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Trait stacking simultaneously enhances provitamin
A carotenoid and mineral bioaccessibility in
biofortified Sorghum bicolor†

Michael P. Dzakovich, *a,b Hawi Debelo, a Marc C. Albertsen, c Ping Che, c

Todd J. Jones, c Marissa K. Simon, c Zuo-Yu Zhao,c Kimberly Glassmanc and
Mario G. Ferruzzi *a,d

Vitamin A, iron, and zinc deficiencies are major nutritional inadequacies in sub-Saharan Africa and dispro-

portionately affect women and children. Biotechnology strategies have been tested to individually

improve provitamin A carotenoid or mineral content and/or bioaccessibility in staple crops including

sorghum (Sorghum bicolor). However, concurrent carotenoid and mineral enhancement has not been

thoroughly assessed and antagonism between these chemical classes has been reported. This work eval-

uated two genetically engineered constructs containing a suite of heterologous genes to increase caro-

tenoid stability and pathway flux, as well as phytase to catabolize phytate and increase mineral bioaccessi-

bility. Model porridges made from transgenic events were evaluated for carotenoid and mineral content as

well as bioaccessibility. Transgenic events produced markedly higher amounts of carotenoids (26.4 µg g−1

DW) compared to null segregants (4.2 µg g−1 DW) and wild-type control (Tx430; 3.7 µg g−1 DW). Phytase

activation by pre-steeping flour resulted in significant phytate reduction (9.4 to 4.2 mg g−1 DW), altered

the profile of inositol phosphate catabolites, and reduced molar ratios of phytate to iron (16.0 to 4.1), and

zinc (19.0 to 4.9) in engineered material, suggesting improved mineral bioaccessibility. Improved phytate :

mineral ratios did not significantly affect micellarization and bioaccessible provitamin A carotenoids were

over 23 times greater in transgenic events compared to corresponding null segregants and wild-type

controls. A 200 g serving of porridge made with these transgenic events provide an estimated 53.7% of a

4–8-year-old child’s vitamin A estimated average requirement. These data suggest that combinatorial

approaches to enhance micronutrient content and bioaccessibility are feasible and warrant further assess-

ment in human studies.

1. Introduction

Incidence of food insecurity is unusually high in sub-Saharan
Africa where diets are dominated by carbohydrate-rich cereal
grains.1,2 As a result of food scarcity and regional dietary pat-
terns, vitamin A, iron, and zinc deficiencies remain
prominent.3,4 Chronic vitamin A deficiency can result in xer-

ophthalmia; the leading cause of preventable blindness in
children.5,6 Likewise, iron and zinc are required for normal
growth and development and their deficiencies are associated
with an increased risk of death from other diseases such as
diarrhea.7,8 Considering social, economic, and environmental
factors, food choice and availability are unlikely to markedly
change in sub-Saharan Africa in the near future. Improvement
of staple foods already predominant in the broader diet of at-
risk populations is a viable strategy to ameliorate
malnutrition.

Sorghum (Sorghum bicolor (L.) Moench) is a close relative of
maize (Zea mays) and one of the most popular cereal grains
consumed in sub-Saharan Africa.9 Sorghum is often processed
into porridges (e.g. tô) by mixing flour with boiling water.10

However, sorghum and subsequent food products are gener-
ally low in micronutrients such as iron and zinc as well as pro-
vitamin A carotenoids.11,12 The nutritional impacts of low
mineral contents are exacerbated by the presence of high
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levels of phytate (inositol hexakisphosphate), a major phos-
phorous storage molecule that strongly chelates divalent
metals like iron and zinc, and substantially reduces their bio-
availability in humans.13 Previous research using labeled
mineral elements estimate that molar ratios of phytate to iron
or zinc above 10–15 indicate poor bioavailability.14–17

Depending on sorghum genetic background and environ-
mental conditions, reported molar mineral/phytate ratios are
overwhelmingly above these thresholds and vary between 6–55
for phytate to iron and 30–40 for phytate to zinc.11,18,19 Given
the low levels of carotenoids, high concentration of phytate,
and dietary significance of the crop, sorghum is an ideal can-
didate for biofortification efforts.

Biofortification strategies seeking to simultaneously
improve delivery of provitamin A and key shortfall minerals
such as iron and zinc are rare. Improvements in carotenoid
content, stability, and reducing phytate concentration have
been tested individually by ectopic expression of non-codon
optimized genes including homogentisate geranylgeranyl
transferase (HGGT ), phytoene synthase (PSY1), phytoene desa-
turase (CRTI), phytoene synthase (CRTB), deoxy-xylulose-phos-
phate synthase (DXS), and phytase (PhyA).20–24 These studies
demonstrated that not only could carotenoids concentrations
be significantly increased in sorghum grain (e.g. CRTB), but
their stability could be substantially enhanced by increasing
antioxidant tocopherol and tocotrienol species (e.g. HGGT ).
Through modern biotechnological approaches, it is theoreti-
cally possible to address both provitamin A carotenoid and
mineral content as well as minimizing factors that negatively
impact bioavailability. However, potential for antagonism
between carotenoid bioavailability and divalent minerals has
been reported in in vitro and in vivo studies.25–29 These
reported effects are concentration dependent and their
relationship in the context of sorghum biofortification
remains unexplored, but critical to define.

To investigate potential antagonism between carotenoid
bioavailability and divalent minerals released by enzymatic
phytate degradation, codon optimized vectors (ABS4-1 and
ABS4-2) were designed and used to develop multiple trans-
genic events (Table 1). These events were engineered to simul-

taneously improve provitamin A carotenoid biosynthetic
capacity, stability, and increased ability to degrade phytate
compared to previous efforts.21,22 Sorghum events were pro-
cessed into model porridges and a three-stage in vitro diges-
tion model was utilized to evaluate carotenoid and mineral
bioaccessibility. Due to the intrinsically low mineral content of
sorghum, we hypothesized that increased mineral release from
phytate degradation would not significantly counteract the
delivery of provitamin A carotenoids. Our results suggest that
these transgenic sorghum events provide dramatically higher
amounts of bioaccessible provitamin A carotenoids compared
to previous efforts and exhibit altered phytate : iron/zinc molar
ratios suggestive of enhanced mineral bioaccessibility.

2. Materials and methods
2.1 Chemicals and reagents

Reagents sourced from Sigma Aldrich (Sigma Chemical Co.,
St Louis, MO, USA) included mucin (M2378), α-amylase (A3176
(lot: SLCF0615)), pepsin (P7125 (lot: SLBW6671)), lipase (L3126
(lot: SLBX2124)), pancreatin (P7545 (lot: SLBV6830)), bile
(B8631 (lot: SLBX1760) and authentic standards of α-carotene,
β-carotene, lutein, lycopene, trans-β-apo-8′-carotenal, retinyl
palmitate, and zeaxanthin. Urea (U15-500) and uric acid
(A13346-14) as well as components for the oral phase base
solution (potassium chloride, sodium phosphate, sodium
sulfate, sodium chloride, and sodium bicarbonate) were pur-
chased from Fisher Scientific (Fisher Scientific, Waltham, MA,
USA). Reagents used for the extraction and analysis of caroten-
oids and inositol phosphates included LC-MS grade water,
methanol, and acetonitrile, HPLC grade ammonium acetate,
dihexylammonium acetate, ethyl acetate, and glacial acetic
acid, as well as ACS grade acetone, ethanol, hexanes, isopro-
panol, methyl tert-butyl ether, and petroleum ether purchased
from Fisher Scientific.

2.2 Sorghum transformation, plant material, and harvest
conditions

Immature embryo explants isolated from greenhouse grown
sorghum plants were transformed with Agrobacterium auxo-
trophic strain LBA4404 Thy-carrying a ternary vector trans-
formation system to generate transgenic sorghum plants as
previously described.30 Transgenic grains used in this study
were generated from two transformation vectors: ABS4-1 and
ABS4-2 (Table 1). ABS4-1 carried the maize codon-optimized
phytoene desaturase CRTI22,31 gene from Pantoea ananatis to
increase provitamin A biosynthesis, the maize codon-opti-
mized phytoene synthase PSY122,32 gene from Zea mays L. to
modulate flux through the carotenoid pathway, the homogenti-
sate geranylgeranyl transferase HGGT22,33 gene from H. vulgare
to increase vitamin E accumulation, the maize codon opti-
mized phytase PhyA34 gene from Aspergillus niger used for
phytate metabolism, and the phosphomannose isomerase
PMI30,35 gene from Escherichia coli as selectable marker. ABS4-
2 carried all the identical genes as described in ABS4-1 except

Table 1 Description of transgenic and non-transgenic material

Transgene combinationa
Event
identifier

Genetic
background

ABS4-1 = HGGT + PSY1 + CRTI + PhyA ABS4-1A Tx430
ABS4-1B
ABS4-1C

ABS4-2 = HGGT + CRTB + CRTI + PhyA ABS4-2A Tx430
ABS4-2B
ABS4-2C
ABS4-2D

NA Control Tx430

a Enzyme abbreviations are defined as follows: PSY1, phytoene
synthase 1, CRTB, bacterial phytoene synthase, CRTI, bacterial phy-
toene desaturase, HGGT, homogentisate geranylgeranyl transferase,
PhyA, phytase, and PSY1, phytoene synthase 1.
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PSY1 was replaced by maize codon-optimized CRTB,36 another
phytoene synthase gene from Erwinia uredovora. In both con-
structs, CRTB, fused to a maize codon optimized delta-4-palmi-
toyl-ACP desaturase gene transit peptide (Cs-DPAD),37 and
PSY1 were driven with the same sorghum α-kafirin promoter.38

CRTI was fused to a maize codon optimized ribulose-1,5-
bisphosphate carboxylase small subunit transit peptide (PS
SSU TP)37,39 and was driven by the sorghum β-kafirin promo-
ter.38 PhyA was fused to a H. vulgare alpha amylase signal
peptide (BAASS)40 and was driven by the endosperm-specific
ZM-LEG1A promoter. HGGT was driven by the Zm-WS1 whole
seed promoter (seed-specific KG86 promoter41), and PMI was
driven with the Zm-UBI1 promoter.30,35

Transgenic events derived from the same transformation
vector represent independent transgenic events (Table 1). All
transgenic events used in this study were homozygous with a
single T-DNA insertion. Both null segregants isolated through
segregation of corresponding transgenic events and wild-type
Tx430 were used as controls. Panicles were collected from
sorghum plants 45-day after pollination, air dried at 24 °C for
2 weeks before threshing, and then stored at −80 °C.

2.3 High-throughput sorghum flour and experimental
porridge preparation

Whole sorghum kernels were added to fill approximately half
of a 15 mL polycarbonate vial (SPEX Sample Prep, Metuchen,
NJ, USA; UX-04545-71) containing two 1

4″ 440C stainless steel
balls (Grainger, Minooka, IL, USA; 4RJJ1). Samples were milled
into flour using a Geno/Grinder® 2010-115 (SPEX Sample
Prep) operated at 1400 RPM for 2 cycles of 2.5 minutes with
samples cooled between cycles. Sorghum flour was stored at
−40 °C until analysis.

Steeped samples underwent the following pre-treatment:
sorghum flour (0.4 g) was suspended in 0.8 mL of doubly dis-
tilled water and incubated at 37 °C for 3 hours at 120 oscil-
lations per minute (OPM). After incubation, an additional
0.8 mL of doubly distilled water was added to each tube and
samples were agitated by hand. Samples were then cooked and
processed as described below.

Porridges were formulated based on a traditional Burkina
Faso style tô containing 20% sorghum flour and 80% water by
weight10 and scaled to a 10 mL volume to align with the
cooking method outlined by Lipkie and others.21 Briefly, 0.4 g
of sorghum flour was weighed into 15 mL flip-cap tubes and
1.6 mL of doubly distilled water was added. Each tube was agi-
tated by hand until flour was fully dispersed. Tubes were trans-
ferred with their lids open to metal racks and placed into an
induction heated stock pot submerging only the portion of the
tubes that contained suspended flour. The stockpot lid was
replaced to maintain temperature at 100 °C and high humidity
while the samples cooked for 10 minutes. After cooking, racks
were removed and 100 mg (± 5 mg) of canola oil was added to
each tube (5% lipid by porridge mass) to promote micellariza-
tion during the intestinal phase and incorporated by manual
mixing. After the addition of canola oil (∼30 min), sample
tubes were transferred to a −80 °C freezer and subjected to a

simulated digestion within 12 hours. All sorghum samples
were processed in triplicate to account for experimental
variation.

2.4 High-throughput in vitro digestions of sorghum porridge

A previously described three-stage high-throughput in vitro
digestion method that utilizes a Tecan Freedom EVO 150
liquid handling system (Tecan; Mannedorf, Switzerland) was
adapted for sorghum porridge.21,42 Briefly, thawed porridge
samples (2 g FW) were mixed with 1.2 mL of oral phase solu-
tion (containing 31.8 mg mL−1 of α-amylase; 380 units) and
incubated at 37 °C for 10 minutes at 120 OPM. Samples were
diluted with a 0.4 mL of 10 mg mL−1 pepsin solution (in 0.1 M
HCl; 270 units) and 2.7 mL of saline (0.9% NaCl) solution and
then adjusted to pH 2.5 by addition of 1.0 M HCl. Samples
were diluted with additional saline to 8 mL, blanketed with
nitrogen gas, and incubated at 37 °C for 1 hour at 120 OPM.
Samples were then adjusted to pH 5.0 using 1.0 M NaHCO3.
Then, 0.4 mL of pancreatin-lipase solution (20 mg mL−1 of
each enzyme in 0.1 M NaHCO3; 3520 units lipase) and 0.6 mL
of bile extract (30 mg mL−1) in 0.1 M NaHCO3 were added to
each sample. Samples were adjusted to pH 7.0 using 1.0 M
NaHCO3 and saline was added to dilute samples to a final
volume of 10 mL. Nitrogen gas was added to each tube and
samples were incubated at 37 °C for 2 hours at 120 OPM. After
incubation, samples were hand-agitated and 4 mL of digesta
was removed, aliquoted, and stored at −80 °C for future ana-
lysis. The remaining samples were blanketed with nitrogen gas
and centrifuged at 3428 × g for 75 minutes in an Eppendorf
5920R centrifuge (Eppendorf, Hamburg, Germany) maintained
at 4 °C. Following centrifugation, 4 mL aliquots of the aqueous
fraction were filtered through 0.22 µm cellulose acetate filters.
Samples were blanketed with nitrogen gas and stored at
−80 °C until analysis.

2.5 High-throughput extraction and analysis of carotenoids

2.5.1 Extraction of carotenoids from sorghum flour. A
rapid extraction protocol was developed based on a previously
validated method for extracting carotenoids from sorghum
flour.21 Briefly, 300 mg of sorghum flour was weighed in
2.0 mL microfuge tubes. Two 1/8″ 440C stainless steel balls
(Grainger; 4RJH5) were added and 150 µL of HPLC grade water
was added into each tube to hydrate the sample matrix. After
resting for 5 minutes, 30 µL of 150 µM retinyl palmitate (RP)
dissolved in ethanol was spiked into each sample as an
internal standard. Samples rested for 10 minutes prior to
the addition of 1 mL of 3 : 2 acetone : ethyl acetate + 0.01%
BHT (w/v). Tubes were shaken at 1400 RPM for 45 seconds in a
Geno/Grinder® 2010-115. Samples were centrifuged at
20 000 × g for 3 minutes and the supernatant was collected
into borosilicate tubes. The remaining sample pellets were
twice extracted as outlined above with methyl tert-butyl
ether + 0.01% BHT (w/v) or until pellet was colorless. Combined
supernatants were dried using a RapidVap (Labconco, Kansas
City, MO, USA), blanketed with nitrogen, and stored at −80 °C.
Samples were redissolved in 2 mL of 1 : 1 ethyl acetate :methanol
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and filtered through 0.45 µm PTFE syringe filters prior to ana-
lysis. Extractions were conducted in triplicate and under low-light
to minimize photoisomerization.

2.5.2 Extraction of carotenoids from digesta and aqueous
fractions. Extraction from digesta and aqueous fractions was
based on a previously validated method and adapted for a
Tecan Freedom EVO 150 liquid handling unit.21,42 Briefly,
100 µL of RP was added to 2 mL of digesta (150 µM RP) or
4 mL aqueous samples (30 µM RP). Samples were extracted
three times with one volume of 1 : 3 acetone : petroleum ether
+ 0.01% BHT (w/v). Samples were vortexed for 1 minute, centri-
fuged for 2 minutes at 4000 RPM, and the supernatant was col-
lected. Combined supernatants were dried in a RapidVap and
stored at −80 °C until analysis (<24 hours later). Digesta and
aqueous fraction samples were resolubilized in 200 or 100 µL
of 1 : 3 ethyl acetate : methanol + 0.01% BHT (w/v), respectively,
and filtered with a 0.22 µm PTFE filter prior to analysis.

2.5.3 Analysis of carotenoids. Carotenoids were analyzed
using a modified high performance liquid chromatography
photo diode array detector (HPLC-PDA) method developed by
Lipkie and colleagues.21 Briefly, filtered carotenoid extracts
were run on a Waters Alliance e2695 (Waters Corporation,
Milford, MA, USA) with mobile phases containing 98 : 2 HPLC
grade methanol: 1.0 M ammonium acetate adjusted to pH 4.6
(A) and ethyl acetate (B). Solvent flow rate was maintained at
0.45 mL per minute and carotenoids were separated on a
2.0 mm × 150 mm YMC C30 column with 3 µm particle size
(YMC America, Devens, MA) using the following gradient:
100% A to 20% A over 4.93 minutes, 20% A to 0% A over
1.65 minutes, 0% A held for 1.46 minutes, a return to 100% A
over 1.0 minute, and a hold on 100% A for 3.46 minutes to
recondition the column. The column compartment and auto-
sampler were maintained at 35 and 15 °C, respectively.
Carotenoids were quantified at 450 nm using a Waters 2998
PDA detector based on response curves of authentic standards.
For analytes quantified without authentic standards, an
adjusted slope was calculated using a ratio of molar extinction
coefficients with the most structurally related carotenoid avail-
able. The internal standard RP was quantified at 325 nm.
Limits of detection determined by least squares regression for
lutein, zeaxanthin, α-carotene, β-carotene, and lycopene were
0.28, 0.03, 0.11, 0.09, and 0.21 picomoles on column,
respectively.

2.6 Extraction and analysis of minerals from sorghum flour

Minerals were hot acid extracted from 0.2 g of sorghum flour
using an open-vessel microwave system, then diluted and ana-
lyzed using ICP-OES. All extractions and analyses were con-
ducted by A&L Great Lakes Laboratories (Fort Wayne, IN, USA).

2.7 Extraction and analysis of inositol phosphates

Extraction of inositol phosphates from raw and steeped
sorghum samples was carried as described previously with
minor modifications.43 Briefly, 50 mg of ground sorghum
samples were defatted using 1.5 mL of hexane. The hexane
layer was carefully removed after centrifuging (3600 rpm,

4 min) and the pellet was dried under nitrogen. The dried
samples were then resuspended with 1 mL of HCl (0.4 M) and
sonicated for 1 h at room temperature. Samples were centri-
fuged, supernatants were transferred into culture tubes and
dried using RapidVap vacuum evaporator. Dried samples were
then resolubilized with 500 μl of 5% acetonitrile, filtered using
0.45 µm PES syringe filter prior to LC-MS analysis.

Inositol phosphate content was determined using a Waters
UPLC Acquity I Class system coupled with a Xevo TQ-S triple
quadrupole mass spectrometer. Separation was performed on
a BEH C18 column (2.1 mm × 50 mm, 1.7 µm) at a flow rate of
0.5 mL min−1 using an adapted gradient as follows: 70% A to
62% A over 2.04 minutes, 62% A to 60% A over 0.03 minutes,
60% A to 44% A over 0.72 minutes, 44% A to 20% A over
0.61 minutes, 20% A to 70% A over 0.03 minutes, and a hold of
70% A for an additional 1.67 minutes.43 Mobile phases con-
sisted of (A) 5% aqueous acetonitrile containing ion pairing
agents dihexylammonium acetate (5 mM) and ammonium
acetate (5 mM) and (B) 100% acetonitrile. Calibration curves of
D-myo-inositol-1-monophosphate dipotassium salt (IP1), D-myo-
inositol-1,4-diphosphate sodium salt (IP2), D-myo-inositol-1,4,5-
triphosphate, sodium salt (IP3), D-myo-inositol-1,3,4,5-tetrapho-
sphate, sodium salt (IP4), D-myo-inositol-1,3,4,5,6-pentapho-
sphate, sodium salt (IP5) and myo-inositol-hexakis (dihydrogen
phosphate) (IP6) were used to quantify inositol phosphate
species using optimized multiple reaction monitoring (MRM)
experiments. Details regarding MRM experiments can be found
in the ESI.† Analytical conditions were as follows: electrospray
ionization in negative mode; capillary voltage: 3.0 kV; probe
temp: 150 °C; source temp: 600 °C; desolvation gas flow: 1000 L
h−1; cone gas flow: 5 L h−1.

2.8 Statistical analysis and data visualization

Statistical analyses and data visualization were conducted
using R version 4.1.1.44 Box and whisker plots were generated
using ggplot2 using the Wes Anderson color palette
generator.45,46 Fixed-effect analysis of variance models were
generated to determine if genetic background, transgene state
of the transgenic construct, or phytase activation pre-treatment
significantly affected outcomes measured in our experiments.
For the analysis of raw material carotenoid, mineral, and
phytate content, (excluding pre-treated phytase activated
samples) the following model was used:

Yijk ¼ μþ Ei þ Tj þ RkðEiÞ þ εijk

represents the estimate for a given analyte within ith event, jth

transgene state, and kth technical replicate. μ represents the
mean of a given analyte or metric, Ei represents the contri-
bution due to genetic factors for ith event of the germplasm, Tj
represents the contribution due to the transgene state of the
transgenic construct for the jth state, Rk(Ei) represents the con-
tribution of the kth technical replicate within transgenic event,
and can be interpreted as within event variation, and εijk rep-
resents the residual error. If significance was determined, a
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Tukey–Kramer post-hoc test (α = 0.05) was conducted to deter-
mine between which groups differences exist using the
package agricolae.47

To isolate the effect of transgenic construct transgene state
or phytase activation pre-treatment on relative and absolute
bioaccessibility, the following simplified models were used:

Yi ¼ μþ Ti þ εi

Y i ¼ μþ Pi þ εi

where model parameters are as previously defined and Pi indi-
cates phytase activation pre-treatment. Tukey–Kramer post-hoc
tests (α = 0.05) were used to define significance between
groups within a given analyte.

To determine significance among the interactions between
transgenic construct transgene state and phytase activation
pre-treatment, the following model was used:

Yij ¼ μþ Ti þ Pj þ TiPj þ εij

where model parameters are as previously defined and TiPj
indicates the interaction term between transgene state and
phytase activation pre-treatment.

3. Results
3.1 Carotenoid content increased in transgenic sorghum
events

Sorghum flours were analyzed for several major carotenoids
including those with provitamin A activity (Table 2). A compre-
hensive summary and statistical analysis of all carotenoids
and their geometric isomers is detailed in Table S1.†
Carotenoid values are presented on a “per serving” basis to
reflect the amount present in a standard 200 g serving of por-
ridge. Additionally, we report multiple aggregate values includ-
ing xanthophylls (lutein, zeaxanthin, α-cryptoxanthin, and
β-cryptoxanthin), carotenes (α-carotene, cis-β-carotene,
β-carotene, lycopene, and any monitored cis isomers), and pro-
vitamin A content (1/2(α-cryptoxanthin + β-cryptoxanthin +
α-carotene + any monitored cis isomers) + β-carotene).
Overwhelmingly, transgenic material outperformed null segre-
gants and the wild-type control in terms of carotenoid content.
On average, transgenic events contained between 2.7 to 32
times more carotenoids than their non-transgenic counter-
parts and wild-type control, depending on the carotenoid. A
200 g porridge serving made with the null segregants or wild
type control used in this study contained on average 0.15 mg
of xanthophylls, 0.03 mg of carotenes, and 0.02 mg of provita-
min A content while a serving of porridge made with trans-
genic events contained on average 0.35 mg of xanthophylls,
0.70 mg of carotenes, and 0.67 mg of provitamin A content. By
design, transgenic sorghum events were particularly high in
β-carotene with an average content of 0.63 mg per 200 g
serving of porridge. T
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3.2 Relative and absolute bioaccessibility of carotenoids
varied in transgenic and non-transgenic sorghum events

In our germplasm, relative bioaccessibility (micellarization
efficiency) was higher for almost all carotenoids in the non-trans-
genic material (Fig. 1A). On average, 23.5% of β-carotene in null
segregants and wild type control was bioaccessible compared to
18.8% in transgenic lines. A detailed breakdown of relative bioac-
cessibility values for all carotenoids and respective geometric
isomers quantified are reported in Table S2.† β-Cryptoxanthin,
α-carotene, and lycopene were low or not detectable in non-trans-
genic material (Fig. 1 and Table 2).

For all carotenoids measured in our study, transgenic
material had substantially higher absolute bioaccessibility
(quantity of carotenoids available for absorption; Fig. 1B). On
average, transgenic events released 0.118 mg of β-carotene
while non-transgenic material released 4.57 µg per 200 g
serving of porridge. This finding represents an approximate
26-fold increase in absorbable β-carotene from porridges made
using transgenic sorghum events. Individual transgenic and
null segregants exhibited differences in bioaccessibility within
their respective groups. Notably, ABS4-2A released the most
β-carotene, total xanthophylls, carotenes, and provitamin A
carotenoids (Table S2†).

3.3 Mineral profiles were similar in all sorghum lines studied

Mineral elements common to cereal grains were analyzed in
sorghum samples to better understand the potential inter-
actions between their presence and carotenoid bioaccessibility
and to determine if specific events caused alterations in
mineral homeostasis (Table 3 and Table S3†). Mineral profiles
of all sorghum lines did not significantly vary regardless of

transgene state. It is important to emphasize that these con-
structs were not engineered to differentially accumulate min-
erals and all germplasm studied here were grown in a con-
trolled environment.

3.4 Total inositol phosphate pools decreased as phytate (IP6)
was metabolized into other inositol phosphate forms (IP1–IP5)
in steeped transgenic sorghum events

The effects of activating both native and heterologous phytase
enzymes on inositol phosphate (IP1–IP6) profiles and caroten-
oid bioaccessibility were also examined in this study. Without
steeping prior to porridge production and digestion, trans-
genic and non-transgenic events did not substantially differ
from one another in terms of their phytate catabolite (IP1–IP5)
profiles (Table S4†). However, large statistically significant
differences were observed when flours were steeped prior to
cooking (Fig. 2 and Table S4†). Phytate catabolites (IP1–IP5)
were significantly higher in steeped transgenic material com-
pared to their non-steeped counterparts as well as both
steeped and non-steeped null segregants and non-transgenic
controls (Table S4†). In non-steeped transgenic material, IP1–
IP3 represented 0.6% of the total inositol phosphate pool on
average whereas IP1–IP3 comprised 25.7% of the total inositol
phosphate pool in steeped transgenic events. In non-trans-
genic material, changes in inositol phosphate profiles due to
steeping were less pronounced, but statistical differences were
observed for IP2–IP6 (Table S4†). Additionally, a significant
reduction in total inositol phosphate species was observed in
transgenic material after steeping compared to non-steeped
counterparts as well as both steeped and non-steeped null seg-
regants and wild-type control (Fig. 2 and Table S4†). More pre-
cisely, steeped transgenic material contained, on average,

Fig. 1 Relative (A) and absolute (B) bioaccessibility comparing transgenic to non-transgenic material. Transgene state indicates if a transgenic con-
struct is present or absent (null). Lowercase letters above box and whisker plots that are different indicate statistical significance within a carotenoid
as determined by a post-hoc Tukey’s HSD test. Missing letters indicate that an analyte was not detectable in one of the groups and not subject to
statistical comparison.
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370.8 mg of total inositol phosphates whereas non-steeped
events contained 937.1 mg per 200 g of porridge.

3.5 The molar ratios of phytate to iron and zinc were reduced
in steeped transgenic sorghum events

We calculated molar ratios of phytate (IP6) to zinc and iron as
a proxy for mineral bioaccessibility. In this analysis, both
steeped and non-steeped transgenic and non-transgenic

material were compared to determine phytate degradation
efficiency among wild-type, transgenic and corresponding
nulls. As shown in Fig. 3 and Table S5,† no significant differ-
ences in the phytate to zinc (21.6 and 21.2; transgenic and
non-transgenic) and phytate to iron (18.2 and 16.4; transgenic
and non-transgenic) ratios were observed for all the materials
tested without steeping. However, a significant reduction in
phytate to zinc (4.9 and 17.6; transgenic and non-transgenic)

Fig. 2 Donut plots of phytate (IP6) and its catabolites (IP1–IP5) in transgenic events (ABS4-1 (A) and ABS4-2 (B) constructs, respectively) rep-
resented as a percentage of total inositol phosphates (IP1–IP6). The outer rings represent non-steeped porridges while the inner rings represent
steeped porridges. The average change in total inositol phosphates as a function of steeping for each event are displayed in the center of its corres-
ponding figure. The first number represents total inositol phosphates in the non-steeped porridges while the latter number represents total inositol
phosphates after steeping in mg per 200 g porridge (40 g dry flour).

Table 3 Mineral concentrations in sorghum flour reported as means ± standard deviation (mg per 200 g porridge (40 g dry flour))

Event identifier Transgene statea Zinc Iron Calcium Magnesium

ABS4-1A Present 1.3 ± 0.0abcb 1.4 ± 0.2b 14.7 ± 2.3ab 58.7 ± 6.1abc
ABS4-1B Present 1.6 ± 0.3abc 1.5 ± 0.1b 16.0 ± 0.0ab 68.0 ± 13.9ab
ABS4-1C Present 1.5 ± 0.2abc 1.8 ± 0.6ab 17.3 ± 2.3ab 65.3 ± 6.1ab
ABS4-2A Present 2.0 ± 0.2a 2.1 ± 0.7ab 17.3 ± 6.1ab 73.3 ± 4.6a
ABS4-2B Present 1.6 ± 0.4ab 1.3 ± 0.1b 16.0 ± 0.0ab 68.0 ± 0.0ab
ABS4-2C Present 1.6 ± 0.2abc 1.7 ± 0.3ab 16.0 ± 0.0ab 66.7 ± 12.9ab
ABS4-2D Present 1.5 ± 0.1abc 1.6 ± 0.2ab 17.3 ± 2.3ab 70.7 ± 4.6ab
ABS4-1A Null 1.4 ± 0.1abc 1.3 ± 0.1b 13.3 ± 2.3b 61.3 ± 2.3abc
ABS4-1B Null 1.3 ± 0.2abc 1.5 ± 0.2b 21.3 ± 6.1ab 62.7 ± 11.5ab
ABS4-1C Null 1.3 ± 0.2abc 1.4 ± 0.5b 13.3 ± 2.3b 57.3 ± 6.1abc
ABS4-2A Null 1.5 ± 0.2abc 2.5 ± 0.7a 22.7 ± 2.3a 68.0 ± 4.0ab
ABS4-2B Null 1.4 ± 0.1abc 1.5 ± 0.1b 16.0 ± 0.0ab 65.3 ± 2.3ab
ABS4-2C Null 1.2 ± 0.1bc 1.4 ± 0.1b 13.3 ± 2.3b 56.0 ± 8.0bc
ABS4-2D Null 1.8 ± 0.2ab 2.0 ± 0.2ab 17.3 ± 2.3ab 64.0 ± 8.0ab
Control NA 1.0 ± 0.3c 1.3 ± 0.2b 13.3 ± 2.3b 45.3 ± 2.3c

a Transgene state indicates if a transgenic construct is present or absent (null). b Values with unique letters are statistically significant as deter-
mined by a Tukey’s HSD (α = 0.05) post hoc test.
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and phytate to iron (4.1 and 13.6; transgenic and non-trans-
genic) ratios was observed for all the sorghum lines after steep-
ing, indicating that the steeping treatment was able to activate
not only the heterologous phytase, but also naturally occurring
phytase enzymes. Although steeping reduced the phytate to
iron and zinc ratios in both transgenic and non-transgenic
material, transgenic material exhibited the most dramatic
reduction falling below 5.0 for both minerals (Fig. 3 and
Table S5†).

3.6 Relative and absolute bioaccessibility of carotenoids were
not affected by phytase activation in transgenic sorghum events

We focused our remaining analysis on the transgenic events
given the notable differences in their total phytate, likely due
to the heterologous phytase activated by steeping (Fig. 2 and
Table S4†). Relative bioaccessibility was not significantly
impacted for any of the carotenoids measured in this study by
phytase activation (Fig. 4A). In terms of absolute bioaccessibil-
ity, cis-β-carotene isomers were statistically more bioaccessible
from non-steeped wild-type and null controls, but no other
individual or aggregate measurements of carotenoids were
affected (Fig. 4B and Table S2†). A modest and consistent
pattern can be seen in Fig. 4B and Table S2† suggesting a
slight downward trend in deliverable carotenoids as a function
of steeping and phytase activation, but these differences did
not reach a level of statistical significance. Therefore, delivery
of carotenoids and provitamin A carotenoids were found to be
similar between steeped and non-steeped transgenic material
and not significantly impacted by the presumed increase of
divalent cations liberated through phytase activation.

4. Discussion

Among the leading causes of death for children under 5 years
of age in sub-Saharan Africa are vitamin A and mineral
deficiencies.3 The sorghum germplasm used in this study were
specifically engineered to address how modifying the caroten-
oid biosynthetic pathway in endosperm tissue impacts caroten-
oid profiles and bioaccessibility. Secondarily, the interactions
among carotenoid bioaccessibility, phytase activation, and the
presence of liberated divalent cations was also studied by
including PhyA in these constructs. The two constructs used in
this study differed only in that ABS4-1 contained PSY1 while
ABS4-2 contained CRTB (Table 1). In both cases, carotenoid
profiles in the germplasm represent improvements over pre-
vious iterations with prominent increases in β-carotene.21–23

However, concentrations of xanthophylls such as lutein and
zeaxanthin were slightly lower in this germplasm likely due to
increased pathway flux towards β-carotene. Given that PSY1
and CRTB both encode phytoene synthase and catalyze the
same reaction through conserved prenyl transferase domains,
changes in gene expression through codon optimization
(codon optimized PSY1 was used in this study compared to
previous iterations22) and/or difference in the enzyme catalytic
activity differences may have contributed to variation in
xanthophyll content as well as provitamin A carotenoids in
different transgenic constructs.48 Regardless, xanthophyll con-
centrations in transgenic events were between ∼3–4× higher
than our non-transgenic control (Tx430) and may provide
greater long term benefits related to eye health (Table 2).49,50

Depending on factors such as age and sex, the estimated
average requirement (EAR) of retinol activity equivalents (RAE)

Fig. 3 Molar IP6 to mineral ratios of steeped (phytase activated) or non-steeped (phytase not activated) transgenic and non-transgenic (null)
sorghum porridges. The plot is separated by mineral class (A: zinc and B: iron) and lowercase letters above box and whisker plots that are different
indicate statistical significance within a mineral as determined by a post-hoc Tukey’s HSD test.
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for vitamin A can range from 275 µg up to 885 µg for children
4–8 and lactating mothers, respectively.51 The reported conver-
sion of dietary β-carotene to retinol is 12 : 1.7 However, bioforti-
fied cereals like maize and Golden rice have been shown to
have more effective conversion rates (6 : 1 and 3.8 : 1,
respectively).52,53 Given the similarity of sorghum flour’s com-
position to maize, retinol conversion rates may be closer to
those reported for other cereals. A recent report using a
Mongolian gerbil model suggests that the conversion
efficiency of β-carotene to retinol from similar transgenic
sorghum events is 4.5 : 1.54 Based on the 4.5 : 1 conversion
rate, a 200 g porridge serving made with the transgenic events
used in this study contains on average 665.69 µg of β-carotene
equivalents (147.93 RAE); fulfilling 53.7% of a 4–8-year-old
child’s vitamin A EAR (275 µg RAE). However, the efficiency of
provitamin A carotenoid conversion to retinol will be affected
by many other factors, such as porridge matrix, preparation
method, carotenoid bioaccessibility, and interindividual differ-
ences in absorption and metabolism capabilities.55

Consistent with previous reports, relative bioaccessibility
was lower in transgenic events with high concentrations of
carotenoids (Fig. 1A).21,56,57 This trend could not be observed
in β-cryptoxanthin, α-carotene, and lycopene as these caroten-
oids were low or not detectable in non-transgenic material. We
hypothesize that due to the prominently higher carotenoid
concentrations in transgenic events, and the process by which
carotenoids partition into water-soluble micelles may have
been approaching saturation. Regardless, the transgenic
events used in this study have the potential to deliver signifi-
cantly more total and provitamin A carotenoids than their
non-transgenic counterparts (Fig. 1B), with a particular
emphasis on β-carotene. Despite the modestly lower relative
bioaccessibility in these transgenic sorghum events, higher

absolute bioaccessibility indicates these lines would have
potential for public health impact to consumers of traditional
porridges.

It has been previously estimated that addressing zinc
deficiencies could prevent 4.4% of childhood deaths.8

Biofortification strategies have sought to improve mineral
content in crops through enhanced uptake and/or partitioning
in edible tissues.20,24,58 However, mineral content is poorly
associated with bioavailability.59 Mineral elements co-localize
in sorghum tissues (e.g. pericarp) with phytate which reduces
bioavailability due to its ability to chelate metal ions.60

We explored the effects of activating both naturally occur-
ring and heterologous phytase enzymes on the profiles of ino-
sitol phosphates as well as carotenoid bioaccessibility. Phytase
has long been known to catabolize phytate into various inosi-
tol phosphate products in legumes61 as well as cereals includ-
ing sorghum, corn, rice, and wheat.62 Similar trends were
observed in the current study as phytase activation shifted ino-
sitol phosphate profiles, normally dominated by phytate (IP6),
to smaller catabolites (IP1–5; Fig. 2 and Table S4†). Notably,
the heterologous PhyA in our transgenic events more effec-
tively reduced total inositol phosphate pools in sorghum
flours. This finding was evident in significant shifts in calcu-
lated molar ratios of phytate to zinc and iron (Fig. 3). Lower
molar ratios of phytate to zinc and iron are associated with
higher mineral bioaccessibility.16,63 While estimates vary, criti-
cal values for molar phytate to zinc or iron are generally
believed to fall between 10–15.14–17 Above these thresholds,
bioaccessibility is impaired due to the chelating activity of
phytate. Our study demonstrated that phytase activated trans-
genic material exhibited the most drastic reduction of phytate
to iron ratio from 16.0 to 4.1 and phytate to zinc ratio from
19.0 to 4.9 (Fig. 3), far below reported critical thresholds.

Fig. 4 Relative (A) and absolute (B) bioaccessibility comparing steeped (phytase activated) to non-steeped (phytase not activated) porridges.
Lowercase letters above box and whisker plots that are different indicate statistical significance within a carotenoid as determined by a post-hoc
Tukey’s HSD test.
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However, a potential challenge emerges due to the known
antagonistic relationship between carotenoid micellarization
and minerals.

Previous studies have shown that divalent cations in con-
centrations above certain thresholds are able to precipitate bile
salts64 as well as fatty acids.65 The resulting formation of in-
soluble soaps has been hypothesized to be a potential mecha-
nism by which carotenoid bioaccessibility is negatively
impacted by minerals.26,27,66,67 In this study, total phytate
remaining in steeped, transgenic events was on average 22.9%
of the original amount and additional minerals were ostensi-
bly released through phytate degradation. However, no signifi-
cant effect was observed on relative or absolute carotenoid
bioaccessibility in our study as a function of pre-steeping and
phytase activation. This outcome may be due to the inherently
low concentrations of mineral elements in sorghum relative to
the treatments tested in other bodies of work in which concen-
trations of minerals tended to fall within the mmol
range.26,27,29,66,67 When prepared as a traditional porridge, an
average 200 g serving of porridge (40 g of flour) from all germ-
plasm studied in this work contains 1.62 and 1.47 mg (29.01
and 22.48 µmol L−1) of iron and zinc, respectively. Given the
effects of divalent minerals on micellarization are concen-
tration dependent,26,27,67 we hypothesize that the low mineral
content of sorghum may obscured any significant effects of
steeping, phytase activation, and subsequent liberation of min-
erals on micellarization efficiency. Critical values above which
micellarization is negatively affected for divalent cations such
as zinc, magnesium, and calcium have previously been
reported at 100, 300, and 500 mg L−1, respectively.28 While
iron and zinc both fell below 40 mg L−1 in the sorghum
material studied here, magnesium was present at 1584.4 mg
L−1 on average. The relatively higher concentrations of mag-
nesium likely contributed to modest reductions observed.
However, the modest decreases in micellarization efficiency
observed in steeped transgenic sorghum porridges were not
statistically significant. This finding is consistent with studies
conducted by our group in other crops such as spinach.68

Regardless, the quantity of carotenoids available for absorp-
tion was not significantly affected by steeping and the sub-
sequent release of divalent cations. Should future iterations of
this material generate transgenic events capable of delivering
larger quantities of minerals per serving, it would be prudent
to ensure micellarization efficiency and deliverable carotenoids
are not significantly impacted. Given the chemical aspects of
the sorghum germplasm in this study, our findings indicate
that the transgenic events reported here can effectively deliver
both carotenoids and divalent minerals simultaneously and
more efficiently than non-transgenic controls.

The present study sought to leverage biotechnology for the
purpose of generating nutritionally enhanced cultivars of
sorghum. We utilized these events to study interactions
between divalent minerals and carotenoid bioaccessibility
through the activation of native or heterologous phytase. Data
generated in this study indicate that transgenic events reported
here can simultaneously deliver significant quantities of provi-

tamin A carotenoids, carotenoids associated with eye and
brain development, and divalent minerals required for normal
growth and development. Importantly, increasing the deliver-
ability of mineral elements by enzymatically degrading phytate
did not significantly compromise carotenoid bioavailability.
While human trials are needed to determine the clinical
efficacy of these sorghum events, our data suggest that simul-
taneously addressing multiple (and competing) nutrient
deficiencies is feasible and warrants additional attention.
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