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Abstract: Storage root formation of sweetpotato (Ipomoea batatas (L.) Lam) is a complex developmental
process relating to the activity of cambium. Little information is available on the relationship between
nitrogen (N) application levels and the initiation and development of sweetpotato storage roots
(SRs). This study aims to examine how N application rates promoted/inhibited the formation and
development of storage roots (SRs) for sweetpotato cultivar ‘Orleans’ during the first 8 weeks after
planting. Cuttings were grown in coarse river sand culture supplied with modified Hoagland nutrient
solution at four different rates (0 (N0), 50 (N50), 100 (N100) or 200 (N200) mg L−1) of N. The results
showed that N100 treatment promoted the formation of primary and secondary cambium, resulting
in a significant higher rate of SR formation between 21 and 56 days after transplanting (DAT). Due
to the higher N demand after formation of SRs, N200 treatment displayed faster growth, higher
N acquisition and the highest efficiency of N use after 35 DAT, but the SR formation rate and SR
number per plant remained insignificantly lower than N100 when differentiation of adventitious
root was mostly completed (49 DAT), suggesting irreversible an effect of N rate during SR initiation,
which eventually affects SR number. The results suggested that the optimal substrate N level for
sweetpotato SR initiation is lower than that for following SR growth, which should be considered in
the fertilisation scheme.

Keywords: anomalous cambium; anatomical root; adventitious roots; cambium formation;
nitrogen acquisition

1. Introduction

Nitrogen is one of the most critical elements for plant growth and optimum yield of
crops [1–3]. Excessive N application is a serious problem leading to N losses through leach-
ing and evaporating. Suitable N supply is critical for crops to achieve optimum production.
The effects of N rates have been studied in various crops and show a fundamental role
in increasing productivity of many crops [4–6]. In root and tuber crops, it was found that
tuber yield reduced under N deficiency [7–9]. In comparison, excessively high N supply
levels also have negative effects on tuberisation and yield of root and tuber crops [3,10,11].

Sweetpotato (Ipomoea batatas (L.) Lam) is one of the important vegetable crops in
Australia [12]. The utilisation of N fertilisation is a major factor that contributes to increases
in the production of sweetpotato [3]. Thus, numerous research results in this crop showed
that the application of N increases the SR yield. Previous studies on the N requirement
of sweetpotato mainly focus on the influence of this element on the final yield of this
crop [3,9,13]. Both deficient and excessive N applications have negative effects on yield of
sweetpotato [3,13]. High rates of N application may promote the growth of vines rather
than SR development [14], leading to low fertiliser efficiency when N is overused. Hence,
the use of appropriate N rates is an effective measure to increase the SR yield.

Storage root initiation is the process by which adventitious roots (ARs) differentiate
into SRs under proper conditions. This can be observed by root anatomical investigation as
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early as 13 DAT [15]. The formation and development of SRs is a complex process relating
to various steps, including the cessation of root elongation, increase in radial growth, forma-
tion of primary and secondary vascular cambia, initiation and development of anomalous
and interstitial cambia, and accumulation of starch as well as protein [16,17]. Most SRs
were developed from ARs which formed within the first week after transplanting [18]. The
maximum number of SRs would be established by week 8 in west Indian cultivars [19] or
week 4 in Beauregard cultivar [20]. Examination of SR formation in the early stage of ARs
would help to understand the mechanisms that affect this process.

A few previous studies investigated the influence of N on the formation and devel-
opment of SRs in sweetpotato. As the formation of SRs determines the number of SR per
plant, it is one of the main factors affecting the final yield of the crop [21]. High levels of N
supply (five times the amount of standard N) suppressed the initiation of SRs, as it affected
the balance between cambial development and lignification in roots, which determines the
differentiation of ARs into SRs [22]. Wilson detected SR formation in sand culture of two
sweetpotato cultivars [23]. The results showed that nitrate N levels from 21 to 105 mg L−1

in sand culture produced tubers and uniformly thickened roots, whereas 210 mg L−1 N
treatment produced few tubers. In another study, high rates of fertiliser reduced the number
of SRs grown in greenhouse pots [24]. Nitrogen deficiency also inhibited the formation of
SRs [25], leading to low number of SRs.

There have been limited studies focusing on the effects of N fertiliser rates on the
initiation and development of sweetpotato SRs, and most of them were conducted decades
ago. We specifically addressed the following questions: (1) How do N application levels
affect SR initiation? (2) How is N acquisition in plants affected by N supply level? The
Orleans cultivar was used in this study, as it is one of the popular cultivars in Australia
and has consistent yields for early, middle, and late-season plantings [26].

2. Materials and Methods
2.1. Plant Materials and Experimental Conditions

The experiment was conducted in a glasshouse at Bundaberg, Queensland, Australia
(24◦50′54′′ S 152◦24′14′′ E) from 23 April to 11 June 2018. The averages of daily maximum
and minimum temperature during this period inside the glasshouse were 27.8 and 15.7 ◦C,
respectively. The mean daily maximum and minimum relative humidity were 79.4% and
49.3%, respectively. Healthy, uniform cuttings of Orleans used in this study had five fully
opened leaves and were at least 20 cm long. Two leaves from the cut ends of cuttings
were removed before planting. Black polythene pots (150 mm diameter and 300 mm
height) were filled with 4 L of washed river sand as a growth substrate. Three days before
transplanting, pots were saturated using tap water. One cutting was transplanted in each
pot with two nodes in the sand at about 2 cm deep and three fully recent expanded leaves
above sand surface.

2.2. Experimental Design

The experiment was set up in a completed randomised design having four treatments.
The treatments consisted of different rates of N supply, being 0, 50, 100 and 200 mg L−1 in
nutrient solution (hereafter N0, N50, N100 and N200, respectively) with multiple harvests
during the entire experimental period. Each time, six plants were harvested for measure-
ments. Three replicate plants were used for anatomical observations and morphological
analysis of the roots, and the other three were used for carbon and nitrogen (CN) analysis.
In total, 120 pots were prepared for five harvests over the experiment period (4 treatments
× 5 harvests × 6 plants per harvest). Eight additional plants per treatment (32 plants in
total) were grown for backup purposes in case of death or abnormal growth.

2.3. Sampling Date

The interval between each harvest was between 10 and 14 days. The first harvest was
conducted at 10 days after transplanting (DAT), and then, plants were sampled at 21, 35
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and 49 DAT. Plants were dug up carefully to minimise root damage and were washed in tap
water to remove all sand. Final harvesting was conducted at 56 DAT for root anatomical
study and yield assessment.

2.4. Nutrient Solution Preparation and Application

Hoagland’s modified solution was utilised in this experiment as the only source of
nutrients for the plants [27], as the amounts of nutrient in washed river sand and tap water
are negligible. The concentration of nutrients in the N-lacking solution was as follows:
195 mg L−1 K, 31 mg L−1 P, 100 mg L−1 Ca, 208 mg L−1 S, 49 mg L−1 Mg, 0.5 mg L−1 B,
0.5 mg L−1 Mn, 0.05 mg L−1 Zn, 0.02 mg L−1 Cu, 0.01 mg L−1 Mo, 2 mg L−1 Fe. Nitrogen
in the form of NH4NO3 was then added to the N-lacking nutrient solution to make up the
50, 100 and 200 mg L−1 of N in each solution.

Plants were watered with these solutions to field capacity every two days. Each
plant was given the same volume of nutrient solution each time. The amount of nutrient
solution for each pot varied from 80 to 150 mL over time depending on plant age and
weather condition. During the entire experimental period, the sand moisture was kept
at field capacity level by adding tap water into the pots by an automatic water irrigation
system. The range of total N received during the experiment was from 169 to 678 mg pot−1

depending on treatments.

2.5. Data Collections and Laboratory Analysis
2.5.1. Anatomical Feature Observations and AR Classifications

Plants were harvested five times at 10, 21, 35, 49 and 56 DAT. In each harvest, three
plants from each treatment were dug out carefully to minimise root damages. The number
of adventitious roots (ARs) was recorded for each plant. For each sampling time, all ARs
from individual plants were serially cross-sectioned using sharp razor blades at around
3–4 cm from the proximal end of root [18]. Thin sections from each root were transferred to
deionised water in a petri dish and used for anatomical observation. Toluidine Blue O 0.05%
was used to stain the thinnest cross-sections to show the anatomical features [28]. Different
colours were generated after staining provided indicators for different anatomical groups.
For example, lignified element appears green to blue-green, and thin-wall parenchyma is
reddish purple. Sections for all ARs were observed for each plant.

Sections were stained for one minute and rinsed in running water until there was
no excessive stain around the sections [29]. Then, they were observed under microscope
(Olympus CX31, Olympus Corporation, Tokyo, Japan) to determine anatomical features
and imaged (Nikon DS-L2, Nikon Corporation, Tokyo, Japan). Some main anatomical
features of roots including protoxylem number, primary and secondary cambium were ex-
amined from those photos. The protoxylem number was observed for single AR at 10 DAT
and classified into tetrarch, pentarchy, hexarch, and higher polyarch including septarch,
octarchy, ennearch and decarch [18,19]. The other features such as initial regular vascular
cambium (IRVC), completed regular vascular cambium (RVC), anomalous cambium (AC)
and lignified cells (LC) were observed and used for AR classifications. In this study, ARs
were classified into SRs, pencil roots (PRs) and lignified roots [18,19,30] based on cambium
developments described by Wilson and Lowe [19].

2.5.2. Root Morphological Characteristics

Roots from each plant used for the microscope work were collected individually. They
were then bulked with the rest of the root system together for morphological analysis. An
Epson Perfection V700 Photo Root Scanner (Seiko Epson, Nagano, Japan) was used to
examine root morphological characteristics. The WinRHIZO Pro software (version 2012a;
Regent Instruments Inc, Quebec, QC, Canada) was utilised to analyse root images. All roots
including SRs were floated in a transparent tray and scanned to acquire images. Where
necessary, roots were divided into smaller sections to make sure they could all spread out
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in the tray. The following characteristics were recorded: total root length (RL), average root
diameter (RD), and total root volume (RV).

2.5.3. Biomass and Other SR Parameters

Sweetpotato biomass and SR characteristics from three plants of each treatment were
measured in the last harvest at 56 DAT. Storage roots for each plant were separated to
measure the length, diameter and fresh weight. Adventitious roots more than 15 mm
in diameter were classified as storage roots [31]. The above-ground parts and root sys-
tems including SRs were dried separately to constant weight, and data were recorded for
each plant.

2.5.4. Nitrogen Acquisition during SR Formation

Four samplings were conducted at 10, 21, 35 and 49 DAT for carbon and nitrogen (CN)
analysis. Three plants for each treatment were dug out carefully and washed in tap water.
Fresh vine and root samples from these plants were collected separately to dry in an oven
(90 ◦C for 90 min, and then converted to 70 ◦C) to a constant weight [32] and ground to fine
powder. TruMac® Carbon/Nitrogen Analyser (LECO Corporation, St. Joseph, MI, USA)
was used to analyse total C and N concentrations in those samples. Total N acquisition was
calculated based on N concentration and dry biomass of samples.

Calculation of N recovery efficiency (NRE) was based on N uptake in the control (N0)
and fertilised treatments (NFT) and the total amount of N (NF) applied from the planting
day to sampling days [33]:

NRE (%) = [(NFT − NO)/NF] × 100

2.6. Statistical Analysis

One-way ANOVA was used to analyse data recorded from each sampling time (SPSS®

software version 25; IBM, Armonk, NY, USA). The interactive effects of N levels and
sampling times on anatomical root features, morphological characteristics of roots, N
acquisition in plants, and the number of initiated SRs utilised two-way ANOVA, as different
plants were harvested for each harvest. One-way ANOVA was also used to assess the effect
of N treatments for each harvest. Percentage data were arcsine-transformed before analysis.
Adventitious root number was transformed using log 10, while other data were square root
transformed in SPSS. All the post hoc tests were conducted with Tukey HSD at p < 0.05.
SigmaPlot® for windows version 14 (SYSTAT Software, Inc., San Jose, CA, USA) was used
to produce graphs.

3. Results
3.1. Anatomical Characteristics of Orleans Roots

Nitrogen levels did not affect the AR count summed from two subterranean nodes of
transplants. The total AR number of Orleans varied roughly between 7 and 10 (Table 1).
Most AR counts increased in the first three weeks and then slightly decreased before remain-
ing stable from 35 DAT. The two-way ANOVA results showed that there was no significant
difference in both the main effect of N levels and interactive effect of N levels × time
(p > 0.05).

The protoxylem element number in Orleans roots at 10 DAT varied roughly between
4 and 9. The effect of N application levels on the arrangement of the vascular cylinder in
roots was not significant. A combination between 68% and 82% of the total ARs at this
stage had pentarch and hexarch steles (Figure 1).
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Table 1. The effects of N supply levels on the number of ARs per plant in different sampling times.

Treatment 10 DAT 21 DAT 35 DAT 49 DAT 56 DAT ANOVA

N0 7.3 ± 0.3 9.0 ± 0.6 8.7 ± 0.3 8.3 ± 0.3 8.7 ± 0.3 NL: p = 0.71
N50 7.3 ± 0.3 9.3 ± 0.7 8.7 ± 0.3 8.7 ± 0.3 8.7 ± 0.3 ST: p < 0.001

N100 7.7 ± 0.3 9.7 ± 0.3 8.7 ± 0.7 9.0 ± 0.6 8.3 ± 0.3 NL × ST: p = 0.88
N200 7.3 ± 0.7 8.7 ± 0.3 9.3 ± 0.3 8.7 ± 0.3 9.0 ± 0.6

Average 7.4 ± 0.2 9.0 ± 0.3 8.8 ± 0.3 8.6 ± 0.2 8.7 ± 0.3
p value 0.802 0.574 0.642 0.743 0.743

The number of ARs was log-transformed before analysis, and the original data are presented in the table as
mean ± standard error (SE). Abbreviations: DAT, days after transplanting; NL, N level; ST, sampling time.
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Figure 1. Distribution of protoxylem poles in Orleans AR at 10 DAT; the error bars indicate the
standard error of the mean value.

The development of cambia in ARs is described briefly below (See Figure 2). Initiated
SRs were ARs with AC encircling the central metaxylem and the primary xylem poles
(Figure 3A). For the initiated SRs without the central metaxylem cell, primary cambia were
associated with meristematic activity in the pith cells, and AC formed around primary
xylem elements (Figure 3B). Adventitious roots were classified as PRs when a strand of
lignified tissues joined at least one of the protoxylem points that is connected to the central
metaxylem, and some meristematic activity was found around the central metaxylem
(Figure 3C). Lignified roots were ARs that developed heavily lignified steles, xylem rays,
a broad secondary cortex and limited secondary phloem (Figure 3D). In this study, those
roots with more than 50% lignified stele were considered as lignified roots. Therefore, the
classification of sweetpotato roots in the early stage was mainly based on the anatomical
changes, especially on the cambial development (Figure 3).

Anatomical features of developing ARs were characterised at 10, 21, 35, 49 and 56 DAT.
Adventitious roots without cambium were only observed at 10 and 21 DAT, and IRVC was
found in roots at 10, 21 and 35 DAT (Figure 4A,B). The activity of vascular cambium led to
the formation of RVC from 21 to 49 DAT (Figure 4C). The other structures, such as AC and
LC, were detected from 21 DAT until the last harvesting (Figure 4D,E). These structures
appeared sequentially as a natural process of root development.
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Figure 3. Transverse sections of Orleans ARs at 21 DAT. (A) AR with appearance of AC around the
central metaxylem and xylem poles will develop into SR. (B) AR without the central metaxylem; AC
appearing around xylem poles will develop into SR. (C) AR with one of protoxylem poles joined
with the central metaxylem and limited AC developed around protoxylem poles and the central
metaxylem will develop into PR. (D) AR with more than 50% of stele cell lignification (green colour)
will develop into lignified root.
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Figure 4. Effects of N supply levels on anatomical features of roots during SR formation. (A) no
cambium distribution; (B) initial regular vascular cambium distribution; (C) regular vascular cam-
bium distribution; (D) anomalous cambium distribution and (E) lignified cell distribution. Data were
arcsine transformed before analysis, and original data are presented in the graph. Two-way ANOVA
results, including effect of NL, ST, and interactive effect of NL by ST, are shown. Different letters
on single sampling dates indicate significant difference (p < 0.05). Abbreviations: NC, no cambium;
IRVC, initial regular vascular cambium; RVC, complete regular vascular cambium; AC, anomalous
cambium; LC, lignified cells; NL, N level; ST, sampling time.

The nitrogen application levels showed a significant impact on the development of
vascular cambium. In the early stage of root growth, N50 and N100 promoted cambium for-
mation by increasing the percentage of root with IRVC development at 10 DAT (Figure 4B).
In contrast, N0 and N200 treatments inhibited the initiation of vascular cambium as indi-
cated by significantly lower rate of roots forming IRVC than other treatments. As a result, a
higher rate of roots without cambium was observed in those treatments.

The distribution of roots with IRVC and RVC decreased over time (Figure 4B,C). At
10 DAT, a significantly higher rate of roots developing IRVC and RVC was observed in the
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N50 and N100 treatments. In the next sampling time, N50 and N100 continued to promote
cambial activity as higher rates of roots with RVC and AC at 21 DAT (Figure 4C,D).

The distribution of roots with AC formation in all treatments increased until 49 DAT
and then remained stable (Figure 4D). The highest percentage of roots with AC development
on all sampling dates was observed in the N100 treatment while the control showed
the lowest rate. AT 21 DAT, the percentage of roots observed for AC initiation in the
N200 treatment was similar to that of control treatment. However, it increased sharply and
showed no significant differences with other N treatments at 49 and 56 DAT. Therefore,
the N200 treatment delayed the formation of AC at 21 DAT, but after that, it promoted AC
development. This pattern indicated that N200 mainly suppressed the development of NC
to IRVC and then RVC, but AC development was not negatively impacted. In general, N
application increased the rate of roots with AC formation between 21 and 56 DAT.

There were no significant differences among treatments for the percentage of roots
with more than 50% LC at 21 and 35 DAT (Figure 4E). However, a significantly higher rate
of lignified root in N0 was observed at 49 and 56 DAT.

Therefore, in N0 treatment cambium, formation and development were all inhibited,
and lignification was promoted since day 49. However, N50 and N100 treatments enhanced
the initiation of vascular cambium and AC throughout SR formation. N200 reduced the
formation of procambium during the early stage, but it started to promote the AC from
day 35.

Nitrogen application levels had significant effects on the formation of SRs, with the
SR rate increasing over time (Figure 5A). The N100 treatment showed the highest rate of
SRs compared to other treatments, and the lowest was observed in the N0 treatment. The
N200 treatment had a similar rate of SR to the N0 treatment at 21 DAT, but it increased
noticeably and was significantly higher than N0 from day 35. After that, it passed above
that of N50. However, the percentage of SR in the N200 treatment was still lower than that
for the N100 treatment. Given that most ARs have differentiated to storage, pencil and
nutrient roots, the inhibition effect of N200 on SR formation in the early stage (by 10 DAT)
appears to have irreversible effects on SR number. The difference in temporal pattern across
treatments was marginal statistically (p = 0.06).

The results showed that the difference in the percentage of PRs among N treatments
was not statistically significant (Figure 5B). The rate of PRs increased over time and reached
the highest rate at final sampling. The main effect of time on PR was significant (p = 0.003).

3.2. Root Morphology during SR Formation, Plant Performances and Fresh Weigh of Sweetpotato
Tubers at 8 Weeks after Planting

In general, the total root length (RL) for the whole root system increased over time
for N-added treatments, whereas N0 showed a similar trend as 35 DAT and then reduced
slightly in the next two observations (Table 1). Significant differences of the total RL
were observed among N treatments over the experimental period except for 10 DAT. The
N0 treatment showed the lowest average root length, while the N100 and N200 treatments
showed the highest average root length. Two-way ANOVA results suggested significant
interactive effects of N levels and time on total RL (p < 0.001, Table 2) as the indication of
statistically different root length growth trajectory among treatments. Similarly, the total
RV followed a similar trend to the total RL with the figures increasing over time, and higher
rates of N applications had higher RV.

The average root diameter (RD) was affected by N levels after 35 DAT (Table 2) when
more SR was formed. A significant higher of RD were observed at 49 and 56 DAT on
N100 and N200 treatments compared to other treatments. At the final sampling time,
N200 had the highest RD (largely due to the faster growth of SRs), while N0 had the lowest.
The average diameter of roots for each N treatment on different harvesting dates was
significantly different.

All N-added treatments showed significantly higher growth parameters (above-
ground dry weight and root dry weight) compared to N0 (Table 3). Higher levels of
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N had higher weights of above-ground and root biomass, as well as larger SRs. The
N200 treatment had the highest SR weight at 34.8 g plant−1, although it was not statisti-
cally different from that of the N100 treatment.
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Table 2. Effect of N supply levels on the total RL, RD and RV of ‘Orleans’ on different sampling dates.

Treatment 10 DAT 21 DAT 35 DAT 49 DAT 56 DAT ANOVA

RL (cm)

N0 257 ± 16 363 a ± 26 424 a ± 26 352 a ± 23 272 a ± 20 NL: p < 0.001)
N50 257 ± 22 602 b ± 44 846 b ± 117 774 b ± 39 755 b ± 31 ST: p < 0.001)

N100 233 ± 12 524 b ± 16 1014 b ± 15 1020 c ± 56 1034 c ± 44 NL × ST: p < 0.001
N200 260 ± 20 504 b ± 42 861 b ± 46 1025 c ± 45 1189 c ± 31

p value 0.69 0.01 <0.001 <0.001 <0.001

RD (mm)

N0 0.99 ± 0.02 0.73 ± 0.02 0.69 ± 0.02 0.69 a ± 0.01 0.70 a ± 0.01 NL: p < 0.001)
N50 1.02 ± 0.03 0.71 ± 0.01 0.70 ± 0.01 0.72 a ± 0.01 0.73 ab ± 0.01 ST: p < 0.001)

N100 1.02 ± 0.06 0.74 ± 0.01 0.74 ± 0.01 0.77 ab ± 0.03 0.76 b ± 0.02 NL × ST: p = 0.37
N200 1.05 ± 0.07 0.76 ± 0.03 0.74 ± 0.01 0.83 b ± 0.01 0.85 c ± 0.01

p value 0.83 0.23 0.09 <0.001 <0.001

RV (cm3)

N0 1.7 ± 0.1 3.2 a ± 0.1 4.5 a ± 0.2 3.4 a ± 0.2 3.1 a ± 0.2 NL: p < 0.001)
N50 1.8 ± 0.1 5.5 b ± 0.2 9.7 b ± 0.5 11.3 b ± 0.5 11.7 b ± 0.5 ST: p < 0.001)

N100 2.1 ± 0.2 6.1 b ± 0.3 14.1 c ± 0.3 17.4 c ± 0.4 18.2 c ± 0.5 NL × ST: p < 0.001
N200 2.1 ± 0.2 6.0 b ± 0.2 13.1 c ± 0.3 20.9 c ± 0.6 23.2 d ± 0.5

p value 0.12 <0.001 <0.001 <0.001 <0.001

Data were square root transformed before analysis, and the original values are presented in the table as
mean ± standard error. Different letters within columns indicate significant difference (p < 0.05). Abbrevia-
tions: ADT, days after transplanting; RL, root length; RD, root diameter; RV, root volume; NL, N level; ST,
sampling time.

Table 3. Effect of N supply levels on dry plant biomass, SR length, SR diameter and fresh SR weight
at 56 DAT.

Treatment ADW (g/Plant) RDW (g/Plant) SRL (mm) SRD (mm) FSRW (g/Plant)

N0 1.1 a ± 0.1 0.5 a ± 0.1 51.2 a ± 3.1 4.2 a ± 0.4 4.3 a ± 0.8
N50 3.3 b ± 0.2 2.0 b ± 0.1 92.0 b ± 5.0 5.7 b ± 0.1 17.9 b ± 0.9

N100 5.9 c ± 0.3 3.6 c ± 0.2 108.5 b ± 12.2 7.8 bc ± 0.7 27.5 bc ± 2.1
N200 9.3 d ± 0.2 6.0 d ± 0.3 120.8 b ± 7.4 8.2 c ± 0.4 34.8 c ± 2.2

p value <0.001 <0.001 0.001 0.001 <0.001
Values are presented as mean ± standard error. Different letters within columns indicate significant difference
(p < 0.05). Abbreviations: ADW, above-ground dry weight; RDW, root dry weight; SRL, storage root length; SRD,
storage root diameter; FSRW, fresh storage root weight.

3.3. Nitrogen Acquisition in Plants during SR Initiation

Nitrogen concentration in vines and root was statically different among treatments
(p < 0.001). Overall, the concentration of N in all of the N-added treatments increased over
the study period while that in the N0 treatment followed an opposite trend (Figure 6A,B).
A significantly higher N acquisition in both vine and roots was observed in all N-added
treatments compared to N0 on each sampling date (Figure 7).

Nitrogen supply treatments had negative or nil effects on the C:N ratio in the present
experiment. N0 treatment showed an increasing trend in the C:N ratios in vines and roots
during the growth period, while other treatments had different patterns (Figure 6C,D).
In vines, the C:N ratio of the N50 treatment increased in the early stage from 10 to 21
DAT and then decreased until 49 DAT, while N100 and N200 treatments decreased slightly
(Figure 6C). In roots, the C:N ratio of the N50 treatment decreased over the experimental
period, while that of N100 and N200 treatment remained stable (Figure 6D). At 49 DAT, the
N200 treatment had the lowest C:N ratios in both vines and roots. A significantly higher
ratio was observed in the N100 treatment and in the N50 compared to the N200 treatment
(Figure 6C,D).

Nitrogen recovery efficiency (NRE) increased over the study period in all treatments
with N (Figure 8). The N200 treatment had the lowest NRE when SRs formed (21 and
35 DAT), while N100 had the highest rate on all sampling dates. NRE in the N100 and
N200 treatments were the same and were significantly higher than N50 at 49 DAT.
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Figure 6. N concentration in sweetpotato and C/N ratio as affected by N supply levels. (A) Values of
N concentration in vines. (B) N concentration in roots. (C) C:N ratio in vine and (D) C:N ratio in roots.
Two-way ANOVA results, including effect of NL, ST, and interactive effects of NL by ST, are shown.
Different letters on single sampling dates indicate significant difference (p < 0.05). Abbreviations: NL,
N level; ST, sampling time.
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Numbers are mean values of total N acquisition of the whole plant (vine + root) followed by standard
error. Different letters on single sampling dates indicate significant difference (p < 0.05).
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Figure 8. The effects of N supply levels on NRE in sweetpotato during SR formation. Values
are presented as mean ± standard error. Two-way ANOVA results, including effect of NL, ST,
and interactive effects of NL by ST, are shown. Different letters on single sampling dates indicate
significant difference (p < 0.05). Abbreviations: NRE, nitrogen recovery efficiency; NL, N level; ST,
sampling time.

4. Discussions
4.1. Anatomical Root Developments

In a previous study, no difference in the number of AR was found between unfertilised
and application of 50 kg N ha−1 [34], and the four nitrate levels of 1–50 mM did not affect
the number of roots [35]. The number of ARs increased in the first three week and then
decreased. A similar trend was reported in previous studies. The AR number in Beauregard
reached a peak at 26 DAT [18]. In another study, Wilson and Lowe documented that the root
count of some West Indian sweetpotato cultivars peaked at 14 to 28 DAT and subsequently
decreased [19]. Our results in this study are in line with those previously mentioned. The
results of the number of ARs in this experiment confirmed that that there was no effect of
N levels on this parameter under our experimental conditions.

The number of protoxylem elements in sweetpotato varies between five and ten [18,19]
in which 80–90% of them were a combination of pentarch and hexarch or hexarch and
septarch, depending on the cultivars [18]. In this experiment, the arrangements of pro-
toxylem elements in ‘Orleans’ ARs were mainly pentarch and hexarch and comprised
72–86% of the total ARs at 10 DAT among different treatments. This result was in line with
findings in Beauregard and some West Indian cultivars [18,19].

Anatomically, the ARs first initiate the primary cambia within the parenchymatous
region, separating the protoxylem from the protophloem [19]. These cambium cells are
connected to form a complete cylinder of cambium which at first is irregular and then
develops into a regular cylinder [19,36]. The formation of secondary xylem and phloem
gradually form RVC due to the meristematic activities of the vascular cambium [18]. The
secondary cambium referred to AC in this study is formed around the protoxylem elements
and central cells [19,36]. The appearance of AC is the first sign of SR initiation. Our results
suggest that N200 treatments inhibited cambial formation in the early stage of root initiation,
with 63.7% of total roots not showing cambial development at 10 DAT. The lower levels of
N treatments (N50 and N100) had a higher percentage of roots with cambium development
than the others at this stage. Therefore, a low rate of N was required to promote the
formation of cambium after transplanting. Furthermore, all N treatments had lower rates
of the lignified roots compared to the control at 49 and 56 DAT. After that, a higher N
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application level appeared to be needed as the plants grew. It has been documented that
excessive N application in combination with reduced aeration decreased the activity of
cambium and promoted LC [22], as cambial activity is controlled by cytokinin [37], which
was demonstrated to be associated with N [38,39]. The present experimental findings
indicate that the moderate N supply levels promoted the initiation and development of
vascular cambium and inhibited the lignification of roots.

The timing of sweetpotato SR initiation varied from 1 to 13 weeks [17]. These wide
variations in SR initiation date may be caused by different experimental conditions and
cultivars in these studies. The SR initiation of Orleans was observed at 21 DAT under our
experimental conditions, with the appearance of AC in some roots. This is similar with the
findings of Villordon et al., who stated that the SR initiation in pots was 19 and 21 DAT
for Beauregard and Georgia Jet, respectively [18]. However, a previous report suggested
that SR formation started at 42 DAT [40]. A recent study on Beauregard stated that SR
formation in greenhouse conditions was observed at 28 DAT [3]. Excessive N application
was one of factors that reduced cambium activity and promoted lignification [22]. Our
results showed that at 21 DAT, the percentage of roots with AC in N50 and N100 treatments
was significantly higher than that of control and N200 treatment. Then, the rate of root with
AC development in all treatments increased in the next 14 days. A moderate N application
is required for ARs to develop properly into SRs [41]. The maximum rate of initiated SR
of Orleans in all treatments peaked at 49 DAT. In line with the present finding, Lowe and
Wilson concluded that the maximum SR number was achieved during weeks 7 and 8 after
transplanting for most studied cultivars except for I62 [42]. All three treated N levels had
higher percentages of initiated SRs than the control. Similarly, application of N in the form
of NH4

+ or amide at a rate of 60 kg ha−1 significantly increased the number of SRs [43].
Our study indicated that SR initiation date for Orleans would be about 21 DAT, which was
not affected by N supply levels, but it could change under different growing conditions.

According to our results, possible mechanisms related to initiation of SRs would
involve an optimal rate of N that promotes the formation of cambium, resulting in the
thickening of ARs. Matsumoto-Kitano et al. found that the formation of cambium in roots
required cytokinin [37]. It has been reported that cytokinin levels in plants, which were
reported in response to N nutrients [38,44], controlled the cambial activity [37]. Nitrogen
continued to contribute to the activity of these cambial cells in repeated division to form
secondary cambium and AC in SRs. Both higher N application levels and lower N supply
may have reduced cambial activities, thus producing a limited number of cambium but
more lignified stele cells.

4.2. Root Morphology during SR Formation, Plant Performances and Fresh Weight of Tubers at
8 Weeks after Transplanting

Nitrogen application at a rate of 50 kg N ha−1 increased the first-order lateral root
and the second-order lateral root length by 78% and 2873%, respectively [34]. Our results
showed that N application positively affected all root parameters of Orleans, including
total RL, RD and total RV of the root systems, and SRs after 10 DAT nitrogen supplemental
treatment started to affect root diameter at 49 DAT, after most SR formed. This may be
due to the development of SRs, leading to higher N demand for growth. Our study also
confirmed that N supply could improve root growth, and this improvement could be found
after day 10 from planting. Nitrogen adding ranges from 100 to 200 mg L−1 in solution
would come with more improvement in all root parameters including yield and biomass.
Previous studies showed that deficient N supply inhibited the dried weight accumulation
of shoots and SRs and subsequently reduced the total biomass of plants [45]. According to
Okpara et al., N applied at rates from 40 to 120 kg ha−1 significantly increased dry shoot
biomass weight of sweetpotato compared to unfertilised crops [46].

Similarly, Kelm et al. indicated that the application rates of N from 0.4 to 2 g pot−1

increased SR yield of both studied cultivars [47]. In addition, in another experiment, dry-
biomass of SRs in a glasshouse increased with increasing N supply from 30 to 230 kg ha−1 [3].
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In field conditions, N application at 75 kg ha−1 significantly increased the SR yield, while a
higher level at 150 kg N ha−1 had no effect [9]. Hence, the present experiment confirmed
the roles of N in producing sweetpotato productivity.

Although high level of N inhibited the formation of SRs in the early stage, it is
necessary for the growth of SRs after they are formed. This can be explained by the
requirement of N at different developmental stages of sweetpotato. A recent study by
Taranet et al. reported that the application of N at 0–230 kg ha−1 had no effect on SR
biomass during the first six weeks after transplanting [3]. After that, the treatments with
high N application rates (130–260 kg ha−1) showed a rapid increase in the dry SR yield
during weeks 6 and 12 after transplanting. Another study in sandy loam soil reported that
application of N at either 75 or 150 kg ha−1 reduced the SR number compared to unfertilised
crop, but it significantly improved the SR yield of Jishu25 cultivar [9]. Therefore, a moderate
level of soil-available N promoted the initiation of SRs. However, SR development required
more N, as the higher rate applications improved the SR yield.

4.3. Nitrogen Acquisition in Sweetpotato Plants

Results from this study showed that N application levels influenced the acquisition
of N in sweetpotato. In a previous study, application of N at 2, 8 and 14 mg L−1 of nitrate
positively increased the acquisition of N in plants [48]. In that study, the N content in the
plants treated with 2 mM NO3

− was 48 mmol plant−1 while that of the treatment with
14 mM NO3

− was 142 mmol plant−1, which was almost three times the difference. Fur-
thermore, in the same experimental conditions, there were differences in the N acquisition
among cultivars. Villargarcia et al. observed that with the same supplemental level of
N, the Jewel cultivar had a lower N content in plants than MD810 [47]. In another study,
deficient N conditions reduced the amount of N accumulated in shoots, roots and SRs of
sweetpotato [44]. Therefore, increasing N application rates increased N acquisition, while
deficient N application reduced the accumulation of N in plants.

There was an increase in the NRE of Orleans over time, and the N200 treatment had
lower values of NRE at 21 and 35 DAT. This confirms that plants did not require much
N during the early stage and the amount of N applied could not be efficiently used. In a
previous study on two sweetpotato cultivars, Villargarcia et al. suggested that low rates of
N application resulted in higher NRE and that the utilisation of N increased over the study
period [48]. In a different study, N application levels were negatively related to NRE of
wheat [49]. However, NRE of N200 increased at 49 DAT, and N100 and N200 had a similar
rate of NRE. A possible reason for this would be that SR developed in a fast growth stage
with higher N demand.

Results from our study suggested that sweetpotato required adequate N levels to form
SRs. The formation and division of cambial cells into ARs were strongly affected by N
supply. Deficient N or a high rate of N inhibited the formation of cambium during SR
formation. After that, a high rate of N was likely to improve the SR development. Therefore,
moderate N supply levels should be maintained in the soil for a few weeks (5–7 weeks for
Orleans cultivar under our experimental conditions) to promote the formation of the most
SRs before further application of N fertiliser to boost SR growth. Appling high rates of N
fertiliser before or immediately after planting should be avoided because the initiation of
SR could be suppressed, and the fertiliser use efficiency will remain low.

5. Conclusions

Our study found that N application levels were associated with cambium development
in ARs, which is related to SR initiation of sweetpotato. Application of N at 100 mg L−1

significantly promoted the formation of cambium in young sweetpotato ARs and improved
the percentage of initiated SRs. The N100 treatment demonstrated the highest percentage
of root with cambium development in the earliest observation and the highest percentage
of initiated SRs between 21 and 56 DAT. The N200 treatment inhibited the formation of
cambium in the early-stage development of ARs and delayed AC development at 21 DAT.
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Although the rate of SR formation of the N200 treatment caught up with that of other N
treatments from 35 to 49 DAT, it was still significantly lower than that of N100, and this
effect is irreversible after most ARs differentiate, suggesting that excessive N application
during planting could lead to irreversible negative effects on SR number. However, the
highest storage roots growth was observed in the N200 treatment since day 49, despite
a lower SR number than in N100. In addition, NRE in N200 was at its lowest at 21 and
35 DAT but was highest at 49 DAT. Insufficient N supply reduced the cambial initiation
during the first 10 DAT and suppressed the formation of AC after that, resulting in fewer
SR formations. Therefore, sweetpotato cultivar Orleans required different amounts of N
supplement for optimal SR formation during certain growing periods after planting. Our
study suggests that moderate soil-available N should be maintained for about five weeks to
promote the formation of an adequate number of storage roots before further N fertilisation
is applied to boost SR growth.
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