37<€.
While to observed the effect of acetone nitrile as extract solvent,
second column was used, 130 M sterile medium and 20 pi of
acetonitrile was added to the first well of second column. A 150
M was then moved from the first row to second row. The dilution
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was done until the last row. As negative control, the well will be
unclear after 24 hours incubation at 37<€. As the positive control,
streptomycin was used in third column with the same method.
Minimal Inhibitory Concentration (MIC) were defined as the
lowest concentration of the tested extract that visible growth of
the test microorganism was not observed. Concentration value
will be determined by measure the mass of dry extract compared
to dilution numbers [6].

2.5 Fractionation Extract

Fractionation method was conducted to investigate which fraction
has the activity. Fraction collector was used to separate the crude
extract every 40 second in 20 M, and used for bioassay using
microplate. Bioassay was done to the fraction by added 150 pi of
NB medium mixed by microbial tested to each well and incubated
for a night 24 hours [6]. The plates were evaluated and
documented.

2.6 Molecular Identification 16S rRNA

One loop of pure strain on ISP-2 agar medium was cultured into 5
ml of Tryptic Soy Broth (TSB) and incubated at 30°C for 5 days
at 200 rpm [13]. A 1 ml of culture was then put into microtube
and centrifuged at 13,000 rpm for 5 minutes. The supernatant was
thrown out, and the pellet was used for DNA extraction. The
pellet was washed by TE-buffer then centrifuged at 13,000 rpm
for 5 minutes, this step was done twice. A 300 pl of buffer
extraction was added to lyse the pellet, then warm up in 60<€ bath
for 10 minutes. The DNA solution was then kept in room
temperature 3225 and added 150 pl of 5.2 M sodium asetate. The
DNA solution was added by isopropanol with ratio 1:1,
centrifuged at 13,000 for 10 minutes. The DNA pellet was washed
by ethanol, dried, and dissolved by 50 pl TE buffer. The DNA
was used for 16S rRNA gene amplification using forward primer
9F and reverse 1541R by the following procedure: Denaturation
96°C for 5 minutes, followed by 30 cycles of denaturation 96°C
for 30 seconds, annealing at 55°C for 30 seconds, extension at
72°C for 7 minutes [14]. Visualization of PCR product was
conducted on 1% agarose and the sequencing was conducted by
First Base Sequencing Company. The sequencing product was
then edited using Bioedit program and confirmed to Eztaxon.
Phylogenetic tree construction was used MEGA 6.06 program,
Neighbour Joining statistical method with the number of bootstrap
replications was 1000 [15].

3. RESULT AND DISCUSSION

3.1 Characterization of Strain LC-23

Strain LC-23 was isolated from lichen on the stem surface of plant
Averrhoa carambola. The isolate grew on HV agar media with
nalidixic acid and cycloheximide after 14 days incubation in 30 <C.
The colony color of strain LC-23 on HV agar was stone grey. The
HV agar was a poor media with the main composition is humic
acid. Nalidixic acid was added to prevent the growth of other
bacteria and cycloheximide to prevent fungi. Purification process
of the isolate was conducted on ISP2 agar medium. The color of
strain LC-23 on ISP2 agar medium was white and has
morphological characteristics of the genus Streptomyces which
are chalky, heaped and folded colony with aerial and substrate
mycelium possessed an earthy odor [17]. This isolate also
produced yellow pigment and was able to change the medium
color into yellowish (Figure 1).



Figure 1. Isolate LC-23 (a) Top surface (b) Bottom surface in
9 cm diameter of Petri dish

3.2 Screening Antimicrobial Activity of Strain

LC-23

The ability of strain LC-23 to inhibit Gram positive bacteria; B.
subtilis BTCC B-612, S. aureus BTCC B-611, and M. luteus
BTCC B-552. The strongest inhibition of LC-23 was against M.
luteus (22.45-23 mm), followed by S. aureus (22.4-22.5 mm), and
B. subtilis (15-21 mm) and did not show any activity against E.
coli and C. albicans (Table 1).

Extract of LC-23 did not show any inhibition activity against E.
coli that belongs to Gram-negative bacteria. Cell wall structure of
Gram-negative bacteria more complex than Gram-positive in the
term of protection. Prokaryotic Gram-positive and negative has
cell wall as protector that consists of peptidoglycan.
Peptidoglycan layer of Gram positive were thicker, meanwhile
Gram-negative bacteria has thin layer, but protected by outer
membrane consisting Lipopolysaccharide (LPS) protein and
lipoprotein. This complexity caused the resistance of Gram-
negative bacteria higher than Gram-positive bacteria. The tested
microbes C. albicans was fungi that include as Eukaryote
organism. This group structurally more complex than prokaryotes
such as bacteria. Eukaryote has membrane-enclosed structures in
the cytoplasm that affected the metabolism process of the cell to
be more complex than prokaryotes. C. albicans could be more
resistant to antimicrobial compound because it is extensively
membrane system [18].

Table 1. Screening Antimicrobial Activity of Strain LC-23

Gram-positive bacteria tested. The largest inhibition zone was
against S. aureus, followed by M. luteus.

The potency of antimicrobial according to Davis and Stout (1971)
is as follows: about the diameter of inhibitory zone more than 20
mm (very strong), 10-20 mm (strong), 5-10 mm (medium), and
less than 5 mm (weak). The extract showed very strong ability to
inhibit the growth M. luteus (22.70 mm) and S. aureus (24.50 mm)
[16,19]. While the inhibition activity of extract LC-23 against B.
subtilis no longer appeared (Figure 2). This result possibly caused
by different medium used by the strain to grow. The strain grows
well on ISP2 agar which consist of yeast, malt, and glucose.
While, for extraction, NL-19 liquid medium used consist of
mannitol and soybean meal. The choice of the cultivation
parameters is the critical point to the number of secondary
metabolites produced by microorganisms. Small changes in the
culture medium may not only impact the quantity of a certain
compound but also the general metabolic profile of new natural
product.lt was also affected by variation of culture conditions, the
influence of various stress conditions on secondary metabolite
[20].

Figure 2. Screening antimicrobial activity of extract LC-23.
(a)Micrococcus luteus BTCC B-552 (b)

Staphylococcus aureus BTCC B-611(c) Escherichia

coli BTCC B-614 (d) Bacillus subtilis BTCC B-612

3.4 Minimal Inhibitory Concentration (MIC)

The MIC test of extract LC-23 showed that it was able to inhibit
the growth of S. aureus and M. luteus until the last row (128>
dilution (Figure 3). However, B. subtilis BTCC B-612and E.
coli BTCC B-614 did not show an inhibitory activity. The
result revealed that extract exhibited the strongest antimicrobial
activity against S. aureus BTCC B-611 and M. luteus BTCC B-

(mm) 552 with concentration less than 2.016 ppm (Table 2).
Repeti B. S. M. E. coli C. Table 2. Screening Antimicrobial Activity of Strain LC-23
tion subtilis | aureus luteus albicans (mm)
| 21.00 22.50 22.45 - - Extr | Concen B. S. M. :
i 15.00 2250 23.00 - - act | tration | subtilis | aureus | luteus | coli
' ' ' LC- 258 - <2.016 | <2.016 -
i 17.65 22.40 23.00 - - 23 ppm ppm ppm
Avera | 17.88 22.47 22.82 Acetone nitrile seems has an effect to inhibit M. luteus BTCC B-
ge 552 until second well and S. aureus BTCC B-611. However, the

Note: - (negative)

3.3 Metabolite Compound of Extract LC-23

The extraction process with NL19 liquid medium resulted yellow
extract with dry extract obtained 25.8 mg or equal with 25,800
ppm. It was then diluted by 1 ml of acetonitrile to be used in
screening process with disc diffusion method. The 20  of extract
was dropped to paper disc, put in 2 layers of NA medium with
bacterial testing or PDA medium with C. albicans, and incubated
for 24 hours at 30°C. Extract of LC-23 was able to inhibit all the
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negative control did not show inhibitory activity in third well for
M. luteus BTCC B-552 and the second well for S. aureus BTCC
B-611 (Figure 3), so extract with activity in this dilution number
and so on could still contain active compound [21]. Ability of the
extract has more impact to inhibit the growth of tested microbes
and the solvent did not impact significantly.
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Figure 3. Minimal Inhibitory Concentration (MIC) of extract
LC-23 against Micrococcus luteus and Staphylococcus aureus

3.5 Fractionation of Extract LC-23

Fractionation conducted of the crude extract, with the product
collected in 96- well microtiter plate. The retention time used in
this process was 40 seconds. Bioassay of the fraction conducted to
the fractionproductagainst S. aureus BTCC B-611 and M. luteus
BTCC B-552 to find the specific well that has antimicrobial
activity against the tested microorganism based on retention time.
The use of S. aureus and M. luteus for screening based on the
screening and MIC result. The growth of both bacteria was
inhibited by extract LC-23.

Screening for antimicrobial activity of fractionation product
showed that fraction in column 9 and 10 has positive activity
against all tested bacteria. Specifically, to S. aureus fraction in
column 7E to 7G showed positive inhibitory activity (Figure 4).
While for M. luteus, fraction in column 7E to 7H showed positive
inhibitory activity. According to the retention time of
fractionation process, the effective compound fraction around
35°33’" until 37°33” (well 7E-7H) and 46’00’ until 53’33 (well
9A-10H). Mass spectrum of the fractionation compound in the
certain well need to be checked to find the specific character of
compound in hole 7E to 7H of the fractionation product of extract
LC-23.
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Figure 4. Screening of fractionation product against tested
microbials; (a) Micrococcus luteus BTCC B-552
(b) Staphylococcus aureus BTCC B-611

3.6 Molecular Identification

Polymerase Chain Reaction (PCR) and sequencing of the DNA
extract was conducted for the sequence analysis of 16S rRNA
gene. The 16S rRNA gene sequence of the strain was confirmed
to data base of GenBank/DDBJ/EMBL and showed that the
closest species of LC-23 was Streptomyces palmae with the
similarity 98.51% where there was 21 base different over 1408 bp.
The closest similarity value was followed by Streptomyces
misionensis (98.44%) Streptomyces matensis (98.43%), and
Streptomyces althioticus (98.43%). Sequence similarity with other
Streptomyces members were lower than 98.4%.

Strain LC-23 showed some different characteristic to S. palmae
that isolated from oil palm rhizosphere soil [16]. Strain LC-23 did
not show any inhibition activity against Candida which reportedly
possessed by S. palmae. This isolate also is able to produce
pigment that changed the color of ISP2 medium into yellowish,
while S. palmae did not change the color of ISP2 to ISP5 media.
The SEM observation also revealed that the strain is differ from S.
palmae (Figure 5). Streptomyces palmae formed compact spiral
with a spirales type morphology. It is aerial and substrate mycelia
were formed without fragmentation [16]. Strain LC-23 has rod
shape, with filamentous septae and formed branch to made
network of the mycelium.

UK ERE

0vEa ;. um

Figure 5. Scanning Electron Microscopy Strain LC-23
(10000 X)

The phylogenetic tree based on Kimura algorithm method showed
that strain LC-23 formed a distinct phyletic line to type strain of
the closest species of Streptomyces member with bootstrap value
under 70 % (Figure 6). According to the tree, the closest species
to LC-23 was Streptomyces wuyuanensis with the similarity value
98.23%. It formed a different cluster both to S. palmaeand S.
wuyuanensis. This result explained that strain LC-23 was member
of Streptomyces genera but does not belong to any species.
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BBOX01000593 Streptomyces hygroscopicus subsp. hygroscopicus NBRC 13472 (Type)
MUBLO01000215 Streptomyces cacaoi subsp. cacaoi NRRL B-1220 (Type)

AB184414 Streptomyces libani subsp. libani NBRC 13452 (Type)

ANSJ01000404 Streptomyces rimosus subsp. rimosus ATCC 10970 (Type)
BBQG01000088 Streptomyces albus NBRC 13014 (Type)

LC073309 Streptomyces palmae CMU-AB204 (Type)

jgi.1085054 Streptomyces wuyuanensis CGMCC 4.7042 (Type)
AB184109 Streptomyces achromogenes subsp. achromogenes NBRC 12735 (Type)
AB184121 Streptomyces cinereoruber subsp. cinereoruber NBRC 12756 (Type)

52 M76388 Streptomyces griseus subsp. griseus KCTC 9080 (Type)

JOEW01000098 Streptomyces lavendulae subsp. lavendulae NRRL B-2774 (Type)

g5  FNTD01000004 Streptomyces misionensis DSM 40306 (Type)

B4 |L AJ391814 Streptomyces phaeoluteichromatogenes NRRL 5799 (Type)

AB184785 Streptomyces diastaticus subsp. diastaticus NBRC 3714 (Type)

AJ781322 Streptomyces griseoflavus LMG 19344 (Type)

AB184282 Streptomyces malachitofuscus NBRC 13059 (Type)

'31 AB184221 Streptomyces matensis NBRC 12889 (Type)

AY999791 Streptomyces althioticus NRRL B-3981 (Type)

34 | AY999757 Streptomyces albaduncus JCM 4715 (Type)

1001 AB184275 Streptomyces griseoloalbus NBRC 13046 (Type)

—— 768096 Streptomyces thermoviolaceus subsp. thermowviolaceus DSM 40443 (Type)

M83548 Aquifex pyrophilus Kol5a (Type)

Figure 6. Phylogenetic position of LC-23 based on 16S rRNA gene sequencing compare to type strains in the Family
Streptomycetaceae
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ABSTRACT fully considered as an alternative to hydrothermal carbonization.
The results of comparative experiments on the production of
biofuel from poultry litter (PL) by the method of low-temperature CCS Concep_ts . . . .
pyrolysis (Torrefaction) and hydrothermal carbonization are Applied computing — Physical sciences and engineering —~
presented. Comparison of the obtained results shows that as a Engineering

result of hydrothermal carbonation of PL (processing temperature
180-210 <C, treatment time 240 minutes), the carbon content in oo _ N
the manure can be increased by 1.35 times, and the oxygen Pou_lt_ry Ilttgr,_ Torrefactlon, Hydrothermal  carbonization;
content is reduced in 2.2 times, the lower heat of combustion of Fluidized bed; Fixed bed; Superheated vapor

the fuel obtained, which is similar in its characteristics to lignites,

can be increased by 1.25 times to 19.7 MJ/kg. As a result of low- 1. INTRODUCTION
temperature pyrolysis in the fluidized bed at a temperature of
300 <T in a nitrogen medium and superheated water vapor, the
carbon content can be increased by 1.16 times, and the oxygen
content is reduced in 2.8 times. The lowest heat of combustion of
the fuel produced can be increase by 1.13 times to 18.8 MJ/kg.
Considering that the technology of PL treatment by low-
temperature pyrolysis in the fluidized bed requires significantly

Keywords

PL is a heterogeneous feedstock consisting of bedding material,
urine, feathers and waste feed, and is the most suitable manure
feedstock for thermal conversion processes [1]. Notwithstanding,
the advantages of PL for increasing soil fertility, there are
environmental concerns about its over application on agricultural
sites which may result in human and animal health risks through
leaching of nitrates and other pollutants into groundwater [2].

less processing time (360-480 seconds), this technology can be Developing environmentally beneficial uses for animal
o o ) ) byproducts for application to land would help to alleviate
Permission to make digital or hard copies of all or part of this work problems associated with their management. Disposal technology
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advantage and that copies bear this notice and the full citation on the
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for biowaste has clearly indicated that thermochemical conversion
processes have the capability to covert animal by-products into
combustible gases, bio-oils and solid products, which can be used

than ACM must be honored. Abstracting with credit is permitted. as a soil amendment/fertilizer [3, 4]. Accordingly, thermal
To copy otherwise, or republish, to post on servers or to redistribute conversion technologies, including pyrolysis, gasification,
to lists, requires prior specific permission and/or a fee. combustion and hydrothermal carbonization (HTC), are being
ICBBB '19, January 7-9, 2019, Singapore, Singapore used to convert biomass and/or biowaste into useful products
Copyright 2019 ACM S78-1-4503-6654-0/19/01... $15.00 while addressing compliance with environmental emission norms.
DOI: https://doi.org/10.1145/3314367.3314372 HTC a relatively new process for biomass carbonization, usually

performed at 180-375 <€ under auto-generated pressures [5], has
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been gaining attention, because energy-intensive predrying is not
necessary [6] Moreover, the hydrochar (HTC char) has a higher
heating value compared to the biochar produced from slow-
pyrolysis or conventional carbonization at the same temperature

(71

However, HTC process takes place at high pressure, which
complicates and increases the cost of equipment for this process.
The duration of HTC process takes up to several hours. HTC
process produces large amounts of water that is contaminated with
biomass and requires disposal.

The results of studies of the low — temperature pyrolysis
(torrefaction) process of various agricultural wastes in the
fluidized bed of sand and other materials are known, showing that
the duration of pyrolysis can be reduced to 200 — 250 seconds,
and the heating rate of biomass is increased accordingly. The
product is processed evenly without the risk of charring [8, 9, 10].

Earlier, we proposed to carry out the PL decontamination by the
means of torrefaction [11]. The process was carried out in a
Hearth - type reactor, in which finished pellets made from PL
were subjected to torrefaction at a temperature of 155-250 <C. It
has been shown that after the poultry litter pelletization and heat
treatment at a temperature of 250 <C for 60 minutes it is possible
to completely remove the pathogenic microflora in it.

The disadvantage of the proposed technology is the low rate of
heat treatment.

Now we are suggested realizing the torrefaction of the PL in a
fluidized bed.

The proposed scheme for the PL treatment is shown in Figure 1.

Gaseous pyrolysis products 7 8 9
z

»

BAL o

To the chimney

Solid products

for pelietization

Feedstock loading

-\\i;m.ipl‘jiﬂ i
2 o b
/)i-in«(jm.f-:'_._J
1 — Torrefaction reactor, 2 — Cyclone, 3 — Thermocracking reactor,
4 — Steam boiler, 5 — Power generation unit,
6, 8 — Pumps, 7 - Expansion tank for high-temperature heat carrier,

9 — Storage tank for high-temperature heat carrier
Figure 1. The proposed scheme for the PL treatment

The torrefaction of the PL is offered to be carrying out in the
reactor 1 with a fluidized bed of inert material (quartz sand, for
example).

The PL can be fed to torrefaction reactor either in the original
form or in the pellet form.

In the first case, solid pyrolysis products are removed from the
reactor 1 together with the gas mixture into the cyclone 2, where
they are separated from the gas stream and sent on the granulation.
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In the second case, PL pellets along with the inert material are
unloaded through the lower discharge pipe installed under the
fluidized bed. Then the finely dispersed material is returned to the
fluidized bed by means of the pneumatic conveying system,
whereas the decontaminated pellets are sent to the consumer.

Gaseous products, are sent to the thermal cracking reactor 3, in
which these products are processed into synthesis gas.

The following reactions take place in the hot activated carbon bed,
which make it possible to obtain a synthesis gas with a high
content of carbon monoxide and hydrogen [12]:

CO,+C —2CO;
H,O + C — CO + Hy;

C4H40z — 2 CO + 2 Hy;

CH202 +C—2CO+Hy

C3HGO3 — 3 CO +3 Hy,

C3HGO—>CO+3H2+2C;
C5H40z—> 2CO+2 Hz +3C

The synthesis gas obtained is being burned in the same reactor
furnace, which causes heating of the high-temperature heat carrier,
used to heat the pyrolysis reactor 1, cyclone 2, and also as the
primary heat carrier in the Rankine organic cycle plant 5, by
means of which the electrical energy is generated.

The high-temperature heat carrier is being heated to 350-400 T in
thermal cracking reactor 3. The flue gases temperature reaches
550 - 650 T beyond the reactor and their heat is used for
generating water steam with an excess pressure of 0.07 MPa in the
boiler 4. Then this steam is superheated to the required
temperature by means of a superheater (the superheater is not
shown at the scheme), which also uses the heated in the reactor 3
a high-temperature heat carrier.

According to the described scheme, all the gas from the
torrefaction reactor is supplied to the thermal cracking reactor, i.e.
pyrolysis gaseous products and spent superheated water steam. It
may also be offered variant that water steam is condensed, and
only non-condensable gaseous pyrolysis products are sent to the
thermal cracking reactor. In this case, water heated during steam
condensation to above 95 <C temperature can also be used to
generate electrical energy using a Rankine organic cycle plant.
Calculations show that for the low-temperature pyrolysis of the
poultry litter with initial moisture of 20% in quantity 1 t/h, 4 t/h of
superheated to 300 <C water steam is required. By condensing this
steam, thermal energy sufficient to generate 250 kW of electrical
energy can be obtained. In turn, this amount of electricity will be
enough to granulate 1 t/h of decontaminated poultry litter.

The described scheme for the PL treatment and for it's gaseous
products utilization was adopted by us during the implementation
project of construction a demonstration plant for the processing of
PL.

The realization of the project had required the following studies
implementation, which results are set out in this article:

- study of the co-fluidization process for quartz sand and PL
pellets.;

- study of the torrefaction process for PL pellets in a fluidized bed,
that is fluidized by superheated water steam;

- the thermal cracking process investigation of non-condensable
gaseous products of PL torrefaction;



- study of pathogenic microflora content in the PL before and after
it’s treatment by torrefaction method.

The objective of this study is to conduct on torrefaction of PL in a
fluidized bed and comparative experiments on HTC of PL.

2. EXPERIMENTAL UNIT

The scheme of the experimental unit for torrefaction PL process
study is given at Figure 2.
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Figure 2. Scheme of experimental unit for torrefaction PL
process study

The unit includes a steam electric boiler 1, equipped with a
pressure gauge 2, steam pressure sensors 3 in the boiler 1 and a
pipeline 4 for water supply. The pipeline 4 is equipped with a
valve 5, eliminating the flow of steam into the pipeline 4 when the
water pressure in it falls. The automation system and regulation 6
manages the operation of the boiler with the help of the sensor 7,
which monitors the water level in the boiler. The safety valve 8
and the control valve 9 regulate the water pressure in the boiler
and exclude the increase of this pressure over the permissible
limits.

Behind the boiler there is an electric superheater 10, equipped
with thermocouples 11 and temperature controllers 12.
Superheated steam with the required temperature is fed to the
reactor 13 to study the low-temperature pyrolysis of the litter in
the boiling layer, equipped with a gas distribution grid 14. The
gaseous pyrolysis products together with the waste water vapor
enter the refrigerator 16, which is cooled by water entering the
pipelines 15. The condensed products enter the container 17,
equipped with an observation window 18 and 19, 20 valves for
condensate discharge. Non-condensable gases enter the gas tank
21, followed by the gas analyzer "VarioPlus SinGaz" 22.

The unit works as follows. The water vapor produced in the boiler
1 with an overpressure of less than 0.07 MPa and a temperature of
117 <C enters the electric superheater 10, where it is heated to the
required temperature. The superheated steam enters the reactor for
low-temperature pyrolysis 13, where quartz sand is transferred to
the fluidized state. The reactor 13 is made of stainless steel and
has a diameter of 80 mm and a height of 800 mm. the walls of the
reactor are thermally insulated. Quartz sand has a particle size of
0.16 — 0.25 mm. The reactor 13 is provided with a feeder to feed
into the boiling PL layer after the layer temperature reaches the
required value. The number of PL, loaded into the reactor, was 20
— 23 g. During the pyrolysis of PL we continuously measured the
content in the gases behind the refrigerator 16 carbon dioxide,
carbon monoxide, CH4 by means of hydrogen analyzer
"VarioPlus SynGaz". The experiment stopped when the gas
analyzer stopped recording the release of these gases. After
completion of the experiment, the reactor was purged for 2 hours
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with cold nitrogen, after which pellets from the litter were
unloaded from it.

During the experiments, the bed of inert material could be in a
stationary or fluidized state. In this case, instead of superheated
steam as a gas medium and coolant, nitrogen heated to the
required temperature in the superheater could be used.

Steam consumption was determined by the amount of condensate
after cooling the condensed pyrolysis products. This amount of
steam was included and evaporated during pyrolysis moisture
contained in the pellets. However, since the original pellets
contained a small amount of moisture and the mass of the portions
of the pellets loaded into the reactor, was not large, this amount of
moisture does not significantly affect the accuracy of determining
the steam consumption. The nitrogen flow rate was determined
using a flow meter.

HTC process was carried out in a laboratory steel reactor of
periodic action at 180-210 <C; the duration of the process was 4
hours.

Thermal analyzer SDT Q600 was used to determine the moisture
and ash content. SDT Q600 allows synchronous thermal analysis,
which includes thermogravimetric, differential thermogravimetric
analysis and differential scanning calorimetry. The calorific value
was determined on the basis of elemental analysis, which was
performed on the elemental analyzer Vario MICRO Cube This
analyzer is designed to simultaneously determine the elements C,
H, N and S in the samples.

3. RESULTS AND DISCUSSION

Figure 3 shows the curves of changes in the concentration of CO2,
CO and CH, in non-condensable gases behind the unit at
torrefaction PL in a fixed bed of quartz sand, purged with nitrogen
at an average temperature of 300 <C. the reactor was loaded with
50 g of PL, the nitrogen flow rate was 5 I/min.

Figure 3. Curves of changes in the concentration of CO2, CO
and CHy, in non-condensable gases behind the unit at
torrefaction PL in a fixed bed of quartz sand, purged with
nitrogen at temperature of 300 <C

As can be seen from Figure 3, the time of torrefaction PL in such
layer, judging by the curves of the change in the concentration of
non-condensing gases, takes 2400 seconds, and the time of the
most intensive process takes 1000 seconds.

In the fluidized bed, converted to a fluidized state with hot
nitrogen (nitrogen flow rate of 5 I/min, mass loaded into the PL
reactor is 20 @), the duration of the most active phase of
torrefaction is approximately 240 seconds, and the process itself is
basically completed in 480 seconds (Figure 4). I. e., in the
nitrogen medium, the duration of the torrefaction PL process in
the fluidized bed reduced by about 5 times, and the duration of the
most intensive process is reduced by 4.2 times.



Figure 4. Curves of changes in the concentration of CO2, CO
and CH, in non-condensable gases behind the unit at
torrefaction PL in the fluidized bed of quartz sand particles in
nitrogen medium at 300 C

In the fluidized bed, liquefied by superheated water vapor, the
duration of the torrefaction PL process is reduced to 360 seconds,
and the duration of the most active phase of the process — up to
120 seconds (Figure 5).
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Figure 5. Curves of changes in the concentration of CO2, CO
and CH, in non-condensable gases behind the unit at
torrefaction PL in the fluidized bed of quartz sand particles,
windswept by superheated steam at 300 T

Table 1 shows the main characteristics of PL before and after
torrefaction.

As can be seen from Table 1, PL after torrefaction at a
temperature of 300 <T the oxygen content in the sample is
reduced 2.4 - 2.8 times with such a sharp decrease in the oxygen
concentration of PL, after its thermal treatment in a nitrogen
atmosphere in a fixed bed of particles of inert material, in a
nitrogen atmosphere in a fluidized bed of inert material in the
superheated steam in a fluidized bed of inert material.

With increasing hydrothermal carbonization temperature, the
mass yield of biochar decreased. At 180 <C mass yield was
57.88%, and at 210 <C decreased to 47.4%.

Table 2 presents the results of chemical analysis of PL content
after HTC depending on HTC temperature.

Comparison of the results shows that as a result of hydrothermal
carbonation of the PL (processing temperature 180-210 <C,
processing time 240 minutes), the carbon content in the PL can be
increased by 1.35 times, and the oxygen content is reduced by 2.2
times, the lower calorific value of the resulting fuel can be
increased by 1.25 times to 19.7 MJ/kg.

Table 1. Main characteristics of PL before and after
torrefaction

Determined Characteristics
Material Ash
C,% | H% | Ny% | S, % O, % LCV,
Row PL 41,4 57 4.8 0,8 30,7 16,6 16,7
PL after
torrefaction
(fixed bed, 47,6 3,7 6,3 096 | 109 | 305 | 18,9
Nz)
PL after
torrefaction | 4o 2 | 37 | 63 | 098 | 11,6 | 307 | 185
(fluidized
bed, Nz)
PL after
torrefaction | ya5 | 363 | 465 | 09 | 1255 | 30,1 | 188
(fluidized
bed, steam)

Table 2. Results of chemical analysis of PL content after HTC
depending on HTC temperature

PL content, % mass (on dry substance)

Temperature
of HTC, < C H N 0
3.31 24.28
180 49,1 55
190 49,7 55 3,5 22,47
200 50,3 5,35 3,63 17,5
210 55,3 5,56 3,97 13,8

Both the O/C and H/C atomic ratios of the hydrochar as shown in
Table 3 decreased with increasing treatment temperature and time.
The O/C atomic ratio fell to a greater extent than the H/C,
providing strong evidence that decarboxylation reaction occurred
during the torrefaction and HTC and suggests that
decarboxylation reactions are more important than dehydration

reactions [13].
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Figure 6. Van Krevelen diagram



The Van Krevelen diagram (Figure 6) was used to present the
elemental composition of different materials. It also provides an
insight into the possible reaction pathways for the formation of
hydrochars and their fuel quality [14]. In this figure, typical zones
for lignite, coal, anthracite and biomass, and major possible
reactions (dehydration and decarboxylation) are indicated.

Table 3. The ratio (H/C) and (O/C) for the original and heat-
treated PL in comparison with similar characteristics for

other types of fuel
Material H/C o/C
Raw PL 1.641 0.557
Torrefied PL  after 0.926 0.172
torrefaction (fixed bed,
N2)
PL after torrefaction 0.944 0.186
(fluidized bed, N,)
PL after torrefaction 0.897 0.194
(fluidized bed, steam)
PL after HTC (180 <C) 1.335 0.371
PL after HTC (190 C) 1.319 0.339
PL after HTC (200 <) 1.267 0.261
PL after HTC (210 <T) 1.198 0.187

As a result of torrefaction at a temperature of 300 <C in nitrogen
and superheated water vapor, the carbon content can be increased
by 1.16 times, and the oxygen content reduced by 2.8 times. The
lower heat of combustion of the fuel can be increased by 1.13
times to 18.8 MJ / kg. Given that the technology of processing
biomass by low — temperature pyrolysis in the fluidized bed
requires much less processing time (360-480 seconds), this
technology can be considered as an alternative to hydrothermal
carbonization.
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ABSTRACT

Based on our previous research, Auricularia delicata has been
detected as unique and important local mushroom in economic
and ecological values which were newly recorded in Turgo
tropical forest ecosystem, with exactly restricted distribution only
in Bingungan forest. This research aimed to know habitat
preferences of Auricularia delicata by using ecological
informatics approach regarding to management forest-fungi
efforts. To yield communicative interpretation, we used some
analyses from Pearson correlation among physical and chemical
characteristics of substrate as Auricularia delicata habitat, Bray-
Curtis similarity and distance indices, NMDS (Non-Metric
Multidimensional Scaling) ordination, hierarchical clustering with
UPGMA (Unweighted Pair Group Method with Arithmetic Mean)
and non-hierarchical clustering with K-means, till we could
categorize habitat preferences from the very good, good, poor, and
very poor categories.

CCS Concepts
Applied computing —
Bioinformatics

Life and medical sciences —

Keywords
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1. INTRODUCTION

The decision to monitor Auricularia delicata macrofungi species
in Bingungan forest is one effort of macrofungi conservation in
tropical rainforest ecosystems. In addition, the forest being
protected and conserved by Mount Merapi National Park
(TNGM).Auricularia delicata is known as “keprok” mushroom
which has potential values to fulfill nutrition for Turgo people.
Auricularia delicata is a type of macrofungi belonging to the jelly
macrofungi group. The results of the survey conducted by
Prasetiya et al. in 2017[1] showed that macrofungi jelly in
Bingungan forest had a second ecological importance value after
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agarics macrofungi group, with sequences of 89% and 138% of
total 300%.Auricularia delicata had the highest frequency (0.7),
with an ecological importance value of 71%. Interestingly,
Auricularia delicata was only found in Bingungan forest, not
distributed in the other forests of Turgo area such as Tritis forest
or Turgo forest. This fungus undergoes a process of fruiting in the
rainy season to the early dry season.

The importance of fungi in ecosystems is in the following four
major functions: (1) As decomposers, fungi drive the global
carbon cycle. (2) As mycorrhizal symbionts, they form absorptive
accessories to roots, linking the activities of separate plants and
underpinning primary production in forests, heathlands, and
grasslands. (3) Food sources for many wildlifes. (4) As parasites,
they regulate population dynamics of their hosts [2][3].

The forest fungi management is a concept to conserve priority
macrofungi in edible, rare, or unique categories [4]. Monitoring is
done in terms of habitat preferences and population dynamics.
Those methods are suitable to the concepts of macrofungi habitat
modeling. Therefore, we may describe clearly enough about
where macrofungi grow, and what kind of habitat characteristics
would influence the fruiting process.Thus, the habitat and
ecosystem management which support sporocarp formation of
Auricularia delicata can be maintained.

2. METHODS
2.1 Study Area

PETA PLOT PENCAMATAN Aurscularia delicaea

Legenda
PR Xyfans 9.
Kenhr

[0
bos

P07
Pt 8

Figure 1. Map of permanent sampling plots. The mushrooms
symbols show sampling plots area



This research was carried out in Bingungan forest, Turgo Natural
Forest Conservation Area, Mount Merapi National Park.
Bingungan Forest is located at the altitude of 1169-1193 m above
the sea level with the coordinate points of 04<36.422' South
Latitude - 04° 36.450' South Latitude, 916° 19.06" West
Longitude - 916< 18.70". The data were collected on nine
permanent plots that had been predetermined and coded as D01,
D02, D03, D04, D05, D06, D07, D08, and D09 that showed in
Figure 1.

2.2 Data Analysis

To determine habitat preferences, the Pearson correlation analysis
is used for among variables, those are tree species, decay class, C
organic, N total, C/N ratio, holocellulose, alphacellulose,
betacellulose, gammacellulose and lignin. Then these variables

are analyzed further using the Bray-Curtis distance and similarity
indices. Afterwards visualized by NMDS (Non-Metric
Multidimensional Scaling) ordination method. After knowing the
distance and similarity among plots/habitats, clustering is done
using UPGMA (Unweighted Pair Group Method with Arithmetic
Mean) and K-means based on Bray-Curtis distance and similarity
indices. Finally, habitat preferences can be categorized ranging
from the very good, good, poor, and very poor categories.

3. FINDINGS AND DISCUSSION

3.1 Habitat Preferences Analysis

Firstly, we are looking forward correlation beetwen physical and
chemical characteristics of substrates as Auricularia delicata
habitat.

Table 1. All measured variables of substrates as Auricularia delicata habitat. This table represents characteristics of each plot

sampling
Holo Alfa Gam Beta Lignin
Plot Species C% N % C/IN % % % ma% % % Decay | Dtot
D01 | Mallotus paniculatus | 52,89 1,37 38,60 53,11 | 33,63 | 19,48 | 46,89 42,58 4 2668
D02 | Erythrina sp. 55,83 | 0,86 64,91 43,01 | 23,07 | 19,94 | 56,99 50,84 3 247
D03 | Mallotus paniculatus | 50,16 2,42 20,72 25,28 | 16,79 8,49 74,72 46,40 3 703
D04 | Mallotus paniculatus | 52,38 | 2,02 25,93 45,75 | 1591 | 29,84 | 54,25 39,78 4 3018
D05 | Macaranga triloba 57,55 | 0,76 75,72 56,27 23,9 32,37 | 43,73 25,86 4 1393
D06 | Mallotus paniculatus | 50,89 1,19 42,76 55,03 | 33,46 | 21,57 | 44,97 37,91 0 55
D07 | Podachaenium sp. 4956 | 3,33 14,88 64,54 | 32,72 | 31,82 | 35,46 31,98 0 60
D08 | Mallotus paniculatus | 49,3 1,42 34,71 53,79 | 27,21 | 26,58 | 46,21 27,43 4 953
D09 | Macaranga triloba 56,81 | 0,79 71,91 54,03 | 25,19 | 28,84 | 45,97 45,68 3 264

Table 2. Pearson correlation analysis among variables of substrates as Auricularia delicata habitat. The numbers marked with the
blue color that mean strong-very strong positive correlation between variables. Meanwhile the numbers marked with thered color

that mean strong-very strong negative correlation betweenvariables

C N CIN Holo Alfa Gamma Beta Lignin Decay Species Dtot
C 0,07 -0,19 0,27 -0,07 0,20 0,39 0,35 0,06
N -0,04 | -0,01 -0,05 0,04 -0,11 -0,42 0,16 -0,02
CIN 0,16 0,30 0,27 -0,16
Holo 0,07 -0,04 0,16 -0,33 0,54 -0,09
Alfa -0,19 -0,01 -0,01 -0,52 0,21 -0,27
Gamma | 0,27 -0,05 0,25 -0,03 0,59 0,09
Beta -0,07 0,04 -0,16 0,33 -0,54 0,09
Lignin 0,20 -0,11 0,07 -0,59 0,02 -0,24 -0,06
Decay 0,39 -0,42 0,30 -0,33 | -0,52 -0,03 0,33 0,02 -0,34 !
Species 0,35 0,16 0,27 0,54 0,21 0,59 -0,54 -0,24 -0,34 -0,43
Dtot 0,06 -0,02 -0,16 -0,09 | -0,27 0,09 0,09 -0,06 -0,43

Table 2 shows a positive (simultaneous) or negative (inverse)
relationship among the variables of habitat preferences of
substrates which were overgrown with Auricularia delicata
based on the Pearson correlation analysis of calculated number
from Table 1 The closer the values to +1 or -1, the greater the

correlation between those variables. According to Sugiyono [5],
the interpretation of correlation coefficients can be categorized
into very low (p =0.00 - 0.199), low (p = 0.20 - 0.399), medium
(p =0.40 - 0.599), strong (p = 0.60 - 0.799), and very strong (p =
0.80 - 1,000). From Table 2 we would focus more on the
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correlation of number of fruit bodies production during
observation (Dtot) to the other variables. According to Table 2 a
strong correlation with production of Auricularia delicata fruit
bodies isdecay class, which means that the higher the decay
class, the more fruit bodies may be produced on the substrates.
The correlation analysis is still continued to see the significance
between variables throughthe p value (p value <0.05). If the p
value is <0.05, the relationship between these variables can be
generalized to all Auricularia delicata population, if the p value
is > 0.05, the relationship between two variables is not
significant.

Table 3 proves that the p value of the correlation between the
decay class and the total density of Auricularia delicata fruit

bodies is more than 0.05, that is 0.050062, which means that
there is no significance correlation between these two variables,
no causal relationship. This means that strong relationship
between these two variables may occur on a particular
substrate/plot or period. The correlation between habitat
preference variables can also be concluded through the
correlation plot in Figure 2, which states that if the color of the
variable plot gets closer to blue, the correlation becomes
stronger and more positive (simultaneous), and if the color of the
variable plot gets closer to red, the correlation becomes stronger
and negative (inverse). The plot which is crossed means that the
correlation between variables is not significant.

Table 3. P values of Pearson Correlation analysis among variables of substrates as Auricularia delicata habitat. The numbers
marked with the blue color that mean strong (positive)-significant correlation between variables. Meanwhile the numbers
markedwith the red color that mean strong(negative)-significant correlation between variables

C N C/N Holo Alfa Gamma Beta Lignin Decay | Species Dtot
0,8767
C 0,84257 | 0,61846 0,4659 0,84257 | 0,59319 | 0,29705 | 0,34306 4
0,9533
N 0,90263 | 0,97091 | 0,88486 | 0,90263 | 0,75874 | 0,25298 | 0,66438 9
0,6713
CIN 0,66659 | 0,97893 | 0,51537 | 0,66659 | 0,84115 0,4324 0,47195 5
0,08975 0,7987
Holo 0,84257 | 0,90263 | 0,66659 5 0,37234 | 0,13076 5
0,4800
Alfa 0,61846 | 0,97091 | 0,97893 0,62782 0,46578 | 0,14571 0,5835 8
0,07617 0,8140
Gamma 0,4659 0,88486 | 0,51537 0,62782 1 0,93484 | 0,08821 9
0,08975 0,7987
Beta 0,84257 | 0,90263 | 0,66659 5 0,37234 | 0,13076 5
0,08975 0,07617 | 0,08975 0,8600
Lignin 0,59319 | 0,75874 | 0,84115 5 0,46578 1 5 0,93933 | 0,52676 9
0,0500
Decay 0,29705 | 0,25298 0,4324 0,37234 | 0,14571 | 0,93484 | 0,37234 | 0,93933 0,36936 62
0,2364
Species 0,34306 | 0,66438 | 0,47195 | 0,13076 0,5835 0,08821 | 0,13076 | 0,52676 | 0,36936 8
0,05006
Dtot 0,87674 | 0,95339 | 0,67135 | 0,79875 | 0,48008 | 0,81409 | 0,79875 | 0,86009 2 0,23648
wif > > < (P > DEP & = = >

Figure 2. Pearson correlation plot of all measured variables of substrates as Auricularia delicata habitat
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Analysis of habitat preferences is deeply interpreted through
analysis of similarity and distance Bray-Curtis indices to
determine how similar habitats of the substrates which
overgrown with Auricularia delicata fruit bodies.

SI = A+B) x (100%)
Explanation:
SI : Similarity index
W : The smallest value of parameters measured in the

two points / plots that are compared

A : The total value ofparameters measured at plotA
B : The total value of parameters measured at plot B

The selection of the Bray-Curtis similarity index is based on the
goodness of applying this index to calculate various parameters,
whether it be species abundance or physical and chemical
factors of various sampling [6]. To get dissimilarity or distance
index we have to use an equation DI= (1 — SI) x 100%, DI
(dissimilarity index) and Sl (similarity index).

Table 4. Habitat preferences similarity based on Bray-Curtis index. The numbers marked withthe blue color mean the highest

similarity among plots

D01 D02 D03 D04 D05 D06 D07 D08 D09

D01 0,293785 0,469798 0,708181 0,203075 0,182113 0,58135 0,307021
D02 0,293785 0,627462 0,260902 0,463403 0,701053 0,626877 0,55302

D03 0,469798 0,627462 0,435581 0,673723 0,403647 0,384077 0,621306
D04 0,260902 0,435581 0,654606 0,165235 0,158358 0,269208
D05 0,708181 0,463403 0,673723 0,654606 0,311177 0,294957 0,497404
D06 0,203075 0,701053 0,403647 0,165235 0,311177 0,403175 0,708616
D07 0,182113 0,626877 0,384077 0,158358 0,294957 0,382591 0,65494
D08 0,58135 0,55302 0,403175 0,382591 0,583118
D09 0,307021 0,621306 0,269208 0,497404 0,708616 0,65494 0,583118

Table 5. Habitat preferences dissimalirity index based on Bray-Curtis index. The numbers marked with the red color that mean

the highest distance among plots

0,688823

D01 D02 D03 D04 D05 D08
D01 0,530202 | 0,065505 | 0,291819
D02 | 0,706215 0,372538 | 0,739098 | 0,536597 | 0,298947 | 0,373123 | 0,44698 | 0,055082
D03 | 0530202 | 0,372538 0,564419 | 0,326277 | 0,596353 | 0,615923 | 0,170607 | 0,378694
D04 | 0,065505 0,564419 0,345394

0,502596

0,291819 0,326277 | 0,345394 0,705043 | 0,172586
0,112028 0,291384
0,112028 0,34506
D08 | 041865 | 044698 | 0,170607 | 0,469801 | 0,172586 | 0,596825 | 0,617409 0,416882
D09 | 0692979 | 0,055082 | 0,378694 | 0,730792 | 0,502596 | 0,291384 | 0,34506 | 0,416882

From Table 4 we can see how similar the plots which are
represented by the index values, while Table 5 we can find out
among plots that have high or low dissimilarities. We try to
interpret plot DO1 that is very similar to D04 with the value of
93.44%, and DO1 has the largest distance to D06 and D07 with
the values of 79.69% and 81.78 %; plot D02 is very similar to
D09 with the value 94.91% and D02 has the largest distance to
D01 and D04 with the values of 70.62% and 73.90%; plot D03
is very similar to D08 with the value of 82.93% and D03 has the
largest distance to D06 and D07 with the values of 59.63% and

61.59%; plot D04 is very similar to DO1 with the value of 93.44%

and D04 has the largest distance to D06 and D07 with the values
of 83.47% and 84.16%; plot D05 is very similar to D08 wih the
value 82.74% and D05 has the largest distance to D06 and D07

with the values of 68.88% and 70.5%; plot D06 is very similar
to DO7 with the value 88.79% and D06 has the largest distance
to D01 and D04 with the values of 79.69% and 83.47%; plot
D07 is very similar to D06 with the value 88.79% and D07 has
the largest distance to DO1 and D04 with the values of 81.78%
and 84.16%; plot D08 is very similar to D03 and D05 with the
values of 82.93% and 82.74%and D08 has the largest distance to
D06 and D07 with the values of 59.68% and 61.74%; plot D09
is very similar to D02 with the value of 94.91% and D09 has the
largest distance to D01 and D04 with the values of 69.29% and
73.07%.

The results of these similarity and dissimilarity data analyses
will be very helpful for multidimensional ordination techniques.
This ordination is a way to summarize data in the coordination



form. The results of the ordinated data analysis will be
presented in the form of a graph that displays the points as the
representative of the sampling plot studied. The plots or
sampling points are placed with their position directly close to
the level of similarity, so that the coordinate points can explain
whether they have a clustering pattern or not. In addition,
deciding the pattern of group or cluster formation is based on
personal considerations which apparently also depend on the
researchers’s understanding of the habitat conditions of study
[7].Ordination decided to visualize plots coordinates is NMDS
(Non-Metric Multidimensional Scaling).

Coordinate 2

Figure 3. NMDS ordination of all plots based on Bray-Curtis
similarity index with abiotic factors imaging (C, N, C/N ratio,
lignin, alphacellulose, holocellulose, gammacellulose,
betacellulose and decay class). Symbols: sMallotus
paniculatus; *Erythrina sp.; mMacaranga triloba;
APodachaenium sp

From the result of NMDS ordination graphs in Figure 3, it can
be seen that there are clustering patterns in each quadrant. In
quadrant | there is clustering formation between plot D02 and
plot D09; clustering among plot D03, plot D05, and plot D08 in
quadrant IlI; clustering between plot D01 and plot D04 in
quadrant Ill; clustering between plot D06 and plot D07 in
quadrant IV. It also can be summarized significance correlation
between environmental variables and plot similarities. To ensure
how similar and dissimilar among plots, the graph can be
represented in Table 6 and Table 7 as follows:

Table 6. Plots coordination numbers based on NMDS graph.
Each cluster has to be marked with representative color in
graph: the blue color for cluster in quadrant I, the red color
for cluster in quadrant 11, the yellow color for cluster in
quadrant 11, and the aqua color for cluster in quadrant IV

Coordinate 2
-0.17669

Coordinate 1
-0.30246

Name
D01

D04 -0.31199 -0.20797

D06
D07

0.41705
0.41156

-0.1939%4
-0.15881
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Table 7. The environmental variables coordination number

based on NMDS graph

Name Coordinate 1 | Coordinate 2
C % -0.1204 0.33621
N_% 0.16401 -0.34358
C/N_rasio_% | 0.0064486 0.44056
Holo% 0.31738 -0.47228
Alfa% 0.46176 -0.42225
Gamma% 0.056858 -0.3146
Beta% -0.31738 0.47228
Lignin% 0.17243 0.33739
Decayclass -0.90053 0.32828

fopt

Figure 4. Sheppard plot of NMDS analysis shows that there
is no stress in ranking process of the resultls. Strees value=0

NMDS can make few assumptions about the nature of the data.
For example, the principal component analysis assumes linear
relationships and reciprocal averaging assumes modal
relationships. However, NMDS makes neither of these
assumptions, so is well suited for a wide variety of data
including environmental variables [8]. The best result is the one
that reflects the rank-order of distances in the original
dissimilarity and similarity calculation. The statistics that
reflects how well the configuration represents the distances is
called ‘stress’. A smaller stress value means that a better NMDS
ordination is calculated. Figure 4 shows final stress values
which should ideally be smaller than 10% and not larger than
30%[9].

In NMDS visualization above we only made a summary of the
plots which are clustered, but unable to measure which cluster is
the best and the worst and how many clusters really there are. To
solve this distraction, it is recommended to do an analysis of the
ecological distance by clustering methods. Clusters are formed
with hierarchcical clustering methods with the UPGMA
ecological distance evaluation based on similarity Bray-Curtis
index. Hierarchical clustering methods do not only cluster sites
by species composition on each site, but it can also cluster the
various clusters from various parameters that were formed
earlier in the clustering process.Thus, hierarchical clustering
methods provide a hierarchy for the similarity of sites [9]. The
results of a hierarchical clustering can be used to classify plots
as Auricularia delicata into groups. The classification is defined
by choosing a certain distance level, or by choosing a fixed



number of clusters as an alternative way of using non-
hierarchical clustering methods such as K-means.

L

Figure 5. Clustering analysis result using hierarchical
clustering (UPGMA method) based on Bray-Curtis
similarity index. The plots are classified into 5 clusters, but
from NMDS gives 4 representative clusters. N Bootstraps =
1000; Cophenetic correlation = 0, 8458

Table 8. Clustering analysis result using non hierarchical
clustering (K-means) that classify plots into 4 groups when
we choose 4 as fixed number clusters

Item Cluster Category

D01 1 Very good

Very good

D04
D06 Very poor
D07 4 Very poor

Based on the value of cophenetic correlation that classical
dendogram in Figure 5 is very good and is a representative of
the formed clusters. The closer value to 1 the more
representative the relationship of the closeness of cluster [10].
From the results of the clustering in Table 8we can conclude
after approaching the methodthat there are four habitat
categories of Auricularia delicata in Bingungan forest, The
Very Good group consists of plots D01 and D04; The Good
group consists of plots D03, D05, and D08; The Poor group
consists of plots D02 and D09; The Very Poor group consists of
plots D06 and DO7.

3.2 Habitat Characteristics and Fungal

Strategies

Most of Basidiomycota group fungi can be categorized into
white-rot fungi which prefer degrading lignin in the down woods
to cellulose; the texture of down woods after being decayed
would be fibrous and the color would be bleached [11].
Auricularia delicata produces a white rot on dead and decaying
wood. It produces class Il heme peroxidases such as lignin
peroxidases LiP and manganese peroxidases MnP. dye-
decolorzing  peroxidases  with  manganese-independent
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peroxidases activities have been demonstrated [12]. In fact the
succession of the fruiting process of white-rot macrofungi was
able to occur in all decay classes [13]. We found Auricularia
delicata macrofungi were thriving on 3 and 4 decay classes at 3
species. They are Mallotus paniculatus, Macaranga triloba, and
Erythrina sp. also as parasite at some tree species, like
Podachaenium sp. and Mallotus paniculatus. Previous studies
showed Auricularia delicata associated and form fruit bodies at
rubber plantation (Hevea brasiliensis) and oak trees (Quercus
griffithii) [14].

Auricularia delicata possibly can be found growing on fallen
trees trunks or branches, and occasionally on the moss of living
trees [15] and it is primarily found in wet forest [16]. In
Bingungan Forest, most of all substrates as Auricularia delicata
habitat are trunks which after being colonized some macrofungi
not only A. delicata (some agarics and Xylaria polymorpha have
been found), the trunks texture would be soft and fibrous,
because of much lignin loss. Another case, evidently A. delicata
is able as ephiphyte organism (living on the surfaces of plants)
on primary branches of Mallotus paniculatus and a trunk of
Podachaenium sp. but their hostsare still alive. This fungal
strategy is called biotroph whichin the latter case one might be
expected that though local digestion of host tissue may be
necessary for penetration or establishment of the pathogen, only
simple nutrients would be removed from the host [17]. This
phenomena may explain the reason why that living tree (D06
and DO07) belongs to the very poor category habitat for epiphyte
Auricularia delicata; some show special adaptations to the plant
surface, which is a challenging environment, being dry, waxy
and exposed to direct sunlightand the natural response of plants
to fungal pathogens is to produce defensive plant hormones such
as salicylic acid, jasmonates, and ethylene [17][3]. So
epiphytesare is often pigmented (particularly melanised) to
protect them from UV radiation, and the energy is most using in
terms of survival. Thus, fruit bodies of A. delicata are not many
to be produced.

If we take a look at the very good category habitat for
Auricularia delicata those are D01 and D04 to produce fruit
bodies, we will realize there are some similar characteristics of
tree species (Mallotus paniculatus), chemical contents, decay
class, and finally taking effect to fruit bodies production. Their
characteristics is also close D05 (Macaranga triloba), but plot
D05 has high C/N ratio about 75.7%. By increasing the C/N
ratio of wood materials, it may reduce the ability of saprotrophic
ormycorrhizal fungi to decompose the substrates [18].

4. CONCLUSION

We have determined succesfully which the best substrate as
Auricularia delicata in Bingungan Forest, Turgo Natural Forest
Conservation Area based on ecological informatics approach
that we use; from Pearson correlation, similarity and
dissimilarity indices, ordination, and clustering methods. We
suggest to use this approach to analyze another macrofungi
habitat the next forward. Choosing ordination and clustering
methods depends onparticular conditions and the researchers’s
consideration.
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