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Purpose: Supplying plants with nitrogen in ammonium nitrate- or
urea-based fertiliser is wasteful: much is degraded before
acquisition, releasing environmental pollutants. Preventing urea
degradation can reduce pollution and improve crop nitrogen use
efficiency. We investigate benefits to ureic stabilisation, on flowering
and stress tolerance, as organic nitrogen sources favourably alter
biomass partitioning in this regard. Research Method: We test
effects of adding chemically stabilised urea to soil, on the physical
form and flowering of containerised, greenhouse-grown
pelargonium, petunia, pansy and marigold, when transplanting
seedlings to larger pots. Efficacies of stabilised urea, non-stabilised
urea and industry standard fertiliser are compared under identical
total nitrogen supply. The significance of treatment differences is
calculated using a one-tailed t-test. Findings: Development is
favourably altered by ureic stabilisation. Earliest changes measured
are increased root lengths, leaf growth rates and chlorophyll
concentrations. Plants then develop more shoots and 25-130% more
flowers. Improvements arise partially through increased nitrogen
longevity in soil, and partially through positive effects of urea itself
on biomass partitioning between organs, and on plant physiology;
giving rise to improved commercial attributes (more branches and
flowers) and tolerance to stress (more root, less apical dominance,
more chlorophyll). Research Limitations: Further research could
measure leachate nitrogen content, and compare different methods
of ureic stabilisation in more crops. Originality/Value: Urea
stabilisation can increase fruit and flower yields, whilst reducing
vulnerability to erratic climates, and fertiliser-derived pollution. We
propose that urea’s effectiveness arises because plants have evolved
strategies to proliferate whilst competing with micro-organisms for
organic nitrogen.
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INTRODUCTION

In most natural environments and crop and nursery production systems, nitrogen (N) is the
primary limiting factor for plant growth and development (Kraiser et al., 2011). Plants
constantly monitor nitrogen availability as it fluctuates in soil, and modulate their
development accordingly. N that is available in all soils for plants to use falls into two
categories: mineral (inorganic) N, and organic N. Mineral N consists of ammonium, nitrite
and nitrate; which are inert end-products of the biochemical activity of an array of soil micro-
organisms that induce either nitrification of soil organic matter or fixation of gaseous nitrogen
from the atmosphere. Organic or biological N consists of urea, and other amino acid-based
molecules such as peptides and proteins. In natural systems urea enters the soil from urine
excreted by animals (Barthelemy et al., 2018); and bulky organic matter is broken down via
decay, to smaller organic molecules that plants can access, again by arrays of soil organisms
and micro-organisms, such as fungi and bacteria (Neff et al., 2003; Schimel & Bennett, 2004;
Walch-Liu et al., 2006).

From the mid-20™ century and into the first decade of the 21%t century, soil fertilisation by
humans for intensive agriculture and horticulture was based mainly on supplying mineral N in
the form of manufactured ammonium nitrate, nitrogen solutions, and anhydrous ammonia.
Despite being a natural organic N source, urea can also be manufactured, and since it is
relatively cheap and contains 46% N it is now the major fertiliser for crop production at a
global level. However urea is rapidly converted to ammonium and nitrate by enzymes
released by soil microbes, and nitrate from this and all other man-made or natural sources is
soluble and labile, such that a significant proportion leaches into the ground water.
Nitrification of ammonium also releases greenhouse gases such as carbon dioxide, nitrous
oxide and methane to the atmosphere, and ammonium is prone to immobilisation in some soil
types. Thus these methods of supplying N to plants are very inefficient as well as
environmentally costly (Colangelo & Brand 2001; Liu et al. 2013): nitrate in water systems
can be toxic and/or lead to algal blooms and eutrophication, and the gases released to the
atmosphere contribute significantly to global warming.

Over recent decades a huge research effort has been directed towards increasing crop
yields. A major part of this has focussed on crop nitrogen nutrition, and has already led to the
development of novel fertilisers and the implementation of more sophisticated ways to apply
these. Some important in-roads have been made towards the goals of reducing N waste, of
preventing damage to the environment; and of increasing yield both per unit N, and per se. As
part of this effort, studies of organic N uptake, utilisation and effects in plants have attracted
increased attention (e.g. Witte, 2011; Nardi et al., 2016), because it has been repeatedly
demonstrated that plants have direct access to these forms of N in the natural environment,
and that they have evolved sophisticated methods for competing for, acquiring and utilising
them (Mérigout et al., 2008; Paungfoo-Lonhienne et. al., 2012; Ma et al., 2018). It is now
becoming clear that plants are not totally reliant on inorganic N, or on microbial activity to
release inorganic N from organic matter (Neff et al., 2003). This has energized scientists,
entrepreneurs and agronomists to discover ways of exploiting this knowledge to improve
cropping systems. Methods of stabilising highly soluble urea in the soil, and slowing its
breakdown to ammonium and nitrate by the ubiquitous bacteria-sourced soil enzyme urease,
have been sought (Bhogal et al., 2003). Urease inhibitors can be added to soil along with the
urea, and this can promote nitrogen use efficiency (Arkoun et al., 2012). Coatings on urea
granules such as sulphur and polyurethane can reduce some of the degradation to other N
forms by forming a physical barrier to slow urea solubilisation. Yields can either be
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maintained at lower N input, or, importantly, increased (Tiana et al., 2018; Wang et al., 2015).
We describe here effects of an alternative, chemical method of stabilising urea-sourced amine
N in soil, developed by Levity Crop Science Ltd. (Preston, UK), on the efficiency with which
ornamental plants can access and use nitrogen for improved hardiness and flower production.
This technology (termed ‘LimiN’) has recently been used to induce greater tuber yields in
potato crops in the field (Marks et al., 2018).

It is now additionally being recognized that different N-forms have different effects on
plant phenotype, some of which are more beneficial than others (in our case for flower
production and stress tolerance). Under organic N nutrition plants appear to develop an
enhanced root to shoot ratio in comparison to nitrate N, amplifying the plant’s capacity to
scavenge soil for the water and nutrients required for continued above-ground growth
(Zerihun et al., 1998; Cambui et al., 2011; Nardi et al., 2016; Franklin et al., 2017). Reduced
apical dominance and increased lateral shoot branching are also induced. On this basis we
surmised that supplying stabilised urea to plants would eventually lead to increases in their
reproductive capacity, and produce phenotypes with more resistance to stress: more root mass
per unit of shoot mass, and more branching as opposed to a single tall stem. This structure
will enhance resistance to lodging, flooding, drought and transplant stress, for example.

Underlying the effect of N form on plant phenotype is the fact that the short-term
allocation of absorbed N differs among nitrate, ammonium and organic N (Andrews et al.,
2001; Andrews et al., 2013). A larger fraction of absorbed nitrate N is, in many cases,
allocated to above-ground structures; whereas N derived from urea, amino acids and
ammonium is more likely to be allocated to roots, leading to a larger root mass fraction
(Ingestad & Agren, 1991; Franklin et al., 2017). This is because different N forms are broken
down and assimilated in different organs by different biochemical pathways (Zerihun et al.,
1998), to provide the more basic N molecules that are needed for the synthesis of important
proteins such as chlorophyll for photosynthesis, hormones that alter development, and the
basic building blocks for tissue growth. Absorbed urea is rapidly hydrolysed in the root
cytosol by urease, releasing ammonium and carbon dioxide. This ammonium is rapidly
assimilated by a second cytosolic pathway involving a glutamate dehydrogenase, a glutamine
synthase and an asparagine synthetase (Mérigout et al., 2008; Witte, 2011; Pinton et
al., 2016). On the other hand the utilisation of inorganic nitrate requires the operation of the
nitrate reductase pathway, which consumes more of the plant’s energy, and carbon (C) from
photosynthesis, than any other N assimilation mechanism (Sunil et al. 2013; Franklin et al.,
2017). Thus absorption and metabolism of organic N as urea and amino acids is much more
energy efficient. More energy, metabolite, and C are available for the many processes leading
ultimately to reproduction, which, we propose, is the reason for the more ‘luxuriant’ flower-
bearing phenotype that we predict will occur under stabilised ureic N provision.

Another layer of complexity arises when two or more forms of N are simultaneously
present, which realistically is most of the time in natural systems and also in agriculture and
horticulture. Pinton et al. (2016) show that entirely different sets of genes are induced in
Arabidopsis and maize when both N sources are simultaneously available, compared to those
that are up-regulated when each is supplied alone. When urea and nitrate are both available in
the external solution, the induction of the uptake systems of each N source is actually
reduced, despite which, plant growth and N utilization is promoted. The authors hypothesize
that this increase in primary assimilation reflects cooperation amongst acquisition processes,
through activation of different N assimilatory pathways, for tight control of overall nitrogen
uptake and use.
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We test here whether a novel chemical method of stabilising urea in the soil (‘LimiN’;
Levity Crop Science Ltd.), can increase the efficiency with which four popular ornamental
species use nitrogen, and convert this to increased floral bud and flower production. We
investigate whether a second, important consequence of stabilising ureic amine in soils -
alterations in plant structure - can increase resilience to some types of stress. Re-potting
module-grown seedlings or plants raised from cuttings to larger pots under nursey conditions
can be detrimental to subsequent establishment and performance of the maturing plant,
particularly when these were initially supplied with large amounts of fertiliser in the warm,
humid conditions found under glass or polythene. High N, particularly as nitrate, can give rise
to tall, ‘leggy’ plants with small root systems (see above). When transplanted these may not
grow as well as plants with more compact and bushy forms above-ground, and/or those with
larger root systems, as the accompanying tissue water loss and mechanical damage are more
likely to have a negative impact (Kaczperski et al., 1996). Furthermore newly transplanted
seedlings - especially of tender annual and semi-annual varieties - are particularly vulnerable
to adverse environmental conditions such as low temperature, dry soil, and heavy rain- and
wind-induced lodging. Zandstra and Liptay (1999) and Franco et al. (2005) have reviewed
literature demonstrating the benefit of high root-shoot ratios for reducing transplant stress
itself, and for improving post-transplant resilience. Therefore we propose that, in addition to
increasing flower numbers, using stabilised amine can alter plant physiology in such a way as
to allow tender plants to tolerate a variety of stressful conditions, by virtue of their altered
form.

MATERIALS AND METHODS

Pelargonium (Pelargonium zonale), petunia (Petunia x hybrida Grandiflora), pansy (Viola
tricolor Hortensis) and french marigold (Tagetes petula Red Boy) were grown in modules
(1.5 cm diameter x 2.5 cm deep, or 6.0 cm x 5.0 cm) and treated via the surrounding soil with
nitrogen (N) fertiliser as either industry standard N-P-K controls (IS), stabilised amine
nitrogen (SAN) in a formulation called ‘Lono’ (supplied by Levity Crop Science Ltd.,
Preston, UK), or standard urea. SAN was supplied at 0.05 or 0.1 mmol m=, equivalent to a
rate of 2.5 or 5.0 L ha* in 200 L water. IS was supplied at 0.7 or 1.4 mmol m=. Urea was
supplied at 0.03 mmol m™. Treatments were applied either before and/or after transplantation
of the module-grown plants to larger 0.5 or 1.0 L pots containing J. Arthur Bowers John Innes
No. 2 compost (Westland Horticulture Ltd., Co. Tyrone, UK). The pH of this compost is 5.5-
6.0, and it provides appropriate macro- and micro-nutrients to plants in all treatments,
including boron and calcium, which are also present in SAN. Solutions were applied evenly to
the soil using a pipette. SAN contains 15% N (by weight), and the IS and urea treatments
were designed to provide the same amount of N to the plants (given that IS contains 24% N
and urea contains 46% N by weight). IS contains a mixture of ureic and ammonium nitrate N.
All three treatments were supplemented with industry standard N-P-K (IS) at one quarter
recommended strength every 8-10 days, approximately mid-way between main treatment
dates, ensuring access to sufficient micronutrients (and P-K in the case of urea-treated plants).
Where SAN was supplied as a concentration range, the N content of IS was matched to the
highest SAN concentration, thus in some cases 1S-treated plants received more total N than
SAN-treated plants. Plants in plugs and pots were treated with N fertiliser at the
concentrations and times detailed in the Results section and in Table 1, at a rate of 20 cm?® per
m? planting area.
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Table 1. Time courses showing treatments and measurement activity during the experiments, for pelargonium (a), petunia
(b), pansy (c), and marigold (d).

a) Pelargonium c) Pansy

Days . Days .

from Activity Figure from | Activity Figure
no. no.

start start

0 N treatment 0 Transplant + N treatment

1 Transplant 3 Chlorophyll analysis 1e

3 Chlorophyll analysis 1a 15 Treatment 2

5 Leaf 6 area, Leaf 6 growth rate 2a, 2b 25 Chlorophyll analysis 1f

8 Chlorophyll analysis 1b 28 Leaf width 2d

15 Treatment 2 33 Treatment 3

22 Number of leaves over 20cm? 2 40 Flower count 5¢

40 Treatment 3 50 Treatment 4

45 Branch count 3a 60 Weigh harvested tissue 6d, 6,

56 Flower count 53 rc

57 Photography 8a, 8b

58 Weigh harvested tissue 6a,7a

b) Petunia d) Marigold

Days . Days .

from Activity Eégure from | Activity Ecl)gure

start ' start )

0 Transplant + N treatment 0 Transplant + N treatment

4 Chlorophyll analysis 1c 14 Treatment 2

13 Treatment 2 26 Flower count 5d

1 Chlorophyll analysis 1d 27 Chlorophyll analysis 19

18 Shoot count b 28 Root measurement 4

19 Flower count 5h

Weigh harvested tissue 6b, 6c,
21 7b

Experiments were carried out in northern England in spring, summer and autumn, in a
heated and ventilated glasshouse under natural light (PPFD 200-800 umol m? s1). Night-time
temperature was 12-20 °C, and day-time temperature was 15-32°C. Plants were watered by
hand to soil capacity as required. Over the course of the experiments (ranging from four
weeks to two months) plants were treated with the appropriate N compound every 2-3 weeks
(as specified in Table 1), and a range of measurements were made on each plant over this
time: leaf relative chlorophyll content; leaf length, extension rate, width and an estimation of
area (of actively expanding leaves); lateral branch or shoot count; floral bud and flower
numbers; and root length (of roots protruding from the basal openings of the pots). At the end
of the experiment shoots were harvested and tissues were separated (vegetative tissue,
reproductive tissue) and weighed immediately.

Relative chlorophyll content was measured in leaves as an index, with a FieldScout CM
1000 Chlorophyll Meter (Spectrum Technologies Inc., Illinois, USA). “Point-and-shoot”
technology instantly measures the reflectance of ambient and reflected 700 nm and 840 nm
light in a conical viewing area on the adaxial leaf surface 30-180 cm from the light receptor.
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Laser guides outline the edges of the sampling area, allowing replication of the position of
this between plants (we chose a 0.5 cm diameter area mid-way between the midrib and the
leaf edge). The light receptor comprises four photodiodes; two for ambient light and two for
reflected light from the leaf. Measurement units are calculated as an index of relative
chlorophyll content, 0-999 + 5%. Leaf lengths were hand-measured with a ruler from tip to
base, and leaf widths were hand-measured with a ruler at the widest point. Leaf area was
estimated by multiplying leaf length by leaf width. Root lengths were hand-measured with a
ruler.

Each treatment comprised 6-20 replicates, and means and standard errors of each
measurement type per treatment are displayed as bar charts. The significance of the
differences between treatments was calculated using a one-tailed t-test for two independent
means, and where treatments are significantly different from each other (at a probability level
of less than 0.1%), this is denoted by ‘a’, ‘b> and/or ‘c’ above the appropriate column on the
graphic representations of the data.

RESULTS

Leaf relative chlorophyll content

Fig. 1 demonstrates that in pelargonium, petunia, pansy and marigold, N fertiliser supplied as
stabilised amine nitrogen (‘SAN’) increased relative chlorophyll content of leaves in
comparison to industry standard treatment (IS controls); and in marigold SAN increased
chlorophyll content in comparison to plants supplied with the same amount of N in the form
of standard urea (in this case matched to 0.05 mmol m= SAN).

The relative chlorophyll content of 5"-7" leaves of pelargonium was significantly higher
than IS at 0.1 mmol m2 SAN. Fig. 1c-d demonstrates that the relative chlorophyll content of
petunia leaves was significantly higher at both SAN concentrations (c) four days post-
transplant, and (d) two weeks post-transplant. In pansy the initial SAN-induced increase in
relative chlorophyll content (e) was only significant at the higher concentration of SAN,
however after 25 days 0.05 mmol m= SAN also increased chlorophyll index significantly (f).
Fig. 1g shows that leaves of marigold plants had a significantly higher chlorophyll index
when treated with 0.05 mmol m= SAN, than when treated with IS or urea (0.7 mmol m~ and
0.03 mmol m= respectively). Urea also increased the chlorophyll index compared to controls,
but not to the extent of SAN.

Leaf size

N addition increased leaf size of pelargonium and pansy (Fig. 2) to a greater extent when
applied as SAN in comparison to IS, although both treatments contained the same amount of
N by weight. Where effects of the lower SAN concentration (0.05 mmol m=) were tested, 1S
controls were actually supplied with more N. Despite this, in some cases, SAN still
significantly increased leaf size.

When 6™ leaf length was measured 24 h post-transplant of pelargonium plug plants to
larger pots, there was no effect of SAN above that of controls (not shown). However five days
post-transplant leaf 6 was longer on SAN-treated plants, and this was significant at 0.1 mmol
m3 (Fig. 2a). The growth rate of the 6™ leaf between one and five days post-transplant was
more rapid in the presence of SAN, and this was significant at 0.1 mmol m= (Fig. 2b). The
number of leaves per plant with an estimated area over 20 cm? was significantly greater in the
presence of SAN 22 days post-transplant, exhibiting a concentration-dependent effect (Fig.
2¢). Fig. 2d shows that pansy plants, which had been treated with SAN twice, had larger
leaves than those of controls: plants had more leaves wider than 2.0 cm, and this was
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significant at 0.05 mmol m=. Fig. 2c-d demonstrates that SAN increased leaf size even when
soil was supplied with less N than controls.

Branching

Fig. 3 demonstrates that SAN increased branching in comparison to IS in pelargonium (a) and
increased shoot number in petunia (b). The increase in branching in pelargonium was
significant in the presence of 0.05 mmol m= SAN, and in petunia was significant at 0.1 mmol
m=.

Rooting

N added to marigold plants via the soil as SAN (0.05 mmol m=) increased root length
compared to IS or urea (Fig. 4), when supplied twice over a four-week period. The increase in
root length induced by SAN was significant compared to that in urea-treated plants.

Bud and flower numbers

Fig. 5 shows that SAN fertilisation increased flower and/or floral bud numbers per plant by up
to 130% compared to IS controls, in (a) pelargonium, (b) petunia, (c) pansy, and by 40%
compared to urea (d) in marigold. The SAN-induced increase in flower number in
pelargonium showed the same significance at both 0.05 and 0.1 mmol m=, and in petunia was
significant at 0.05 mmol m. Fig. 5¢ shows a significant increase in numbers of both senesced
and current pansy flowers per plant in the presence of 0.05 mmol m? SAN. Marigold
produced greater numbers of floral buds (5d) when fertilised with 0.05 mmol m= SAN, and
this was significant compared to urea-fertilised plants.

Reproductive and vegetative shoot tissue weights at harvest, and ratios between them
When N-form was tested on final shoot fresh tissue weights at harvest (Fig. 6), plants
fertilised with SAN (0.05-0.1 mmol m) had more reproductive tissue by weight than 1S-
treated plants. Pelargonium exhibited a significant concentration-dependent increase (a), with
up to twice as much reproductive tissue as controls; petunia had approximately 25% more
reproductive tissue, and this was significant at 0.1 mmol m? SAN (b); and 0.05 mmol m™
SAN significantly increased flower weight by over 100% in pansy (d).

The effect of N-form on vegetative tissue weight was not as straightforward: in
pelargonium (6a) this was significantly increased in the presence of SAN compared to IS; in
petunia (6c) it was reduced by SAN, although not significantly; and in pansy it was increased
by 0.05 mmol m= SAN (6e).

When this data was expressed as a ratio of reproductive to vegetative tissue weight, the
ratio was higher (indicating less vegetative tissue per unit weight of reproductive tissue) when
the plants were fertilised with SAN (Fig. 7) than with IS. The increase in the ratio was
significant at both 0.05 and 0.1 mmol m* SAN in pelargonium (7a), at 0.1 mmol m= SAN in
petunia (7b), and at 0.05 mmol m= SAN in pansy (7¢).

The effect of SAN to promote flowering, in comparison to IS controls supplied with the
same amount of N, can clearly be seen in Fig. 8 in photographic form. Fig. 8a depicts three
individual pelargonium plants representative of each of three treatments: from left to right
these are 1S, 0.05 mmol m= SAN, and 0.1 mmol m-3 SAN. Fig. 8b shows a group of six 1S-
treated pelargoniums on the right, and a second group on the left which had been treated with
0.1 mmol m= SAN.
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Fig. 1. Effect of fertiliser nitrogen (N) form on leaf chlorophyll content of pelargonium, petunia, pansy and marigold.
Stabilised amine nitrogen (SAN) at two concentrations (0.05 and 0.1 mmol m), is compared to industry standard NPK (IS)
or non-stabilised urea, on leaf relative chlorophyll content following transplant of plugs into larger pots: pelargonium (a, b);
petunia (c, d); pansy (e, f); and marigold (g). Means +/- standard errors are shown (n=6-20), and significant differences
between treatments are denoted by different letters above each column (p<0.1 maximum).

20

JOURNAL OF HORTICULTURE AND POSTHARVEST RESEARCH VOL. 2(1) MARCH 2019



Stabilising urea nitrogen enhances flowering in ornamental plants

4 - a - pelargonium b . %47 b-pelargonium

Ng _ s

- - 03 .

o 3 - [

® ab 8 ab T

2 a 2T b 4

u @ <

HE I £ 1

o P s E

; s 5= 7

i / : /

ﬁ (-]

E / %

E 0 T A T 1 2 N T A T 1
Control 0.05 0.1 Control 0.05 0.1

SAN Concentration (mmol m3) SAN Concentration (mmol m3)

6 c - pelargonium c £ 10 - d - pansy

o N b b

3 54 N a

3 b £ 8 T

& 4 - 5 .|-

H a T -] 6 a / v

£%E3 I 3 e

g8 ° -4

29 E -

£ 2 g 33

Fi - / "é 5 | / :4&4

5 g re

czi 0 T A T 1 g 0 ; T A T ‘!‘H 1
Control 0.05 0.1 z Control 0.05 0.1

SAN Concentration (mmol m3) SAN Concentration (mmol m3)

Fig. 2. Effect of fertiliser N-form on leaf growth and dimensions in pelargonium and pansy. The effect of SAN (0.05-0.1
mmol m-3) compared to IS (1.4 mmol m3) is shown on (a) leaf 6 estimated area (cm?), (b) leaf 6 growth rate over 96 hours
(mm h1), and (c) the number of leaves per plant over 20 cm? in area, after transplant of pelargonium from plugs to larger
pots; and on (d) the number of leaves over 2 cm wide in pansy after transplant to larger pots. Means +/- standard errors are
shown (n=6-20), and significant differences between treatments are denoted by different letters above each column (p<0.1
maximum).

a - pelargonium X b - petunia b
2 21 T ab g 124 -
& S
S
- 1.8 4 ] i a
g a .fi.f T g 1
n 1.6 SR, TR 2 a
g 6 A AL, 8 10 - T
S T SYEYY) = s T L
G 1.4 - SYEYY) - 2 ks,
S . FELEL, C LT S 9 FELEL,
s A, L L1 @ // A,
= 1.2 - FYErY) L L1 'g 8 - /4‘ SIS,
2 A, L L1 5 A,
€ AELEL, |- 2 AELEL,
3 1 T T 1 7 T T 1

Control 0.05 0.1 Control 0.05
SAN Concentration (mmol m?3) SAN Concentration (mmol m-

Fig. 3. Effect of fertiliser N-form on branching in pelargonium (a) and shoot number in petunia (b). Fertilisers as IS (1.4
mmol m3) with N content matched to the higher SAN concentration, and SAN (0.05 and 0.1 mmol m), were tested on
growth habit after transplanting seedlings to larger pots. Means +/- SE (a - n=20; b - n=7) are shown, with significant
differences between treatments denoted as differing letters above each column.
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Fig. 4. Effect of fertiliser N-form on root length of marigold plants. SAN (0.05 mmol m3), urea (0.03 mmol m) and IS (0.7
mmol m-3) were supplied twice after transplant, and root lengths were measured four weeks after the initial treatment. Means
+/- SEs (n=6-12) are shown, with significant differences between N forms designated by different letters above each column.

DISCUSSION

Fertilisation of ornamental plants with stabilised amine nitrogen (SAN), as compared with
industry standard soluble N-P-K (IS controls), improves a) their aesthetics for retail — more
branches and flowers; b) their ability to tolerate transplantation stress — more roots, branches
and chlorophyll; and c¢) equips developing plants with more of the attributes known to aid
avoidance of and/or tolerance to stresses such as low or high temperature, wet or dry soil, and
high wind- and heavy rain-induced damage or lodging — longer roots, and more branches and
chlorophyll. It is clear from Figs. 5-8 that plants develop 25-130 % more flowers in the
presence of SAN, such that a greater proportion of shoot fresh matter is made up of
reproductive tissue (Fig. 7). When transplanted to larger pots, SAN-fertilised plants grew
more rapidly and exhibited higher chlorophyll contents, larger leaves and more shoots (Figs.
1-3).

These results demonstrate that the form of the nitrogen, rather than the amount, is the
basis for the positive effects described above, as SAN-treated plants were supplied with the
same amount of total N by weight as IS-treated plants (or indeed slightly less). As described
in the Introduction, stabilising ureic amine prevents N loss from soil (Wang et al., 2015; Tiana
et al., 2018), thus even though all plants had access to the same amount of total N each time
they were fertilised, those given standard soluble N-P-K or non-stabilised urea would actually
have had access to less total N between treatment dates. This is due to leaching and
volatilisation, as occurs frequently in agriculture and horticulture, including under
containerised nursery plant production (Huett & Morris, 1999; Colangelo & Brand, 2001;
Bhogal et al., 2003).

Additionally, because a greater proportion of the N available to SAN-treated plants is
effectively organic - being ureic amine - we can conclude that less energy and carbon are
needed to assimilate this N to usable forms in comparison to that in IS-treated plant (Cambui
et al., 2011; Franklin et al., 2017). In 1S-treated plants nitrate is likely to be the predominant N
form, particularly when the ureic element of IS becomes degraded between treatment dates.
Thus SAN effectively provides more resource for photosynthesis, leaf growth, branching and
root growth; and ultimately for reproductive development. This is at least a part of the reason
for the improved traits described (in addition simply to the stabilisation-induced retention of
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more of the supplied N in the soil), because SAN also alters plant phenotype: the ratio of
reproductive to vegetative above-ground tissue by weight is greater in SAN-treated plants
(Fig. 7), there are more lateral shoots and longer roots (Figs. 3-4); and even though plants are
not necessarily shorter, these traits are characteristic of less apical dominance (Ingestad &
Agren, 1991; Andrews et al., 2013).
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Fig. 5. Effect of fertiliser N-form on flower numbers in (a) pelargonium, (b) petunia, (c) pansy, and (d) marigold. Plants were
fertilised with IS (1.4 mmol m= [a,b] or 0.7 mmol m- [c,d]), SAN (0.05-0.1 mmol m~ — a,b; 0.05 mmol m — c¢,d), or urea
(0.03 mmol m3, d). Flower numbers were counted 3-8 weeks after transplant to larger pots, with final N treatments occurring
5-10 days before counting reproductive structures on each plant. Data are presented as means +/- SE (n=6-20), and significant
differences between treatments are denoted by differing letters above columns.
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petunia (b), and pansy (c). Plants were fertilised with IS (1.4 mmol m-3), or SAN (0.05-0.1 mmol m), and harvested and
weighed, as described in Fig. 6. Data are presented as means +/- SE (n=6-20), and significant differences between treatments
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In the field it has been shown that the coating method of stabilising urea can increase
yields of grain crops, garlic and cotton (Wang et al., 2015; Tiana et al., 2018). We have
previously shown that the chemical method of inducing ureic stability used here as SAN (also
known as ‘LimiN’) increases potato yield in UK field trials (Marks et al., 2018). When
equivalent amounts of ureic N were supplied to potato plants as foliar sprays, resources were
partitioned to tubers more effectively when the urea was stabilised. Gou et al. (2017)
demonstrated that foliar application of urea along with a urease inhibitor could significantly
enhance drought-tolerance in maize. This occurred through up-regulation of the antioxidant
defence system. Although SAN plants were not subjected to drought, it was certainly the case
that chlorophyll concentrations were higher (Figs. 1-2). It has not previously been
demonstrated, as shown here, that stabilised urea can increase flowering (Figs. 5-7), and
resistance to transplantation stress.

Effects of N-form on resource partitioning

Franklin et al. (2017) synthesized results from multiple experiments, on N-form effects on
plant phenotype, producing a robust plant growth model that could explain all aspects of the
data. This confirmed that the carbon cost of assimilating organic N into proteins is lower than
that for inorganic N. This carbon bonus even occurred when organic N availability to the
roots was very low — up to 70% lower for Arabidopsis seedlings. At equal growth rate, root-
shoot ratio was up to three times higher and nitrogen productivity up to 20% higher for
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organic than inorganic N. In this regard it is pertinent that nitrate at sufficiency is actively
involved in the inhibition of early lateral root development (Forde, 2002; Walch-Liu et al.
). Despite the fact that Franklin et al. (2017) demonstrated that a larger proportion of biomass
production was initially allocated to roots (in our case SAN increased root length — although
total biomass was not measured — Fig. 4), according to the model organic N still eventually
gave rise to a higher relative growth rate above ground. SAN-treated plants had faster
growing, larger leaves (Fig. 2); and greater shoot biomass (Fig. 6); which agrees with this
prediction.

Nitrogen deficiency has very different effects on plants, regardless of form; including
induction of lateral root growth through nitrate signalling (Andrews et al., 2001; Forde, 2002;
Gojon et al., 2011). None of the plants in our experiments experienced N deficiency. There is
much evidence for lateral root proliferation within concentrated but isolated patches of both
nitrate nitrogen (Remans et al., 2006), and amine nitrogen (such as glutamate — Walch-Liu et
al., 2006), when the nitrogen status of the whole plant is low, and when this fact is signalled
to, or sensed within the root. Local proliferation of roots is a key factor in interspecific
competition for non-uniformly distributed supplies of organic N in natural habitats. Hodge et
al. (2002) found that when two grasses (Lolium perenne L. and Poa pratensis L.) were grown
in competition, root proliferation and root length density in an organic patch was more
important for N capture than alterations in N uptake capacity per unit of root mass. Although
both species proliferated roots in the patches, L. perenne produced greater root length
densities than P. pratensis, and also captured more N. However, Fig. 4 shows that organic
nitrogen (SAN) also increases root growth in N-sufficient plants compared to standard
fertilisation, and we can assume that this was available homogeneously rather than in ‘patchy’
form.

Until recently, it was generally accepted that the terrestrial nitrogen cycle was based
primarily on net mineralization, such that plants were thought mainly to use inorganic N and
to compete poorly against soil microbes for this commodity. However, soil N cycling has
recently been shown to be driven heavily by the de-polymerization of N-containing polymers
by microbial enzymes (such as urease) in the soil (Schimel & Bennett, 2004), without a
necessity for mineralization. This releases organic N-containing monomers, and it is now
known that plants can compete with microbes very successfully for this N. In this context the
most efficient cost versus benefit phenotype is a high root-shoot ratio for competitive uptake
of organic N, that then gives rise to greater above and below ground plant biomass —
mirroring effects of SAN. Ma et al. (2018) found that root diameter exerts the strongest
influence on root trait variation. They proposed that plants have evolved thinner roots and
thus more total root surface area since they first emerged on land, to improve their efficiency
of soil exploration and ability to compete with microbes per unit of carbon invested.

Effects of mixed N supply

Pompeiano and Patton (2017) exposed greenhouse-grown zoysiagrass (Zoysia spp.) to five
different ratios of nitrate and urea as N sources (% nitrate:% urea at 100:0, 75:25, 50:50,
25:75, 0:100). 10 weeks later both above- and below-ground dry weight production was
greatest following treatments with 25:75 nitrate:urea, whereas 100% nitrate produced plants
with the lowest dry weight. It will certainly be the case that, whilst urea is a major component
of total N in the SAN-treated plants, N as nitrate will also have been present in the soil (from
the soil itself, and from the background low rate N-P-K supplements); most likely giving rise
to lower nitrate:urea ratios than plants treated as per industry standard. Different sets of genes
are up-regulated when both N forms are present, increasing the efficiency of total N uptake,
assimilation and use (Pinton et al. 2016).
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Fig. 8. Effect of fertiliser N-form on appearance and flowering of pelargonium. Pelargonium were fertilised with IS (1.4
mmol m=3), 0.05 mmol m= and 0.1 mmol m=2 SAN, and representative examples are shown as single plants from each
treatment, from left to right (a); and as groups of six plants (b), fertilised with 1S (left) or 0.1 mmol m-3 SAN (right).

CONCLUSION

Stabilising ureic nitrogen (N) in urea-based fertiliser induces beneficial attributes in
containerised plants compared to industry standard and non-stabilised urea fertilisation, when
all plants are supplied with identical amounts of N by weight: improved aesthetics, stress
avoidance, stress tolerance, and N-use-efficiency. We argue that this arises not only from
increased longevity of this N-form in soil, but also from impacts of ureic-N itself — effectively
an organic N-source - on plant development. Our working hypothesis is that biomass growth
occurs within an altered phenotype, initially favouring partitioning to roots, and subsequently
increasing ‘branchiness’ above ground, because plants have evolved the ideal architectural
form for proliferation within the constraints of competition with soil micro-organisms for
organic nitrogen monomers (such as ureic amine). Since assimilation of organic N uses less
energy and carbon (C) than that of nitrate N, it is more efficient for plants to acquire this N-
form, such that increasing root surface area to compete with soil microbes is an initial
priority. More resource is then available for chlorophyll production such that more C becomes
available for further tissue growth. Since reduced apical dominance and increased
‘branchiness’ are more beneficial traits for stress tolerance, and — ultimately — for
reproductive capacity, this developmental process and growth form is prioritised in unstressed
plants. Stabilising urea could thus improve fruiting and flowering in many horticultural crops
despite our increasingly stressful climate, whilst reducing the risk of N pollution.
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