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Abstract

Background: Rice quality research attracts attention worldwide. Rice chalkiness is one of the key indexes detgrmining
rice kernel quality. The traditional rice chalkiness measurement methods only use milled rice as materials and| are
mainly based on naked-eye observation or area-based two-dimensional (2D) image analysis and the results dqould not
represent the three-dimensional (3D) characteristics of chalkiness in the rice kernel. These methods are neithgr in vivo
thus are unable to analyze living rice seeds for high throughput screening of rice chalkiness phenotype.

Results:Here, we introduced a novel method for 3D visualization and accurate volume-based quantification offrice
chalkiness in vivo by using X-ray microcomputed tomography (micro-CT). This approach not only develops a povel
volume-based method to measure the 3D rice chalkiness index, but also provides a high throughput solution for rice
chalkiness phenotype analysis by using living rice seeds.

Conclusions:Our method could be a new powerful tool for rice chalkiness measurement, especially for |high

throughput chalkiness phenotype screening using living rice seeds. This method could be used in chalkiness
phenotype identification and screening, and would greatly promote the basic research in rice chalkinegs
regulation as well as the quality evaluation in rice production practice.
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Background and white-base (Yoshioka et &2007 Bowles2012. Pre-
Rice is the staple food for more than two thirds of the vious research showed that rice chalkiness formation
population in China and over half of the population in was related to abnormal carbohydrate metabolism such
the world, thus previous research on rice grain yield andas starch biosynthesis and cell wall growth, the opaque
quality has attracted attention worldwide (Zeng et al. part is the location in endosperm with loosely packed
2017. Rice chalkiness is one of the key indexes deterstorage starch granules (Xi et a2014. The chalky ap-
mining both the grain quality (appearance, processing,pearance is associated with the development of numer-
milling, storing, eating, and cooking quality) and the ous tiny air spaces between loosely packed starch
sales price (Fitzgerald et ak009 Siebenmorgen et al. granules and the resulting change in light reflection
2013. Rice chalkiness is the opaque part of the endo-(Tashiro and Wardlaw1989. Rice chalkiness is a com-
sperm in the rice kernel and it is observed to be in white plicatedly quantitative trait which mainly accumulates at
when comparing to the relatively transparent rest part. the grain filling stage. Therefore, it is controlled by mul-
According to its location in the kernel, chalkiness traits tiple classes of genes involved in assimilate accumulation
can be grouped into 3 types of white-belly, white-corein endosperm and is also influenced by multiple envir-
onmental factors (Lanning et al201% Bowles 2012
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groups (Li et al.2014 Qiu et al.2017 Wang et al.2018, As a matter of fact, rice chalkiness appears as an
the underlying molecular mechanism regulating rice amorphous cubic structure in the rice kernel, thus meas-
chalkiness is far from clear. One of the bottlenecks is theuring the volume instead of the projection area in rice
deficiency of accurate and high throughput rice chalki- chalkiness quantification is far more meaningful for both
ness quantification methods using living rice seeds tothe research and practice. Regretfully, through the
support the highly efficient in vivo screening for mutants current image processing methods, rice chalkiness is all
in the rice chalkiness phenotype. measured in 2D. These images of milled rice are cap-
Quantitative indexes describing rice chalkiness mainlytured by digital camera or scanner from outside. Thus
include chalky rice rate and chalkiness degree. In genthe chalkiness on rice surface is easily detected, but the
eral, the operational processes in traditional chalkinessnternal chalkiness related characteristics, are hardly re-
measurement methods are usually normalized by somesealed. Scanning electron microscopy which has been
international standards (e.g. Rice-specification. Inter-employed to analyze the compactness of starch accumu-
national Standard, ISO 7301:2011) or local standarddation, could indirectly reflect the rough property of rice
(e.g. Milled rice. National Standard of the PeofdeRe- chalkiness. However, only a very small area of a rice sec-
public of China, GB/T 13542018.) which have played tion can be observed in scanning electron microscopy.
important roles both in commodity inspection and basic Neither the chalky boundary could be well distinguished
researches. Up to date, the traditional methods based omor the chalkiness volume be quantified. To be able to
naked-eye observation and artificial regionalization areaccurately analyze internal information about location,
still widely used in rice chalkiness quantification shape and volume of rice chalkiness, 3D measurement
(Yoshioka et al.2007 Bowles 2012. Some imaging method for rice chalkiness is urgently needed.
methods based on digital images and image processing On the other hand, previously reported chalkiness
software have been developed to measure and categorizguantification methods only use milled rice as materials,
rice chalkiness. Rice chalkiness has been scanned intanable to analyze chalkiness in vivo in living rice grains.
2D images based on grayscale value differences betwe@&ince rice chalkiness is located inside the endosperm,
chalky and normal regions in the rice kernel, and the processes of glume removing and milling are essential
chalky part in the kernel has been finely classified andfor methods based on naked-eye observation or image
marked in the image (ISO 7301:2011; Chen et 2011 scanning. However, these processes are usually accom-
Chen et al.2013. Algorithm based on support vector panied with the embryo destruction, thus the biological
machine (SVM) has also been employed to analyze ricectivity of the milled rice as a seed would be completely
chalkiness by using multiple images captured from dif- lost. Similarly, scanning electron microscopy method is
ferent angles of milled rice (Sun et a014). Scanning also destructive, because the process of nanogold coating
electron microscopy has been usually employed to reveain sample preparation and high energy electron impact
the density of starch at thexm-scaled level and then in- in scanning would seriously reduce biological activity of
directly reflect the differences between the chalky andrice embryo. Therefore, in vivo rice chalkiness quantifi-
normal regions in the image (Li et al2014 Yu et al. cation method using living rice seeds is also needed by
2017. Because of the advances in objectivity and accurthe basic research fields.
acy, these image processing methods have been fre-X-ray microcomputed tomography (micro-CT) is a
quently used as alternative methods to naked-eyenondestructive imaging technique that can be used to
observation in rice research and breeding programs. generate a series of consecutively cross-section digital
However, these non-objective and time-consuming trad-images of a physical object with micrometer- and
itional methods only use milled rice as materials, usuallysubmicrometer-scale resolution (Starosolski et 2015.
showing poor consistency and objectivity. Moreover, the The absorption of X-rays as an index of an objé&cphys-
broken kernels in glum removing and milling would also ical properties offers the possibility for spatial segmenta-
decrease the measurement accuracy, and the small size¢tbn based on the matrix X-ray density in biological
chalkiness deep inside the rice kernel hardly observablsamples. Through the 3D image reconstructed from
for naked-eyes would also result in reduced chalky ricethese 2D cross-section images, it allows to visualize and
rate. On the other hand, if a non-chalky part is located be-quantify X-ray density related biological traits both in
hind the chalky part, it would be mistakenly regarded as3D and in vivo. Because of its nondestructive character-
chalky part by naked-eye and projection-based image anaistics, micro-CT has been previously used to analyze the
lysis software, since these methods are unable to distinfeatures of live animal organs/tissues (Liu et @012
guish. Therefore, these methods could hardly meet theStarosolski et al.2015. Recently, micro-CT has been
urgent needs for the efficient and accurate measuremenpreliminarily introduced to visualize and quantify
of rice chalkiness using living rice seeds for the identifica-morphology characteristics of plant organs/tissues, such
tion of chalkiness related phenotypes. as xylem (Brodersen et @011 Knipfer et al.2015, root
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(Cuneo et al.2016, leaf (Kaminuma et al2008 Dhondt according to the set resolution and cross-sections were
et al. 2010, flower and grain (Staedler et a&2018. It has imaged by an X-ray camera. The scanning results were
been also used to study the root architecture and inter- preferred to be exported as DCM format files comparing
action with soil microorganisms (Verboven et ak012 to other supported formats (e.g., BMP, Tiff, JPG), since
Mairhofer et al. 2013 Earles et al.2018. Several re- DCM files containing 3D information are more compat-
searches have paid attention to the analysis of water andble with the subsequent 3D reconstruction software.
starch distribution in the stem of woody plants (Mairho-
fer et al. 2013. Recently, X-ray computed tomography Separation and 3D Reconstruction of Chalkiness
started to be applied in large-scale assessment of graiDCM files were imported into Mimics Innovation Suite
and tiller architecture traits in rice (Wu et al2019 Hu (MIS) trial version (Materialise, Belgium) by using im-
et al. 2020. Hence, the once difficult 3D measurement port method “Strict DICOM 3.0” (digital imaging and
of rice chalkiness and its spatial localization could be ex-communications in medicine 3.0). A series of mono-
plored in vivo through the 3D micro-CT technology. chrome cross-section images was exhibited in three
Here, we employed micro-CT scanning and 3D recon- views of top-bottom, right-left and front-back. Separ-
struction techniques to analyze rice chalkiness in livingation/segment of rice chalkiness and 3D reconstruction
rice seeds. The volume, 3D shape, and location of chalkiwere carried out through the software integration tools
ness part in the rice kernel were accurately defined. Thisin MIS, including “Thresholding’, “Contrast’, “Region
approach also provided a high throughput solution for Growing”, “Edit Masks, “Morphology Operatiorf and
rice chalkiness phenotype analysis in vivo and would‘Calculate 3D. The values in“Threshold” were adjusted

greatly help the research of rice chalkiness traits. to select the whole solid area which displayed in colored
mask (M1).“Region Growing was employed to separate

Methods the whole rice area in M1 from background and support

Sample Collection and Preparation material, and to display the separated rice in a new mask

Several rice Qryza sativa L.) varieties with diverse (M2). In order to separate rice chalkiness which locates
chalkiness traits, 330 grains of Zhenshan 97B and 30n dark area, the parameter ranges ifThreshold’ and
grains of Xiangzaoxian series (Xiangzaoxian, X226, X220Contrast’ were adjusted and the dark area was selected
and X191), were used to perform X-ray scanning inand highlighted in a new mask (M3). The background
micro-CT. Living rice seeds were collected from the Ricewas removed by using‘Region Growing and “Edit
Germplasm Resource Bank of Hunan Province. BrownMasks'. “Morphology Operatior’ was employed to dilate
rice was prepared by removing the husk using a Minithe dot array and filled the holes. The separated chalki-
De-husker (Taizhou Cereal Instrument Co. Ltd., Zhe- ness exhibited in mask (M4)*‘Measurement’ was ap-
jiang, China), and the milled rice was prepared by a miniplied in measuring the distance between two points and
milling machine (LTIJM160, Taizhou Cereal Instrument area of selected region. By usintCalculate 3D, the

Co. Ltd., Zhejiang, China). cross-section in M2 and M4 were reconstructed as 3D
objects which respectively represented cubic rice and
Rice Scanning Through Micro-CT chalkiness. The reconstructed 3D objects were showed

Rice grains were embedded in Super Light Clay (orderedn a window and allowed free rotation and viewing. The
from Alibaba, China). Samples were loaded into SkyScamccurate volume of rice kernel and chalkiness were dir-
1172 Micro-CT (Bruker, Belgium) containing a cone ectly readable ir'3D Propertie$ (Supplemental vided.).
beam X-ray source with <5#m focal spot, and a sealed, The percentage of rice chalkiness was then calculated
fully distortion corrected, air-cooled, 10 Mp, 12-bit CCD based on the volume data for both the rice kernel and
camera that is fiber-optically coupled to a G@,S scin- chalkiness.

tillator. The samples were positioned at proper distances

from the X-ray source according to the sample size andSoftware and Computer Hardware

scanning resolution. The scanning resolution representsMIS and Chalkiness 2.0 were running in a desktop com-
the distance between adjacent cross-section images. Theuter powered by 64 bit Windows 10 (Microsoft, USA).
micro-CT operation includes resolution setting, current

and voltage setting, program running and data saving ac-Table 1 Related parameters employed in X-ray scanning

cording to the operation manual. Scanning time dependsResolution 15uym 13.5um 10pm 5pm  2.5um
on sample size and resolution. The sample can be ro+oitage (kv) 50 50 50 50 50
tated in the sample chamber and scanned in three di-gjectic currenta) 150 150 120 140 140
mensions. The relateq parameters employed in X-rayScan time (min) 1 27 15 15 35
scanning were shown in Tabl&é. Sample was scanned by

Size of data storage (G) 1.5 11.8 6.8 10.3 329

X-ray. The signals of transmitted X-ray were acquired
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To favorably perform 3D reconstruction of rice grains, software which could carryout high-throughput ana-
optimal hardware configuration included an Intel Core lysis of rice chalky parameters, including the grain
i7-9750H CPU (64 bit), 32 gigabytes of memory and anumber, relative chalkiness area, chalkiness degree,

GeForce RTX 2060 graphics card (NVIDIA, USA). chalky rice rate, and rice length and width (Chen
et al. 2017). Regretfully, those 2D area based trad-
2D Chalkiness Area Analysis by Using Chalkiness 2.0 itional methods are unable to quantify the chalkiness

In our previous research, Chalkiness 2.0 software wasolume and analyze the inner structure of 3D shaped
developed to quantify the rice kernel and chalkinesschalky part.

sizes based on 2D image area analysis (Chen e2@l]). In this study, we employed micro-CT and 3D recon-
A free evaluation version can be downloaded lattp://  struction to visualize and quantify the chalkiness in the
hnspb.cn/chalkiness2.0/In this study, Chalkiness 2.0 rice. The basic principle of microtomography was shown
was employed as the control and supplemental methodin Fig. 1b. In the simplest case, it is described as the
for the rice chalkiness and size analysis. The milled ricescanning with a parallel X-ray beam. Any X-ray shadow
grains ( 30) were spaced on dark plane and an imageimage is corresponding to a two-dimensional projection
was captured by a scanner or camera. The supportedrom the rice. In this approximation, each point on the
format image (JPG, BMP and PNG) was imported intoshadow image contains the integration of absorption in-
Chalkiness 2.0 software. The kernel profiles were autoformation inside the rice seed in the corresponding par-
recognized with an encircled red line, and the chalkinesstial X-ray beam. When using micro-CT machine, the
area was separated with white line. The chalkiness resample can be rotated in the sample chamber. Thus rice
lated parameters (including grain number, relative sample can be scanned in three dimensions and the
chalkiness area, chalkiness degree and chalky rice rateaptured cross-section images revealed the 3D informa-
and kernel size were displayed in a new window by usingion. In parallel geometry, one can divide the problem of
“Calculaté. The test report was eventually generated ina  three-dimensional  reconstruction from  two-

an Excel format file by usingPrinting report”. dimensional projection to the serial reconstruction of
two-dimensional object slices from one-dimensional
Seed Germination and Growth Condition shadow lines. In our proposed method for 3D

The rice seeds were soaked in Petri dish (9 cm diameteryisualization and quantification of rice chalkiness, not
with two sheets of filter paper and 20 mL sterile water. only milled rice but also the living rice seeds could be
Petri dish was placed in a constant temperature incuba-directly used to perform computed tomography in
tor for 24 h at 30 °C. Water was removed and the seedsnicro-CT system (Figl1b).

were washed 3 times with sterile water. Then Petri dish Then after, a series of cross-section images captured
was placed in a constant temperature incubator for 12 hby micro-CT system were used for the chalkiness quan-
in dark at 30 °C. Seed germination was observed aftertification according to the principles of segmentation
wards. In addition, the germinated seeds were planted inand 3D reconstruction in MIS (Fig.1c). All the cross-

5 kg soil with 1 L of Kimura B solution (Ma and Takaha- section images were imported into MIS. The outlines of
shi 1990 and cultured in green house in 16 h light/ 8 h rice grains were displayed as grayscale images in three
dark at 30°C. The growth status was observed after 7windows which represented the three dimensions. Since

days. the grayscale degree was negatively correlated with the
density, the chalkiness part appeared in the dark area
Results and Discussion was easily distinguishable from the non-chalkiness part.

Principles and Processes of Rice Chalkiness Quantification By using a series of segment tools, the rice grain, chalki-
The traditional methods for rice chalkiness evaluation ness and non-chalkiness parts were auto-separated and
includes the processes of glume removing and milling,highlighted with different colors. 3D images of the intact
followed by naked-eye observing to count the chalkygrain, the chalkiness and non-chalkiness parts in the ker-
kernel percentage and judge the chalky rice ratenel could be respectively reconstructed throudiCalcu-
(Fig. 1a). The chalkiness degree is represented by thdate 3D’ tool (Fig. 1c, Supplemental video and 2). The
ratio in percentage for the respective projected areasvolumes of the 3D objects were directly provided by the
of chalky part to the whole milled rice kernel (Fig. built-in software while other related parameters were
la). In practice, the image of milled rice grains is manually calculated.

captured by a scanner or camera. The image process- Comparing to the traditional methods, 3D
ing software is employed to separate the rice chalkyvisualization based on micro-CT can easily and accur-
part according to the different densities, and calculateately define the volume, 3D shape, and location of
the relative area of chalkiness (Chen et &013. In  chalkiness part in the rice kernel. The volumes of chalki-
our previous research, we developed a Chalkiness 2.0ess part and brown rice were simultaneously calculated
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Fig. 1 (See legend on next page.)
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Fig. 1 Principles and processes of rice chalkiness quantifieefidnciples and processes of rice chalkinessificetiun in traditional methods. Chalkiness
analysis includes glume removing and milling, fatiguay naked-eye observing and then the areatiahalky rice rate calation. The chalkineslegree

was evaluated by the projected area rate between challaness@nd milled rice area in an image processing softwv&mnciples of X-ray ray scanning by
micro-CT system. SkyScan 1172 Micro-CT wisyedhip scan living rice seeds or milled acerinciples of chalkiness separation/segmentation. Chalkiness
part was separated according to the grayscale degree 3Bfteconstruction, the cighparameters were analyzed

by MIS and then chalkiness degree was preciselyepresent higher X-ray power and stronger transmission

quantified. capability. The rice seed showed a low hardness and
density. Thus the voltage and current were set in a low

Microtomography Analysis of Rice in Different value, and the average transmission capability of X-ray

Resolutions maintained in the range of 40%60% according to the

We compared the quality of the cross-section imagessample size and embedding matrix. Too low or too high
and reconstructed 3D images under different scanningpower will result in the loss of image details. The subse-
resolutions ranging from 2.fum to 15um. The chalki- quent segmentation of chalkiness will be more difficult,
ness could be well revealed under 2180 and 5um reso- and the resolution of 3D reconstruction will be also
lutions (Fig. 2a and b). Under 1@m and 15um reduced.

resolutions, the cross-section images were a little vague

and the reconstructed rice grain image showed relatively3D Chalkiness Analysis of Different Chalkiness Types

low accuracy, but the chalkiness areas still could beln this study, we collected samples with 4 types of rice
roughly distinguished (Fig.2c and d). Generally, the chalkiness, i.e. white-belly, white-core, white-whole and
higher the resolution was employed, the longer the scan-white-back, from different cultivated varieties for the
ning time was needed. Under 2Bn resolution, it took volume-based 3D chalkiness quantification (Figa).
over 30min per test and generated over 30 gigabyteMilled rice was scanned by X-ray undern resolution.
data per grain, which is not convenient for subsequentThe chalkiness areas and their borders were easily
computerized data processing. Scanning under the resoebserved in cross-sections (Fib-e). The chalkiness
lutions range from Sum to 10um showed relatively high areas in cross-sections were selected and reconstructed
resolution with less time consumption (about 15 min per through the MIS (Fig.3b-e). The spatial location and
test) and proper data size (about 10 gigabytes per grainshape of cubic chalkiness part were visualized through
Therefore, resolutions ranging from pm to 10um are the reconstructed 3D chalkiness image, and the chalki-
suggested for high resolution analysis of rice chalkinessness degree was calculated based on the volume data
while resolutions ranging from 1@m to 15um are suit- provided by the built-in software (Table2). In previous
able for rough quantification and high throughput ana- research, we developed a projection-based software
lysis of rice chalkiness due to the significantly decreaseqnamed Chalkiness 2.0) to evaluate rice chalkiness (Chen
scanning time. In addition, the current and voltage pa- et al.2011). In this study, the chalkiness degree in differ-
rameters depend on the sample properties. The differentent chalkiness type rice was also detected by Chalkiness
resolutions corresponded to the different settings of 2.0 as the traditional 2D method. The results indicated
voltage and current. Higher voltage and current that the values of chalkiness degree detected by 2D

Fig. 2 3D reconstruction of rice (X220) under different X-ray scanning resolutions. A cross-section image and reconstructed 3D milled fice kernel
with whit-belly chalkiness under X-ray scanning with resolution pf2(8), 5um (b), 10um (c) and 15um (d). Dark areas indicated by red
arrow represented the location of rice chalkiness




