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Abstract. Starch granule analysis effectively recovers microbotanical residues of starchy plants from
archaeological contexts. Morphometric analysis is a common method to identify starch granules.
However, this technique is time-consuming and inaccurate. Morphotypological differences in plants may
also cause inconsistent results during microscopic observations. To address this problem, we evaluated
the morphotypological features of three types of starch granules, specifically those found in wheat, millet,
and yam, through light microscopy. Moreover, we used morphotypological analysis and discriminant
analysis by ImageJ and SPSS software to perform computer-assisted analysis on the data set of geometric
characteristics of the three types of starch granules, as well as the starch granule fossils from the
Xianrendong and Diaotonghuan archaeological sites. Results are detailed and comparable to the light
microscopy findings. The improved method with ImageJ and SPSS software required less time by direct
measurement with a light microscopy and enhanced the accuracy of starch granule identification with the
reduction of subjectivity. Therefore, the combination of ImageJ and SPSS software is a promising
technique for the morphotypological analysis and identification of starch granules in archaeological starch
granule analysis.

Keywords: archaeobotany, ancient recipes, neolithic revolution, geometric characteristic, microfossils,
residue analysis

Introduction

The origin of agriculture and crop domestication in the Neolithic worldwide is
becoming increasingly important in many disciplines (Diamond, 2002; Balter, 2007;
Gremillion et al., 2014; Herzog et al., 2018; Mickleburgh et al., 2019; Li et al., 2020).
Rice, millet, wheat, barley, and other types of mainstay crops have played very
important roles in the early periods of human society around 12,000 years ago (Weber
and Fuller, 2008; Lu et al., 2009; Jones et al., 2011). All these important crops comprise
of up to 90% starch (Torrence and Barton, 2006; Ciofalo et al., 2019; Zhu et al., 2020).
However, considering that conservation conditions are poor in the archaeological
context, few crop relics are found during excavation, which are difficult to identify
(Moore, 1998). Thus, information on crop utilization and domestication remains
limited, thereby impeding the reconstruction of crop domestication and origin of
agriculture. To solve this problem, a novel method called starch granule analysis was
developed, which was performed by identifying ancient starch fossils retrieved from
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archaeological contexts and comparing them with a modern plant starch morphology
database.

Starch is a common component of higher plants (BeMiller and Whistler, 2009; Xu et
al., 2019; Zhu et al., 2020). This molecule is mainly found in parenchymal cells in the
form of semi-crystalline granules with birefringence characteristics, which are
manifested through Maltese crosses under polarized light microscopy. Starch granules
from various plants exhibit different structures and diagnostic features, which are
controlled by genetic and environmental diversity (Torrence and Barton, 2006;
Mercader, 2009; Yang et al., 2012). The morphotypological differences of starch
granules are essential for the identification of vegetal residues, particularly food and
plant remains from archaeological contexts. Starch granules have been considered an
important factor to interpret ancient plant information because such granules can
survive on the surface of archaeological tools, dental calculus, cultural deposits, and
other contexts for up to more than 50,000 years (Torrence and Barton, 2006; Barton and
Torrence, 2015). Furthermore, starch granule analysis has provided novel insights into
paleoethnobotany and agricultural archaeology (Piperno et al., 2009). Thus,
identification of ancient starch granules has become a primary approach to investigate
agriculture origins, plant utilization by ancient people (Wan et al., 2012a), and
paleoenvironment reconstruction (Lentfer et al., 2002; Vojtekova et al., 2019).

For instance, some plant residues are occasionally found during excavation with
serious damage, which cannot be identified by traditional methods. Consequently,
Ugent et al. (1981) first employed this new method to retrieve starch granule fossils
from eight archaeological sites in central and southern Peru and confirmed that the plant
relics belong to sweet potato (Ipomoea batatas) dating from 1,000 AD to 1,500 AD.
Ugent et al. (1987) also used this method to demonstrate that aboriginal peoples who
lived in Chile utilized potato (Solanum tuberosum) as early as 13,000 BP before the
beginning of the Neolithic agricultural revolution. If starch granule analysis was not
used to identify ancient plant relics, plant species can only be confirmed using
incomplete plant fragments.

As a result, reconstruction of ancient plant utilization requires accurate identification
of ancient starch granules (Piperno et al., 2004; Torrence and Barton, 2006). However,
traditional methods to identify such granules mainly rely on morphometric analysis by
comparing the starch granules retrieved from archaeological contexts with modern
starch granule reference data in terms of properties such as shape, size, hilum position,
surface ornament, and other anatomical features (Coster and Field, 2015; Farley et al.,
2018). All these variants are recorded by directly observing plant specimens through
microscopy, and identification almost entirely depends on personal judgment, which is
also a laborious procedure. Nevertheless, few studies on the comprehensive geometric
characteristics of these starch granules have been conducted with computer-assisted
methods (Wu and Wang, 2011). Consequently, the data recorded by various individuals
or at different instances by the same person may result in diverse outcomes because of
the lack of consistent recording standards. Thus, scientists often require much time to
confirm the sources of starch granules and precisely identify such sources.

According to previous studies, some of the common types of Triticeae seeds, such as
wheat and barley, are composed of starch granules with bimodal size feature, that is,
this type of starch can be either large or small (Yang and Perry, 2013).
Morphotypological changes in Triticeae maturation significantly influence the accuracy
of identification. These changes also require further research and elucidation (Wu et al.,
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2014). Therefore, we aimed to evaluate the morphotypological changes in different
stages of wheat maturity through light microscopy. Our previous studies indicated that
the usual starch type can be divided into three geometric categories, namely, polygonal
(as in millet), round (as in wheat), or oval (as in yam) (Wan et al., 2011a). Accordingly,
we evaluated the morphotypological features of modern millet and yam.

We used Imagel software for computer-assisted analysis of the geometric
characteristics of starch granules. The outcomes were then used to identify ancient
starch granules retrieved from Xianrendong and Diaotonghuan sites in China dating
from the late Paleolithic to the early Neolithic period (Wan et al., 2012b). The proposed
method required less time and exhibited greater efficiency than previous methods. Our
experimental results confirmed that starch granules from wheat are characterized by
different types of granules at different stages and determined the geometric features of
three modern crops common in China. Photomicrographs of starch granules from millet,
wheat, and yam were obtained through light microscopy and analyzed using ImageJ and
SPSS software. Comparison of the ancient starch granules with modern samples by
using computer-assisted analysis reduced the subjectivity of starch granule
identification. Furthermore, the proposed method enhanced the efficiency and accuracy
of measurement.

Materials and methods
Materials

Wheat (Triticum aestivum) was planted in Xichuan County, Henan, China and then
collected in the late stage of wheat maturity. Six batches of wheat seeds were collected
on May 5, 8, 11, 15, 20, and 26, 2014 and correspondingly labeled as W1 to W6. W6
was composed of fully mature wheat seeds. There are 5 grains of wheat in each batch.

Millet (Setaria italica) and yam (Dioscorea opposita) consist of one type of starch
granule each. Thus, in this study, only the mature samples were collected. Millet
samples were obtained from Chaoyang County, Liaoning, China in the autumn of 2017,
and yam samples were obtained from Nanchang County, Jiangxi, China in the winter of
2018. The millet sample used in the experiment was 5 grains, and the yam sample was
30.

Ancient starch granule samples were retrieved from the Xianrendong and
Diaotonghuan sites located in eastern Jiangxi, China dating to 20,000 ~ 12,000 cal. a
BP. Two agricultural tools were examined in our previous study, and more than 200
starch granule fossils were retrieved from residues on the surface of these tools. Based
on direct identification under microscopy, these ancient starch granules might have
come mainly from species within Pooideae, Paniceae, and unidentified underground
tubers.

Methods
Modern observation of starch granules

Plant starch granules were observed using modern sample methods as previously
researches (Piperno et al., 2004; Perry et al., 2007). Briefly, a small amount of sample
was placed in a 15 mL disposable plastic test tube. Afterward, 5 mL of ultrapure water
was added, and the sample was soaked for more than 12 h. The sample was then ground
using a glass rod until it was completely broken. The solution was stirred using a rod.
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Subsequently, 200 uL of the starch suspension was drawn and transferred to a glass
slide. A drop of a solution containing 50% glycerol and 50% water was applied. The
specimen was covered with a cover slip.

The slides were viewed under a Nikon ECLIPSE 50iPOL microscopy at
400x magnification. The photomicrographs of the starch granules were obtained using a
digital camera. The size of each granule was recorded using a scale under the
microscopy.

Morphotypological analysis

ImageJ is an image processing software developed by the National Institutes of
Health (USA). This software can be used in biological studies to analyze geometric
characteristics, such as length, angle, area, major axis, minor axis, perimeter, roundness,
Feret’s diameter, best-fitting ellipse, and centroid coordinates (Schneider et al., 2012).
In this study, ImageJ 1.48 (download at http://rsbweb.nih.gov/ij/ index.html) was
employed to analyze the images of starch granules. The Straight Line and Set Scale
tools were used to ensure that the images were set at the desired scale. The image was
then changed to 8-bit grayscale. The images were converted to binary images through
binarization by using the Make Binary tool. Geometric characteristics were obtained by
selecting Analyze Particles under the Analyze menu bar.

Since most starch granules are irregularly shaped, it is difficult to describe their size
in terms of diameter. Therefore, the Feret’s diameter is used for measurement. Feret’s
diameter is the size of an object measured in a certain direction (Isobe et al., 2013;
Drazic et al., 2016). Generally speaking, the measurement method is defined as the
distance between two parallel planes. These two parallel planes need to jam the object
and be perpendicular to the specified direction.

Comparison with ancient starch granules

To test the effectiveness of identification criteria obtained from ImageJ software
analysis, ancient starch granules retrieved from the Xianrendong and Diaotonghuan
sites, Jiangxi, China were selected as test samples (Wan et al., 2012b). The images of
ancient starch granules were preliminarily identified as Pooideae, Paniceae, and
unidentified underground tubers and then measured using ImageJ. Consequently, a
series of geometric characteristics was obtained and used as identification criteria for
precise species-level identification. The overall experiment and method were conceived
and completed in 2019.

Results
Morphotypological analysis of wheat starch

Six slides corresponding to W1 to W6 were observed through microscopy. A
representative image from each sample is shown in Figure 1. Based on the
measurement analysis results (Figure 2), the size of the wheat starch granule gradually
increased from 3.23 pm to 22.48 um during maturity. The starch granules can be
divided into two groups, namely, large group (>10 um) and small group (<10 um). The
percentage of starch granules belonging to the large group exhibited an increasing trend
from W1 to W6 (Table 1).
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Figure 1. Wheat starch granules from different stages (W1 to W6). Scale bar = 20 um
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Figure 2. Box—whisker plot of the starch granule size from W1 to W6

Table 1. Percentages of large group (> 10 um) and small group (<10 um) from W1 to W6

Group W1 W2 W3 W4 W5 W6
Big group 0 45 57 72 64 91
Small group 100 55 43 28 36 9

Morphotypological analysis of millet and yam starch

Millet contains polygon starch granules showing centric and closed hila, as well as
indemonstrable lamellae (Figure 3A). Some granules exhibited fissures across the hila
under light microscopy. Millet starch granules showed wrinkled surfaces and coarse
edges, which may have been caused by contact with the other starch granule. The mean
size of millet starch granule was 9.47 pm, which was almost 70% smaller than 15 um.

Yam is composed of singular starch granules that are oval and exhibiting eccentric
hila (Figure 3B), and the mean size is 30.89 um. Almost 80% of the granules measured
within 26.13 pm to 36.76 um in size. The lamellae of yam starch granule were evident
under light microscopy.
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Figure 3. (A) Starch granule from millet (Setaria italica), Scale bar = 10 um. (B) Starch
granule from yam (Dioscorea opposita), Scale bar = 30 um

Morphotypological analysis in ImageJ

For wheat, each image at different stages was processed using ImageJ software. W4
was considered as representative of the results obtained in each stage because this
sample was obtained in the middle stage (Figure 4A). W4 picture was selected as a
sample to show how to use ImageJ software for analysis. W4 image was changed to
8-bit grayscale such that only white and black pixels were present. As a result, this
image was easily converted to a binary image. In the binary image, the starch granule
appeared as a solid black region, and the other components appeared white (Figure 4B).
These steps were accomplished through computer-assisted analysis, which was more
efficient than the manual process. In the final step (Figure 4C), the software was used to
extract the outline of each granule and determine the centroid area. In Figure 4D, the
centroid area appears as a small point.

—
o 0O
O ©

(\

Figure 4. ImageJ analysis of microscopy image. (A) Setting the scale; (B) Converting the image
to 8-bit grayscale; (C) Converting to a binary image; (D) Extracting the outline of wheat starch
granule; (E) Outline of millet starch granule; (F) Outline of yam starch granule
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Using the same procedure, the starch granule images of millet (Figure 3A) and yam
(Figure 3B) can also be processed, and the results are shown in Figures 4E and 4F.

Geometric characteristics

The geometric characteristics were simultaneously determined when the outline of
each starch granule was obtained. The results of each variant are listed in Table 2.
Given that the size of each wheat granule ranged from 3.23 pum to 22.48 um, particles
smaller than 3.23 pm were not considered starch granules and may have been impurities
from the slide preparation. The geometric characteristics of millet and yam starch
granules were also analyzed (Table 2).

Table 2. Geometric characteristics of starch granules

No. Area Perimeter | Major axis Minor axis | Feret's diameter | Roundness
1 58.90 30.4652 9.8877 7.5845 10.1213 0.767
2 7.90 10.9113 3.3929 2.9646 3.662 0.874
3 103.96 41.1647 12.3914 10.6821 12.9468 0.862
4 211.28 57.9286 17.455 15.4117 17.6822 0.883
5 9.32 11.9841 3.6261 3.2725 3.8949 0.902
6 154.5 51.9203 15.628 12.5874 16.2413 0.805
7 12.55 14.4326 4.147 3.8531 4.4944 0.929
8 94.87 40.0049 11.082 10.8999 11.6726 0.984
9 7.00 10.277 3.3057 2.6962 3.6125 0.816
10 259.54 63.7831 18.4037 17.9559 19.0547 0.976
11 26.962 19.856 6.307 5.443 6.579 0.863
12 12.52 13.379 4.311 3.697 4.36 0.858
13 12.245 13.514 4.273 3.648 4.486 0.854
14 16.077 15.438 5.254 3.896 5.361 0.742
15 17.106 15.879 4.763 4573 5.02 0.96
16 38.823 23.471 7.135 6.928 7.419 0.971
17 21.978 17.829 5.681 4.926 5.792 0.867
18 19.586 17.094 5.357 4.655 5.51 0.869
19 13.064 13.607 4.178 3.981 4.446 0.953
20 18.355 16.306 5.363 4.358 5.535 0.813
21 22.491 18.59 6.558 4.367 6.534 0.666
22 528.044 87.251 29.137 23.075 29.11 0.792
23 580.795 91.363 30.92 23.916 30.562 0.774
24 535.515 88.595 30.118 22.639 30.146 0.752
25 507.801 85.375 27.734 23.312 27.958 0.841

Note: Nos.1~10 represents wheat starch granules; Nos.11~21 represents millet starch granules;
Nos.22~25 represents yam starch granules

Archaeological application

To demonstrate the effectiveness of morphotypological analysis and identification by
ImageJ software, different starch granule fossil residues (Figures 5A ~ C) were
retrieved from Xianrendong and Diaotonghuan sites, which are important early human
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archaeological sites in Jiangxi, China dating from 20,000 ~ 12,000 cal. a BP. These
archaeological starch granule images were analyzed using ImageJ software, and a series
of geometric characteristics was obtained and compared with the modern plant data,
thereby facilitating rapid identification of the species of these starch fossils with
enhanced accuracy. The final images processed using ImageJ software are shown in
Figures 5D ~ F, and the geometric characteristics of each archaeological starch granule
fossil were also obtained (Table 3).

Figure 5. Archaeological starch granule retrieved from tools found in the Xianrendong and
Diaotonghuan sites. The white arrowhead highlights impurities that are very common in
archaeological sample. (A~C) Images obtained under a light microscope; (D~F) Images

processed using ImageJ sofiware. Scale bar = 20 um

Table 3. Geometric characteristics of archaeological starch granules from Xianrendong and
Diaotonghuan sites

No. Area Perimeter | Major axis | Minor axis | Feret's diameter | Roundness
1(Fig.5A) | 598.448 92.519 28.528 26.709 29.013 0.936
2(Fig.5B) | 161.891 48.568 15.668 13.156 15.763 0.84
3(Fig.5C) | 378.761 74.071 24.228 19.905 24.703 0.822

The geometric characteristics of the three types of starch granules in wheat, millet,
yam, and the ancient starch granule fossils were calculated by ImageJ software, and
sufficient variants became available for construction of a discriminant formula by SPSS
20 software. The analysis results are shown in Figure 6, indicating that all scatter points
have been clustered into three groups corresponding to wheat, millet, and yam starch
granules. The ancient starch granules can thus be automatically allocated to their
corresponding groups. Ancient starch granules in Figure 5A are classified as wheat,
those in Figure 5B are classified as millet, and those in Figure 5C are classified as yam.
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Figure 6. SPSS discriminant scatter plot of the three types of starch granules. The red dot

indicates ancient starch granule fossils retrieved from Xianrendong and Diaotonghuan
archaeological sites

Discussion

China is an important agricultural origin center and a domestication center for crops.
Many crops such as millet, rice, barley, barley, etc. have played an important role in the
agricultural development of Chinese history. Recently, Li et al. (2020) studied the
changes of starch grains of four crops such as rice (Oryza sativa L.), foxtail millet
(Setaria italica), Job's tears (Coix lacryma-jobi L.) and barley (Hordeum vulgare L.)
after different milling methods, and explained that the treatment methods have different
effects on starch grains. Zupancich et al. (2019) used 3D modeling and spatial analysis
to reveal the function of grounding stones. And Owen et al. (2019) used ancient starch
analysis on grinding stones to discuss plant utilization. All these indicate that there is an
urgent need for a fast and stable starch granule identification method and process (Peng
et al. 2019).

Although some physical means and chemical analysis reagents are used in the
extraction of starch granules from archeological samples, such as ultrasound,
hydrochloric acid, etc., related studies (Cuthrell and Murch, 2016; Yang, 2017) have
shown that these means have a smaller effect on the shape of starch granules at lower
intensity. Research and analysis of related foods and starch granules show that the
changes in morphology and physicochemical properties of starch granules during
processing are mainly caused by heating (Henry et al., 2009; Barton and Torrence,
2015). Considering that starch granule analysis experiments are carried out at normal
temperature, the properties and morphology of starch granules are generally not affected
by changes in identification.

Three other aspects of starch identification have to be addressed. First, the results of
this study confirmed that wheat starch granule size gradually increases with wheat seed
growth. The mean size of the six samples increased from 3.23 um to 22.48 um; this
value is similar to that obtained in our previous study in northern China (Wan et al.,
2011b). We also confirmed that wheat starch can be divided into two groups of
granules: the large group and the small group (Piperno et al., 2004). This grouping is an
important identification criterion in research related to archaeobotany and ancient diet
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reconstruction (Piperno et al., 2004; Yang and Perry, 2013; Calo et al., 2019; Kendal et
al., 2019).

The second problem is related to the data set of geometric characteristics of the three
types of starch granules. Only the major axis of each granule was recorded in previous
studies because appropriate tools to accurately describe the shape of starch granules
were lacking (Wan et al., 2012a). This process is thus inaccurate and time-consuming.
In the present study, ImageJ software was used to process the images obtained using a
digital camera during light microscopy. The results showed that a series of geometric
characteristics, including the area, perimeter, major axis, minor axis, Feret’s diameter,
and roundness, can be simultaneously obtained. The number of obtained variants
corresponds to the accuracy of the identification. Hence, we can identify a starch
granule from archaeological contexts based on the multivariate criteria without relying
solely on the major axis data. Feret’s diameter is different from the major axis
(Table 2); in particular, the former is greater than the latter because Feret’s diameter
represents the distance between the two parallel planes orienting the object
perpendicular to a particular direction. However, this variant was not included in
previously described identification criteria because Feret’s diameter is difficult to
measure through microscopy. Using ImagelJ software, we can measure Feret’s diameter
and consider this variant as a criterion to enhance the accuracy of measurement.

The roundness and centroid of the granules were also obtained (Table 2 and
Figure 4D); similar to Feret’s diameter, these variants can be used as important criteria
in future studies. Considering that starch granules, which may also appear as oval
granules, are not as round as wheat granules, we cannot easily determine the centroid of
the starch granules under a microscopy. Thus, the centroid of granules should be
determined to identify other plant species. Similarly, roundness is difficult to determine.
Starch granules are usually depicted as round or oval because of the lack of some
specific parameters. We found that the roundness of wheat, millet, and yam are
distinguishable (Table 2 and Figure 6). The area, perimeter, and other parameters can
also be simultaneously determined using ImageJ software. This software can be applied
to obtain the above parameters automatically and efficiently, as well as to reduce
subjective errors when these parameters are observed by different people (Collins, 2007;
Tavarone et al., 2019).

The third aspect is that identification of starch granules requires extensive previous
experience, necessitating an automated identification method to ensure that the starch
granule fossil retrieved from an archaeological site is classified correctly according to
the type of starch granules observed. Hence, we tested three starch granule fossils
obtained from the investigated archaeological sites. We then used SPSS 20 software to
process the data of geometric characteristics of each starch granule, as well as
discriminant analysis to construct a discriminate formula that can correctly classify the
ancient samples according to the type of starch granule. The discriminant scatter plot in
Figure 6 shows that this method is viable. The ancient starch granules in Figures 5A~C
were successfully classified as wheat-type, millet-type, and yam-type. This new method
was more efficient than the method described in our previous study.

Nevertheless, the entire process cannot be completely replaced with ImageJ. Hence,
we cannot simply rely on the parameters obtained by this software to verify the species
from which starch granules are derived. However, by using computer-assisted
technology, we can rapidly obtain results and consider additional parameters, which can
therefore allow accurate identification.
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Conclusion

In this study, starch granules were observed from samples of wheat seeds prior to
maturity. Millet and yam samples were also processed. The mean size of wheat starch
granules gradually increased with wheat seed growth. The wheat starch granules can be
divided into large and small groups. This bimodal feature was considered as an
identification criterion in traditional starch granule identification practices. Through
ImageJ and SPSS software, data sets of geometric characteristics of wheat, millet, and
yam starch granules were automated, reducing subjectivity in identification. To improve
the efficiency in processing a large number of images obtained using a digital camera
and a light microscope, as well as to obtain parameters objectively and automatically,
we proposed the use of Image]J and SPSS rather than traditional methods for
morphotypological analysis. The processing results of ImageJ and SPSS are detailed
and comparable to those directly obtained through light microscopy. Finally, the
experiment on three ancient starch granules from archaeological sites successfully
showed that discriminant analysis correctly classified them into existing groups,
facilitating automated identification. Therefore, the combination of ImageJ and SPSS
software is a promising technique for the morphotypological analysis of starch granules,
which can facilitate automated identification of starch granule fossils in the future.

There are still some recommendations for future studies. (1) For the small round
starch granules often extracted from archeological sites, it is likely that they are a
smaller group of starch granules of wheat plants. In the future, detailed geometric
morphological analysis can be performed on this part of starch granules, and a
discriminant equation can be constructed for automatic identification, which can
improve the accuracy of plant starch granule identification at archeological sites. (2)
This article only tentatively analyzes the relevant starch granules of common crops in
China. In the future, different regions can analyze the crops in their region and expand
the scope of ancient recipe research. (3) The geometric morphological indicators of
starch granules need to be strengthened. In the next step, more mathematical processing
methods, such as Fourier transform and wavelet analysis, can be introduced to increase
the use of existing data and improve the accuracy of discriminant analysis.
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