
Abstract
Chitin, a natural polymer, has been added to soil to enhance

plant resistance to pathogens, yet its impact on soil’s chemical and
biochemical properties remains unclear. Standard methods to
measure these properties are often slow and labor-intensive. This

study aimed to assess pH, total DNA, chitinase activity, and trpB
gene DNA targeting for the identification of pathogen
Streptomyces scabies in chitin-treated soil using both conventional
wet chemical analysis methods and near-infrared (NIR) spec-
troscopy for rapid measurement. Five soil groups were treated
with varying chitin levels (control, 0.2% and 2% fungus chitin,
0.2% and 2% Sigma chitin) and sampled every 9 days over 122
days. NIR reflectance spectra (900-1,685 nm) from the soil sam-
ples were acquired at each sampling time. Partial least squares
regression models  were developed using preprocessing methods
like Kubelka-Munk, second derivative, and smoothed data. The
second derivative model for 900-1,660 nm yielded high predictive
accuracy with R² values of 0.915, 0.892, and 0.810 for pH, total
DNA, and trpB gene DNA respectively. This study demonstrates
the potential of NIR  spectroscopy coupled with partial least
squares algorithms as a rapid, cost-effective method for estimating
soil biochemical properties.

Introduction
Soil provides nourishment to the plants, which is essential for

the production of crops. However, soilborne pathogens and pests
can cause great production losses, and they can persist in soil for
many years. Chemical pesticides as one of the conventional pest
control approaches are widely used in agricultural production sys-
tems. However, increasing concerns about the negative effects of
pesticides and stringent regulations on their use call for new envi-
ronmentally friendly pest control methods to replace these con-
ventional chemical approaches. Biological methods such as bio-
pesticides and biological control represent such an approach that
will have minimal or no negative effects on humans and the envi-
ronment. Different from conventional chemical pesticides, biolog-
ical methods apply natural mechanisms against pathogens and
pests. With increasing demands for clean (chemical-free) agricul-
tural products, particularly organic products, it is expected that
biological methods will be increasingly adopted for a wide range
of cropping systems to protect crop production.

Chitin is a primary component of fungal cell walls and the
exoskeletons of crustaceans and insects. Chitin can function as a
plant disease vaccine to protect crops (Yin et al., 2010). It has
been reported that chitin and chitosan can induce resistance to
plant pathogens (Reddy et al., 1999; El Hadrami et al., 2010),
inhibit fungal and bacterial growth (Bautista-Baños et al., 2006),
improve seed quality (Zeng and Shi, 2009; Zeng et al., 2010), and
benefit wounded leaves recovery (Pearce and Ride, 1982).
Besides, adding chitin made from shrimp and crab byproducts to
soil can inhibit the growth of nematodes and fungal pathogens
(Cardenas et al., 1997; Kokalis-Burelle, 2001; Andreo-Jimenez et
al., 2021), and adding chitin in the soil can also promote chitin uti-
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lization bacteria to generate chitinase for reduction of plant
pathogens and insects (Chae et al., 2006; Poulsen et al., 2008).
Thus, chitin could be used as a soil amendment material to protect
crops. However, the effects of chitin on the chemical and biochem-
ical properties of soil are not well understood and under-
researched. 

Conventionally, scientists rely on pH and deoxyribonucleic
acid (DNA) measurements for the assessment of soil biochemical
conditions. Soil pH gives the level of either alkalinity or acidity;
for instance, slightly acidic soils provide optimum conditions for
macro- and micro-nutrients availability (Brady and Weil, 2008;
Ghehsareh and Namadi, 2012). Baig et al. (2020), reported that pH
has proven to have a direct influence on soil nutrients, plant
growth, and their development. Hence, soil pH has become an
essential element or indicator for understanding the availability
and weathering of soil nutrients and the relationship between soils
and biota. With the use of polymerase chain reactions (PCR) for
DNA tests, it can unravel the genetic information of organisms pre-
sent in the soil by assessing their development and functioning
(Nakatsu et al., 2000). Therefore, pH and DNA can offer effective
means for quantifying soil microbiological and chemical charac-
teristics and provide independent analyses of changes in the soil’s
microbial communities’ structures and functions (Kumar et al.,
2020, 2021). However, these two tests are costly (sampling meth-
ods and kits), require laboratory-based chemical analyses, and are
time-consuming. Over the past two decades, near-infrared spec-
troscopy has been widely used as a quick and nondestructive ana-
lytical technique for soil composition and/or property analysis,
because of its ability to relate the diffusely reflected radiation with
various physical and chemical properties of soil (Chang et al.,
2001; Hummel et al., 2001; Peng et al., 2014; Xuemei and Jianshe,
2014). When soil samples are illuminated with visible and near-
infrared light, certain bonds in the molecules vibrate with the
changing electric field as the optical energy from vibration is
absorbed thus reducing the amount of light reflected off the sam-
ple. While visible (Vis) spectra (400-700 nm) have been used to
investigate the soil organic content with selected wavelengths, e.g.
564, 660, and 623 nm (Krishnan et al., 1980), most soil-related dif-
fuse reflectance studies have utilized the visible-to-near-infrared
(Vis-NIR) regions between 400-2,500 nm (Blanco and Villarroya,
2002; Wang et al., 2015), due to the existence of functional groups
such as O-H, N-H, and C-H which are associated with the domi-
nant absorptions peaks in this region (Blanco and Villarroya,
2002). Additionally, Vis-NIR reflectance spectroscopy has been
used to evaluate the organic matter, moisture content, and cation
exchange for surface and subsurface soils (Hummel et al., 2001).
However, to our knowledge, no studies have been reported on
using Vis-NIR or NIR spectroscopy for measuring soil DNA and
the microbial community of chitin-treated soil.

In this study, soil biochemical parameters namely pH, DNA,
and pathogen DNA from five treatment groups with different lev-
els of chitin were measured using the conventional laboratory-
based chemical analysis methods. Subsequently, NIR reflectance
spectra (900 nm-1,685 nm) were acquired from the same soil sam-
ples and pre-processed using the Kubelka-Munk (KM) and
Savitzky Golay (smoothing and second derivative) methods.
Partial least squares regression (PLSR) models were then devel-
oped using the pre-processed spectra data, to i) evaluate the poten-
tial of NIR diffuse reflectance  in assessing the soil biochemical
parameters; and ii) compare the performances of the PLSR models
for the three pre-processing algorithms, namely KM, second order
derivative and smoothing, in predicting the soil biochemical
parameters. 

Materials and Methods
Fungal chitin preparation

A filamentous fungus, Rhizopus oryzae (ATCC 9363), was
cultured in the lab to generate biomass as the fungal chitin mate-
rial following our previous work (Liu et al., 2008). Modified
Yeast-Peptone-Dextrose (YPD) was used as the seed medium,
including 10 g/L yeast extract, 20 g/L peptone, 20 g/L glucose,
and 3 g/L CaCO3. 1 mL spores suspension (108/mL) was inoculat-
ed into 200 mL of the seed medium to produce seed broth at 27
°C, 180 rpm for 24 h. 10 mL seed broth was inoculated into 200
g of the fermentation medium to produce biomass at 27 °C, 180
rpm for 8 days. The fermentation medium contained: 200 g/L
fresh potato, 5 g/L amylase, 1.5 g/L CaCO3, 10 g/L peptone, and
5 g/L yeast extract. The mycelium was collected at the end of fer-
mentation after autoclave and then soaked in 5% HCl for 15 min
to remove the residue CaCO3. The biomass was then washed with
running water until pH neutral and lyophyolized to generate dry
biomass as the fungal chitin material. The glucosamine amount in
the dried biomass was measured as the chitin content
(Chysirichote et al., 2014).

œ
The soil was collected from a potato farm located in Michigan

(43.569220 N, 85.242350 W) and passed through a 10-mesh sieve
to prepare the chitin-treated soil. Five groups of soil treatments
were prepared, which included the lab-prepared fungal chitin
(0.2% Fungus chitin/100 g soil, 2% Fungus chitin/100 g soil),
commercial chitin (Sigma chitin Cat. No, 0.2% Sigma chitin/100 g
soil, and 2% Sigma chitin/100 g soil and controls (the original
soil). The moisture of the mixed soil was adjusted to 50% by
adding autoclaved deionized water (DI) water.

Soil sample measurements
Laboratory chemical analyses for each of the five treatment

groups in three replicates were done at 0, 9, 21, 30, 48, 60, 75,
91, and 122 days for the following measurements: i) soil pH:
the pH was measured with a pH meter by saturating a 1 g sam-
ple with 2 mL ultra-pure water for 1 h. ii) Chitinase activities:
0.5 g soil was added into 1mL Phosphate-buffered saline (PBS)
solution vortex mixing for 30 s before centrifugation at 10,000
rpm for 1 min; the chitinase activity of the supernatant was
detected and calculated according to the recommended protocol
in the Chitinase Assay Kit (Catalog #CS0980-1KT, Sigma-
Aldrich, St. Louis, MA, USA). iii) Soil total DNA extraction:
DNeasy Powersoil Pro kits (Catalog #47014, QIAGEN,
Germantown, MD, USA) were used to extract DNA from the
soil samples. The extracted DNA was stored at -80◦C for future
uses. The concentration of DNA was quantified using a fluores-
cent dye (Picogreen) method with a FLUOstar OPTIMA
microplate reader (DR-200B, Diatek Instruments Co., Ltd,
Wuxi, China). DNA standards with concentrations of 0, 1.25,
2.5, 5, 10 ng/µL DNA was used to generate the standard curve
for sample DNA calculations. iv) Quantitative polymerase
chain reaction (qPCR) for pathogen analysis: trpB gene, target-
ing for specific identification of potato pathogen Streptomyces
scabies (Xu et al., 2016), was monitored and quantified by a
CFX ConnectTM Real-Time PCR Detection System with
SsoAdvanced Universal SYBR Supermix (Catalog# 1725272,
Bio-Rad, Hercules, CA, USA). The sequences of the forward
primer trpB280F, and the reverse primer trpB405R are shown in
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Table 1. The primer concentration was optimized, and the best
final concentration is 500 mmol/L. The total extracted DNA
samples were normalized to 1 ng/uL as the templates before
qPCR quantification. The optimized annealing temperature was
65�. The other reaction conditions were performed according
to the recommended protocol in the Bio-Rad SsoAdvanced
Universal Kit. The trpB gene was used as a standard to con-
struct a standard curve. The efficiency of the qPCR assay was
90-105% under the optimized conditions. 

Near-infrared reflectance spectra measurement
Following the laboratory chemical analysis, the soil samples

were scanned to acquire NIR reflectance spectra over 900-1,685
nm using an NIR spectrometer (NIR-512L-1.7T1:-10-
USB/1.5/25um, Control Development, Columbus, OH, USA). For
the five treatment groups, each soil sample was placed in a cylin-
drical PVC sample holder of 50 mm inner diameter and a height of
65 mm. The NIR light source was placed 60 mm above and per-
pendicular to the sample surface whereas the spectrometer’s
detecting probe was arranged 30o from the light source and 64 mm
above the sample (Figure 1). Each sample was scanned three
times, and a total of 135 spectral acquisitions (i.e., 5 groups × 3
replicates × 9 days) were measured in the whole experiment for
analysis. For every sampling date, the blank/dark reflectance was
acquired by turning off the light when scanning. A 40% certified
reflectance standard disk (Labsphere, Inc., North Sutton, NH,
USA) was used as a reference reflectance, which allowed the use
of the same instrument measurement settings, without causing sig-
nal saturation to the NIR sensor. 

Reflectance data pre-processing
After sampling, the dark measurement was subtracted from the

sample and reference measurements to normalize the values to
zero. Thereafter, relative reflectance spectra were calculated by
dividing the dark-corrected sample reflectance by the dark correct-

ed reference reflectance multiplying by a constant value of 2.5.
Multiplying the dark corrected reference reflectance by a constant
value of 2.5 would be equivalent to generating a new reflectance
that would have been obtained with a 100% standard reference.
The relative reflectance data was then subjected to the KM pre-
processing treatment to eliminate the backscattering effect
(Alcaraz de la Osa et al., 2020) from the soil samples, which main-
ly come from an infinite number of layers that cause absorption
fraction and remission fraction. Furthermore, the Savitzky Golay
smoothing and second derivative techniques were also applied to
the relative reflectance data, respectively, to remove the scattering
effect resulting from soil particles. During the analysis, two wave-
length ranges were evaluated for regression analysis: whole wave-
length (900-1,685 nm) and 900-1,660 nm (excluding reflectance
>1,660 nm because of lower signal-to-noise ratio).

Data processing and modeling of the biochemical
properties of chitin-amended soil samples 

Partial least squares regression (PLSR) was conducted to
assess the feasibility of using NIR spectra to determine the bio-
chemical parameters (pH, total DNA, and trpB DNA) of the soil
samples with different chitin treatments. MATLAB software
(MATLAB 9.5 R2023b; The MathWorks, Inc., Natick, MA, USA)
was used during the data processing. To establish and validate the
calibration model, the data were divided into two sets: the calibra-
tion set (70%) and the prediction set (30%). A PLSR prediction
model was established using the reflectance data pre-processed
with each of the three techniques described above to predict the
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Figure 1. Near-infrared (NIR) instrumentation setup for soil reflectance measurement.
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Table 1. The primers of the trpB gene used for qPCR.

Primer                            Nucleotide sequence (5’-3’)

trpB280F                            TGGGTCGCCAACGTCGACCG
trpB405R                           GCGGCGCCAGATCCTCGAACG
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pH, total DNA, and trpB DNA of the soil. The model performance
was evaluated using the coefficient of determination for validation
or prediction, R2pred (Eq. 1), the root mean squares error of predic-
tion RMSEpred (Eq.  2) (Omwange et al., 2020), and the residual
prediction deviation for prediction, (RPDpred) (Forouzangohar et
al., 2008). RPD is defined as the ratio of the standard deviation of
observed values (STDEVobs) for all calibration samples to the
RMSEobs (Eq. 3) for prediction samples. According to Baillères et
al., (2002); where a value above 2.0–3.0 can be used for rough
screening.

                                   
(Eq. 1)

                                   
(Eq. 2)

                                   
(Eq. 3)

where n is the sample number, yobs is the measured value, ypred is
the predicted value, ymean is the average value.

Results and Discussion
Effects of chitin amendment on soil pH 

The initial pH of soil samples was 5.5, 5.6, 6.0, 6.1, and 6.3 for
control, fungal chitin 0.2%, fungal chitin 2.0%, sigma chitin 0.2%
and sigma chitin 2.0%, respectively, as seen in Figure 2. The pH of
the treated groups at day 0 was slightly higher than the control,
mainly due to the neutral pH of the chitin materials. The pH of the
control treatment was stable over the 122-day period, while that of
the other treatment groups changed significantly over time with
different tendencies during the entire experiment period. The pH of

the soil decreased gradually when a small amount of chitin was
added; for instance, the pH of fungal chitin 0.2% and Sigma chitin
0.2% decreased consistently by 1.5 at the end of the experiment.
However, the soil pH of the fungal chitin 2.0% and Sigma chitin
2.0% treatments increased to about 8.7 and 8.5, respectively, with-
in 9 days after the treatment before they started to fall or remain
stable for the remaining period. In general, addition of chitin had a
significant effect on the soil pH; 0.2% chitin treatment slightly
altered the pH of soils, making them more acidic; however, chitin
containing more fungus biomass would have a long-lasting effect
on the soil pH. At the end of the experiment (after 122 days), the
pH for all the samples have become more acidic except for Fungal
chitin 2.0% (Figure 2).

                             Article

Figure 2. Soil pH changes over a period of 122 days after five
chitin treatments (i.e., 0.2% and 2.0% fungus chitin, 0.2% and
2.0% Sigma chitin, and the control or no chitin). The whiskers
shown in the graph represent two standard deviations. Each value
in the figure represents the average of three replicates.

Figure 3. Soil DNA changes of the soil samples over a period of 122 days after five chitin treatments (i.e., 0.2% and 2.0% fungus chitin,
0.2% and 2.0% Sigma chitin, and the control or no chitin): a) total DNA, and b) the trpB DNA concentration targeting on the identification
of Streptomyces scabies. The whiskers shown in each graph represent two standard deviations. Each value in the figure represents the
average of three replicates.
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Figure 4. a) Soil chitinase activity for 2.0% fungal chitin treatment - all measurements at optical density at 405 nm (OD 405); N, β-N-
acetylglucosaminidase activity; NN, chitobiosidase activity; NNN, endochitinase activity detectionand. b) β-N-acetylglucosaminidase
activity for all the treatments. 

Figure 5. Partial least squares regression results for pH a), total soil DNA b) and trpB DNA c), using the second derivative of the
reflectance spectra data for 900-1,660 nm.
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Effects of chitin amendment on soil total DNA and
the potato common scab pathogen DNA

The change in total DNA represented the modifications in the
overall population of the microbiome. As can be seen from Figure
3a, total DNA for control samples was stable till day 60 and then
increased, while the other treatments had higher total DNA and
larger variations in the entire experiment period. The effect of fun-
gus and sigma on total DNA was smaller after 90 days. At the end
of the experiment, the fungus-treated soils had higher total DNA
than the control samples, while the sigma chitin-treated soils had
lower total DNA than the control samples. In Figure 3b, trpB DNA
for control was unchanged, while trpB DNA varied significantly
for other treatments. The trpB DNA significantly lower than the
control after 60 days. For the fungus chitin 2.0% treatment, a sig-
nificant increase in total DNA (about 5 folds of the initial amount)
was observed; increasing amounts of total DNA in soils caused a
decrease in relative DNA amounts of the pathogen, and this was
confirmed by trpB DNA data (Figure 3b) as the trpB DNA was
almost undetectable (Figure 3b). These results demonstrate that
fungal biomass as a chitin-rich fertilizer can alter the soil’s chemi-
cal and biochemical properties thereby impacting the pathogen
population, and thus affecting crop productivity.

Chitinase activity
From the results presented in Figure 4, it can be noted that the

highest chitinase activity was recorded in the 2.0% fungal chitin-
treated soils, whereas there was no significant difference in the
chitinase activity between the control and other treatments. Chitin
is an integral component of fungal cell walls, but it is not present
in plants. Most chitinase-producing bacteria have antagonistic
effects on fungi, and most chitinase can also inhibit the growth of
fungi in vitro. Therefore, chitinase is regarded as a safe and highly
selective pesticide target, which has attracted a lot of research
interest to study the application of chitinase in biological control
(Herrera-Estrella and Chet, 1999; Chandrashekara et al., 2012;
Jabeen and Qazi, 2014). Three chitinase activities (N, NN, and
NNN) peaked at 21 days and decreased as time progressed for fun-
gus 2.0% treatment as seen in Figure 4a. Adding 2% of commercial
Sigma chitin slightly increased the β-N-acetylglucosaminidase
activity and no significant changes of chitinase activities were
observed for low level of chitin treatments (Figure 4b). The data
indicated that adding more fungal chitin could promote the gener-
ation of soil chitinases. 

Regression analysis results
PLSR results from the soil reflectance spectra data for predict-

ing pH, total DNA, and trpB DNA are shown in Table 2 and Figure

5. The PLS models with each of the three pre-processing methods
(i.e., second derivative, KM, and smoothing) could potentially
monitor the pH, DNA, and trpB DNA of the soil.  Among the three
pre-processing methods, the second derivative had better results
compared with the other two because of its ability to eliminate
baseline noise due to the light scattering effect. For pH using the
spectra data of the whole wavelength (900-1,685 nm), the highest
R2 (0.886) was achieved using the 2nd derivative model, and the
highest RPD (2.640) was obtained from the smoothing model
(Table 2). Since much noise was observed on the spectral data
between 1,661-1,685 nm,  PLS models for the spectral range
between 900-1,660 nm have resulted in better predicted pH results
with the R2 values of 0.915, 0.864 and 0.887; RMSEP of 0.387,
0.651 and 0.573; and RPD of 3.476, 2.440 and 2.964 (Figure 5 a-
c, respectively). While improvements in predicting the total DNA
were also observed, improvements for trpB DNA were either small
or nonexistent. The results for pH prediction using the spectral
region of 900-1,660 nm suggest that NIR technique can be used for
predicting the pH value of chitin treated soils; and the technique
also has potential to classify chitin treated soils based on the level
of total DNA. However, NIR technique is not likely to provide
accurate assessment of trpB DNA in chitin treated soils. While the
NIR technique showed promising results for assessing the three
chemical/biochemical parameters, further studies are needed to
test and evaluate the models using soil samples directly collected
from the potato growing field treated with different levels of fungal
biomass. 

Contribution of individual wavelengths to PLS
weights

Since the first LV generally has the highest weights on the
PLSR model compared to the other LVs, it is thus helpful to under-
stand how individual wavelengths contributed to this LV for the
PLSR model. The model of the data (second order derivative, KM,
and smoothing ) for every parameter under consideration (pH, total
DNA, and trpB DNA) are shown in Figure 6. Maximum peaks for
the first LV was observed for pH at 1,428 nm over a broad wave-
length range of 1330-1,600 nm, with the cumulative contribution
of 28.4% over the entire spectra; for DNA at 1,425 nm (a broad
range of 1,330-1,600 nm) and a cumulative contribution of 25.3%.
Both of these peaks had a positive contribution to the model
(Figure 6 a,b). For trpB DNA (Figure 6b), 1,417 nm (a broad range
of 1,350-1,555 nm) had a negative contribution and explained vari-
ance of 16.0%. Similar tendencies were observed for the model
with the smooth pre-precessing method. However, for the second
order derivative method, more than one sharp peak emerged at
1,345 nm (positive contribution) 1,388 nm, and 1,428 nm (nega-
tive contribution) for pH; 1,329 nm and 1,355 nm (positive contri-
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Table 2. Results from partial least squares regression models for the pH, total DNA, and trpB DNA of soil samples.

Wavelength     Pre-processing       pH                                DNA (ng/µL)           trpB DNA (ng/µL)
range (nm)       method 
                                                        LVs     R2   RMSEP    RPD         LVs     R2    RMSEP    RPD              LVs        R2       RMSEP     RPD

900-1,685              2nd derivative               7       0.886     0.633        2.466             8      0.903    14.256       2.424                   7         0.805         1.899          2.173
                              KM                              8       0.826     0.734        2.211                     0.811     14.792       2.324                               0.566         2.752          1.442
                              Smoothing                           0.868     0.552        2.640                     0.763    17.938       1.936                               0.681         2.275          1.784
900-1,660              2nd derivative              7       0.915     0.387        3.476                     0.892    12.785       2.426                               0.810         2.275          1.764
                              KM                              8       0.864     0.651        2.440                     0.825    13.534       2.404                               0.566         2.516          1.543
                              Smoothing                           0.887     0.573        2.964                     0.796    17.425       2.174                               0.662         2.316          1.728
LVs, number of latent variables; R2, coefficient of determination for prediction; RMSEP, root mean squared error of prediction; RPD, ratio STDEVobs-RMSEtest.
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bution) and 1,371 nm, 1,412 nm and 1,443 nm (negative contribu-
tion) for DNA and 1,340 nm (negative contribution) 1,379 nm and
1,419 nm (positive contribution) for trpB DNA respectively. Based
on these findings, the wavelength range between 1,300-1,600 nm
came out as the most significant wavelength region for the assess-
ment of pH, DNA, and trpB DNA of chitin treated soil samples. It
should be mentioned that water absorption occurs at the wave-
length of around 1,450 nm, which is close to the peak wavelengths
identified in this study. However, it should be mentioned that in the
current study, the soil moisture content was maintained at around
50%, which has enabled us to minimize or eliminate the effect of
moisture on the developed models and in the wavelength contribu-
tion analysis.

Conclusions 
This research showed that chitin treatment has caused changes

in the soil pH, total DNA, and trpB DNA. Small amounts of fun-
gal chitin treatment (0.2%) slightly lowered the pH of the soil,
making it more acidic; however, higher chitin treatments with
more fungus biomass (2.0%) have resulted in a significantly higher
soil pH over a longer period. This suggests that the fungal biomass
of chitin-rich fertilizers can modify the chemical and biochemical
soil properties, thus affecting the population of pathogens and
eventually crop yields. The NIR reflectance technique, coupled
with the PLSR modeling approach based on the 2nd derivative and
smoothed data, was able to predict the three biochemical soil prop-
erties , i.e., pH, total DNA, and trpB DNA, with the best R2 values
of 0.915, 0.892 and 0.810, respectively. Further analyses of wave-
length contributions showed that the spectral region of 1,300-1,600
nm was the most significant for predicting the soil biochemical
properties. Hence, NIR reflectance spectroscopy could provide a
fast and low-cost alternative method for assessing the change of
biochemical properties of soil treated with fungal biomass. Finally,
further studies are needed to test and evaluate the NIR models for
assessing the biochemical properties of soil samples directly col-
lected from potato growing fields.
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