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Abstract
Background and aims Calcium deficiency is evident
in populations worldwide and combating this could
be addressed with the biofortification of staple crops.
Consequently, identification of Ca concentration in
breeding trials would be essential. Here we report the
use of energy dispersive x-ray fluorescence (EDXRF)
for the rapid screening of Ca concentration in seed
samples.
Methods Grain samples of rice, wheat, pearl millet,
bean, maize, and cowpea were provided from biofortification breeding programs and analysed with inductively coupled plasma – mass spectrometry (ICP-MS)
to determine the reference Ca concentration. A set of
samples were used to develop a Ca EDXRF calibration for each crop and another set of samples to validate the method.
Results The EDXRF results were comparable to the
reference ICP-MS analysis with an average difference
of < ± 5 mg kg-1 for all crops and RSD for duplicate
analysis < 10% for all crops.
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Conclusions EDXRF is suitable for the rapid analysis of Ca in bean, cowpea, wheat, pearl millet, maize
and rice samples.
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Introduction
Micronutrient malnutrition results from the lack of
essential micronutrients in the diet and is particularly
prevalent in developing countries with a high reliance on calorie dense, but micronutrient low, staple
food crops. It is estimated that approximately 2 billion people worldwide are impacted by micronutrient
malnutrition (FAO 2020) and at least 50% of children
worldwide suffer from micronutrient deficiencies
(UNICEF 2019).
Calcium is one such essential nutrient required
for various biological and physiological process in
the body. Ca plays a role in signalling development
of bone and teeth and has a vital structural role (99%
of Ca in the body is stored in the skeleton) (Knez
and Stangoulis, 2021). This mineral is also required
for muscle contractions and relaxation, nerve and
hormone function, and blood pressure regulation
(Pravina et al. 2013). The recommended Ca dietary
intake is 800 – 1,300 mg/day for adults and 1,300 mg/
day for children above 9 years of age (FAO/WHO,
2002). Adequate Ca intake and retention is required
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throughout periods of growth, particularly during the
first 2 years of life and during puberty and adolescence, and these age groups constitute populations at
risk for Ca deficiency. Additionally, pregnant women
(especially in the last trimester), lactating women,
postmenopausal women and possibly elderly men are
also at risk of Ca deficiency (FAO/WHO, 2005). Low
Ca intake during pregnancy is linked to pre-eclampsia, prenatal hypertension and can negatively impact
foetal development. Ca deficiency can affect skeletal growth and development and is linked to rickets
in children and osteoporosis with Ca deficient older
people (Frossard et al. 2000). Additionally diets with
low Ca can be linked to hypertension and various
cancers (Dayod et al. 2010). A study of worldwide
dietary intake showed daily Ca intake can vary from
175 – 1233 mg (Balk et al. 2017). The countries with
particularly low Ca intake were predominantly in
Asia, Africa, and South America (Balk et al. 2017).
Up to 3.5 billion people worldwide were at risk of Ca
deficiency in 2011 (Kumssa et al. 2015) and Ca deficiency is almost physically undetectable and difficult
to diagnose during its preliminary stages (Wang et al.
2013).
Dairy is one of the richest dietary sources of Ca,
however total dietary energy intake from dairy products is quite low (~14%) in developed countries and
even less (~4%) in developing countries (Silanikove
et al. 2015). Additionally, approximately 65% of the
world’s population is lactose-intolerant (Puranik et al.
2017) further limiting potential Ca intake from dairy.
Whilst Ca deficiency is evident in developed countries, it is more prevalent in developing countries
due to a lack of dietary diversity and availability of
nutrient dense crops. Ca intake in developing countries is most likely from vegetables, grains and legumes (Cormick and Belizán 2019) with a high caloric
reliance on staple food crops such as rice, wheat and
maize. Consequently, investigations into biofortification of Ca in staple food crops is a useful approach to
increase dietary Ca intake and combat micronutrient
malnutrition in developing countries.
Biofortification of staple food crops to improve
human nutrition has been a significant focus for
many plant breeding programs and has resulted in
a significant increase in Fe and/or Zn concentration
in staple food crops (Saltzman et al. 2017). Despite
the focus on Fe and Zn there are other essential
mineral nutrients which could also be targeted with
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conventional plant breeding programs and have
the potential to improve human nutrition. Calcium
is one such essential element, increasing Ca concentration in staple food crops has the potential to
improve the Ca status of some of the most vulnerable communities in the world (Knez and Stangoulis,
2021). High genotypic variation in Ca concentration and heritability has been shown in many crops
(Alomari et al. 2017; Beebe et al. 2000; GomezBecerra et al. 2010; Sharma et al. 2017; Zhang et al.
2009) making breeding for Ca biofortified products
an obvious step forward.
Conventionally, techniques such as atomic
absorption spectroscopy (AAS) and inductively
coupled plasma – optical emission spectroscopy
(ICP-OES) or – mass spectrometry (ICP-MS) has
been used for analysis of Ca concentration in plant
samples (Zarcinas et al. 2008). These methods are
well established and have good accuracy and precision, however such analyses require specialised
equipment, high purity reagents and highly trained
staff. Additionally, these analyses require samples
to be ground, weighed, digested, diluted and analysed resulting in an expensive and time-consuming
process. We have previously shown the benefits
of using EDXRF to screen Fe and Zn concentration in breeding programs (Guild et al. 2017; Guild
and Stangoulis 2021; Paltridge et al. 2012a; Paltridge et al. 2012b). EDXRF requires minimal sample preparation and a fast non-destructive analysis
requiring minimal consumables and a rapid analysis time. EDXRF analysis of Ca in various food
products has been reported previously (Perring and
Andrey 2003; Perring and Andrey 2018; Perring
et al. 2019) in plants and food crops (Ekinci et al.
2004; Guild and Stangoulis 2021; Kalcsits 2016).
To develop a robust XRF calibration it is essential
to have samples with robust reference values and a
wide range of concentrations for the element(s) of
interest.
We have previously shown it is possible to develop
an EDXRF Ca calibration for whole grain sorghum
(sorghum bicolor) and lentil (lens culinaris) (Guild
and Stangoulis 2021) and here we present data for Ca
analysis for more of the HarvestPlus crops of interest,
specifically, rice (Oryza sativa L.), wheat (Triticum
aestivum L.), pearl millet (Pennisetum glaucum L.),
bean (Phaseolus vulgaris L.), maize (Zea mays L.)
and cowpea (Vigna unguiculata L.).
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Materials & methods
Samples
EDXRF calibration samples for Ca in grains are not
commercially available, consequently a set of calibration and validation samples were developed for each
of the crops analysed. Samples were provided from
various breeding programs: beans were provided
from the International Centre for Tropical Agriculture
(CIAT) in Colombia, cowpea samples were provided
from University of California, Riverside, USA and the
International Crops Research Institute for the SemiArid Tropics (ICRISAT), India, maize samples from
the International Institute of Tropical Agriculture
(IITA), Nigeria, wheat samples from International
Maize and Wheat Improvement Centre (CIMMYT),
Mexico, pearl millet samples from International
Crops Research Institute for the Semi-Arid Tropics (ICRISAT), India and rice from the International
Center for Tropical Agriculture (CIAT), Colombia.
All samples were sterilised with gamma irradiation at
50 kGray (5 Mrad). Flour samples were ground with
a Retch Mixer Mill MM 400 with ZrO grinding jars
and balls (Retsch GmbH & Co KG, Haan, Germany).
Robust reference values were achieved with ICP-MS
analysis at Flinders University. Approximately 0.3g
of each sample was digested using a closed-tube
digestion method (Knez et al. 2018; Wheal et al.
2011). Reference material for each crop was analysed
for quality control for each ICP-MS analysis batch.
Specifically, string bean pods WEPAL IPE192 for
maize, bean, cowpea and pearl millet analysis, NIST
wheat flour 1567b for wheat analysis and NIES rice
flour 10-c for rice analysis.
EDXRF
A Bruker S2 Puma EDXRF fitted with a 20-position
sample tray was used to acquire all EDXRF data.
Acquisition parameters are summarised in Table 1
with the acquisition time and sample preparation for
each crop shown in Table 2. Flour samples were prepared with a Retsch Mixer Mill MM 400 with ZrO
grinding jars and balls (Retsch GmbH & Co KG,
Haan, Germany), whole grain samples were analysed
as received with no further preparation. As reported
previously (Guild et al. 2017; Guild and Stangoulis
2021; Paltridge et al. 2012a; Paltridge et al. 2012b),
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Table 1:  EDXRF acquisition parameters
Atmosphere
X-ray Tube
Voltage
Current
Peak Detected
Tube Filter
Detector
*

Air
Palladium
40 kV
240 μA
Ca Kα*
Al (500μ)
SDD

corrected for K Kβ overlap

Table 2:  EDXRF acquisition time, sample preparation and Ca
concentration range for each crop
Crop

Scan time

Sample

Bean
Cowpea
Wheat
Pearl Millet
Maize
Rice

30 s
30 s
120 s
120 s
240 s
240 s

Flour
Flour
Flour
Whole grain
Flour
Whole grain

analysis was performed on samples of >5g in supplied 35 mm diameter sample cups sealed with 4 μm
Poly-4 (polypropylene) XRF film.
Statistics
Calibration and validation statistics reported are
defined below (Perring and Andrey 2003)
Concentration determined by ICP-MS
Concentration determined by EDXRF
Bias
Standard error of prediction (SEP)
Standard error of calibration (SEC)

yi
ŷi
∑n

i=1

(ŷi −yi )

�

n
∑n

�

∑n

i=1

(ŷi −yi )

2

n

i=1

(ŷi −yi )

2

n−p−1

Limit of detection (LOD) as calculated by the
Bruker EDXRF calibration software with limit of
quantification (LOQ) determined as 10/3 LOD.
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Results

Table 3:  Calibration statistics for EDXRF Ca analysis in
bean, cowpea, wheat, pearl millet, maize and rice

Calibration

Crop

Range

Mean

r2

SEC

LOQ

Ca EDXRF calibration was developed for each
crop analysed with all showing a strong correlation
between EDXRF intensity and the reference ICPMS concentration (Figure 1). Ca calibrations for
each of the crops were developed for the Ca K
 α fluorescence peak (corrected for K Kβ overlap) and the
resulting calibration statistics are shown in Table 3.
These results show strong calibrations (r2 ≥ 0.86)
for all the crops analysed and standard error of calibration (SEC) ranged from ± 7.43 – 75.39 mg k g-1
with LOQ ranging from 18 – 202 mg kg-1.

Bean
Cowpea
Wheat
Pearl Millet
Maize
Rice

764 – 1880
580 – 1490
400 – 690
122 – 510
63 – 197
31 – 162

1380
941
532
246
120
90.0

0.95
0.97
0.86
0.92
0.88
0.96

± 75.39
± 41.16
± 29.15
± 32.64
± 10.23
± 7.43

166.86
202.12
100.79
57.19
55.98
18.88

All units presented as mg kg-1, apart from r2

Validation
The validation statistics for the Ca calibrations
for each crop all showed r2 ≥ 0.93 (Table 4 and

Figure 1:  EDXRF Ca calibration for bean, cowpea, pearl millet, wheat, maize and rice with ICP-MS reference analysis
Vol:. (1234567890)
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Table 4:  Validation
statistics for EDXRF
analysis of bean, cowpea,
wheat, pearl millet, maize
and rice

All units presented as mg
kg-1, apart from RSD (%)
and r2
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Crop

Bean
Cowpea
Wheat
Pearl Millet
Maize
Rice

ICP-MS

EDXRF

Range

Avg RSD r2

Bias

95% CI

SEP

Ave SD Ave RSD

764 – 1720
440 – 1340
390 – 640
144 – 480
25 – 154
37 – 145

2.85
1.32
2.57
4.31
4.09
2.61

- 2.97 a
+ 4.69 a
+ 3.57 a
- 1.67 a
+ 0.49 a
+ 1.66 a

± 16.33
± 19.02
± 4.70
± 7.96
± 1.47
± 2.20

± 41.47
± 49.57
± 15.52
± 21.78
± 5.35
± 8.31

56.86
42.20
23.47
23.13
5.14
4.11

0.97
0.95
0.93
0.94
0.95
0.94

4.64
4.89
4.37
7.47
9.93
5.25

Figure 2:  Correlation between EDXRF analysis and reference ICP-MS analysis of Ca in bean, cowpea, pearl millet, wheat, maize
and rice with y = x represented by the solid line.

Figure 2). The average bias between reference
ICP-MS and EDXRF analysis was less than ± 5
mg kg-1 for all crops and not significantly different from zero (at the 95% level, according to paired
t-test). The 95% confidence interval was < 20 mg
kg-1 for bean and cowpea and < 8 mg k g-1 for all

other crops analysed. EDXRF reproducibility for
duplicate analysis (RSD) was less than 10 % for all
crops analysed.
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Discussion
The benefit of EDXRF for elemental analysis is
the rapid throughput and minimal sample preparation. We have previously shown the suitability of
this method for screening Fe and Zn concentration
in each of the crops analysed here, specifically for
wheat (Paltridge et al. 2012a), rice and pearl millet
(Paltridge et al. 2012b) and bean, maize and cowpea
(Guild et al. 2017). Increasing Fe and Zn has been the
focus of many biofortification programs and has had
great success for improving human nutrition. However, there is potential to expand breeding programs
in the future to study more elements of nutritional
importance, such as Ca. Consequently, developing a
rapid screening technique for Ca is essential.
Ca is a relatively light element, consequently Ca
fluorescence is more significantly attenuated in the
air atmosphere (Towett et al. 2016) when compared
to heavier elements (e.g., Fe and Zn). To mitigate
this effect, Ca analysis with XRF is often conducted
under vacuum (Perring and Andrey 2018; Perring and
Blanc 2008; Perring et al. 2019; Perring et al. 2016).
However, the requirement for samples being ground,
pressed and analysed under a vacuum increases both
the time and cost of analysis. It has previously been
shown that Ca analysis of whole seeds under an air
atmosphere is feasible (Guild and Stangoulis 2021).
These results show it is possible to analyse the smaller
seed crops (rice and pearl millet) as whole grain and
still produce a robust calibration and validation (r2 >
0.9), however the remaining crops required seed to be
ground to flour to produce suitably robust calibrations
Figure 3:  Example
EDXRF spectrum of bean
sample
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as seen in Figure 1. The crops studied here span a
large range of Ca concentrations, from 150 to 200 mg
kg-1 in rice and maize to approximately 1000 to 2000
mg kg-1 in beans. To achieve reproducible and accurate Ca results, the analysis time was optimised for
each crop. Calibration data was acquired at successively longer acquisition times (30 s, 60 s, 120 s, 240
s) to produce a correlation between EDXRF intensity
and ICP-MS reference concentration of r 2 > 0.85. It is
evident that crops with lower Ca concentrations and/
or Ca range require longer analysis time (Table 2) to
produce suitably robust calibrations (Table 3). Ca calibrations for bean and cowpea (crops with comparably
high levels of Ca) were achieved with 30s scan time.
This is the same as the acquisition parameters for
analysis of Fe and Zn (Guild et al. 2017) and would
require no changes to the current protocols in order
to simultaneously achieve Ca screening (as shown in
Figure 3). However, crops with lower concentrations
of Ca (wheat, pearl millet, maize and rice) require
longer scanning times to achieve suitably robust Ca
analysis for breeding programs. Whilst increasing
the analysis time would have the added benefit of
improving the accuracy of Fe and Zn EDXRF analysis, this could significantly impact sample throughput if all samples from breeding trials were scanned
at this longer time. Consequently, it may be desirable
for large breeding programs to analyse only a subset
of samples with this longer analysis time rather than
scanning all samples for 240s. However, in comparison to conventional ICP analysis, which requires significant sample preparation, digestion, dilution, and
analysis steps along with samples generally requiring
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domestic or even international shipment to a dedicated off-site laboratory, an analysis of 240s is still an
improvement. The reproducibility of XRF is < 10%,
while this is higher than that observed with ICP, this
is still more than suitable for high throughput screening. The only consumable required for XRF analysis
is the preparation of sample cups at a cost of ~$US
0.15 per sample. This combined with minimal sample preparation and labour time results in significant
reductions in analysis cost per sample when comparing XRF and ICP (<$1 and >$25 respectively) and
the ability to analyse samples at the field station, all
indicate XRF is suitable for rapid screening for Ca in
breeding programs.

Conclusions
Rapid screening for micronutrient concentration in
biofortification breeding programs is essential. The
fast and simple analysis achieved with EDXRF is the
ideal tool for this and is well established for screening Fe and Zn in multiple crops. Here we have confirmed this technique can also be used for screening
Ca in many staple food crops. The results indicate a
strong correlation between EDXRF and the reference
ICP-MS analysis for all crops, with r2 > 0.93. Whilst
longer analysis time is required than is used for Fe
and Zn, this Ca method is still significantly faster
and easier than the conventional wet analysis techniques. Additionally, this non-destructive technique
is much cheaper at a cost of < $US 0.15 per sample.
These results have shown (with 95% confidence) the
EDXRF results are comparable with ICP-MS with
results < ± 2.5 mg kg-1 for rice and maize, <± 8 mg
kg-1 for wheat and pearl millet at < ± 20 mg k g-1 for
bean and cowpea. These results provide an essential screening platform for plant breeders aiming to
develop Ca-enriched staple crops.
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