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Abstract: Fertilization programs in lilium are suggested to start after shoot emergence or when
the flower buds become visible because the nutrients stored in the bulb are adequate to meet
plant demands at the transplant time. Defining plant nutrient uptake is essential to determine
the periods of high demand and the amounts at which they should be provided. The objective
of this study was to model the nutrients accumulated in Oriental lilium to provide insight into
the design of environmentally sound fertilization programs. The most demanded macronutrient
was K (1272.8 mg/plant), followed by N (719.1 mg/plant) and Ca (119.7 mg/plant), while Zn
(140.7 mg/plant) and Fe (137.7 mg/plant) were the most demanded micronutrients. At the end of
the season, most of the Fe (78.0%), P (55.0%) and N (54.3%) originated from the bulb, whereas most
of the Ca (86.5%), Mn (84.8%) and Mg (62.9%) were uptaken by roots. During the first 15 days after
transplant, 35.1% of the N in the shoot was absorbed from the substrate, as well as 91.0% Mg, 68.6% S,
49.6% K and 13.0% P, suggesting that fertilization for lilium should start at the transplant time. The
results suggest that Ca, Fe, Zn and Cu were remobilized from the bulb.

Keywords: ornamental geophytes; nutrient accumulation; extraction curves

1. Introduction

The main challenge facing agriculture in the near future focuses on the production
of enough food, fiber and fuel for a growing population, balanced against acceptable
environmental costs [1]. The production of food, fibers and industrial crops is currently
dependent on the provision of mineral and/or organic fertilizers to support plant growth;
however, society is becoming more concerned about the environmental fate of fertilizers
and pesticides used during crop production [2].

One of the most important aspects of environmental sustainability is the efficient use of
nutrients by crops while preventing losses from the soil and damage to the environment [3].
Excessive and deficient nitrogen (N) fertilization can cause growth impairment; for exam-
ple, deficient N fertilization decreases the production and quality of cotton, whereas excess
N prolongs the vegetative period, causing maturity delays, a decreased sugar content and
increased pests attacks or diseases [4]. Phosphorus (P) and N runoff caused by excess fertil-
ization has been reported to cause cyanobacteria to bloom in lakes, resulting in undrinkable
water and negatively affecting municipal and industrial use [5,6].

Higher nutrient use efficiency needs to be addressed through the development of the
best management practices that can increase productivity and profitability by optimizing
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the amounts of fertilizers and by matching the timing of nutrient applications to plant de-
mand [3]. The use of the 4R fertilization technology is considered an improved management
technique that may increase nutrient use efficiency [7], following the principles of the right
time, type, amount and placement of fertilizers [2]. Therefore, it is essential to determine
the rates of nutrient uptake during different periods of the crop production cycle [8].

Nutrient accumulation patterns follow dry matter accumulation according to the
growth stages of crops [9]. According to Arunachalam and Chavan [10], the fertilizer
requirements are calculated through models based on the total nutrient requirements at
harvest; however, we feel that it should be calculated according to the nutrient demands
at each phenological phase in order to synchronize the crop nutrient demand with the
fertilizer rate and application method.

Nutrient accumulation through the growing season has been determined mainly for
horticultural crops, including tomato [11], cabbage [12], onion [10] and potato [13], and
for grain or cereal crops such as soybean [14-16], corn [17], dry bean [9] and sesame [18].
However, little information for nutrient accumulation in ornamental species has been pub-
lished, although there are some studies that focus on poinsettia [19], chrysanthemum [20]
and lisianthus [21].

Lilium is one of the most important cut flowers in the worldwide ornamental market [22].
It is a geophyte that develops an underground bulb with no external covering and is formed
by scales, modified leaves and a basal plate [23,24]. This non-tunicate bulb is a storage
organ that accumulates starch, polysaccharides, proteins, amino acids, phospholipids [25],
hormones and mineral nutrients that can be used to sustain plant growth during the
following season once cold requirements for vernalization have been met. Due to the
mineral nutrient content in the bulb, it is suggested that fertilization programs for lilium
should start after shoot emergence or when the flower bud becomes visible [26]. Fertigation
with solutions containing 200 mg L~! of N using a two-to-one ratio fertilizer of calcium
nitrate and potassium nitrate is recommended [24]. However, no fertilization programs
suggested for cut lilium flower production are based on the actual extraction of mineral
nutrients from the plant.

The objective of the present study was to determine the amount of macro- and mi-
cronutrients accumulated in plants of Oriental lilium and to model the extraction of such
nutrients in order to identify the critical phases at which they are most demanded, thus
providing insight into the design of environmentally sound fertilization programs.

2. Materials and Methods
2.1. Study Site and Plant Material

The experiment was carried out from May to August 2020 in a tunnel-type greenhouse
at Universidad Auténoma Agraria Antonio Narro in northeast México (lat. 25°21'24" N,
long. 101°02/05” W, 1765 m above sea level). The average maximum/minimum tempera-
ture was 28/10 °C, and the maximum and minimum relative humidity for the experiment
duration averaged 75% and 45%, respectively. The average photosynthetically active

radiation measured at solar noon was 302 pmol m~2 s~

2.2. Cultural Conditions

Bulbs of Oriental lilium (Lilium orientalis ‘Sorbone”) which were 20-22 cm in circumference
were planted in a mixture of sphagnum peat (PREMIER, Premier Tech, Toronto, ON, Canada)
and horticultural-grade perlite (HORTIPERL, Termolita, Monterrey, Mexico) using rigid
plastic containers (30 cm width x 48 cm length x 27 cm depth (38.8 L)). Mixture pH and
electrical conductivity (EC) were adjusted to 5.5 and 0.35 dS m~!, respectively. A total
of 10 bulbs per container were placed over a 7.5 cm substrate layer and then covered
with an additional 15 cm layer on top of them. The plant density was maintained at
69 bulbs per m?.

The plants were irrigated with a complete nutrient solution (10 meq L1 NO;™,
1 meq L-1H,PO;~, 6 meq L-150,72%7 meq LK, 7 meq L1Ca*% 3 meq L1 Mg+2),
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including micronutrients (EDTA chelates of iron, zinc, manganese, and copper at 5, 0.5,
0.01, and 0.02 ppm, respectively). The nutrient solution was prepared with potable water
but considering its chemical properties for the supply of nutrients. The pH of the nutrient
solution was adjusted to 5.3, and the EC was maintained at 2.5 dS m~!. The nutrient
solution was applied through an automated drip irrigation system dispensing 4 L h~!, with
four drip stakes installed per container.

2.3. Sampling and Processing of Samples

During the study period, four complete plants were sampled every 15 days starting
from the transplanting day (day zero) and then at 15, 30, 45, 60, 75, 90 and 105 days after the
transplant (DAT). Plants located in the intermediate zone of each container were sampled,
thereby maintaining consistent competition. Sampled plants were then washed to remove
the substrate from the root zone, separated by plant parts and placed in an oven, where
they were dried at 75 °C for 72 h (the bulbs were kept from 120 to 168 h).

The dried material was ground to pass a 40-mesh sieve (Mini Willey Mill, Thomas
Scientific, Swedesboro, NJ, USA), and 0.25 g of the bulb, roots, stem, leaves and flowers
ground tissues from the four sampled plants at each sampling date were digested separately
in a 5 mL mixture of H,SO4 and 1 mL H,O; (and in a mixture of HNO3 and HCIOy for S
analysis). The digests were made up to 25 mL and filtered prior to the determination of
P, potassium (K), calcium (Ca), magnesium (Mg), sulfur (S), iron (Fe), zinc (Zn), copper
(Cu) and manganese (Mn) with an Inductively Coupled Plasma Emission Spectrometer
(Agilent 725-ES ICP-OES, Mulgrave, Victoria, Australia) [27]. The nitrogen concentration
was determined with the semi-micro Kjeldalh procedure [28].

2.4. Modeling of Nutrient Accumulation

The results obtained from the nutrient analysis were transformed from concentration
units to nutrient content per plant part and per total plant content. The data were then
modeled with Sigma Plot 12.5 using the stepwise procedure, selecting those models that
better fit the average of the four plant samples.

3. Results and Discussion
3.1. Nitrogen

The models indicate that there are two phases in which N is absorbed by lilium
(Figure 1A); the first phase is from 0 to 15 DAT, when bulbs sprouted and developed the
first leaves and roots, while the second phase is estimated from ~46 DAT up to the end of
the growing season, when plants continued developing leaves and flowers (Figure 1A).
During the first 15 DAT, N was rapidly absorbed at a rate of 4.51 mg/plant/day; however,
as observed in Figure 1B, there was not a significant change in the N content in the bulb, sug-
gesting adequate N uptake from the substrate. This rapid but short N accumulation phase
was followed by a phase in which N was not absorbed, from 15 to ~46 DAT (Figure 1A),
indicating that the N for the formation of new leaves, stems and roots was remobilized
from the bulb, as suggested by the sharp depletion of 51% of the N stored in the bulb
during this time period (Figure 1B).

After this period of initial N demand, there was a 30-day period in which there was
no N accumulation (Figure 1A); however, from approximately day 46 up to the end of
the growing season, there was an N accumulation rate similar to that of the first 15 DAT
(4.21 mg/plant/day) (Figure 1A). This N was mobilized to the leaves and the flower buds
once the plants started blooming at day 60 (Figure 1B). The increase in the N accumulation
rate during the flower development may be associated with the synthesis of N-containing
compounds reported in the petals of other lilium species such as L. candida [29,30]; in fact,
the composition of volatile compounds produced by lilium flowers is reported to be affected
by an adequate provision of N, as feeding lilium with 12 mM of N increased the proportion
of 1,8 cineole, 3 ocimene and terpineol, while it decreased that of linalool, 2-methoxy
p-cresol, 2-4 dimethylben zaldehyde and nonanal [31]. The N for flower development
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was provided by the uptake from the growing medium, as there seems to be limited N
remobilization from the bulb. We suggest that this N probably also came from the bulb, but
it was rapidly absorbed from the substrate, restoring the amount of N accumulated in this
plant part (Figure 1B).
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Figure 1. Nitrogen accumulation by lilium: (A) Segmented analysis of nitrogen accumulation over
the growing season; (B) Nitrogen distribution in the lilium plant parts. Day 0 = transplant day,
days 0 to 15 = sprouting and initial vegetative growth, days 15 to 60 = rapid vegetative growth plus
flower buds formation, days 60 to 105 = blooming. DAT = days after transplant.

Lilium bulbs are considered a storage organ [32] in which nutrients, water, hormones
and carbohydrates may be accumulated. According to our results, lilium plants rely on the
bulb as a source of the N. At the end of the growing season, 54.3% of the total N measured
in the whole plant was already present in the bulb (Table 1). In contrast to the general
statement of no fertilization needed by lilium during the initial 21 days [33], our results
indicate that, during the first 15 DAT, the aerial parts of the plant contained 78.84 mg
N (Figure 2). However, only 64.9% originated from the bulb; therefore 35.1% of the N
demanded for the shoot growth during sprouting had to be absorbed by the roots. These
results suggest that fertigation with N should be started early in the season. Flowering
was a developmental phase in which 78.8% of the total N was accumulated in lilium plants
during this phase.

Table 1. Total macronutrients accumulated by lilium plants (mean =+ standard error) at the end of the
growing season and the amount provided by the bulb or absorbed from the growing medium.

Nutrient Total Nutrient Accumulated Supplied by the Bulb Nutrient Uptake
mg/Plant mg/Plant mg/Plant
Nitrogen 719 £18.7 390 £214 329 £323
Phosphorus 105 £ 1.66 57.8 £8.23 47.2 + 8.39
Potassium 1273 +-41.3 569 £ 42.0 704 £73.1
Calcium 120 £ 6.92 162 +£1.71 104 + 8.53
Magnesium 544 4321 20.2 +1.59 342 +4.71
Sulfur 54.3 +2.39 28.3 +£2.27 26.1 +3.97

3.2. Phosphorus

Lilium responds significantly to soil P, as when it was increased from 8.41 to 13.63 ppm,
the plants increased the shoot length, the number of leaves and the bulblet size [34]. The
results obtained in the present study show that P was accumulated at increasing rates
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throughout the growing season (Figure 3A). The uptake rate was 0.18 mg/plant/day
during the initial vegetative development phase (0 to ~43 DAT), 0.41 mg/plant/day during
the rapid vegetative development and the start of flower buds formation phase (~43 to
~90 DAT) and 1.30 mg/plant/day at the end of the flowering phase (~90 to 105 DAT). The
higher uptake rate of P as the plants approached flower formation and development is in
agreement with statements by Malhotra et al. [35], indicating that P stimulates flower and
seed formation and that it is essential in all developmental stages.
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Figure 2. Total nutrient content in the shoot (leaves + stem) and in the bulb of lilium plants at 15 days
after transplant (15 DAT) and at transplant time (0 DAT). Estimated uptake was calculated by the
difference between the nutrient content in the shoot and the change in nutrient content in the bulb
from 0 to 15 DAT. Bars represent the standard error of the mean.
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Figure 3. Phosphorus accumulation by lilium: (A) Segmented analysis of phosphorus accumulation
over the growing season; (B) Phosphorus distribution in the lilium plant parts. Day 0 = transplant day,
days 0 to 15 = sprouting and initial vegetative growth, days 15 to 60 = rapid vegetative growth plus
flower buds formation, days 60 to 105 = blooming. DAT = days after transplant.

Phosphorus stored in the bulb decreased sharply since the transplant date (Figure 3B),
suggesting that P accumulated by the plant throughout the season came from bulb remo-
bilization and P root acquisition. In fact, during the first 15 DAT, the aerial parts of the
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plant contained 9.31 mg P; 87.0% of this P was supplied by the bulb and 13.0% had to be
absorbed by the roots (Figure 2).

During the last 30 days of the growing season, it appears that either no more P was
remobilized from the bulb or the bulb P that was remobilized was rapidly restored by the
uptake of new P from the substrate. Other plant parts did not seem to provide significant
remobilization of P (Figure 3B). As for N, at the end of the growing season, slightly higher
than half of the total P measured in the plant originated from the bulb (Table 1), and
flowering was a developmental phase during which 89.6% of the total P was accumulated
by lilium plants.

3.3. Potassium

Potassium was reported to affect the shoot mass, stem length, flower diameter, water
status and photosynthesis rate in lilium [36]. Potassium at 5.6 mmol-L~! is considered the
optimum rate during cultivation in soilless media [36]. As reported for gladiolus [37], K
was the nutrient most demanded by lilium (Table 1); however, there is a contrasting accu-
mulation pattern between both species. In lilium, the models indicate that K is demanded
at two different rates (Figure 4A). In that, during the sprouting up to the initial leaf forma-
tion (from 0 to ~49 DAT), the accumulation rate was 1.78 mg/plant/day. However, after
~49 DAT up to study termination, K was markedly demanded for the development of leaves
and flowers, as the accumulation rate was increased by 5.8 times (10.33 mg/plant/day)
and remained so until flowering was completed (Figure 3A). In contrast, for gladiolus, K
was accumulated at three different rates [37].
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Figure 4. Potassium accumulation in lilium: (A) Segmented analysis of potassium accumulation over
the growing season; (B) Potassium distribution in the lilium plant parts. Day 0 = transplant day,
days 0 to 15 = sprouting and initial vegetative growth, days 15 to 60 = rapid vegetative growth plus
flower buds formation, days 60 to 105 = blooming. DAT = days after transplant.

The increase in the uptake rate after ~49 DAT was associated with the initiation phase
of flowering and a marked increase in the growth of leaves, suggesting that K was used for
flower and leaf expansion through the control of water relations [38].

During the first 15 DAT, the aerial parts of the plant contained 82.0 mg/plant K,
51.4% of which originated from bulb remobilization and 49.6% was absorbed by the roots
(Figure 2). As for other nutrients, these results suggest that fertigation with K should be
started early in the season. This initial high K accumulation may be associated with the
synthesis and accumulation of polysaccharides in the bulbs, as reported by Sha et al. [39] in
L. davidii. At the end of the season, 44.3% of the total K measured in the plant came from
the bulb, while the remaining 55.4% was absorbed from the growing medium (Table 1),
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and flowering was the developmental phase with the highest accumulation, as 89.3% of the
total K was absorbed in this phase.

3.4. Calcium

Calcium affects the plant quality in lilium, as leaf necrosis and other related disor-
ders have been ascribed to deficiencies of this nutrient [40]. Salazar-Orozco et al. [31]
reported that, in lilium under soilless cultivation, a nutrient solution containing 2 to
4 mmol L~! of Ca resulted in increased stem length, flower diameter and leaf area. How-
ever, Whipker et al. [33] reported that the leaf Ca concentration decreased after transplant-
ing from week 8 to week 12 in L. longiflorum.

Calcium acquisition from the growing medium started after 15 DAT (Figure 5A);
however, the bulb was a sink organ for Ca during the first 60 DAT, as it was accumulated in
this plant part (Figure 5B). When flower initiation started after 60 DAT, some Ca from the
bulb was mobilized to other plant parts, mainly to the leaves, as suggested by the marked
decrease in the Ca content. Similar trends were reported by Chang and Miller [40], as the
bulbs of lilium Star Gazer accumulated Ca during the first 40 DAT, probably through the
bulb scales. Calcium then continued to decline from 40 to 70 DAT. In contrast to the results
observed in the present study, gladiolus exhibited minimal modifications in the Ca content
in the corm throughout the growing season, although similar to our results, at the end of
the study, it was accumulated mainly in the leaves [37].
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Figure 5. Calcium accumulation in lilium: (A) Segmented analysis of calcium accumulation over
the growing season; (B) Calcium distribution in the lilium plant parts. Day 0 = transplant day,
days 0 to 15 = sprouting and initial vegetative growth, days 15 to 60 = rapid vegetative growth plus
flower buds formation, days 60 to 105 = blooming. DAT = days after transplant.

Calcium is considered a nutrient of very low mobility in the phloem; however, Chang
and Miller [40] stated that the mobilization of Ca between organs may not apply to storage
organs such as bulbs. In the present study, it was observed that Ca mobilization, uptake
and distribution among plant organs had a different pattern compared to that of N, P
and K. In this case, Ca was not supplied primarily by the bulb, as just 13.5% of the total
Ca accumulated in the plant at the end of the growing season originated from it, and the
remaining 86.5% was taken up from the growing medium. Compared to other nutrients,
the Ca content in the bulbs was the lowest (Figure 5B). This trait has been described in
other below-ground storage organs such as potatoes by Subramanian et al. [41], and it has
been associated with the low transpiration rate of this plant part and the low mobility of
Ca from the shoot.
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The uptake of Ca from the growing medium occurred from day 15 to ~68 DAT
at a rate of 1.89 mg/plant/day, but after approximately day 68, the rate decreased to
0.16 mg/plant/day. In contrast to N, P and K, flowering was not the developmental phase
in which most of the nutrient was accumulated, as only 41.4% of the total Ca was absorbed
in this phase.

3.5. Magnesium

Compared to other nutrients, Mg exhibited a very slow initial accumulation rate
(0.16 mg/plant/day) from 0 to ~24 DAT, that is, during the slow vegetative development
phase (Figure 6A); however, after day ~24, that is, during the rapid vegetative growth
phase, the accumulation rate increased by 5.6 x (0.90 mg/plant/day) (Figure 6A). After day
~57, when flowers were developing, the uptake decreased to a rate comparable to that of
the slow vegetative development phase (0.18 mg/plant/day).
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Figure 6. Magnesium accumulation in lilium: (A) Segmented analysis of magnesium accumulation
over the growing season; (B) Magnesium distribution in the lilium plant parts. Day 0 = transplant day,
days 0 to 15 = sprouting and initial vegetative growth, days 15 to 60 = rapid vegetative growth plus
flower buds formation, days 60 to 105 = blooming. DAT = days after transplant.

As for Ca, Mg was not supplied primarily by the bulb, as only 37.1% of the total Mg in
the plant at the end of the growing season proceeded from this plant part, while 62.9% of
the Mg had to be supplied through the uptake of external Mg (Figure 6B). At 15 DAT, the
Mg content in the developing shoot was 2.54 mg/plant, 9.01% of which originated from
bulb remobilization, so 91.0% was absorbed by the roots (Figure 2). As for other nutrients,
this suggests that fertigation with Mg should be started early in the season.

Comparable to Ca, at the end of the season, most of the Mg was absorbed from
the growing medium. Even though it is considered as a readily mobile nutrient in the
phloem [41], only 37.1% of the total Mg accumulated came from the bulb; the remaining
62.9% was absorbed by the roots (Table 1). Likewise, the corm of gladiolus has been
reported to provide very little amounts of Mg to the plants, even if the corms are of a large
size [37]. Similar to Ca, flowering was not the developmental phase in which most of the
nutrient was accumulated, as only 45.2% of the total Mg was absorbed during this phase.

3.6. Sulfur

Sulfur was accumulated from the transplant day until ~79 DAT at a rate of
0.40 mg/plant/day (Figure 7A), while during the final flower development phase, there
was no more S accumulation. Sulfur was provided at similar proportions by the external
supply (51.6%) or by the bulb (48.4%) (Table 1). Similar to N, P and K, flowering was
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the developmental phase in which S was most accumulated on lilium plants, as 69.7% of
the total S was absorbed in this time period (Figure 7B). Sulfur was demanded since the
transplant day, as during the first 15 DAT, 31.4% of the total S accumulated in the shoot
proceeded from the bulb, while the remaining 68.6% had to be uptaken from the growing
medium (Figure 2).
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Figure 7. Sulfur accumulation in lilium: (A) Segmented analysis of sulfur accumulation over
the growing season; (B) Sulfur distribution in the lilium plant parts. Day 0 = transplant day,
days 0 to 15 = sprouting and initial vegetative growth, days 15 to 60 = rapid vegetative growth plus

flower buds formation, days 60 to 105 = blooming. DAT = days after transplant.

3.7. Micronutrients

The most demanded micronutrients by lilium were Zn, Fe and Mn, followed by Cu
(Table 2). Our results differ from those reported by Sharma et al. [42] for potato, as the
accumulation pattern was in the order: Fe > Mn > Zn > Cu. Iron (Figure 8A), Zn (Figure 9A)
and Mn (Figure 10A) exhibited only one phase in which there was nutrient accumulation.

Table 2. Total micronutrients accumulated by lilium plants (mean + standard error) at the end of the
growing season and the amount provided by the bulb or absorbed from the growing medium.

Nutrient Total Nutrient Accumulated Supplied by the Bulb Nutrient Uptake
mg/Plant mg/Plant mg/Plant
Iron 138 £ 11.1 107 £13.9 30.3 +4.36
Zinc 160 £ 9.93 713 £7.66 884 +£12.0
Manganese 109 £+ 6.89 16.6 £2.28 92.5 + 8.47
Copper 18.9 +1.19 79+1.14 11.0 £2.19

Iron was accumulated mainly during the initial vegetative growth phase from day
0 to day ~20, and the uptake rate was 1.58 mg/plant/day (Figure 8A). Iron accumulated
after the transplant was stored mainly in the bulb and could have entered through direct
uptake by the epidermis of the outer scales. Comparable tendencies were observed in
potato, as the content of Fe and other micronutrients was higher in the peel than in the
flesh of the tubers [42].

After day ~20, there was no further Fe accumulation, so the supply of this element to
the new developing organs appears to rely on the remobilization from the bulb, as suggested
by the pronounced decrease in the Fe content in the bulb (—62.3%) from 15 DAT up to the
study termination (Figure 8B). This observation is contrary to the well-documented reports
that Fe, as well as Zn and Cu, have low-to-intermediate mobility in the phloem. The limited
mobility of Fe, Zn and Cu has been ascribed to their incorporation into cell structures and
organic compounds of a high molecular weight [43]. We suggest that the mobility of Fe
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observed in the current study may be because it is accumulated into the vacuoles of the
outer scales, and it was not incorporated into cell structures or an organic compound of
a large molecular weight; thus, the low mobility may not apply to storage organs such
as bulbs, as suggested by Chang and Miller [40] for Ca. White [43] suggested that the
remobilization of micronutrients may be surprisingly high during the reproductive stages.
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S 5 100
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Figure 8. Iron accumulation in lilium: (A) Segmented analysis of iron accumulation over the growing
season; (B) Iron distribution in the lilium plant parts. Day 0 = transplant day, days 0 to 15 = sprouting
and initial vegetative growth, days 15 to 60 = rapid vegetative growth plus flower buds formation,
days 60 to 105 = blooming. DAT = days after transplant.
160 160
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Figure 9. Zinc accumulation in lilium: (A) Segmented analysis of phosphorus accumulation over
the growing season; (B) Phosphorus distribution in the lilium plant parts. Day 0 = transplant day,
days 0 to 15 = sprouting and initial vegetative growth, days 15 to 60 = rapid vegetative growth plus
flower buds formation, days 60 to 105 = blooming. DAT = days after transplant.

Zinc (Figure 9A) and Mn (Figure 10A) were mainly accumulated during the rapid
vegetative growth and flowering phases at a rate of 0.90 and 1.21 mg/plant/day, respec-
tively, after approximately days 16 and 15, respectively. Copper (Figure 11A) exhibited
an accumulation pattern very similar to that of K (Figure 4A), as there was a slow remobi-
lization or uptake rate during the early vegetative growth (0.03 mg/plant/day), although
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Manganese (mg/plant)

Copper (mg/plant)

it was markedly increased after approximately day 53 during the rapid vegetative growth
and flowering phases (0.17 mg/plant/day). Similar to Fe (Figure 8B) and Zn (Figure 9B),
Cu also exhibited a sharp remobilization from the bulb, as its total content decreased by

83.3% and 56.2%, respectively, when compared to the original content in the bulb at the
transplant (Figure 11B).
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Figure 10. Manganese accumulation in lilium: (A) Segmented analysis of manganese accumulation
over the growing season; (B) Manganese distribution in the lilium plant parts. Day 0 = transplant day,
days 0 to 15 = sprouting and initial vegetative growth, days 15 to 60 = rapid vegetative growth plus
flower buds formation, days 60 to 105 = blooming. DAT = days after transplant.
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Figure 11. Copper accumulation in lilium: (A) Segmented analysis of copper accumulation over
the growing season; (B) Copper distribution in the lilium plant parts. Day 0 = transplant day,
days 0 to 15 = sprouting and initial vegetative growth, days 15 to 60 = rapid vegetative growth plus
flower buds formation, days 60 to 105 = blooming. DAT = days after transplant.

At the end of the growing season, most of the Fe in the plants proceeded from the
bulb, so there was little Fe uptake from the growing medium (Table 2); in contrast, Mn was
mainly obtained from the growing medium, as little Mn was provided by the bulb (Table 2).
This was probably associated with its very low mobility [43]. Lilium seems to be a very low
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Cu accumulator (Table 2), and most of it was absorbed from the growing medium, as the
bulb supplied only 41.9%. At the end of the growing season, most of the Fe (Figure 8B) and
Cu (Figure 11B) were accumulated in the bulb and roots, whereas Zn (Figure 9B) and Mn
(Figure 10B) were accumulated in the leaves.

During the first 15 DAT, the shoot Fe was 6.91 mg/plant, while the bulb also exhibited
increased Fe accumulation (+16.24 mg/plant) (Figure 2); this implies that the Fe root uptake
is very high and, therefore, this micronutrient has to be supplied early in the season to meet
the demands of lilium plants. Copper in the shoot at 15 DAT was provided primarily by
nutrient uptake from the bulb (85.5%) (Figure 2).

3.8. Nutrient Allocation

At the end of the growing season, N and P were accumulated primarily in the flowers,
leaves and bulb, whereas the stem and the roots contained the lowest amounts (Figure 12).
Potassium was present primarily in the aerial parts of the plants (Figure 12). More than
half of the Ca accumulated by plants was in the leaves, whereas Mg was primarily present
in the leaves and flowers (Figure 12). The accumulation of S was distributed at similar
proportions in the flowers, leaves, roots and bulb, while the stem contained the lowest
S (Figure 12). Iron and Cu were mainly accumulated in the below-ground plant parts,
whereas Zn and Mn were mainly in the leaves (Figure 12).

100

90 A

80 -

70 A

SN Bulb
Roots
KXXN Stem
RXX] Leaves
Flowers

P K Ca Mg S Fe Zn Cu Mn

Figure 12. Nutrient allocation to the different plant parts of lilium at the end of the growing season.

4. Conclusions

The accumulation of macro and micronutrients in lilium was properly modeled by
segmented analysis. The models indicate the amounts of nutrients demanded by plants
and when they are required. The macronutrient in the highest demand was K, followed
by N and Ca, while Zn and Fe were the most demanded micronutrients. At the end of the
season, most of the Fe, P and N required by the plants originated from the bulb, whereas
most of the Ca, Mn and Mg were taken up from the growing medium. During the first
15 days after transplant, 35.1% of the N in the developing above-ground plant parts was
absorbed from the growing medium, as well as 91.0% of Mg, 68.6% of S, 49.6% of K and
13.0% of P, suggesting that supplying nutrients through fertilization should start early at
the transplant time. Our results suggest that there is a remobilization of Ca, Fe, Zn and Cu
from the bulb.
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