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Abstract

Global warming causes plant stress and reduces crop productivity. Cultivation of the
warmer region crop sweet potato ([pomoea batatas (L.) Lam) in Northern regions can be
an opportunity to benefit from climate warming, but there is little information of how grow-
ing season length interacts with agricultural practices such as nitrogen (N) fertilization.
We studied the photosynthetic characteristics, biomass accumulation, carbon (C) and N
contents of plant organs of the cultivar ‘Purple Bud’ in relation to the planting date (the 2nd
of May, 10th of May, 20th of May, 30th of May and 10th of June) and N fertilization (kg ha;
NO, N50, N100 and N150). Nitrogen content of leaves (N,) and tubers (N,) increased with
N application dose and was moderately affected by planting time. Despite the fertilization-
dependent increase of leaf N content, photosynthesis rate (A) was unaffected or some-
what reduced by N fertilization. This reflected reductions in stomatal conductance (g,) and
ratio of intercellular CO, to ambient CO, (C/C,), suggesting that enhanced N availability
and concomitant increase in whole plant area resulted in reduced plant water availability.
The highest values of leaf C/N ratio, tuber to root mass ratio and dry weight content of
roots (DW,) were found in NO plants and the ones planted on the 10th of May and 20th of
May. Our results collectively demonstrate that the growth and productivity of sweet potato
is strongly dependent on the length of the growing season, and can be further constrained
by utilization efficiency of N. We conclude that future research should focus on optimum
sweet potato cultivation technologies at Northern latitudes.

Introduction

Global warming in hotter climates creates stressful conditions for plants, leading to reduced
plant growth, shortened growth cycles and, in the case of tuber crops, delayed tuber formation
[1,2]. Thus, the impact of climate on plants has been widely discussed in a negative context
[3]. In recent years, however, sweet potato (Ipomoea batatas (L.) Lam) has been success-

fully cultivated in Central Europe as well as in the Nordic countries. Climate change might
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therefore allow cultivation of warm-climate crops in cooler climates [4-7]. Traditionally, the
sweet potato as a subtropical crop has been grown in Africa, Asia, Oceania, Americas and

in the subtropical and Mediterranean Southern Europe, including Spain and Portugal with
recent expansion to Central European countries Germany and Poland [8-14].

Broad cultivation range of sweet potato indicates its high environmental adaptability. As
crops in general, sweet potato has a high photosynthetic capacity that can be partly maintained
even under suboptimal conditions due to the adaptive variability in leaf economic traits [15,16].
Nitrogen is often the main limiting nutrient in agricultural soils, and thus, adding N to plants
increases their growth and productivity, but only until the optimum amount of N has been
reached; this varies from crop to crop [17-19]. For example, in a field study of potato (Solanum
tuberosum L.) throughout the growing period, NO plants showed the lowest net assimilation
rate (A) values, while the plants at the N treatment of 300kg ha' showed the highest A values.
However, in contrast to a monotonous positive relationship between N and A, the highest dry
biomass of leaves, shoots, roots or tubers was achieved in the N treatment of 200kg N ha™' [18].
In contrast to potato, the N fertilization requirement was less for sweet potato, and 100kg ha™*
of N was already sufficient for a high sweet potato tuber yield [17]. In fact, due to presence
of endophytes, sweet potato can fix a certain amount of nitrogen (N) from the atmosphere,
explaining the lower N requirement [20-22]. Over-fertilization reduced the amount and bio-
mass of storage roots in sweet potato, while the above-ground dry biomass and leaf area contin-
ued to increase with increasing N dose [23], indicating that the N requirement for optimum
yield is lower than that for optimum whole plant growth. In addition, tuber yields of sweet
potato widely vary between cultivars, reflecting genetic differences as well as different N fertil-
ization and growing season requirements [24]. In subtropical sweet potato cultivation areas,

a 130-day cultivation period is needed for growing a high marketable yield [25]. However, in
cooler climates, overall lower temperature and shorter growing season length might limit the
uptake and use of N added to the plants (N utilization efficiency) and N utilization efficiency
might also vary among the cultivars, potentially limiting the profitability of sweet potato cul-
tivation at its Northernmost margin. So far, little information is available on the variation in
growing season requirements for sweet potato cultivars promising for cool climates and on the
interaction of growing season requirements with N fertilization in cool climates [26].

The main objectives of the current study were to characterize the optimal N-fertilizer
dose and growing season length for the purple sweet potato cultivar focusing on biomass
accumulation, photosynthetic characteristics and contents of C and N in plant organs. The
relationship between the C content in leaves and dry weight content per tuber dry mass pro-
vides essential information on the nutritional value of tubers in relation to fertilization and
the length of growing period of the plants. We hypothesised that 1) during a longer growing
period sweet potato plants require more a higher amount of N, and achieve a greater yield,
indicating an overall enhanced N utilization efficiency; 2) higher N application dose and
longer growth period increase the C and N content in the above-ground shoots, roots and
tubers, 3) higher N availability increases the net assimilation rate (A) and intrinsic water use
efficiency iWUE).

Materials and methods
Preparation of sweet potato planting material

Sweet potato cultivar ‘Purple Bud’ (purple peel and flesh) imported from the People’s Republic
of China was selected for the trial. Production of shoots from tubers took place in boxes filled
with commercial garden soil Biolan (Biolan Oy, Eura, Finland) that included slow release
fertilizer (N:P:K ratio of 12— 14 —24) and Mg-containing limestone powder (4kg m*, soil pH
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= 6.0), under the following conditions: air temperature of 22 °C, air humidity of 65% and light
intensity of 700 umol m~ s (12-h day). Depending on the date the tubers were placed in the
soil, the shoots grew for 40 to 45 days. At the time of planting, the shoots were 30 to 40 cm
long, with no age-related differences.

Experimental site

The field sweet potato experiment was carried out in the Eerika field of the Rohu experimental
station of the Estonian University of Life Sciences (Chair of Crop Science and Plant Biology),
Tartu County, Estonia (58°36'63.57" N, 26°66'40.67" E) in 2019. The preceding crops in the
site were spring wheat (Triticum aestivum L. cv. ‘Hardena’) in 2017 and spring barley (Hor-
deum vulgare L. cv. ‘Anni’) in 2018. The soil of the experimental area was classified as a sandy
loam Stagnic Luvisol [27]. The thickness of the plough layer was 27 —30 cm [28], and the soil
bulk density was 1.45-1.50 g cm ~ [29]. In spring just before the planting, soil samples (n = 4)
were collected at a depth of 20 cm, air-dried, and sieved (2 mm mesh size). Soil pH was deter-
mined in 1 M KCl solution (ratio 1:2.5) and soil organic carbon (Corg) was quantified accord-
ing to Tjurin method [30]. Total concentration of soil nitrogen (N, ) was measured with the
Kjeldahl method [31]. At the beginning of the experiment, the humus horizon (plough layer)
of the soil was characterized by the following indicators (mean + SE): pH,_, = 6.03 + 0.16, Corg
1.262 + 0.048%, N, 0.109 + 0.004%, plant-available P 71.9 + 4.1mg kg, K 128.1 + 4.7 mg kg
!, Ca 1060 + 26 mg kg, Mg 123.6 + 3.2mg kg'. The weather data were collected from Eerika
meteorological station (58°37' N, 26°66" E), located about 2 km from the trial site (Fig 1) [7].

Field study design

In the Northern Europe, the traditional planting time for frost-sensitive horticultural and field
crops is the second week of June. In this study, planting of pre-grown shoots started on the 2nd of
May and continued in 10-day intervals (10th of May, 20th of May, 30th of May, and 10th of June
2019). The trial was laid out in a randomized block design with four replications. In all treat-
ments, the shoots were planted with a spacing of 40 cm. Each trial plot (2.1 m?) contained 7 plants.
The experiment involved four levels nitrogen (N) fertilizer YaraBela Axan NS 27-4 (Yara
Estonia) (0 as control, 50, 100 and 150kg N ha'), 50 kg ha! was given on each planting date
as starter fertilizer except the control plants. In addition, 50 kg ha" was given on the 18th of
July (plants of 100 and 150kg N ha™ treatments), and 50kg ha! on the 28th of July (plants
of 150kg N ha™ treatment) (Fig 1). The fertilizer consisted of 13.5% of nitrate-N, 13.5% of
ammoniacal-N, 4% of sulphur as CaSO,. Synthetic pesticides were not used. Weeds were
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Fig 1. Ten-day average temperatures and amount of precipitation measured at the Eerika weather station in
2019. The red box indicates the period during which plant photosynthetic measurements were conducted.

https://doi.org/10.1371/journal.pone.0318531.9001
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mechanically removed four times during the growing season. After planting, the plants were
watered twice with approximately 1L of tap water per plant. In the first four planting treat-
ments, plants were covered with a white cover veil of polypropylene (Baltic Agro, Estonia).
The cover veil was removed after the danger of late frosts had passed. The tubers were har-
vested on the 26th of September after early night frosts a few days earlier.

Gas exchange measurements

Leaf photosynthetic measurements were conducted in the field from the 13th of August to the
27th of August. Fully-expanded mature leaves were selected for measurements, and the number
of biological replicates (individual plants) was four for each treatment. A GFS-3000 portable
gas exchange/fluorescence system that has a clip-on type leaf cuvette with an 8 cm* window
area (Heinz Walz GmbH, Effeltrich, Germany) was used. Ambient air passed through a dryer,
CO, absorber and humidifier at a flow rate of 750 umol min™'. Chamber CO, concentration was
adjusted by the CO, mixer and measurement light was provided by the leaf cuvette fluorimeter.
After leaf insertion, the selected leaf was stabilized for 0.5h under the CO, concentration of
400 pmol mol™, photosynthetically active quantum flux density of 1500 umol m= s, cuvette
block temperature of 25 °C and relative air humidity of 60% until steady-state gas-exchange
rate was observed. After stomatal opening, net assimilation rate (A), stomatal conductance

to water vapour (g,) and intercellular CO, concentration (C,) were recorded. The ratio of C,

to ambient CO, (C) concentration (C/C,) and intrinsic water use efficiency i(WUE = A/g))
were calculated according to Flexas et al. [32]. In addition to the environmental characteris-
tics measured at the Eerika weather station, the ambient temperature was also recorded in the
field by the GFS-3000 gas-exchange system (Fig 2). The measurements started with NO-treated
plants, followed by N100, N50 and finally N150-treated plants. In case of NO and N50 plants,
measurements started from the plants of the longest growing season and continued towards the
shortest growing season. For N100 and N150 plants, measurements began from the plants of
the shortest growing season and continued toward the longest growing season.
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Fig 2. Ambient temperature (mean + SE, n = 4) recorded by GFS-3000 gas-exchange system during photosyn-
thesis measurements of sweet potato plants during the measurements (13-27 August, 2019). Planting date of sweet
potato is shown as: dark green: the 10th of May, red: 20th of May, light green: 30th of May and yellow: 10th of June.
The variation of ambient temperature within planting time was evaluated by one-way ANOVA. The ANOVA test was
significant at P < 0.05, “ns” means a non-significant effect at P > 0.05.

https://doi.org/10.1371/journal.pone.0318531.9g002
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Determination of carbon and nitrogen content, dry weight content and
biomass

The plant material was harvested on the 25th of September by taking four plants from each
trial plot to estimate the fresh mass of tubers, roots, leaves and stems directly after harvesting.
The biomass fractions were further air-dried for 48 h at 80 °C (Sanyo Laboratory Convection
Oven UFE 500), and their dry weight content (DW) was calculated. Before drying, the tubers
and roots were cut into strips of ca. 2cm. The contents of nitrogen (N) and carbon (C) of bio-
mass fractions were determined by a Vario MAX CNS analyzer (Elementar Analysensysteme
GmbH, Germany). The accuracy of leaf N content measurements was estimated to be 0.04%
and that of C content estimates 0.5%.

Statistical analyses

When needed, data were log-transformed. The effect of N fertilization, planting time and
their interaction on C and N content in leaves and tubers (C,, C, N, N,), photosynthetic
characteristics, yield of fresh above-ground shoots, roots and tubers (Shoot, Root, Tuber)

and dry weight content in shoots, roots and tubers (DW, DW, DW,) was studied by two-
way ANOVA. The variation of ambient temperature during photosynthesis measurements

of plants and impact of N treatment on the above-mentioned characteristics within planting
time were evaluated by one-way ANOVA. The relationships between C and N, and A and g,
were evaluated by linear regressions. ANOVA tests and linear regression analyses were carried
out using the OriginPro 2022 software (OriginLab Corporation, Northampton, USA). The dif-
ferences were considered significant at P < 0.05.

Results
Weather conditions during the growing season and growing period length

In 2019, the growth period of sweet potato was dry and hot [7]. In May, the mean (+ SE) air
temperature was 11.4 + 2.2 °C. There was a late night frost during the first ten-day period

of May, and thus, the sweet potato planted on the 2nd of May, was killed (Fig 1). Mean air
temperatures of 18.58 + 0.63 °C and 16.26 + 1.45 °C were recorded in June and July (Fig 1).
In August, the temperature varied between 15 and 20 °C and by the end of September the
temperature dropped below 10 °C (Fig 1) [7]. During the growing season, the total amount of
precipitation was 285mm, on average of 57 £ 13mm per month and 1.90 + 0.42mm d™. In
the beginning of June and early September, the precipitation was 0.14mm d ' and 0.22mm d",
respectively. Most of the rain (34 to 60 mm) occurred in the middle of June, August and Sep-
tember. The growing period stopped prematurely due to early night frosts on the 23rd and 24th
of September. Thus, the length of the growing period for the shoots of sweet potato planted
on the 10th of May was 136 days, for shoots planted on the 20th of May 126 days, for shoots
planted on the 30th of May 116 days and for shoots planted on the 10th of June 106 days.

Impacts of N fertilization and planting time on the contents of N and C in
leaves and tubers

Carbon content per leaf dry mass (C, ) remained stable at different nitrogen (N) application
doses and planting dates, while carbon content per tuber dry mass (C,) was affected by the
planting time of the plants as well as the interacting effect of N and time (Fig 3A and 3B). The
lowest C_ values were found in plants from the longest growing period, while the highest C_
values in plants planted on the 30th of May (Fig 3B). C, values increased along with the N
application dose in plants planted on the 20th of May and 30th of May (Fig 3B).
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Fig 3. Mean values (n= 4, + SE, %) of carbon (C) contents per leaf and tuber dry mass (C , C, A and B) and
nitrogen (N) contents per leaf and tuber dry mass (N, N, C and D) in purple sweet potato cultivar in N0, N50,
N100 and N150 treatments in different planting dates. Planting dates - dark green: the 10th of May, red: 20th of
May, light green: 30th of May and yellow: 10th of June. The impact of N treatment, planting time and their interac-
tion on C and N contents was evaluated with two-way ANOVA. Additionally, the impact of N treatment within each
planting time was tested by a pairwise comparison t-test and is shown by the lowercase letters on top of the bars. The
tests were significant at P < 0.05, “ns” means a non-significant effect at P > 0.05.

https://doi.org/10.1371/journal.pone.0318531.g003
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The lowest N content per leaf dry mass (N,) and N content per tuber dry mass (N,) were
observed in NO plants, and the highest N, and N, values in N100 and N150 treatments (Fig 3C
and 3D). N, and N, were the lowest in the sweet potato planted on the 10th of May and the
highest in the plants planted on the 10th of June. C /N, ratio was the highest in the leaves and
tubers of NO plants (Fig 4). With increasing N application dose, also the C N, ratio showed a
decreasing trend (data not shown). C and N, were generally positively correlated, except for
the plants planted in June (Fig 5).
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Fig 4. Ratio of carbon (C) and nitrogen (N) content (mean + SE, n = 4) measured per leaf dry mass (C/N,) in
purple sweet potato cultivar in N0, N50, N100 and N150 treatments in different planting dates. Planting dates: the
10th of May (dark green), 20th of May (red), 30th of May (light green) and 10th of June (yellow). The impact of N,
planting time and their interaction on C/N was evaluated with two-way ANOVA. The impact of N treatment within
each planting time was tested by a pairwise comparison t-test and is shown by the lowercase letters on top of the bars.
Both ANOVA tests were significant at P < 0.05, “ns” means a non-significant effect at P > 0.05.

https://doi.org/10.1371/journal.pone.0318531.9g004
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Fig 5. Relationships between carbon content per tuber dry mass (C,, %) and nitrogen content per tuber dry
mass (N,, %) in purple sweet potato cultivar in N0, N50, N100 and N150 treatments in different planting dates.
Different symbols show the planting time of the plants and each symbol contains plants of different N treatments:
circle - the 10th of May (n = 16), dash - 20th of May (n = 16), triangle — 30th of May (n = 16), square — 10th of June
(n = 16). Statistical significance of the relationships is shown as P < 0.05 (*), P < 0.05 (*¥) and P < 0.001 (**¥). “ns”
means a non-significant relationship at P > 0.05.

https://doi.org/10.1371/journal.pone.0318531.9g005
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Photosynthetic characteristics of sweet potato in relation to N treatment

Plant photosynthetic characteristics were only affected by the N application dose, whereas the
changes did not strictly scale with N application dose. For example, the mean (+SE) net assim-
ilation rate (A) of NO plants (24.72 + 0.91 pmol m™? s') was significantly greater than that for
N50 plants (23.84 + 0.79 umol m? s'; Fig 6A). This was associated with the higher stomatal
conductance (g) in NO plants (398 + 29 mmol m*s™) and lower g (202 + 12 mmol m*s™)

in N50 plants (Fig 6B), leading to the higher ratio of C, to ambient CO, (C,) concentration
(C/C)) in NO plants (0.688 + 0.017) and lower C/C, ratio in N50 plants (0.564 + 0.013; Fig_
6C). Both, the g (262 £ 24 mmol m? s for N100 and 279 + 16 mmol m™ s for N150; Fig 6B)
and C/C, (0.602 + 0.019 for N100 and 0.629 + 0.011 for N150; Fig 6C) were intermediate in
N100 and N150 plants. As the result of similar A and large differences in g, the intrinsic water
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Fig 6. Mean values (n = 4, + SE) of net assimilation rate (A, A), stomatal conductance (g, B), ratio of intercellular CO, to
ambient CO, (C/C, C) and intrinsic water use efficiency (iWUE, D) in sweet potato in N0, N50, N100 and N150 treatments in
different planting dates. Planting dates: the 10th of May (dark green), 20th of May (red), 30th of May (light green) and 10th of June
(yellow). The impact of N, planting time and their interacting effect on photosynthesis characteristics was evaluated with two-way
ANOVA. The impact of N treatment within a planting time was tested by a pairwise comparison t-test and is shown by the lowercase
letters on top of the bars. ANOVA tests were significant at P < 0.05, “ns” means a non-significant effect at P> 0.05.

https://doi.org/10.1371/journal.pone.0318531.9006
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Fig 7. Relationships between net assimilation rate (A) and stomatal conductance (g,) in purple sweet potato cul-
tivar in NO (n=16, blue circle), N50 (n = 16, grey circle), N100 (n = 16, black cross) and N150 (n = 16, red dash)
treatments across all planting dates. The data were fitted by linear regressions and the statistical significance of the
relationships is shown as P < 0.01 (¥*) and P < 0.001 (*¥¥).

https://doi.org/10.1371/journal.pone.0318531.9007

use efficiency (iWUE = A/g)) was primarily driven by g. iWUE was the lowest in NO plants
(Fig 6D). This was further supported by the relationships of A vs g that had a similar slope
(equivalent to A/g, ratio) for N50, N100 and N150 treatments, but A vs. g relationship levelled
off at higher values of g (lower iWUE; Fig 7).

Changes in shoots- and below-ground biomass and dry weight contents in
dependence on N fertilization and date of planting

Fresh shoot, root and tuber biomass depended only on the planting time (Fig 8A-8C). Sweet
potato planted on the 20th of May had higher shoot and tuber biomass than the sweet potato
planted on the 10th of May, the 30th of May and the 10th of June. There was no interacting effect
between N dose and planting time on these traits (Fig 8A-8C). The ratio of the fresh shoot to root
mass remained stable throughout the study (Fig 8D), while the ratio of the fresh shoot to tuber
mass was higher for sweet potato plants planted on the 30th of May and the 10th of June (Fig 8E).
Only the tuber to root mass ratio was affected by N treatment and planting time; it was the highest
in the plants of NO treatment and the ones planted on the 10th of May and the 20th of May (Fig
8F). The shoot to below-ground fresh mass ratio was higher in sweet potato planted in the end of
May and the beginning of June than in sweet potato planted in the beginning of May (P < 0.05).

The dry weight content of shoots and leaves (DW,) remained unchanged in different N
treatments (Fig 9A). However, the dry weight content of roots (DW,) decreased with increas-
ing N application dose and shortening of the growing period (Fig 9B). Thus, the highest DW,
was observed in plants from NO and N50 treatments and in plants planted on the 10th and the
20th of May. Similar effect of N treatment was found for DW__ (Fig 9C).

Discussion

Due to climate change, Nordic summers are becoming increasingly hotter and drier. Hot
weather causes stress to traditional local crops, resulting in reduced plant growth rates and a
decline in crop yield quality and quantity [33]. However, climate change offers opportunities
for experimenting with novel promising crop species such as sweet potato [7].

World population growth keeps putting pressure on agriculture as more food needs to be
produced either by increasing yield per unit crop growth area or/and expansion of agricultural
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Fig 8. Mean values (n = 4, + SE) of fresh biomasses (t ha') of leaves and shoots (Shoot, A), roots (Root, B) and tubers (Tuber, C),
and shoot to root fresh biomass ratio (Shoot/ Root, D), shoot to tuber fresh biomass ratio (Shoot/ Tuber, E) and tuber to root
fresh biomass ratio (Tuber/ Root, F) in purple sweet potato cultivar in N0, N50, N100 and N150 treatments in different planting
dates. Planting dates: the 10th of May (dark green), 20th of May (red), 30th of May (light green) and 10th of June (yellow). The impact
of N, planting time and their interacting effect on yields and biomass ratios was evaluated with two-way ANOVA. In addition, the
impact of N treatment within each planting time was tested by a pairwise comparison t-test and is shown by the lowercase letters on
top of the bars. ANOVA tests were significant at P < 0.05, “ns” means a non-significant effect at P > 0.05.

https://doi.org/10.1371/journal.pone.0318531.g008
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Fig9. Mean values (n = 4, + SE, %) of dry weight content in dry shoots (DW, A), roots (DW, B) and tubers
(DW,, C) in purple sweet potato cultivar in N0, N50, N100 and N150 treatments and in different planting dates.
Planting dates: the 10th of May (dark green), 20th of May (red), 30th of May (light green) and 10th of June (yellow).
The impact of N, planting time and their interaction on DW was evaluated with two-way ANOVA. The impact of N
treatment within each planting time was tested by a pairwise comparison t-test and is shown by the lowercase letters
on top of the bars. ANOVA tests were significant at P < 0.05, “ns” indicates a non-significant effect at P > 0.05.

https://doi.org/10.1371/journal.pone.0318531.g009
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land area. Enhancement of yield per unit cultivation is frequently achieved by intensive agricul-
tural practices, including fertilization, but such intensification can have major negative impacts
on environment, e.g., due to nitrogen leaching to surface and ground water [34]. Sustainability
of fertilization practices can be assessed by nitrogen utilization efficiency (NUE), defined as a
ratio between the amount of N taken up and retained and the amount of N available to the crop
[35]. NUE varies among different crops and plant genotypes and it also depends on agricultural
practices [36-41]. The effects of preceding crops, crop protection and soil fertility manage-
ment on NUE has been widely studied [42,43]. For example, in a previous study, cultivation of
green manure caused significant differences in accumulation of nutrients in sweet potato leaves
compared to spontaneous weeds [43]. Depending on the sensitivity of plants to soil nutrient
availability, significant differences in leaf chlorophyll and protein content and carbon-nitrogen
balance is expected [44-46]. A key management factor with potential to alter NUE is the length
of the growing season. Especially in the higher latitude limits of crops with higher growing sea-
son degree sum requirement, extension of the growing season is expected to result in a greater
NUE. In our study we analyzed how sweet potato biomass, dry weight content and photosyn-
thetic characteristics are affected by N fertilization dose and planting date.

Sweet potato photosynthesis in relation to N treatment

As the major constituent element of proteins and chlorophyll, nitrogen (N) plays a key role

in plant physiological and metabolic processes. In purple sweet potato cultivar, the leaf N
content (N,) increased with increasing N application dose (Fig 3), but the net assimilation rate
(A) was only moderately affected (Fig 6A). In fact, the strength of the relationships between N,
and A varies for different crops and for any given crop [38]. Variations in N vs. A relationship
can result from differences in allocation of N between proteins involved in photosynthesis

and other metabolic processes, differences in investments among proteins of photosyn-

thetic machinery, anatomical differences across plants and growth environment [46,47]. For
example, a greater investment of N in chlorophyll and pigment-binding protein complexes
increases light harvesting, but does not necessarily enhance light-saturated photosynthesis rate
[48]. In our study, it is plausible that one reason for limited N fertilization effect on A despite
greater N, is a reduction of the fraction of N invested in rate-limiting proteins of photosyn-
thetic machinery [49].

Our data also demonstrate that another key factor responsible for limited variation in A
across fertilization treatments was a greater stomatal limitation of photosynthesis in N50,
N100 and N150 treatments compared with NO treatment as evidenced by lower stomatal con-
ductance (g), and reduced ratio of intercellular CO, to ambient CO, (C/C)) in plants in fertil-
ized treatments compared with NO treatment (Fig 6B and 6C). Lower g is typically associated
with a lower leaf water availability due to limited soil water availability or greater transpira-
tory water loss. Fertilization typically increases whole plant leaf area [50] and this can result
in greater whole plant water loss and greater water limitation at given soil water availability,
ultimately reducing g . In our study, we did not assess whole plant leaf area, but aboveground
biomass did not depend on fertilization dose (Fig 8A). Nevertheless, leaf dry mass per unit
area (LMA) often decreases with increasing N availability [51,52]. As whole plant leaf area
is given as leaf biomass/LMA, increased whole plant leaf area at higher fertilization doses is
plausible in our study.

Changes in stomatal characteristics could also directly impact g in different fertiliza-
tion treatments. A significant increase in stomatal density and a reduction in stomatal size
has been observed in plant leaves when N application dose increased [53,54]. In general,
there is an inverse relationship between stomatal size and density, and the overall impact of
these changes on g _depends on the shape of this relationship [55]. Significant differences
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in stomatal dimensions exist between different sweet potato cultivars [56]. In this study, we
did not look at stomatal dimensions, and we suggest that future studies are needed to gain
an insight into the reasons for fertilization-dependent reductions in g, including possible
changes in stomatal dimensions and whole plant leaf area.

According to Adams et al. (2017) the positive effect of N application dose on intrinsic
water use efficiency (iWUE = A/g)) varies across crops and different cultivars of the given
crop [38]. In sweet potato, presence of endophytes that fix N from atmosphere may explain
the poor relationship between photosynthesis characteristics and gradually increasing soil
N [18,57]. Nevertheless, there is a large variability in how water use efficiency responds to N
supply in sweet potato cultivars [58]. In our study, a lower iWUE was characteristic to plants
in NO treatment and there was no gradual increase in iWUE with increasing N application
dose (Fig 6E). In contrast, in an earlier study the maximum water use efficiency (WUE,
calculated as the ratio of photosynthesis to transpiration rates) was achieved with the highest
N-fertilizer dose in the sweet potato cultivar Jewel, while in the cultivar ‘“Tanzania, WUE
began to decrease after reaching a maximum level at an intermediate N application dose [58].
We suggest that further research is needed to examine how iWUE scales with fertilization dose
across sweet potato cultivars with different responses of key functional traits - leaf N content,
N allocation to proteins limiting photosynthetic capacity, stomatal dimensions and whole
plant leaf area — to nitrogen availability.

Dependence of tuber yield on N application dose and growing period
length

In sweet potato cultivation, Fernandes et al. (2018, 2020) advise a careful selection of an
appropriate N application dose to achieve a maximum tuber yield with a minimum fertilizer
cost [40,42]. Root elongation, branching and tuber formation depend on carbohydrate supply
by photosynthesis, and accordingly on how N availability affects whole plant leaf area and
photosynthetic capacity per unit leaf area [59,60]. Apart from photosynthesis, tuber yield is
also dependent on how fertilization affects biomass allocation. The effect of N on the above-
ground biomass to below-ground biomass ratio varies between plant species as both positive
and negative effects of nitrate N on root to shoot ratio have been shown [61]. In sweet potato,
overfertilization can stimulate excessive growth of shoots and fibrous roots, but low allocation
of photosynthates in the tuberous roots. Too low N availability, on the other hand, limits the
growth of lateral roots and above-ground biomass [62]. In sweet potato, the ratio of C, to N,
C, to N, and dry weight content per root dry mass (DW,) were the highest in NO plants from
the longest growing period (Fig 9B), indicating a greater nitrogen use efficiency for carbon
accumulation in this treatment. Longer growing periods also resulted in a higher tuber yield
(Fig 8C). Generally, growing season of sweet potato is 120 to 150 days, although early cultivars
can be ready for harvesting in as soon as 90 days [63,64]. In 2019, due to the night frost on
the 26th of September, the sweet potato planted on the 10th of June grew 107 days, while the
ones planted on the 10th of May grew 138 days. The yield was especially low for sweet potato
planted in June (Fig 8C), and clearly, the shortest growing period was insufficient to pro-
duce the tuber yield comparable to the sweet potato planted in the beginning of May. Taken
together, our results demonstrate that the northern limit of commercial cultivation of sweet
potato is determined by the minimum growing season length.

Conclusions

We investigated the effects of N fertilizer dose and planting time on the physiological traits
and yield of the purple sweet potato cultivar. The results demonstrated that N dose increased

PLOS ONE | https://doi.org/10.1371/journal.pone.0318531 March 26, 2025 13/17




PLOS ONE

Nitrogen fertilization and planting date affect the physiology and yield structure of purple sweet potato

the C and N content per leaf dry mass that in turn affected the C and N contents per tuber dry
mass. The NO plants had the highest CO, assimilation rate (A) and stomatal conductance (g),
while the N50 plants showed the lowest A and g. Thus, the photosynthetic N use efficiency
was curbed by limited stomatal conductance in N fertilization treatments, possibly reflecting
greater transpiratory water loss due to a greater leaf area in fertilization treatments. Growing
season length was the key factor affecting the tuber yield, and surprisingly no interactive effect
between fertilization level and tuber yield was observed. Future studies are needed to inves-
tigate what plant structural, physiological and allocational traits limit the nitrogen utilization
efficiency (biomass production per unit applied N) in sweet potato at its northernmost margin
of cultivation.

Our study emphasizes that sweet potato is a promising crop for Nordic countries, but
even at Northern latitudes, as it turns out, photosynthesis is severely limited by stomatal
conductance. Thus, increasingly hotter and drier weather can limit the maximum yields of
sweet potato in intensive agriculture with high N inputs. Thus, we argue that sweet potato
cultivation at Northern latitudes requires breeding for varieties with enhanced water use
efficiency.
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