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1 Soil and foliar zinc application to biofortify Broccoli (Brassica oleracea

2 var. italica L.): effects on the zinc concentration and bioavailability

4 Abstract
5 Agronomic Zn biofortification of crops could help to alleviate dietary Zn deficiency,
6  which is likely to affect more than one billion people worldwide. To evaluate the
7  efficiency of agronomic Zn biofortification of broccoli, four application treatments
8  were tested: no Zn application (control); soil application of 5 mg/kg ZnS0,4.7H,0
9  (soil); two sprays (15 mL/pot each) of 0.25% (w/v) ZnS0,4.7H,0 (foliar); and
10  soil+foliar combination. Soil Zn application increased Zn-DTPA concentration by 3.7-
11  times but did not affect plant growth or plant Zn concentration. Foliar Zn
12 application increased stem+leaves and floret Zn concentration by 78 and 23 mg/kg
13 Zn, respectively, with good bioavailability based on phytic acid concentration.
14  Boiling decreased mineral concentration by 19%, but increased bioavailability by
15  decreasing the phytic acid concentration. The entire broccoli could constitute a
16  good nutritional source for animals and humans. An intake of 100 g boiled florets
17  treated with the foliar treatment will cover about 36% of recommended dietary
18 intake (RDI) of Zn, together with 30% of Ca, 94% of K, 32% of Mg, 6% of Na, 55% of
19 P, 60% of S, 10% of Cu, 22% of Fe, 43% of Mn, and 35% of Se RDIs.
20  Keywords: Agronomic biofortification; soil zinc deficiency; zinc fertilizers; Brassicas;
21  phytate
22
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Zinc (Zn) is an essential nutrient for crops, animals and humans. Its deficiency is
associated with severe health complications including hindered physical growth and
learning ability, neurological disorders, DNA damage and cancer development,
causing death in extreme cases (Sanchez et al. 2009; Cakmak 2010). The
Recommended Dietary Intake (RDI) is established at 15 mg/kg, however, ~20% of
the world’s population is Zn deficient (WHO 2016). In Spain, about 56% of its
population intake less than two thirds of this RDI (Sanchez et al. 2009). Drivers of Zn
deficiency include: i) crops grown in soils with a low plant-availability of Zn; this
includes a wide range of soil types worldwide, such as in the Mediterranean region,
and limits crop yields and also Zn concentration in edible tissues (Cakmak et al.
2010); ii) the concentration of antinutrients in diets rich in plant food sources,
mainly phytate which binds with Zn and other cations (e.g. Ca, Fe and Mg) and
hinders their absorption in the human intestine (Gibson 2007); iii) a decrease in the
amount and bioavailability of Zn during processing (Poblaciones and Rengel 2017a).
Agronomic biofortification using foliar Zn application has been proved as an
effective method for increasing the Zn concentration in the edible portions of
several crops (Cakmak et al. 2010). Foliar application has also been shown to
decrease phytate concentrations (Gomez-Coronado et al. 2016; Poblaciones and
Rengel 2017a). Soil Zn application has lower effects on Zn and phytate
concentrations than foliar applications but can improve yields on Zn-deficient soils

(Cakmak et al. 2010; Gomez-Coronado et al. 2016).

Although several studies regarding agronomic biofortification have been developed

in cereals and legumes, other crops as those belonging to Brassica genus have not
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received such attention despite being among the ten most economically important
vegetables (Francisco et al. 2017). Brassica crops are an excellent dietary source of
the main mineral and trace elements, vitamins and other organic nutrients (Moreno
et al. 2006). Broccoli (Brassica oleracea var. italica L.) is the horticultural Brassica
with the highest increase in surface in Spain. The Zn concentration of commercial
broccoli florets has been reported to range from 21 mg/kg (Ogbede et al. 2015;
Slosar et al. 2017) to 66 mg/kg (Kaluzewicz et al. 2016). There are limited studies on
Zn biofortification in broccoli. Slosar et al. (2017) reported increases in floret Zn
concentration of between 10 and 15% due to a foliar application of 375 and 750
g/ha Zn. White et al. (2018) established the critical shoot Zn concentration without
loss of crop yield between 0.12 and 1.7 mg/g among different broccoli genotypes.
The aim of this study was determine the effect of soil and foliar Zn biofortification
on the yield and Zn concentration, including effects on Zn bioavailability, of

processing, and other mineral element accumulation.

MATERIALS AND METHODS

The experiment was conducted in a naturally-lit greenhouse at School of Agronomy
Engineering, Extremadura University, Badajoz, Spain (38°89’ N, 6°97' W; 186 m
above sea level). The greenhouse temperature during the experiment was 18 + 6 2C
during the day and 12 £ 4 2C during the night. A Xerofluvents sandy loam soil was
collected from the area of Tierra de Barros region in Western Spain (38°88’ N, 7°04’
W). The soil was air-dried, sieved to 2 mm, and four subsamples were used to
determine gravimetrically the texture (14.9% clay, 57.1% sand, 28.0% silt), soil pH,

6.5 + 0.1, organic carbon 2.8 + 0.1 g/kg, carbonates <1%, available phosphorus 15
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mg/kg and potassium <15 mg/kg, nitrate nitrogen 1.3 mg/kg and ammonium
nitrogen 2.7 mg/kg. This soil is considered as a Zn deficient soil according to Sims
and Johnson (1991) with a plant-available Zn of 0.43 mg/kg soil determined
according to Lindsay and Norvell (1978) by extraction with DTPA
(diethylenetriamine pentaacetic acid) and measured by ICP-MS (Thermo Fisher
Scientific iCAPQ, Bremen, Germany). Internal references and blanks were included

every 24 samples.

The broccoli cultivar used was Green Top. Seeds were surface-sterilised by soaking
in 80% v/v ethanol for 60 s, washed thoroughly with sterile water and sown in a
seedbed containing substrate. After four weeks, plants were transplanted to 30-cm-
high and 30-cm-wide free-draining pots containing 8.5 kg soil (one plant per pot).
To ensure Zn was the only nutrient limiting growth, the following basal nutrients (in
mg/kg) were added to soil as solutions: 90.2 KH,PO,4; 139.9 K,S0O4; 40.1
MgS0,4.7H,0; 95.2 NH4NO3; 150.3 CaCl,.2H,0; 10.0 MnS0O4.H,0; 2.0 CuS0,4.5H,0;
0.5 CoS04.7H,0; 0.2 Na;Mo004.2H,0, 0.7 H3BOs. Soil Zn treatments (see below)
consisted of spraying Zn sulphate solution to the soil surface. After application of
basal nutrients and different soil Zn rates, the soil in each pot was thoroughly
mixed. Extra application of 95.2 NH;NO3z; mg/kg was applied each three weeks to

avoid N deficiencies.

The experiment was arranged in completely randomized block design with four Zn
treatments and four replicates. Treatments were: no Zn application (control); soil

application of 5 mg/kg ZnS04.7H,0 (soil); two sprays (15 mL/pot each) of 0.25%
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(w/v) ZnSO4-7H,0 (foliar); and the combination of the soil and foliar applications
(soil+foliar). Foliar treatments were applied once at the early beginning of flowering
and the second two weeks after. Soil moisture content was maintained by watering
plants every two days with deionised water. There was no incidence of pests or

diseases during the study.

Plants were harvested at maturity 12 weeks after transplant, and carefully hand-
washed with deionised water. Before harvest, four soil subsamples were took to
determine plant-available Zn. Plant height and weight were measured before the
floret was separated and weighed, together with floret height, higher diameter (D),
and lower diameter (d). The floret was subdivided and subsampled for boiling, air
dried at 60 2C in a forced-air cabinet until constant weight, and weighed. The
remaining subsample was boiled for 5 min in 400 mL of deionised water in Pyrex
flasks. Total Zn concentration, together with Ca, K, Mg, Na, P, S, Cu, Fe, Mn and Se
concentration, were measured in stem+leaves, florets and boiled florets. Accurately
weighed powdered samples (each ~20 mg DW) were digested using a mix of nitric
acid and hydrogen peroxide in a closed-vessel microwave system (Anton Paar
Gmbh, Graz, Austria). Two blanks and two certified reference material (CRM:
tomato leaf SRM 1573a NIST, Gaithersburg, MD, USA) were included every
digestion run. The digested were determined by ICP-MS. The Zn-specific recovery

from CRMs was 95% compared with certified CRM values.

Phytic acid (PA) was determined in all the samples as described by Reason et al.

(2015) using a PA-total phosphorus assay kit (Megazyme, County Wicklow, Ireland)
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and quantified by ultraviolet-visible spectroscopy at 655 nm. The molar ratio

between PA and Ca, Fe, Mg and Zn was calculated.

Data were subjected to a one-way ANOVA for ‘Zn application’. Mineral
concentrations were subjected to two-way ANOVA, including the ‘Broccoli part’, ‘Zn
application’ as well as their interaction in the model. When significant differences
were found, means were compared using Fisher’s protected least significant
difference (LSD) test at P < 0.05. All analyses were performed using Statistix v. 8.10

for Windows (Analytical Software, Tallahassee, FL, USA).

RESULTS AND DISCUSSION

Soil Zn and plant growth. Only a slight decrease in DTPA-extractable soil Zn
concentration was observed in control soils due to plant uptake. Soil application, in
both, soil and soil+foliar significantly increased DTPA-extractable soil Zn
concentration at plant harvest, up to 1.58 mg/kg (Table 1). Similar results were
found by Poblaciones and Rengel (2017a) in Zn-deficient soils. Soil and foliar Zn
application increased plant height, D and d significantly (Table 1), with a non-
significant average increase in the floret weight of 8%. Slosar et al. (2017) reported
floret yield increases of between 8.2 to 17.5% after foliar Zn application of 375 and
750 g/ha Zn applied as Zinkuran SC fertilizers. Abd EI-All (2014) also found yield
increase in broccoli when higher rates of foliar Zn fertilizers were applied three
times during growth period again as Zinkuran SC fertilizers. White et al. (2018) did
not find yield increases in different Brassicas after soil Zn application. This absence

of significant yield increase in this current study could be due to: i) broccoli having a
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relative low sensitivity to soil Zn deficiency in the pot system used in this study, or
ii) the Zn fertilizers were insufficient and/or that ZnSO, less efficient than other
sources as Zn-EDTA (Zhao et al. 2018) or Zinkuran SC (Abd EI-All 2014). These
factors should be tested in field conditions where the size of the pot is not a limiting

factor.

Nutritional composition in the different studied fractions. All the studied minerals,
PA and PA:mineral ratios (except PA:Fe) varied widely depending on the analyzed
broccoli part. Total Ca, Mg, Na, Mn and Zn concentrations were significantly higher
in the stem+leaves than in the florets; total K, P, S, Cu, Fe and Se concentrations
were significantly higher in the raw floret than in the stem+leaves (Table 2).
Nutrient composition was largely similar to those found by Kaluzewicz et al. (2016)
in ten broccoli cultivars, although with a slightly higher total K, P, Cu and Mg
concentrations in the floret in the current study. Liu et al. (2018) found similar
values for both, stem+leaves and floret in total Fe, Mg and Mn concentrations,
higher in total Ca, K, Na (mainly in stem+leaves) and P concentrations, and lower in
total Cu concentrations than the current study. These values could be directly
related with the mineral concentrations in the soil used by Liu et al. (2018) which

was rich in Ca, K, Mg, Na and Mn and from deficient to normal in P, S, Cu, Fe and Se.

The potential bioavailability of nutrients, measured by PA concentrations and the
PA:mineral molar ratios, was greater in stem+leaves than florets, except for PA:Fe
(Table 2). The PA:mineral molar ratios were less than their respective thresholds of

0.24 for PA:Ca (Morris and Ellis 1989); 10 for PA:Fe (Hallberg et al. 1989); and 0.2



168  for PA:Mg (Evans and Martin 1988). The PA:Zn molar ratios were less than 15 in
169  stem+leaves (Gibson 2007) but higher in florets . These results highlight that the
170  entire broccoli plant can constitute a good source of mineral nutrients for humans
171 and livestock. In the study of Liu et al. (2018), florets represents about 15% of total
172  biomass, whereas, if stem and leaves were also consumed, then productivity of the
173 broccoli crop would increase up to 83%.

174

175  Effect of Zn treatments on nutrient accumulation. Floret Zn concentration in the
176  No-Zn treatment, 28.7 mg/kg Zn, was similar to that found by Slosar et al. (2017)
177 (21 mg/kg Zn) but less than found by Kaluzewicz et al. (2016) (42 to 66 mg/kg Zn),
178  due to a higher Zn-soil content. In stem+leaves, Zn concentration in the non-treated
179  broccolis was only 7.8 mg/kg, much lower than that found by Liu et al. (2018).

180  While soil application did not significantly alter Zn concentration in any of the

181  studied parts, in foliar and soil+foliar treatments, the increases were larger in the
182  stem+leaves than in the floret, 11.0 and 11.3-times more vs 1.67 and 1.88-times,
183  respectively, compared to control treatments. Stem+leaves reached levels of 85.9
184  and 88.2 mg/kg Zn, respectively, almost 2-fold higher than their respective in the
185  floret (Figure 1A). In all the cases, the levels are close to target breeding levels of
186  HarvestPlus for legumes (Huett et al. 1997).

187

188  The PA concentration was significantly lower in stem+leaves than in the floret (2.1
189  vs. 7.7 g/kg) (Figure 1B). These values were lower than those found in cereals

190 (Gomez-Coronado et al. 2016) or legumes (Poblaciones and Rengel, 2017a) similar

191  for stem+leaves but higher in florets than those found by Ogbede et al. (2015) in
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cabbage and by Mohammed and Luka (2013) in green, red and Chinese cabbage,

with contents between 2.2 to 3.1 g/kg.

The concentration of K was significantly greater in florets after foliar Zn treatments;
Mn and P concentration were higher in florets in all Zn applications. The
concentration of Se in florets was reduced after soil Zn application treatment but
was unaffected by foliar Zn application (Table 3). Poblaciones and Rengel (2017b),
found a positive effect of the combined application of foliar Se and Zn on the
accumulation of Zn in field pea. Foliar Zn application reduced PA:Zn ratios (Table 3).
The fact that foliar Zn application is not related with a decrease in the broccoli
mineral composition or potential bioavailability is a key point. Broccoli is gaining
consumers thanks to the good reputation that its mineral composition has and the
implementation of a Zn biofortification program is not related to the loss of mineral

quality.

Effect of processing. In broccoli, the most common processing method is boiling for
about 5 min. A significant reduction of 36% in Zn concentration was found in florets
because of boiling, and about 38% in PA as average in all Zn treatments (Figure 1). A
small but significant reduction was found in K (22%), S (28%), Cu (27%), Mg (23%),
Mn (12%), PA:Fe (27%) and PA:Mg (19%). This reduction was more drastic in Fe
(33%), and PA:Ca (40%) (Table 2). Poblaciones and Rengel (2017a) found decreases
of 12%, 16%, 15%, and 24% in grain Se, Ca, Mg, and Zn concentrations in field peas

after frozen and boiling them and similar by Thavarajah et al. (2008) in lentils, with
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a longer cooking time and somewhat larger nutrient losses. Because of the

decrease in the PA, the bioavailability of the broccoli florets has been increased.

According to the Recommended Dietary Intake (RDI) for males and females
between 25 and 50 years published by FAO/WHO (2000) and the obtained results,
an intake of 100 g of boiled broccoli treated foliarly with Zn will cover about: 32% of
Ca, 91% of K, 32% of Mg, 6% of Na, 51% of P, 58% of S, 9% of Cu, 22% of Fe, 38% of
Mn and about 35% of Se, with a good bioavailability according to Sandstrom
(1989). According to the results, foliar was the best treatment from economically
and biofortification points of view, along with an increase of total K, Mg, P, S and Fe
of around 10% and of Cu and Mn around 20%. Regarding Zn, foliar applications
would increase from 10% of the recommended 15 mg/day Zn up to 24%, reaching

proportions of 57 and 59%, respectively, in the stem+leaves.

References

Abd EI-All HM (2014): Improving growth, yield, quality and sulphoraphane content
as anticancer of broccoli (Brassica oleracea L. var. italica) plants by some
fertilization treatments. Middle East Journal of Science Research, 3: 13-19.

Cakmak I., Kalayci M., Kaya Y., Torun A.A., Aydin N., Wang Y., et al. (2010):
Biofortification and localization of zinc in wheat grain. Journal of Agriculture
and Food Chemistry, 58: 9092-9102.

Evans W.J., Martin C.J. (1988): Interactions of Mg(ll); Co(ll); Ni(ll); and Zn(Il) with
phytic acid. A calorimetric study. Journal of Inorganic Biochemistry, 32: 259-

268.

10



239

240

241

242

243

244

245

246

247

248

249

250

251

252

253

254

255

256

257

258

259

260

261

FAO/WHO (2000): Vitamin and mineral requirements in human nutrition
https://apps.who.int/iris/bitstream/handle/10665/42716/9241546123.pdf;j
sessionid=F3154A4C1EE7BE67604532409AB9199E ?sequence=1. (Accessed
17-12-2019)

Francisco M., Tortosa M., Martinez-Ballesta M.C., Velasco P., Garcia-Viguera C.
(2017): Nutritional and phytochemical value of Brassica crops from the agri-
food perspective. Annals of Applied Biology, 170: 270-285.

Gibson R.S. (2007): The role of diet- and host-related factors in nutrient
bioavailability and thus in nutrient-based dietary requirement estimates.
Food Nutrition Bulletin, 28: 77-100.

Gomez-Coronado F., Poblaciones M.J., Almeida A.S., Cakmak I. (2016): Zinc
concentration of bread wheat grown under Mediterranean conditions as
affected by genotype and soil/foliar Zn application. Plant and Soil, 401: 331—
346.

Hallberg L., Brue M., Rossander L. (1989): Iron absorption in man: ascorbic acid and
dose-dependent inhibition by phytate. American Journal of Clinical
Nutrition, 49: 140-144.

Huett D.O., Maier N.A., Sparrow L.A., Piggot T.J. (1997): Vegetable crops. In: D J
Reuter & JB Robinson (Eds.), Plant analysis: An interpretation manual (2™
ed., pp. 383—-464). Collingwood, Victoria, Australia: CSIRO.

Kaluzewicz A., Bosiacki M., Fraszczak B. (2016): Mineral composition and the
content of phenolic compounds of ten broccoli cultivars. Journal of

Elementary, 21: 53-65.

11



262

263

264

265

266

267

268

269

270

271

272

273

274

275

276

277

278

279

280

281

282

283

284

Liu M., Zhang L., Lan Ser S., Cumming J.R., Ku K.M. (2018): Comparative
phytonutrient analysis of broccoli by-products: the potentials for broccoli
by-product utilization. Molecules, 23: 9-18.

Mohammed A., Luka C.D. (2013): Comparative analysis of the different Brassica
oleraceae varieties grown on Jos, Plateau using albino rats. Journal of
Pharmacy and Biological Science, 6: 85-88.

Moreno D.A., Carvajal M., Lépez-Berenguer C., Garcia-Viguera C. (2006): Chemical
and biological characterization of nutraceutical compounds of broccoli.
Journal of Pharmacy and Biology Analysis, 41: 1508-1522.

Morris E.R., Ellis R. (1989): Usefulness of the dietary phytic acid/zinc molar ratio as
an index of zinc bioavailability to rats and humans. Biological Trace Element
Research, 19: 107-117.

Ogbede S.C., Saidu A.N., Kabiru A.Y., Busari M.B. (2015): Nutrient and anti-nutrient
compositions of Brassica oleraceae var. Capitata L. IOSR. Journal Pharmacy,
5:19-25.

Poblaciones M.J., Rengel Z. (2017a): Soil and foliar zinc biofortification in field pea
(Pisum sativum L.): Grain accumulation and bioavailability in raw and cooked
grains. Food Chemistry, 212: 427-433.

Poblaciones M,J., Rengel Z. (2017b): Combined foliar selenium and zinc
biofortification in field pea (Pisum sativum): accumulation and bioavailability
in raw and cooked grains. Crops and Pasture Science, 68: 265-271.

Reason D.A., Watts M.J., Devez A., Broadley M.R. (2015): Quantification of phytic

acid in grains, British Geological Survey Open Report, OR/15/070, 18pp.

12


https://www.scopus.com/record/display.uri?eid=2-s2.0-84973550307&origin=resultslist&sort=plf-f&src=s&st1=Poblaciones&nlo=&nlr=&nls=&sid=F12E88287FD9E81F9C9DA4652E8C1A54.wsnAw8kcdt7IPYLO0V48gA%3a140&sot=b&sdt=b&sl=24&s=AUTHOR-NAME%28Poblaciones%29&relpos=4&citeCnt=4&searchTerm=
https://www.scopus.com/record/display.uri?eid=2-s2.0-84973550307&origin=resultslist&sort=plf-f&src=s&st1=Poblaciones&nlo=&nlr=&nls=&sid=F12E88287FD9E81F9C9DA4652E8C1A54.wsnAw8kcdt7IPYLO0V48gA%3a140&sot=b&sdt=b&sl=24&s=AUTHOR-NAME%28Poblaciones%29&relpos=4&citeCnt=4&searchTerm=
https://www.scopus.com/record/display.uri?eid=2-s2.0-84973550307&origin=resultslist&sort=plf-f&src=s&st1=Poblaciones&nlo=&nlr=&nls=&sid=F12E88287FD9E81F9C9DA4652E8C1A54.wsnAw8kcdt7IPYLO0V48gA%3a140&sot=b&sdt=b&sl=24&s=AUTHOR-NAME%28Poblaciones%29&relpos=4&citeCnt=4&searchTerm=

285

286

287

288

289

290

291

292

293

294

295

296

297

298

299

300

301

302

303

304

305

306

Sanchez C., Lopez-Jurado M., Planells E., Llopis J., Aranda P. (2009): Assessments of
iron and zinc intake and related biochemical parameters in an adult
Mediterranean population from southern Spain: influence of lifestyle
factors. Journal of Nutrition Biochemistry, 20: 125-131.

Sandstrom B. (1989): Dietary pattern and zinc supply. In: Zinc in Human biology.
Mills C.F. ed. p. 350-363. Devon, U.K., Springer-Verlag.

Sims J.T., Johnson G.V. (1991): Micronutrient soil test in micronutrients in
agriculture. In J. J. Mordvedt (Ed.) The soil science society of America book
series n2 4, (2nd ed., pp. 427-476). (Madison, WI, USA).

Slosar M., Mezeyova l., Hegedusova A., Andrejiova A., Kovacik P., Losak T., Kopta T.
(2017): Effect of zinc fertilisation on yield and selected qualitative
parameters of broccoli. Plant Soil and Environment, 63: 282-287.

Thavarajah D., Ruszkowski J., Vandenberg A. (2008): High potential for selenium
biofortification of lentils (Lens culinaris L.). Journal of Agriculture and Food
Chemistry, 56: 10747-10753.

White P.J., Pongrac P., Sneddon C.C., Thompson J.A., Wright G. (2018): Limits to the
biofortification of leafy Brassicas with zinc. Agriculture, 8: 32.

WHO (2016): Vitamin and Mineral Nutrition Information System. World Health
Organization. www.who.int.

Zhao A.Q,, Yang S., Wang B., Tian X., Zhang Y. (2018): Effects of ZnSO4 and Zn-EDTA
broadcast or banded to soil on Zn bioavailability in wheat (Triticum aestivum

L.) and fractions in soil. Chemosphere, 205: 350-360.

13



307

308

309

310

311

312

Table 1. Broccoli yield characteristics and effect on plant-available soil Zn concentration under different agronomic Zn biofortification

treatments (Soil Zn-DTPA, plant and floret heights and weights, higher (D) and lower (d) diameters means + standard error of the mean;

F values follow a one-way Analysis of Variance for Zn treatments).

Zn Soil Zn-D_TPA Plantweight Plantheight _Floret FIPret D(cm) d(cm)
treatment (mgkg?) (g) (cm) height(cm)  wheight(g)

F-value 6.23** 1.87 14.8** 2.77 3.50* 3.63* 3.51*
No-Zn 0.38£0.04b 314+9.1 28.3+0.5b 16.6 + 0.4 89.6 £5.5 8.7+0.1b 7.5+0.2b
Soil 1.58 £0.16a 315+19.1 31.0+1.2a 16.9+0.9 96.3+3.8 9.0+0.4ab 7.9+0.3ab
Foliar 0.45+0.03b 307 £3.6 313+1.0a 17.1+0.6 96.4+4.3 9.3+03a 8.0+0.1ab
Soil+Foliar 1.58+0.19a 292 +151  30.3+06a 16.1+0.6 97.6 +3.2 9.6+0.3a 83+0.2a

Means in a column with different letters were significantly different (*P < 0.05; **P < 0.01) according to the Fisher’s protected LSD test for the

Zn treatment.

14



313  Table 2. Raw broccoli nutritional characteristics, phytic acid (PA) concentrations,

314  and PA:mineral molar ratios under different agronomic Zn biofortification

315 treatments (means * standard error of the mean; F values follow a one-way

316  Analysis of Variance for Zn treatments).

Stem+leaves Floret Boiled Floret Fvalue (Part)
Total Ca (g/kg DW) 12.0+0.6a 2.4+0.1b 2.4+0.1b 306.47***
TotalK (g/kg DW) 17.5+0.5¢ 240+0.2a 18.7+0.3b 114.79%**
TotalMg (g/kg DW) 1.6%0.1a 1.3+£0.1b 1.0£0.1c 81.91***
TotalNa (g/kg DW) 0.46 +0.03a 0.37+0.01b 0.32+0.01b 13.63***
Total P (g/kg DW) 3.0+£0.1b 45+0.1a 4.4+0.1a 178.23***
TotalS (g/kg DW) 2.5+0.1c 6.7+0.1a 48+0.1b 436.95%**
Total Cu (mg/kg DW) 0.8+0.1c 3.0+0.2a 2.2+0.1b 156.88%* * *
Total Fe (mg/kg DW) 25+4b 40%2a 27+1b 10.76%**
TotalMn (mg/kg DW) 19+1a 17+1b 15+1c 21.26%**
Total Se (mg/kg DW) 0.13+0.03b 0.29 +0.06a 0.22+0.05a 9.27%**
TotalZn (mg/kgDW) 47.6 £109a 39.3+36b 25.2+26¢C 31.05%**
PA (g/kg DW) 2.21+0.32c 7.72+0.22a 4.82+0.14b 260.33***
PA:Ca 0.01+0.01c 0.20+0.01a 0.12+0.01b 217.43%**
PA:Fe 0.85+0.01 1.56 £0.01 1.14+0.11 1.07

PA:Mg 0.05+0.01c 0.21+0.01a 0.17 £0.01b 203.76***

PA:Zn 11.6 +2.41b 219+191a 21.1+£2.22b 37.61%**

317

318 Means with different letters were significantly different (***P < 0.001) according to

319 the Fisher’s protected LSD test for the Zn treatment.

15



320

321

322

323

324

325

326

Table 3. Boiled broccoli nutritional characteristics, phytic acid (PA) concentrations,

and PA:mineral molar ratios under different agronomic Zn biofortification

treatments (means + standard error of the mean; F values follow a one-way

Analysis of Variance for Zn treatments)..

Zntreatment (g}z;ag"’(v) (g-;ﬁtgallj\sv) (r:g;:lg“g\rllv) (ngO/tI?gI SDTN) PA:Mg PA:Zn
Fvalue 3.91* 3.30* 9.74%* 36.44% ** 3.65% 64.02% **
No-Zn 193+10b 3.80+0.21b 159+1.0c 0.38+0.01a 0.14+0.02b 26.2+24a
Soil 19.6+1.0b 3.95+0.19ab 17.7+0.9b 0.05+0.05b 0.15+0.02b 263+23a
Foliar 20.7+0.9a 4.10+0.24a 19.4+05a 0.35+0.01a 0.14+0.02b 104+23b
Soil+Foliar 20.7+0.9a 3.90+0.23 ab 16.5 +0.4 bc 0.35+0.01a 0.17 £0.02a 11.2+2.2b

Means with different letters were significantly different (P < 0.05) according to the

Fisher’s protected LSD test for the Zn treatment.
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Figure 1. Total Zn (A) (mg/kg) and PA (B) concentration (g/kg) + standard error of

the mean. Vertical bars represent LSD (P<0.05) for comparison: LSDp, same broccoli

part; LSDz,, same Zn treatment.
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