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Abstract

Applications of plant growth regulators such as paclobutrazol (PAC) to grain maize
frequently caused depressions in grain yield. This negative impact probably originated
from treatments at an early growth stage during plant ontogenesis when the deter-
mination of potential kernel number coincided with time of regulator application.
However, stability of grain yield itself is of high relevance, and it is also the key deter-
minant for harvest index (HI) and the use efficiencies of water (WUE) and nutrients
(NUE). Therefore, in a container experiment, the effect of delayed PAC application
at growth stage V8 was tested with the maize ( Zea mays L.) cultivars Galactus and
Fabregas. Immediately after PAC treatment, differential N fertilization was introduced
in order to meet the demand of the control plants (100% N), and with a supply of 75%
N. With late PAC application (V8), grain yield depressions could not only success-
fully be avoided; moreover, in Galactus-75%N, a significant increase in grain yield was
achieved combined with an extended duration of pollen shed by 28%. Straw yield de-
creased less strongly after late compared with early PAC application, leading to small,
but significant increases in Hl for the maize plants with 75% N supply. An increase in
PAC dosage combined with later application will certainly lead to stronger decreases
in straw yield, but it will also enhance the risk for grain yield depressions, and thus, an
overall stronger improvement of Hl is uncertain. For the time around silking, remarka-

ble improvements of WUE by 18% were achieved after delayed PAC application to

grain
Galactus-75%N. After PAC treatment, significant increases in nitrogen-harvest index
(NHI) and thus N partitioning to grain were achieved for Fabregas and for Galactus-
75%N. Although luxurious N consumption did not occur, late PAC application showed

neither an effect on N-utilization efficiency (NUtE___. ) nor on N-uptake efficiency

grain
(NUPE). It can be concluded that it is a very complex task to achieve the right balance
between PAC dosage, stability of grain yield and optimal N supply in order to avoid
both, luxurious N consumption and N deficiency, and to achieve an improvement of

NUtE of maize plants.

grain
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Key points

Applications of plant growth regulators to grain maize frequently caused depressions in grain
yield.

However, stability of grain yield itself is of high relevance, and it is also the key determinant
for harvest index (HI) and the use efficiencies of water (WUE) and nutrients.

With late paclobutrazol (PAC) application, grain yield depressions could be avoided, and com-
bined with reduced N supply, a significant grain yield increase was achieved.

Late PAC application and reduced N supply led to significant increases in Hl and N partition-

ing to grain, as well as remarkable improvements in WUE around silking.

grain
Late PAC application showed neither an effect on N-utilization efficiency nor on N-uptake

efficiency.

1 | INTRODUCTION

In contrast to barley and wheat, the harvest index (ratio of grain
yield to total above-ground biomass at physiological maturity) of
grain maize was almost unchanged during the last decades and
increases in maize grain yield were mainly achieved by higher
plant stand densities (Duvick, 2005; Hitsch & Schubert, 2017,
Russell, 1991). Concomitantly, vegetative biomass production was
strongly enhanced. In contrast to maize used as whole plant silage
or as bioenergy source, for grain maize production, a huge vegeta-
tive biomass is not needed but requires large amounts of nutrients
and water (Hammer et al., 2009). Thus, an increase in harvest index
by reduction in vegetative shoot growth may improve resource-use
efficiencies. In crop production, less input of resources is beneficial
for several reasons: (1) restricted fertilizer resources, for example, of
phosphorus (P) are saved; (2) less fertilizer application reduces the
risk of losses, for example, due to nitrate leaching, denitrification or
P runoff; and (3) saving of water. Climate-change models generally
predict decreased precipitations in many of the world's cropping re-
gions, making water an increasingly limiting factor for plant growth
and development (Davies et al., 2011; Ort & Long, 2014). Excessive
vegetative growth can aggravate water limitations by using too
much water before flowering (Passioura & Angus, 2010), as suffi-
cient water availability during the reproductive period is particularly
important for kernel setting and thus yield performance of maize
(Hutsch et al., 2015; Otegui et al., 1995; Setter & Parra, 2010; Yang &
Grassini, 2014; Zinselmeier et al., 1999). According to Duvick (2005),
more emphasis on improving WUE with the aim of achieving better
drought resistance is needed.

For maize crops, reduction in vegetative shoot growth can be
achieved by the application of gibberellin-biosynthesis inhibitors
such as paclobutrazol (PAC) or uniconazole (UCZ). PAC- and UCZ-
treated maize plants showed decreased plant height and thicker culms
due to reduced elongation growth of the internodes (e.g. Hutsch
& Schubert, 2018, 2021a, 2021b; Iremiren et al, 1997; Kamran

et al., 2018; Schluttenhofer et al., 2011). These growth regulators
allow the induction of reduced GA concentrations during selective
phases of maize ontogenesis and not during the entire growth period
as in the dwarf mutants, which show abnormalities in flower sexual-
ity and are therefore not suitable for commercial maize production
(Bortiri & Hake, 2007; Irish, 1996; Rood et al., 1980; Xu et al., 2004).

Most studies on nutrient-use efficiencies focused on nitrogen
(N), as it plays versatile key roles in plant metabolism. Nitrogen is
strongly associated with the source component via Rubisco in
leaf tissue enabling photosynthesis, and via the stay-green capa-
bility of leaves (Ciampitti & Vyn, 2012). Nitrogen deficiency re-
duces leaf area index, leaf area duration and photosynthetic rate
(Lemcoff & Loomis, 1986; Sinclair & Horie, 1989; Wolfe et al., 1988).
Consequently, grain yield was reduced by suboptimal N supply re-
sulting from decreases in kernel number and single kernel weight
(Jacobs & Pearson, 1991; Lemcoff & Loomis, 1994; Paponov
et al., 2020; Paponov & Engels, 2005; Uhart & Andrade, 1995b).
This negative impact of N deficiency could be attributed either to
effects on assimilate partitioning to the maize cob during the critical
period around silking (Uhart & Andrade, 1995a) or to direct effects
on enzymes involved in kernel development (Below et al., 2000). In
addition, N-induced alterations in hormone metabolism are closely
linked to the regulation of vegetative and generative plant growth.
These reports clearly demonstrate the major effect that N nutri-
tional status exerts over maize grain yield formation during the en-
tire growing season (Ciampitti & Vyn, 2012).

Nitrogen-use efficiency is determined by two components: N-
uptake efficiency (NUpE) and N-utilization efficiency (NUtE) (Haegele
et al., 2013; Moll et al., 1982). The first parameter refers to the
amount of nutrient absorbed by plants relative to the available soil
N. The second parameter quantifies the amount of dry matter pro-
duced per unit of absorbed nutrient (Moll et al., 1982). In our study,

we focus on NUtE which is defined as grain dry matter/nutri-

grain’
ent content of total above-ground biomass at physiological maturity

(Hatsch & Schubert, 2017). With an improvement of NUtE also

grain,
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the N-use efficiency of fertilizers can indirectly be enhanced, as less
fertilizer needs to be applied in order to achieve maximum grain yield
and the risk of losses is reduced (Hitsch & Schubert, 2017; Raun &
Johnson, 1999). Another frequently used parameter is the N-harvest
index (NHI), which describes the partitioning of N between the total
above-ground biomass and grain (Hay, 1995; NHI is defined as grain N
content/N content of total above-ground biomass at physiological ma-
turity). Values for N-use efficiency strongly depend on the amount of
plant-available N. With increasing N application, not only a decrease in
N-uptake efficiency was observed, but also a successive decline in N-
utilization efficiency (Barbieri et al., 2008; Gao & Chu, 2020; Haegele
et al., 2013; Liao et al., 2012; O'Neill et al., 2004; Wang et al., 2020).
With yield approaching the yield potential, utilization efficiencies of N
as well as of P and K decreased (Setiyono et al., 2010).

In our previous study on the effect of PAC application to six maize
cultivars, strong reductions in straw yield were obtained resulting
in significant improvements in the harvest indices in the range of
8%-36% (Hutsch & Schubert, 2021a). The PAC-treated plants had a
strongly decreased water consumption during vegetation and, as a
consequence, four cultivars showed a significantly enhanced water-

use efficiency (WUE during the critical period of kernel setting.

i)
However, concomitantly significant depressions in grain yield oc-
curred (between 9% and 20%) due to PAC treatment, which were
solely based on decreases in kernel number per cob, as single ker-
nel weights were either slightly increased or unchanged (Hitsch &
Schubert, 2021a, 2021b). In addition, after PAC application, significant
reductions in cob length were observed (Hutsch & Schubert, 2021b).
As PAC did not affect flowering of the maize plants (e.g. start and
duration of pollen production, start of silking, anthesis-silking inter-
val), the negative impact probably originated from an earlier growth
stage during plant ontogenesis when the number of kernel primor-
dia and cob length is determined. Floret initiations start at the 9-leaf
stage (approximately V5), during early vegetative growth, and last for
about 5-10days (Zhao et al., 2021). The number of spikelets with flo-
rets formed on an ear is the primary determinant of potential yield as
it sets the upper limit for the number of kernels per plant (Jacobs &
Pearson, 1992). Thus, in our previous study, the time of PAC applica-
tion coincided with the start of floret initiation and the determination
of potential yield (Hutsch & Schubert, 2021b).

However, the stability (or even increase) of grain yield after
application of plant growth regulators is of high relevance, as it is
also a key determinant for the harvest index and the use efficien-
cies of water and nutrients. Improvements in these parameters are
scarce when grain yield depressions occur. Consequently, increases
in nutrient-use efficiencies could not be achieved so far, even after
reduced application of the macronutrients N, P and K according to
the lower demand of the smaller, PAC-treated maize plants (Hutsch
& Schubert, 2021b). Luxurious nutrient consumption after PAC ap-
plication could not be avoided with less NPK supply (reduced to
85% and 78% of the optimal dosage for untreated control plants),
and decreases in grain yield due to less kernel numbers and shorter
cobs were strengthened with reduced fertilizer supply (Hitsch &
Schubert, 2021b).
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With delayed PAC application time, floret initiation can prob-
ably be protected and grain yield depressions avoided or even in-
creased due to a higher kernel number per cob, as shown by Zhao
et al. (2021) for treatment of maize plants with ethephon. Therefore,
in the present study, a container experiment was conducted with
the maize cultivars Galactus and Fabregas, which showed the best
performance among six tested cultivars with respect to improve-
ment of harvest index and water-use efficiency after PAC treatment
(Hutsch & Schubert, 2021a). The plant growth regulator was applied
once at a later growth stage (V8), and thereafter, differential N fer-
tilization was introduced in order to meet the demand of untreated
control plants (100% N), and with a supply of 75% N, slightly less
than the approximate requirement of PAC-treated plants. Our inves-
tigations focused on the following hypotheses: with application of
PAC at growth stage V8, (a) grain yield depressions can be avoided,
(b) further improvements of water-use efficiency are achieved, and
(c) N-harvest index and N-use efficiencies are increased with 75%
N supply.

2 | MATERIALS AND METHODS

2.1 | Plant cultivation, PAC application and
measurements during growth

The experiment was conducted at the experimental station of the
Institute of Plant Nutrition in Giessen (50°35'53.30"N, 8°40'1.56"E)
during the vegetation period of 2021. Maize plants (Zea mays L., cv.
Galactus and cv. Fabregas) were cultivated according to Hitsch and
Schubert (2018, 2021a, 2021b) using the container technique. 120L
plastic containers were filled with 140kg of a Luvisol subsoil (strong
sandy loam: 18.9% clay, 28.2% silt, 52.9% sand; N,;.: 0.8 mgN kg'i,
CAL-P: 10.3 mngg'i, CAL-K: 88.5 mgKkg_l; pH [CaCl,] 5.6 prior
to liming). The air-dry soil was mixed with CaCO, (2.5 gkg™? soil;
pH [CaCl,] 7.4 after liming) and filled into the containers in four lay-
ers: three layers with 30kg soil moistened with 3 L deionized water
each and a topsoil layer (approx. 0-30cm), which was fertilized with
40g compound fertilizer (‘Blaukorn’) per container, consisting of
48gN,21gP 56gK,0.5gMg,24¢gS,0.004g Zn and 0.008¢g B.
Additionally, 0.32g Zn, 0.16g Cu and 0.08g Mn were applied per
container. The topsoil layer was moistened with 5 L deionized water.

On 18 May 2021, the maize cultivars Galactus and Fabregas
were sown. Seventeen days after sowing (DAS), the number of
plants was reduced from nine to four per container, and water con-
tent was adjusted to 60% maximum water-holding capacity (WHC).
For the determination of 100% WHC, a container filled with 140kg
air-dry soil was put into a water basin enabling water to infiltrate
through holes at the container bottom until reaching the soil sur-
face. The container was then removed from the water basin and let
drain freely until weight constancy, which resembles the amount
of water held in the soil against the gravity. This amount equals
100% WHC and accordingly the value for 60% max. WHC was
calculated. In addition to the weight of container, soil and water,
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during vegetation, increasing amounts of plant material were also
accounted for. During the whole vegetation period, water content
was adjusted to 60% max. WHC by weighing the containers and ap-
plying water at least twice daily. Water supply was always recorded
for each container. With this experimental setup, plant roots could
exploit a rather large soil volume (120L per container, soil depth
80cm). The plants grew in a vegetation hall under natural light con-
ditions. The average daily temperature during the vegetation period
ranged from 13 to 31°C with a mean of 21.8 +0.3°C. The containers
were set up in a completely randomized design, and their position
was changed at least once a week.

For each genotype, two treatments were set up (control and PAC
application), which were subdivided into two fertilization regimes:
100% N supply with additional fertilizer applications (10 g ‘Blaukorn’
per container) four times during the vegetation period, on 16 June,
28 June, 8 July and 19 July. This application of in total 80g ‘Blaukorn’
per container is according to the requirement of maize plants grown
under control conditions. In the second fertilization regime, addi-
tional compound fertilizer (10 g ‘Blaukorn’ per container) was added
only once during vegetation, on 16 June, and the N amount was re-
duced to 75% with the three last applications. The other macronu-
trients, which are also contained in the compound fertilizer, were
supplemented in order to achieve a supply similar to the 100% N
treatment. The reduction in N supply to 75% was slightly below the
optimal dosage for the smaller PAC-treated plants, according to our
previous studies (Hutsch & Schubert, 2021a, 2021b). The different
N fertilization regimes were started only 2 days before PAC applica-
tion in order to avoid changes in synchronization in plant ontogen-
esis due to variation in N supply. As PAC was applied at a defined
growth stage, the same application date for all maize plants was ad-
vantageous. Otherwise, varying weather conditions (temperature,
solar radiation) at different dates can affect uptake and metabolism
of PAC within the plants and impair results. With two maize culti-
vars, control and PAC treatment, two fertilization regimes and four
replicates, the experiment consisted of 32 containers in total.

On 30 June (43days after sowing, DAS) between 12AM and 1 PM,
the growth regulator PAC was applied at stage V8, when the collar of
the 8th leaf was visible in 96% of all plants, and 2% had already reached
V9. This rather late growth stage was chosen in order to avoid negative
effects on kernel primordia initiation and thus potential kernel number.
Both cultivars received the same dosage of 3 mg a.i. (active ingredi-
ent) PAC per plant. For this dosage, 52.42mg PAC (22.9% w/w) was
dissolved in 1 L of deionized water and poured onto the soil surface of
each container, which resulted in the desired application of 3.0 mg a.i.
PAC per plant. All solutions were prepared fresh in the morning of the
application day. In order to ensure fast uptake of the chemicals by the
plant roots, no water was applied to the containers on this day. The soil
of the control treatment received 1 L deionized water only.

Growth stages were determined on the following dates: 28 and
30 June, 7 and 14 July (41, 43, 50 and 57 DAS, respectively). Plant

WUE,

grain

height (measured from the shoot base to the tip of the longest leaf)
was monitored on 30 June and 7, 14 and 21 July (43, 50, 57 and 64
DAS, respectively). On 43 DAS (0 DAA, days after application), leaf
number was counted, and on 77 DAS (34 DAA), culm diameter was
determined above the second node.

From 17 July until 30 July, production of fresh pollen and start of
silking were recorded for each plant daily at peak pollen shed (10 to
11 AM). From these data, the duration of pollen production and the
anthesis-silking interval ASI (start silking minus start pollen produc-
tion) were determined. For better comparisons of grain yield per plant
and of yield components, such as kernel weight and kernel number
per cob, tillers were removed immediately after appearance. Axillary
branches were not produced. Additional cobs on the main culm were
not removed, as the effect of PAC application on this trait was eval-
uated. Start of senescence (yellowing of older leaves, appearance of
red-coloured culms) was also recorded. Insecticides against Oscinella
frit L. and European corn borer were applied when required.

2.2 | Harvest and analyses of plant material

For each maize cultivar, treatment and N fertilization rate, four con-
tainers with four plants each were harvested at physiological matu-
rity 139 and 140 DAS (4 and 5 October). Plant height, straw dry mass
per container, cob dry mass per plant, cob length, maximal cob diam-
eter (measured at cob base), kernel dry mass (80°C drying), kernel
number per cob and individual kernel weight were determined after
harvest. The dried straw and grain material were milled to fine pow-
der and dry-ashed. Phosphorus (P) concentrations were determined
colorimetrically. Total N concentrations were measured using an
elementary analyser (Unicube® trace, Elementar Analysensysteme
GmbH, Langenselbold, Germany). Sample digestion was carried
out via catalytic combustion at a temperature of 950°C, with the
nitrogen-containing components in the sample forming Nz’ which
was measured with thermal conductivity detection.

The nutrient concentrations are given as mg nutrient g™ dry mat-
ter. For the determination of the nutrient content per plant, which
reflects net nutrient uptake of the above-ground biomass, the con-

centrations were multiplied with the corresponding plant dry weights.

2.3 | Calculation of efficiency parameters and
statistical analysis

Harvest index (HI), water-use efficiency of grain (WUEgrain),
nitrogen-uptake efficiency (NUpE), nitrogen-utilization efficiency of
grain (NUtE

according to the following equations:

grain) @Nd nitrogen-harvest index (NHI) were calculated

HI=Grain yield/ Total above — ground biomass at physiological maturity (1)

WUE,,,;, = Grain dry matter/Total water consumption (2)

grain

after PAC application = Grain dry matter /Water consumption from start PAC application until physiological maturity 3)
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NUpE =Total N content of plant shoot/Fertilizer N supply (4)

Fertilizer N supply was 2.40 and 1.80gN per plant in the 100% N and
75% N treatment, respectively; available soil N (0.03gN per plant) was

not accounted for.

NUtE, ;. = Grain dry matter/N content of total above — ground biomass at physiological maturity

5)
NHI=Grain N content/N content of total above — ground biomass at physiological maturity.

(6)

grain

Means +standard errors (SE) were calculated from four replicates
per growth regulator treatment, N-fertilizer supply and maize culti-
var. After two-way ANOVA (factors: growth regulator treatment and
N supply) using Rstudio, multiple comparisons of means were con-
ducted following adjustment with the fdr-test. Statistically significant
differences are indicated with different letters (p <5%). Differences

between the two cultivars were not statistically evaluated.

3 | RESULTS

3.1 | Vegetative plant growth and development,
time of flowering

Already 7days after application (DAA) of the plant growth regula-
tor paclobutrazol (PAC), distinct decreases in plant height were ob-
served, and at 14 DAA, the PAC effects were significant for both
N treatments and cultivars causing growth reductions of 11%-15%
(Table 1). Low N supply did not affect plant height during the entire
growth period including physiological maturity (results not shown).
Culm diameter of Galactus was significantly increased in the PAC
treatment, and N supply showed no effect for both cultivars (Table 1).

In most cases, start of pollen production was unaffected by PAC
treatment and N supply, apart from Galactus-75%N with a signifi-
cant earlier start due to PAC (Table 1). With PAC application, pollen
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shed of Galactus was significantly extended by 21% and 28% with
100% N and 75% N supply, respectively, and pollen production lasted
significantly longer with PAC-75%N than PAC-100%N (Table 1). For
Fabregas, duration of pollen production showed no significant effects
of PAC treatment or N fertilization (Table 1). For Galactus, silking
started significantly earlier in the PAC treatment with 75% N supply,
which was also earlier than PAC treatment with 100% N (Table 1).
Fabregas showed no effects of PAC treatment or N supply on silk
appearance. For both cultivars, the anthesis-silking interval (ASI) was

not significantly affected by PAC application or N supply (Table 1).

3.2 | Senescence, yield determinants and
harvest index

At the end of July, 10days after the last N fertilization, first N-
deficiency symptoms were observed on plants of Galactus-75%N
with chloroses on the oldest leaves and red colour of the culm base.
At this time, N-deficiency symptoms on Fabregas plants were not
yet visible. Overall, senescence of plants with 75% N supply started
2 weeks earlier than with 100% N, and PAC treatment delayed onset
of senescence by approximately 4 to 5days.

In this container experiment, losses of whole cobs or of kernels
due to infection with cob smut did not occur. At maturity, all plants
had produced one kernel-carrying cob (Figure 1). Galactus and
Fabregas control plants with 100% N supply generally showed good
kernel development over the entire cob, and after PAC application,
kernel abortion occurred in the apical part of some cobs. With 75%
N, the cobs looked shorter and thinner than with optimal N supply,
and particularly for Fabregas, more barren cob tips were observed
after PAC treatment (Figure 1).

The grain yield was either unaffected by PAC application, or for
Galactus-75%N, it was significantly increased by 9% in comparison

with the untreated control (Figure 2a). Suboptimal N supply caused

TABLE 1 Plant height at 14 DAA (days after application of the plant growth regulator paclobutrazol, PAC), culm diameter at 34 DAA, start
and duration of pollen production, start of silking and anthesis-silking interval (ASI; start silking minus start pollen production) of two maize
cultivars under control conditions and after application of paclobutrazol (PAC), with 100% and 75% N-fertilizer supply

Anthesis-
Plant height Culm diameter Pollen production Silking Silking Interval
Maize N-fertilizer
cultivar supply Treatment  (cm) (mm) Start (DAS) Duration (d)  Start (DAS) ASI (d)
Galactus 100% N Control 270.0 +3.6 a 23.3+0.1b 63.6 +0.2a 3.9+0.3c 64.0 +0.3 ab 04 +0.2a
PAC 231.5+3.4b 245+00a 63.6 +0.2a 47+0.1b 634 +03b -0.2+0.1a
75% N Control 266.7 +2.5a 22.8+0.3b 63.8+0.2a 4.4 +0.2 bc 64.5+0.2a 0.7+0.1a
PAC 237.2+09b 243+0.2a 62.2+03b 5.6+03a 62.5+0.1c 04+04a
Fabregas 100% N Control 2684+15A 232+04A 63.1+0.2A 4.6 +04A 64.4+0.2A 1.3+0.1A
PAC 238.6 +6.8B 23.6 +0.6 A 62.8+0.3A 42+02A 63.5+0.3A 0.7+01A
75% N Control 268.3+21A 222+03A 63.2+0.6 A 43+0.3A 64.5+0.9 A 1.3+0.3A
PAC 227.6 +4.4B 23.6 +0.2A 63.6 +0.3A 3.7+0.5A 64.5+0.2 A 09+0.2A

Note: Data show means of four replicates +SE; significant differences (p < 5%) within each cultivar are indicated by small (Galactus) or capital letters

(Fabregas). PAC dosage per plant: 3 mg a.i. for both cultivars.
Abbreviation: DAS, days after sowing.

85U8017 SUOLLLOD 3ATER1D 3(dedl|dde ay) Aq peusenob aJe ssjie YO ‘8sn JO S9N 10} ARiqiT8uljuQ AB]IAN UO (SUONIPUOD-PUR-SLLIBI LD A |IM A leIq 1 BU1UO//SANY) SUORIPUOD PUe SWB | 841 88S [£202/2T/20] Uo ArigiTauliuo A8|IM ‘Auewien sueiyoD Aq £292T 3R I/TTTT OT/I0p/uoo" A3 |1M Akeiq1|Buluo//Sdny Woly pepeojumod ‘Z ‘€202 ‘X/E06EXT



HUTSCH anp SCHUBERT

266 i1 e
g o ¢
Wl LEY E\‘;”Joumal Agranomy Frcp Science !

significant decreases in grain yield by 17% to 25% compared with
100% N. After PAC treatment, the straw yield was significantly re-
duced (between 9% and 12%) with exception of Fabregas-100%N,
where the reduction was not significant (Figure 2b). N fertilization
showed no significant effect on straw yield. Significant improve-
ments of the harvest index by up to 10% were obtained with PAC
application to 75% N supply of both cultivars; with 100% N, the in-
creases were not significant (Figure 2c). Suboptimal N fertilization
led to a decrease in harvest indices in all cases (Figure 2c). Similar
grain and less straw yields resulted in higher harvest indices of
Fabregas compared with Galactus (Figure 2a-c).

For both cultivars, kernel number per cob was not significantly
affected by PAC treatment (Figure 3a). N supply had only an effect
on Fabregas with significantly less kernels in PAC-75%N than in PAC-
100%N (Figure 3a). Single kernel weight of Fabregas-75%N was sig-
nificantly increased due to PAC treatment (Figure 3b). Suboptimal
N supply caused significant decreases in kernel weight in all cases,
whereby Galactus showed stronger effects than Fabregas (on aver-
age -20% vs. -11%, respectively; Figure 3b). Cob length of Galactus-
75%N was significantly increased by 10% due to PAC, and cobs were
shorter with 75% N than with 100% N fertilization (Figure 3c). For
Fabregas-100%N, cob length was decreased by PAC application, and
a similar reduction in the untreated control was caused by 75% N
compared with 100% N (Figure 3c). The cob diameter was unaffected
by PAC treatment, but 75%N supply resulted in strong and significant
decreases between 29% and 33% for both cultivars (Figure 3d).

3.3 | Water consumption and water-use efficiency
(WUE)

Water consumption, determined for the entire growth period, was sig-
nificantly decreased by PAC in Galactus-100%N (Table 2). In addition,
this PAC effect was also observed in Galactus-75%N, when water con-
sumption from time of PAC application until physiological maturity was
considered (Table 2). With 75% N supply, significantly less water was
consumed by plants of both cultivars. For Galactus-75%N, water-use
efficiency (WUE
by 15%. A rather small, but significant increase was also observed for
Fabregas-100%N with PAC, when WUE_ ..
consumed after PAC application (Table 2). WUEgrain
75% N supply with one exception: Galactus, with water consumption

grain) was significantly improved in the PAC treatment
was calculated with water
was decreased with

starting from PAC application, where PAC offset the negative impact
of 75% N reaching the level of 100% N (Table 2). Comparable effects of
PAC and N supply were obtained when WUE
time around silking (start silking +2 weeks; Table 2).

erain Was calculated for the

3.4 | Nitrogen concentrations, contents and
utilization efficiencies

In the present growth regulator experiment, the maize plants
were supplied with two rates of N fertilization: optimal (100% N)
and suboptimal (75% N) supply. In Figure 4, the N concentrations

in grain and straw dry matter are combined for cultivars Galactus
and Fabregas, grown under control conditions or after PAC treat-
ment. For both cultivars, N concentrations in grain and straw
were unaffected by PAC application, whereas with 75% N supply,
significant decreases were observed (exception: straw, Fabregas-
75%N, with PAC; Figure 4a,b). The N contents of grain, straw and
total above-ground biomass per one plant are shown in Figure 5
for both maize cultivars. In Galactus-75%N, the N content of
grain was significantly increased by 13% due to PAC treatment,
whereas it was decreased in straw (Figure 5a,b). In addition, N
content of straw was also significantly decreased after PAC appli-
cation to Fabregas-100%N (Figure 5b). For both cultivars, reduc-
tion in N supply to 75% caused significant decreases in N content
in control and PAC treatments, which lay in the range of 22%-26%
in the total above-ground biomass and thus mirrored the 25% less
N fertilization very well (Figure 5c). For both cultivars, it can be
asserted that decreased shoot N uptake due to low fertilizer sup-
ply relied on both, decreased N concentrations in grain and straw
(Figure 4a,b) and decreased grain yields (Figure 2a).

Parameters, which characterize the internal and external efficiency
of N use, are combined in Figure 6. According to the increase in N-
harvestindex (NHI) after PAC application, the allocation of N in the total
above-ground biomass to the maize kernels was significantly improved
by up to 6% (one exception: Galactus-100%N; Figure 6a). In addition,
similar improvements due to PAC were observed for the P-harvest
index (increases by up to 5%; results not shown). With less N fertiliza-
tion, either significant decreases in NHI or no changes were observed
for Galactus and Fabregas, respectively (Figure 6a). PAC treatment
showed neither an effect on N-utilization efficiency (N UtEgrain) nor on
N-uptake efficiency (NUpE; Figure 6éb,c). Only for Fabregas-75%N, a

significant increase in NUtE was found in comparison with 100% N,

grain

whereas suboptimal N supply did not affect NUpE (Figure 6b,c).

4 | DISCUSSION

4.1 | With delayed PAC application grain yield
depressions can be avoided

With late PAC application at growth stage V8, grain yield depres-
sions were not only successfully avoided; moreover, for Galactus-
75%N, a significant increase in grain yield was achieved (Figure 2a).
Accordingly, the yield determinants kernel number and single ker-
nel weight were also unaffected by PAC in most cases (exception:
increase in kernel weight of Fabregas-75%N; Figure 3a,b). The im-
provement in grain yield of Galactus-75%N was most likely due to
a combination of an increase in cob length and of kernel number,
although the latter was not significant (Figure 3a,c). Delayed PAC
treatment had obviously no negative impact on floral initiation and
formation of spikelet primordia and thus on the potential kernel num-
ber per cob. This supports the study of Zhao et al. (2021), who found
similar results when comparing an early ethephon application to
maize plants at the 9-leaf stage with a late application at the 13-leaf
stage. This matches exactly our study at the V5 growth stage when
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FIGURE 1 Effect of the plant

growth regulator paclobutrazol (PAC)
and differential nitrogen supply (100%
and 75% N) on cob development of
maize cultivars Galactus and Fabregas

at maturity (at 139/140days after
sowing (DAS) and 96/97 days after PAC
application (DAA); PAC dosage per plant:
3 mg a.i. for both cultivars.
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FIGURE 2 Graindry matter yield (a), straw dry matter yield

(b) and harvest index (c) of two maize cultivars under control
conditions and after application of the plant growth regulator
paclobutrazol (PAC), with 100% and 75% N-fertilizer supply; data
show means of four replicates +SE; significant differences (p < 5%)
within each cultivar are indicated by small (Galactus) or capital
letters (Fabregas). PAC dosage per plant: 3 mg a.i. for both cultivars.
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the plants had developed 9 leaves (Hitsch & Schubert, 2021b), and
at the V8 growth stage the plants had produced 12 leaves.

Apart from the extent of spikelet formation on an ear, maize
kernel number at maturity is also a function of fertilization of the
florets, which requires synchronization of pollen shed and silking
(Jacobs & Pearson, 1991, 1992). In our previous study, start and du-
ration of pollen production, start of silking and ASI were unaffected
by PAC treatment (Hutsch & Schubert, 2021b). This is in contrast to
the present experiment with delayed PAC application which resulted
in a significant increase in duration of pollen shed of Galactus at the
extent of 21% and 28% with 100% N and 75% N supply, respectively
(Table 1). Therefore, an improved fertilization of developing kernels
could also have contributed to the grain yield increase in Galactus-
75%N with PAC application (Figure 2a). After successful fertilization,
particularly at the apical part of the cob kernel abortion can occur
and can contribute to the determination of the final kernel number.
Only for Fabregas-75%N, PAC application obviously extended the
degree of barren cob tips (Figure 1). This probably resulted in the
smaller kernel number, which was counteracted by an increased ker-
nel weight and eventually by an unchanged grain yield (Figure 3a,b;
Figure 2d). For the maize cultivar Fabregas, we have occasionally
observed this compensatory effect of an enhanced kernel weight
after reduction in kernel number (Hitsch et al., 2015; Hitsch &
Schubert, 2021a).

Grain yield decreases due to reduced N supply were almost
exclusively resulting from smaller kernels with stronger effects on
Galactus than on Fabregas (Figure 2a, Figure 3b). In addition, with
75% N, the cob diameter was decreased by about 30% (Figure 3d).
Nitrogen plays a key role for assimilation during early cob devel-
opment and during grain filling. First N-deficiency symptoms
were observed on the oldest leaves of Galactus-75%N at the end
of July, a few days after flowering had been terminated. Chlorosis
of the older leaves point to a mobilization of N in order to feed
the developing cob as a plant organ with high sink strength at this
growth stage. Obviously, N limitation had not yet prevailed when

N was needed for cytokinin biosynthesis, a prerequisite for cell
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Galactus

division and kernel setting during early cob development (Dietrich
et al., 1995; Hitsch & Schubert, 2022; Jameson & Song, 2016; Lur
& Setter, 1993a, 1993b; Rijavec et al., 2011). A lack of N more likely
limited starch deposition in the endosperm of maize kernels (during
grain filling), primarily through an influence on the synthesis of
metabolic enzymes needed for starch production followed by de-
creased activities (Seebauer et al., 2004; Singletary & Below, 1990;
Singletary et al., 1990). According to Mueller et al. (2019), the great-
est impact of N treatment was realized in the linear phase of kernel
growth, when 90% accumulation of grain dry weight occurs, and
thus, N limitations during this phase lowered final kernel weight.
This explanation of the impact of reduced N supply on grain filling
is supported by the result that for Fabregas chloroses on the older
leaves occurred later than for Galactus, and subsequently causing

Fabregas

less decreases in kernel weight (-11% compared with -~20% on aver-
age for Fabregas and Galactus, respectively; Figure 3b).

Besides the allocation of assimilates to the maize grain, the
straw biomass is the second determinant of the harvest index. After
application of 3mg a.i. PAC at a late growth stage, the straw yield
was decreased between 7% and 12% (Figure 2b), which is a rather
small change compared with our previous study with earlier appli-
cation of a similar PAC dosage to Galactus and a smaller dosage to
Fabregas (2 mg a.i.). The main difference between both applica-
tion times was the distribution of the growth regulator in a larger
shoot biomass, which diminished its impact on vegetative growth.
It should be tested, if an increase in PAC dosage combined with
the later application will lead to stronger decreases in straw yield
without grain yield depressions, and thus to further improvements
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TABLE 2 Total water consumption, water-use efficiency WUEgrain calculated with total water consumed, water consumption from date of paclobutrazol (PAC) application until physiological

maturity, WUEgrain calculated with water consumed from PAC application till maturity of two maize cultivars under control conditions and after application of the plant growth regulator PAC,

with 100% and 75% N-fertilizer supply; data show means of four replicates +SE

WUEgrain (g L-l) (grain-DM/

WUE, .. (L") (grain-DM/water

Water consumption from

WUEgrain (g L-l)

Total water

water consumption start silking

consumption from PAC application

till maturity)

PAC application till maturity

(L plant™)

(grain-DM/Total water

consumption)

consumption
(L plant™)

N-fertilizer
supply

)

9.34 +0.54 ab

+2weeks,

Treatment

Maize cultivar

10.02 +0.26 a

4.33+0.14a

30.9+04a

3.51+0.12ab
3.55+0.03 a

38.2+04a

Control

100% N

Galactus

4.43 +0.03 a

29.6+0.1b

2.89 +0.02 ¢

36.9+0.2b

PAC

716 +0.11c

3.67 £0.05b
4.21+0.13a

274 +04c
26.0+0.3d

3.24+0.12b

34.7 +0.3 ¢
33.8+0.5¢

Control

75% N

9.63 +0.31 AB

8.46 +0.36 b

PAC

10.51 +0.25 A

4.28 +0.05B
4.43 +0.04 A

32.1+0.5A

3.51+0.04 A
3.61+0.04 A

39.2+0.4 A

Control

100% N

Fabregas

4.03+0.05C

31.0+0.6 A
28.2+0.7B

3.25+0.02B

38.1+0.6 A

PAC

9.36 +0.42BC

8.53+0.20C

4.13+0.05C

3.28 +0.06 B

Control 35.0+0.6B

75% N

26.8+048B

33.7+0.5B

PAC

Note: Significant differences (p <5%) within each cultivar are indicated by small (Galactus) or capital letters (Fabregas). PAC dosage per plant: 3 mg a.i. for both cultivars.
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FIGURE 4 Nitrogen (N) concentrations in grain (a) and straw
(b) of two maize cultivars under control conditions and after
application of the plant growth regulator paclobutrazol (PAC),
with 100% and 75% N-fertilizer supply; data show means of four
replicates +SE; significant differences (p < 5%) within each cultivar
are indicated by small (Galactus) or capital letters (Fabregas). PAC
dosage per plant: 3 mg a.i. for both cultivars.

of HI. Although in the present study, rather small but significant
increases in Hl were obtained after PAC application to maize plants
with 75% N supply, they were achieved in combination with en-

hanced or unchanged grain yields (Figure 2a,c).

4.2 | Remarkable increases in water-use efficiency
due to PAC were achieved with 75% N supply to
cultivar Galactus

After PAC treatment, decreases in water consumption during
the entire growth period and for the timespan from PAC appli-
cation until maturity were obtained, although only for Galactus
the effects were significant (Table 2). On average, the total water
consumption decreased by 3% to 4% due to PAC, whereas in our
previous study, the reduction lay at 14% for both cultivars (Hitsch
& Schubert, 2021a). With late PAC application, plant height de-
pressions were less strong than with an early treatment (13% vs.
35% on average of Galactus and Fabregas for late vs. early appli-
cation, respectively), resulting in only a slight compaction of the
plant canopy making reduced transpirational water losses due to a
higher humidity less probable (Hitsch & Schubert, 2021a). In ad-
dition, as total biomass production was less diminished after late
PAC treatment, less water could be saved due to the reduced need
of stomatal opening for CO, assimilation. Considering the small
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FIGURE 5 Nitrogen (N) contents in grain (a), straw (b) and grain
plus straw (c) of two maize cultivars under control conditions and
after application of the plant growth regulator paclobutrazol (PAC),
with 100% and 75% N-fertilizer supply; data show means of four
replicates +SE; significant differences (p < 5%) within each cultivar
are indicated by small (Galactus) or capital letters (Fabregas). PAC
dosage per plant: 3 mg a.i. for both cultivars.

amounts of water saved after PAC treatment, remarkable improve-
ments of WU Egrain
showed a significant increase in grain yield (Table 2, Figure 2a).

were only obtained for Galactus-75%N, which

For the time around silking, which is particularly important for
kernel set and cob development, WUEgrain of Galactus-75%N was
enhanced by 18% due to PAC (Table 2). For Galactus, the plant
growth regulator was able to counteract the negative impact

which 75%N supply generally exerted on WUE (Table 2).

grain

4.3 | With PAC treatment N-harvest index
was enhanced, whereas N-use efficiencies
were unaffected

At physiological maturity, the N nutritional status, which can
be characterized by the N concentration in the respective plant

FIGURE 6 Nitrogen-harvest index NHI (a), nitrogen-utilization
efficiency NUtE_ . (b) and nitrogen-uptake efficiency NUpE (c) of
two maize cultivars under control conditions and after application
of the plant growth regulator paclobutrazol (PAC), with 100% and
75% N-fertilizer supply; data show means of four replicates +SE;
significant differences (p < 5%) within each cultivar are indicated by
small (Galactus) or capital letters (Fabregas). PAC dosage per plant:
3 mg a.i. for both cultivars.

part, was unaffected by PAC application. Thus, luxurious N con-
sumption, which was observed for the smaller, PAC-treated maize
plants in earlier studies (Hitsch & Schubert, 2021a, 2021b), did
not occur. Yet, reduced N supply caused significant decreases in
N concentrations of grain and straw (on average-11% vs. -16%,
respectively; Figure 4). With 75% N supply, the maize plants suf-
fered N deficiency, the main reason for the observed grain yield
depressions (Figure 2a). After PAC treatment, particularly plants of
Galactus-75%N were able to allocate more N into grains, resulting
in a significant increase in N-harvest index (Figure 6a). Small, but
nevertheless significant positive effects of PAC on NHI were also
found for Fabregas (Figure 6a). This is in contrast to our previous
study, where PAC did not affect NHI of both maize cultivars with
optimal or reduced NPK fertilization (Hltsch & Schubert, 2021b).
Thus, late PAC application was also advantageous with respect
to NHI. Comparable results were obtained by Zhang et al. (2022)
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who found an increase in NHI after ethephon application at the
V8 stage.

However, late PAC application showed neither an effect on N-
utilization efficiency nor on N-uptake efficiency (Figure 6b,c). At
least for Galactus, this can be considered as a progress, as after early
PAC application NUtEgrain was significantly reduced by 19% on av-
erage of three NPK fertilization rates (Hiitsch & Schubert, 2021b).
We hypothesize that the avoidance of grain yield decreases with
late PAC application leads to the improvement of N-use efficiency.
The smaller, PAC-treated plants have less demand for N; thus, at

least with 75% N supply an increase in NUtE was expected. As

rain
N concentrations showed no changes due to lgDAC, and thus, total N
content was mainly determined by grain yield, changes in both of
these factors of NUtE
ing no variation in control and PAC treatment. For the improvement
of NUtE

complex task to achieve the right balance between PAC dosage,

arain WeNt always in the same direction caus-

arain Of Maize plants, it can be concluded that it is a very
stability of grain yield and optimal N supply in order to avoid both,

luxurious N consumption and N deficiency.
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