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Abstract

Grain yield and mineral nutrient concentration in cereal crops are usually inversely correlated, undermining
biofortification efforts. Here, sink size, expressed as kernel number per cob, was manipulated by controlling the time
when the silks of sweetcorn (Zea mays) cv. Hybrix 5 and var. HiZeax 103146 were exposed to pollen. Twelve other
varieties were manually pollinated to achieve the maximum potential kernel number per cob, and kernel Zn concen-
tration was correlated with kernel number and kernel mass. As kernel number increased, kernel Zn concentration de-
creased, with the decrease occurring to similar extents in the embryo tissue and the rest of the kernel. However, total
kernel Zn accumulated per cob increased with increasing kernel number, as the small decreases in individual kernel
Zn concentration were more than offset by increases in kernel number. When both kernel number and mass were
considered, 90% of the variation in kernel Zn concentration was accounted for. Differential distribution of assimilates
and Zn to sweetcorn cobs led to significant decreases in kernel Zn concentration with increasing kernel number. This
suggests there will be challenges to achieving high kernel Zn concentrations in modern high-yielding sweetcorn var-
ieties unless genotypes with higher Zn translocation rates into kernels can be identified.
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Introduction

Micronutrient deficiency is a severe nutritional problem af-
fecting approximately 30% of the world’s population, mainly
in developing countries (Kennedy ef al., 2003). One approach
to addressing this issue of malnutrition has been through
agronomic and genetic biofortification that aims to increase
the concentration of a target micronutrient in the edible
fraction of staple crops. Examples of species in which in-
tensive biofortification efforts have been made include rice
(Oryza sativa), wheat (Triticum aestivum), and maize (Zea mays)

(White and Broadley, 2009). Despite these efforts, achieving
the combination of high yield and high micronutrient con-
centration has proved challenging, as crop yield is usually in-
versely correlated to mineral nutrient concentration (Davis
et al., 2004; Murphy et al., 2008). For example, decreases in
the N, protein, and oil concentrations of shoots and kernels
have been observed with increasing maize shoot biomass and
kernel yield (Scott et al., 2006; Riedell, 2010; Abdala et al.,

2018). Consequently, an assessment of kernel micronutrient

Abbreviations:DAP, days after pollination; DM, dry mass.

© The Author(s) 2020. Published by Oxford University Press on behalf of the Society for Experimental Biology.
This is an Open Access article distributed under the terms of the Creative Commons Attribution License (http://creativecommons.org/licenses/by/4.0/), which per-
mits unrestricted reuse, distribution, and reproduction in any medium, provided the original work is properly cited.

120z Aey gz uo 1senb Aq 8912185/5861%/91 /1 L/210ne/gxl/woo dno-olwepeoe//:sdiy wou) papeojumoq


http://creativecommons.org/licenses/by/4.0/
mailto:cheah.zhong.xiang@uqconnect.edu.au?subject=

4986 | Cheah et al.

concentration without consideration of yield may lead to in-
appropriate genotypic selections that do not provide successtul
biofortification outcomes.

An increase in grain crop yield may be due to an increase in
kernel number or individual kernel mass (i.e. larger kernels) or
both, with each parameter being influenced by genetic and en-
vironmental factors (Sadras, 2007). For modern maize hybrids,
yield improvement has mostly been achieved through large in-
creases in kernel number (Fischer and Palmer, 1984), which
more than offsets the small decreases in individual kernel mass
caused by limitations in the availability of assimilates (Echarte
et al., 2000). Varietal differences in kernel number and indi-
vidual kernel mass between genotypes may also contribute to
variation in kernel micronutrient concentrations (McDonald
et al., 2008). However, the evidence for these effects is not
conclusive, with other studies finding the correlation between
kernel Zn or Fe concentration and grain yield to be weak or
non-significant (Ortiz-Monasterio and Graham, 2000; Long
et al., 2004; Chakraborti et al., 2009). The opportunity for
micronutrient biofortification in high-yielding maize varieties
is therefore not well characterized.

Sweetcorn (Zea mays ssp. saccharata), which has a sugary
endosperm conferred by a single gene mutation (Creech, 1965;
Simonne et al., 1999), is a close relative of maize. The micronu-
trients of importance to human health, such as Zn, are found in
high concentrations in the scutellum of sweetcorn and maize
embryos (Cheah ef al., 2019b). This micronutrient-rich em-
bryo is typically removed during the processing of maize ker-
nels by dry milling, whereas the entire kernel of sweetcorn
is consumed. This potential dietary advantage of sweetcorn
is negated by the fact that most of the Zn in the embryo is
in the form of Zn phytate, which is not bioavailable to hu-
mans (Cheah et al., 2019a); by contrast, the Zn accumulated
in the endosperm has been shown to be mostly bioavailable.
Therefore, to achieve a beneficial outcome for human health,
genotypes that accumulate Zn in the endosperm are preferable
to those that accumulate Zn in the embryo.

In previous experiments, we have observed that apparent
genotypic differences in kernel Zn concentration were nega-
tively correlated with kernel number per cob—that is, the net
Zn supplied to a cob was diluted over a greater number of
kernels. The aim of this study was to quantify the effect of
sweetcorn kernel yield on kernel Zn concentration in a range
of sweetcorn varieties. The relative changes in the accumu-
lation and distribution of Zn between the embryo and the
rest of the kernel with increasing kernel number were also
evaluated. A better understanding of the relationship between
kernel number and Zn accumulation will underpin suc-
cessful selection strategies in breeding programmes that aim
to develop sweetcorn varieties with high yield and greater Zn
accumulation.

Materials and methods

Experimental setup

The experiments were conducted at the Gatton Research Facility of the
Department of Agriculture and Fisheries (Gatton, Australia) on a Vertisol

soil (Soil Survey Staff, 2014) with a DTPA-extractable Zn concentration
of 4.6 mg kg '. Fourteen sweetcorn varieties (listed in Table 3) were
grown for this study at a density of 60 000 plants ha™'. Before planting, a
basal fertilizer containing 55 kg N ha™', 10 kg P ha™', 55 kg K ha™', and
80 kg S ha™! was applied. Additionally, a urea—NH,~NO; mix (Easy-N®)
at a rate of 13.5 kg N ha™', ammonium sulfate [(NH,),SO,] at a rate
of 125 kg ha™!, and magnesium sulfate (MgSQ,) at a rate of 10 kg ha™'
were each applied once by drip irrigation. Finally, zinc oxide (ZnO) was
applied once at the 12-leaf stage at a rate of 0.6 kg Zn ha™' as a foliar
application. During the growth period, the average minimum and max-
imum temperatures were 15 °C and 30 °C, respectively, and the relative
humidity range was 44-59%. A completely randomized design was used
for all experiments.

Assessment of the accumulation of Zn and carbohydrate in the
embryo and the rest of the kernel at various stages of maturity

The kernel number of the commercial variety cv. Hybrix 5 was ma-
nipulated by controlling the duration of exposure of the silks to pollen.
Immediately before silk emergence, the ears of all plants were covered
with a plastic bag. A visual assessment of peak pollen production (ap-
proximately 2 weeks after ear bagging) was used as a basis for treat-
ment implementation. At this time, the bags were removed to expose
the emerged silks to pollen for 0.5, 1, 2, 4, 8, 12, or 24 hours, and ears
were subsequently covered with a paper bag to prevent further pollin-
ation. Ears were subsequently harvested at 18, 21, 24, and 28 days after
pollination (DAP).The 21 and 24 DAP harvest times were equivalent to
normal commercial sweetcorn harvest times, with the kernels at 18 DAP
being slightly immature and those at 28 DAP being over-mature.

At harvest, cobs were categorized as well pollinated (>350 kernels),
moderately pollinated (150-350 kernels), or poorly pollinated (<150 ker-
nels). Five cobs were sampled from each category and 10 kernels were ex-
tracted from each cob.The kernels were dissected into embryo tissue and
the rest of the kernel (including the endosperm, aleurone, and pericarp
tissues), which were measured separately for tissue dry mass (DM) and Zn
concentration. Kernel Zn content was then calculated as the sum of the
products of the Zn concentration of each tissue (i.e. embryo or rest of the
kernel) and DM content. The rates of kernel Zn and DM accumulation
were calculated using the formula:

R = (Xend - Xstart) / (n X d) >

where xg,, and x4 represent the Zn or DM content at the start and
end of a period, n represents the number of kernels, and d represents the
number of days within that period.

Assessment of the relationship between kernel number and Zn
concentration within sweetcorn varieties

This experiment evaluated the relationship between kernel number and
Zn concentration by comparing the sweetcorn varieties cv. Hybrix 5 and
var. HiZeax 103146. Kernel number was manipulated using the method
described above. Cobs were then harvested at 21 DAP, the kernel number
was determined, and 10 kernels were extracted for nutrient analysis.
Exposing silks to pollen for varying durations produced cobs with a wide
variation in kernel number (range 1-554 kernels per cob). However, cobs
with fewer than 10 kernels were excluded from the analysis due to an
insufficient kernel mass for Zn determination. Total kernel Zn mass per
cob was calculated using total kernel DM (g per cob) and Zn concen-
tration (mg kg™ ).

Contribution of differences in kernel number and individual

kernel mass to variation in kernel Zn concentration between
sweetcorn varieties

The 14 sweetcorn varieties were manually self-pollinated to achieve the

maximum potential kernel number. These varieties were harvested at 21
DAP (the normal harvest time for sweetcorn for human consumption),

120z e gz uo ysenb Aq 891 2#85/5861%/9 /1 L/9101He/qX[/wod dno-olwepese//:sdiy wolj papeojumo(



Kernel Zn concentration is influenced by kernel number | 4987

five cobs were sampled, and the kernel number per cob was determined.
Ten kernels were extracted from each cob and their DM and mineral nu-
trient concentration were determined as described above. The relation-
ships between kernel number, kernel DM, and kernel Zn concentration
were determined.

Mineral analysis

Kernels were removed from the cob for determination of fresh mass.
Kernels were then oven-dried (70 °C) for determination of DM and
tissue Zn concentrations. Dried kernel samples were digested in 6 ml
nitric acid and 2 ml perchloric acid at 150 °C before being made up to
20 ml with deionized water. The digested samples were analysed using
an inductively coupled plasma optical emission spectrometer (ICP-OES;
Optima 7300 DV, Perkin Elmer; Wellesley, MA, USA) (Zasoski and
Burau, 1977).

Results

Accumulation of dry matter and Zn during kernel
development

The accumulation of Zn and dry matter in individual ker-
nels of cobs of cv. Hybrix 5 with varying kernel numbers at
different maturity stages (18-28 DAP) is shown in Fig. 1 and
Table 1.The rate of accumulation of both Zn and dry matter
was greatest at 21—-24 DAP and was either maintained or de-
clined to different extents at 24—28 DAP (Table 1). As kernel
number increased, the relative changes in dry matter and Zn
content were different. Specifically, the average Zn accumula-
tion rate from 18 to 28 DAP was 0.7 pg Zn kernel ™' day™" in
poorly pollinated cobs, 0.5 pg kernel™' day™' in moderately
pollinated cobs, and 0.3 ug kernel™' day™' in well pollinated
cobs. Kernels on well pollinated cobs therefore accumulated
Zn at ~40% of the rate of kernels on poorly pollinated cobs.
The average kernel dry matter accumulation rate decreased
from 17.1 mg kernel ' day ™' in poorly pollinated cobs (which
had low kernel numbers) to 14.8 and 12.2 mg kernel ™" day ™
in moderately and well pollinated cobs, respectively. Kernels
on well pollinated cobs therefore accumulated assimilate at
~70% of the rate of kernels on poorly-pollinated cobs—a

Kernel Zn content (ug)
»n

0 T T T T T T
16 18 20 22 24 26 28 30

much smaller reduction in accumulation than that recorded
for kernel Zn.

Partitioning of Zn between the embryo and the rest of
the kernel

Given the marked difference in the relative accumulation of Zn
and assimilate in kernels on cobs with different kernel num-
bers, the distribution of Zn between the embryo and the rest
of the kernel was examined using cobs of cv. Hybrix 5 with
varying kernel numbers. The Zn concentration in both em-
bryo tissue and the rest of the kernel decreased by ~18-33% as
kernels matured over the period 18-28 DAP (Table 2). Despite
the decrease in tissue Zn concentration, the Zn content of
both the embryo and the rest of the kernel increased over the
18-28 DAP period as tissue DM increased (Fig. 2). The rest of
the kernel constituted a much larger proportion of the kernel
dry matter at all stages of kernel development (95% at 18 DAP,
decreasing to 89% at 28 DAP). Hence, despite the much higher
Zn concentration in embryo tissue (Table 2), the rest of the
kernel contributed the majority of the whole kernel Zn con-
tent at all stages of maturity (Fig. 2). The proportion of the
kernel Zn content contributed by the embryo doubled over
the sampling period, from 15-21% at 18 DAP to 32-36% at 28
DAP, reflecting the relatively greater increase in embryo mass
over the period. It is worth noting that kernel number had no
real effect on the proportion of Zn content in the embryo and
the rest of the kernel at any stage of kernel development. This
similarity in response in both tissues indicated that in cobs with
poor kernel establishment, the additional Zn available to each
kernel was not preferentially stored in either tissue but was
distributed in similar proportions across both tissues (Fig. 2).

Relationship between kernel number, kernel mass, and
kernel Zn concentration

The relationship between kernel Zn concentration and
kernel number was similar for both cv. Hybrix 5 and
var. HiZeax 103146, showing a consistent small decline
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Fig. 1. Accumulation of (A) Zn content and (B) dry matter content in individual kernels of sweetcorn (Zea mays) variety cv. Hybrix 5 at 18, 21, 24, and
28 days after pollination. Kernels were extracted from cobs that supported <150, 150-350, and >350 kernels.
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Table 1. Accumulation of kernel Zn and dry matter content in sweetcorn (Zea mays) variety cv. Hybrix 5 between 18 and 28 days after

pollination in poorly, moderately, or well pollinated cobs

Pollination success Kernel Zn content (ug kernel™' day™)

Dry matter content (mg kernel™' day™")

number 4o 51 DAP 21-24 DAP 24-28 DAP Mean (18-28 DAP) 18-21 DAP 21-24 DAP 24-28 DAP Mean
(18-28 DAP)
Poorly pollinated <150 0.3 0.9 0.8 0.7+£0.2 9.8 23.1 18.2 17.1£3.9
Moderately pollinated 150-350 0.3 0.7 0.5 0.5+0.1 9.1 22.2 13.6 14.8+3.8
WEell pollinated >350 0.3 0.6 0.2 0.3+0.1 12.0 17.7 8.2 12.2+2.8

DAP, Days after pollination.

Table 2. Zn concentration and dry mass of the embryo, rest of the kernel, and whole kernel in sweetcorn (Zea mays) variety cv. Hybrix
5at 18, 21, 24, and 28 days after pollination in cobs with different kernel numbers

Tissue Zn concentration (mg kg~' DM) Kernel dry mass (mg kernel™")

18 DAP 21 DAP 24 DAP 28 DAP 18 DAP 21 DAP 24 DAP 28 DAP
Embryo
>350 kernels 150+2.6 b,c 157+49b 114+35¢€ 100+7.4 f 3+0.3 ] 5+0.1 h 13+0.2 e 19+0.0c
150-350 kernels 136+9.6 c,d 130+4.6d 105+3.8 f 101£5.3 f 4+0.4 i 70949 17+0.1d 28+0.8 a
<150 kernels 167+4.2 a 185+7.1 c,d 142+6.7 c 134+2.5c,d 2+0.4 k 5+0.2h 11+£0.6 f 23+0.2 b
Rest of kernel
>350 kernels 31+1.6b 26+1.4d 25+0.9d,e 23+1.5¢ 67+4.0 101+£6.2d 146+5.2 ¢ 173+6.1 b
150-350 kernels 31£1.6b 28+0. Oc 25+0.7 d,e 25+1.8d,e 74+2.0e 99+5.8d 155+4.1 ¢ 199+7.5a
<150 kernels 38+0.5 a 32+1.1b 32+1.1b 31+0.5b 60+1.4 g 87+8.9d 15169 ¢ 211£9.8 a
Whole kernel
>350 kernels 37+1.2¢c 32+2.9d,e 32+0.7 d,e 30+2.0d,e 70+£3.1 h 106+8.3 159+6.4 d 192+51 b
150-350 kernels 37+1.6b,c 35+1.1 ¢c,d 33+1.6d,e 34+2.0c,d,e 78+2.4 g 106+7.2 e 172+2.7 ¢ 227+6.1 a
<150 kernels 43+1.1 a 38+0.9 b,c 39+0.4 b 41+1.2 a 63+3.8i 92+3.1 f 162+6.5d 234+2.1 a

Within each type of tissue, means with different letters are significantly different (P<0.05). DAP, Days after pollination; DM, dry mass.

(P=0.003) in kernel Zn concentration as kernel number
increased from ~50 kernels to the respective maximums in
well pollinated cobs (~450 kernels in var. HiZeax 103146
and ~550 kernels in cv. Hybrix 5; Fig. 3A). While the mag-
nitude of the decline in Zn concentration with increasing
kernel number appeared to be slightly greater for var. HiZeax
103146, the difference was not significant (P=0.261). There
appeared to be a relatively sharp increase in kernel Zn con-
centrations at very low kernel numbers (below ~50 kernels)
in cv. Hybrix 5, and although there was only one cob with a
kernel number that low in var. HiZeax 103146, that sample
also showed a similarly large increase in kernel Zn concen-
tration. A significant varietal effect was also observed, with
var. HiZeax 103146 having on average a 8.6+1.2 mg kg™’
(P<0.001) higher kernel Zn concentration than cv. Hybrix
5 at any given kernel number between ~50 and ~550 ker-
nels (Fig. 3A-a).

Owing to the statistically significant but relatively small
decrease in kernel Zn concentrations with increasing
kernel number for cobs with >50 kernels, total kernel Zn
mass per cob for both varieties increased with increasing
kernel number (Fig. 3B). The overall higher kernel Zn
concentration resulted in a ~30% higher (P=0.002) total
kernel Zn mass per cob in var. HiZeax 103146 than in cv.
Hybrix 5 in cobs with kernel numbers ranging from ~200
to ~450 kernels.

Relationships between kernel yield and Zn
concentration in a collection of sweetcorn varieties

The manually pollinated cobs from the 14 sweetcorn var-
ieties produced different numbers of kernels, with dif-
ferent kernel mass and different kernel Zn concentrations
(Table 3). A visual assessment of cobs showed that the pol-
lination effectiveness (the proportion of total cob length
hosting kernels) ranged from 70% to 100%. Across all 14
varieties, there was a strong correlation between kernel
Zn concentration and kernel number (R*=0.57, P=0.002;
Fig. 4A), but there was no correlation between kernel DM
and Zn concentration (RZZO.OS, P=0.450; Fig. 4B), sug-
gesting that kernel number was the more important factor
in determining genotypic differences in kernel Zn concen-
tration. There appeared to be a subset of four genotypes in
which higher Zn concentrations were recorded than would
be expected from the kernel numbers present, with a sep-
arate relationship for kernel number and kernel Zn concen-
tration established for this subset (Fig. 4A).These genotypes
had kernel Zn concentrations that were 11.9+2.9 mg Zn
kg™ higher (P=0.002) for any given kernel number than
the broader population, but the combination of low kernel
numbers and low kernel DM resulted in two of these geno-
types (56.3—1 and 14—6) having only a low to moderate
total kernel Zn mass per cob (Table 3).
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The relationship between yield and kernel Zn was explored,
using total kernel DM per cob (i.e. the product of kernel
number and kernel DM) as a proxy for yield. As expected,
there was a negative correlation between total kernel DM and
kernel Zn concentration (P=0.017; Fig. 5A). However, total
kernel DM was positively correlated with total kernel Zn mass
accumulated per cob (P<0.001; Fig. 5B), with the variability
in this relationship representing a measure of differences in
the capacity of different varieties to translocate Zn into ker-
nels. Multiple linear regression analysis showed that most of
the variability in the total kernel Zn mass per cob (R*=0.93,
P<0.001) across these genotypes could be accounted for by
differences in kernel number per cob and individual kernel Zn
concentration. Different genotypes were therefore able to be
ranked in terms of their ability to partition Zn into developing
kernels (Table 3).
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Fig. 2. Accumulation of Zn content in the embryo and the rest of the
kernel in individual kernels of sweetcorn (Zea mays) variety cv. Hybrix 5

at 18, 21, 24, and 28 days after pollination (DAP) for cobs supporting
different numbers of established kernels. Percentage values show the
proportion of whole kernel Zn content contained in embryo tissue. Different
letters indicate significant differences (P<0.05) in whole kernel Zn content.
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Discussion

Effects of variability in yield influenced by source—sink
dynamics on kernel Zn concentration

The dilution of mineral nutrient concentrations by high bio-
mass production or grain yield is a well reported phenom-
enon in crops (Jarrell and Beverly, 1981; Davis, 2009; Riedell,
2010). However, no studies have explored the physiological
mechanisms underpinning the negative correlation between
micronutrient concentrations and grain yield. In this study, we
examined the relationship between kernel Zn concentration
and the two components of grain yield, namely kernel number
and kernel mass, in sweetcorn. Both of these factors are im-
portant for yield improvement, as changes in kernel number
may be compensated for by changes in kernel mass and vice
versa (Sadras, 2007).

We demonstrated that as the sink demand for assimilates in-
creased due to increasing numbers of established kernels, the
relative change in the rate of accumulation of carbohydrates
in kernels was relatively less affected compared with that of
kernel Zn (Fig. 1, Table 1).The suggestion that the distribution
of assimilates to developing kernels was not strongly source-
limited was consistent with the accumulation behaviour of as-
similates in maize, where assimilate accumulation was found to
be sink-limited in most growing conditions and source-limited
only if assimilate availability was reduced during grain filling
due to poor growing conditions (Echarte ef al., 2000; Borras
et al.,2004).

The greater sensitivity of Zn accumulation to increasing
sink size (due to higher kernel numbers) was manifested in
declining individual kernel Zn concentrations with increasing
kernel numbers, and was indicative of source limitations that
will constrain Zn accumulation in kernels of sweetcorn. This
relationship was explored in two varieties: a commercially
cultivated variety, cv. Hybrix 5, and an experimental variety
previously identified for its higher kernel Zn concentration,
var. HiZeax 103146. We found that the same negative correl-
ation between kernel Zn concentration and kernel number
existed in both varieties (Fig. 3A), indicating that it is possible
that observed differences in kernel Zn concentration between
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Fig. 3. Relationships between sweetcorn (Zea mays) kernel number and (A) kernel Zn concentration on a dry mass (DM) basis and (B) total kernel Zn
mass per cob in varieties cv. Hybrix 5 and var. HiZeax 103146 at 21 days after pollination.
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Table 3. Properties of 14 sweetcorn (Zea mays) varieties

Variety Kernelnumber Kernel DM Total kernel Kernel Zn concentration Total kernel Zn mass Zn partitioning
(mg kernel”™")  mass (gcob™) (mg kg™ DM) per cob (ug cob™) capacity
0O2su 458+16 46+6 21.07+0.10 29.8+3.2 627.9+0.32 Very good
HiZeax 103146 36131 56+1 20.22+0.03 32.6+0.8 659.2+0.02 Very good
56.3-1 225+31 40+3 9.00+0.09 41.4+3.3 372.6+0.30 Moderate
14-6 146+47 34+5 4.96+0.24 43.9+6.4 217.7+1.54 Poor
Garrison (com- 487+14 57+3 27.76+0.04 19.9+1.0 552.4+0.04 Good
mercial)
TF2 432+18 37+3 15.98+0.05 23.7£1.2 378.7+0.06 Moderate
Hybrix 5 (com- 430+20 55+2 23.65+0.04 25.4+0.7 600.7+0.03 Very good
mercial)
fl2sh2 360+36 26+6 9.36+0.22 24.9+1.9 233.1+£0.42 Poor
EM 540 326+47 4242 13.69+0.09 24.5+1.1 335.4+0.10 Moderate
6-1x15-2 311+33 62+5 19.28+0.17 28.3+1.1 545.6+0.19 Good
23-6 269+20 39+4 10.49+0.08 29.3+1.6 307.4+0.13 Moderate
231 230+43 5113 11.7320.13 33.2+2.6 389.4+0.34 Moderate
23-7 190+11 42+3 7.98+0.03 30.0+0.4 239.4+0.01 Poor
13-2 181+35 4445 7.96+0.18 33.4+2.0 265.9+0.36 Poor

Data are expressed as means + SE (n = 5 plants per variety). Classification of Zn partitioning capacity was added based on data of total kernel Zn mass
per cob obtained in this study. The first four varieties listed expressed relatively higher kernel Zn concentration for the given kernel number (see Fig. 4).

DM, Dry mass.
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Fig. 4. Relationships between kernel Zn concentration and (A) kernel number and (B) kernel dry mass for 14 sweetcorn (Zea mays) varieties grown in the

field. Dashed lines in (A) show 95% confidence intervals.

varieties could be strongly influenced by the number of ker-
nels set. Indeed, the negative correlation between kernel Zn
concentration and kernel number explained a significant pro-
portion of the variation in kernel Zn concentration across a
broader population of 14 genotypes (Fig. 4A).

While the relationship between kernel number (one
of the main contributors to yield increases in sweetcorn
breeding) and kernel Zn concentration was observed to hold
across a set of 14 genotypes, the relationship between kernel
mass (the other key yield key determinant in sweetcorn)
and kernel Zn concentration was weak (Fig. 4b). This sug-
gests that the decreases in kernel Zn concentration that have
been observed with increasing sweetcorn yields are likely
to be mainly driven by increases in kernel number rather
than kernel mass. Kernel mass in maize was reported to be
strongly influenced only by reduction in potential assimilate
availability leading to reduced kernel mass, but increases in

potential assimilate availability did not result in improved
kernel mass (Borras et al., 2004). Conversely, the selection
pressure for higher yields in maize, achieved mainly through
increased kernel numbers (Fischer and Palmer, 1984), could
have unintentionally selected for lower kernel Zn concen-
tration in modern maize hybrids.

While the individual kernel Zn concentration decreased
with increasing yield, the total amount of Zn being translo-
cated into the kernels increased with yield, maximizing the
overall total kernel Zn mass per cob (Fig. 5B). The small de-
crease in individual kernel Zn concentration associated with
increases in kernel number was more than offset by the in-
crease in kernel mass per cob, and this observation suggests
that the effect of source limitations in constraining kernel
Zn concentration is relatively small (Fig. 3b). This implies
that while both individual kernel Zn concentration and total
kernel yield are valid selection parameters, the most efficient
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way of increasing total Zn yield ha™" in the edible product is by
increasing sweetcorn yield, regardless of whether that increase
is due to higher kernel numbers, higher kernel DM, or both.
Future studies could explore whether the negative correlation
between kernel number and Zn concentration applies only to
a single cob or to multiple cobs on a plant. If the former were
true, there could be potential to increase kernel Zn concen-
trations while maintaining or improving yield by selecting for
genotypes with multiple smaller cobs that each support fewer
kernels.

Breeding strategies to improve dietary Zn intake from
sweetcorn

From the dietary perspective, there are two different
breeding strategies to achieve biofortification outcomes in
high-yielding sweetcorn varieties, depending on the target
market and consumption pattern. If catering to markets
that consume whole cobs, selection for any combination of
increased kernel number and/or kernel mass will increase
the total kernel Zn mass per cob, and hence dietary intake.
However, in markets where cut ‘cobettes’ or processed ker-
nels in fixed-weight packaging are preferred, the dietary in-
take will be based on kernel concentration, so higher yields
will have to be achieved through greater kernel mass to
avoid any negative impacts of increased kernel numbers
on kernel Zn concentration. Given the dominance of in-
creased kernel number driving yield increases in modern
maize hybrids (Fischer and Palmer, 1984) and the appar-
ently strong impacts of the environment on the stability of
genotypic differences in individual kernel mass, the latter
strategy presents significant challenges.

On a positive note, var. HiZeax 103146 exhibited higher
kernel Zn concentrations than cv. Hybrix 5 at any given kernel
number (Fig. 3A). This finding suggested that there are geno-
types that are more efficient at translocating Zn into cobs for
distribution across the developing kernels, a trait that is inde-
pendent of kernel number variation, which was also observable
in a subset of the 14 genotypes studied (Fig. 4A). Although

the mechanisms for efficient uptake and accumulation of Zn
in these varieties are unclear and warrant further investiga-
tion, these traits offer valuable resources to be exploited for
genetic biofortification of Zn in sweetcorn. Any genetic ad-
vances will need to be supported by appropriate agronomic
biofortification strategies to achieve the desired enhancement
of Zn partitioning and the concentration of Zn in individual
kernels.

Accumulation of Zn and assimilates in the embryo and
the rest of the kernel

Given the importance of speciation to the bioavailability of
Zn for absorption after consumption, the allocation of Zn be-
tween embryo and endosperm tissues will be an important
factor in securing desired biofortification outcomes.This is im-
portant because of the contrasting Zn concentrations (Table 2)
in these kernel constituents and their bioavailability: Zn in
embryo tissues is stored predominantly as Zn phytate, which
has low bioavailability for humans, whereas Zn stored in the
endosperm is complexed with N- or S-containing ligands and
has higher bioavailability (Cheah et al., 20192). In addition, the
stability of the Zn allocation between kernel constituents in
response to increasing source limitations caused by increasing
kernel number will be particularly important for breeding pro-
grammes seeking to improve both yield and bioavailable Zn
content in sweetcorn.

In this study, the trends in Zn concentration and Zn con-
tent of embryo tissue and the rest of the kernel as the ker-
nels mature on a well pollinated cob of sweetcorn were
similar to those observed in earlier studies (Cheah er al.,
2020). We showed that the ratio of Zn content in the em-
bryo to Zn content in the rest of the kernel was constant
irrespective of the established kernel number, suggesting
that there was no preferential storage of Zn in either tissue
with increasingly constrained Zn supplies. This observation
implies that in order to further improve sweetcorn as a
source of dietary Zn, there may be scope to change the
relative proportions of Zn in different kernel constituents
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by reducing the mass and/or volume ratio of the embryo
relative to the endosperm or the rest of the kernel (Zhang
et al.,2012; Nagasawa ef al., 2013; Chen et al., 2014; Golan
et al., 2015; Suzuki et al., 2015).

Conclusion

As the number of established kernels on a sweetcorn cob in-
creased, plants were better able to maintain the rate of assimilate
supply than the rate of Zn supply to the developing kernels. This
resulted in a decrease in kernel Zn concentration as the kernel
number increased. However, increases in kernel mass per cob (the
product of kernel number and DM content) due to increased
kernel number more than offset the small decreases in individual
kernel Zn concentrations, such that the total kernel Zn mass per
cob was maximized when grain yield was maximized. This result
suggests that in the absence of sink size limitations, increasing the
supply of Zn into the kernels, either through enhanced geno-
typic efficiency in translocating Zn or by ensuring adequate Zn
availability via agronomic means, would be needed to maintain
high kernel Zn concentrations. Targeted crosses of high-yielding
varieties with efficient kernel Zn accumulation could potentially
achieve concomitant improvements in both Zn concentration
and yield in modern sweetcorn cultivars.
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