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Abstract. Preharvest irrigation cutoff to promote skin set is a common management
practice in irrigated commercial sweetpotato production, but its effects on native peri-
derm, the developmentally formed periderm of intact storage roots before harvest,
are poorly understood. We evaluated anatomical, physiological, and molecular re-
sponses of native periderm to controlled short-term irrigation/fertigation withdrawal
during the early storage root bulking stage (30–50 days after transplanting) in ‘Bayou
Belle’, ‘Beauregard’, and ‘Orleans’ sweetpotato. Greenhouse experiments compared
well-watered plants with plants subjected to 5 days of withdrawal (WD5) or 10 days
of withdrawal (WD10) before harvest. Native periderm structure was characterized
from transverse sections stained with phloroglucinol-HCl, and postharvest weight loss
was measured for 5 weeks. The relative expressions of IbPAL, IbCCoAOMT, IbCAD,
and IbACO were quantified in well-watered and WD10 roots. Withdrawal increased
circularity, an index of reduced outer-boundary irregularity, and produced a more
continuous native periderm with fewer expansion-associated discontinuities. Percent
lignified tissue increased 1.9-fold to 3.6-fold relative to well-watered controls, depend-
ing on cultivar and treatment duration. By week 5, cumulative weight loss was 38%
to 45% in well-watered roots compared with 21% to 24% after WD5 and 20% to
30% after WD10. IbPAL expression increased 1.6-fold to 3.8-fold across cultivars,
whereas IbCCoAOMT, IbCAD, and IbACO responses were genotype-dependent. These
coordinated responses are consistent with accelerated native periderm maturation
during early bulking and support the use of greenhouse-grown roots as a controlled
developmental system. Because nutrient delivery was also interrupted during irriga-
tion withdrawal, the response cannot be attributed to the water status alone; there-
fore, field validation and experiments that separate water from the nutrient supply
are needed.

Introduction

Preharvest irrigation cutoff, often described
commercially as field curing, is used in irri-
gated sweetpotato (Ipomoea batatas) produc-
tion to promote skin set and reduce postharvest
losses (Smith et al. 2009). In potato (Solanum
tuberosum), skin set is defined as the acquisi-
tion of resistance to skinning injury or excoria-
tion as the native periderm matures (Lulai and
Freeman 2001). This transition occurs as the

phellogen becomes less susceptible to fracture,
with strengthening and thickening of phellogen
cell walls increasing adhesion between the
phellem and underlying tissues (Lulai 2007;
Lulai and Freeman 2001). Although an equiva-
lent anatomical definition has not been estab-
lished for sweetpotato, studies of sweetpotato
commonly evaluate skin set using related meas-
ures such as skin adhesion, skinning incidence
or severity, and force required to peel the skin
(Villavicencio et al. 2007; Wang et al. 2013).

Therefore, the potato periderm maturation
framework provides a useful model for eval-
uating whether preharvest water deprivation
accelerates native periderm maturation in
sweetpotato.

In sweetpotato, commercial and field ob-
servations suggest that preharvest soil mois-
ture influences skin set. In California growing
regions, irrigation is commonly reduced or
ended 2 to 4 weeks before harvest to facilitate
field curing and skin set (Smith et al. 2009).
Experimental preharvest curing and earlier
field studies likewise showed that drier pre-
harvest conditions were associated with increased
skin adhesion, altered periderm anatomy, greater
lignification, reduced postharvest weight loss,
and improved shelf life (Parmar et al. 2017;
Villavicencio et al. 2007; Webster et al. 1973).
These studies support a practical relationship
between preharvest water status and storage
root skinning resistance. However, direct evi-
dence linking controlled water deprivation to
native periderm structure, lignification, gene
expression, and postharvest performance is
limited. Among the anatomical changes associ-
ated with periderm maturation, lignification is
of particular interest because it contributes to
structural reinforcement and has been linked
with sweetpotato skin adhesion and periderm
development (van Oirschot et al. 2006; Villavi-
cencio et al. 2007; Walter and Schadel 1983).
This relationship provides a mechanistic ratio-
nale for evaluating the extent of periderm ligni-
fication together with the expression of lignin
biosynthesis genes in response to preharvest
water deprivation.

Comparable evidence from other storage
organs supports a developmental link be-
tween the preharvest water status and barrier
or postharvest performance. Potato tuber peri-
derm resistance varies with the plant water sta-
tus (Braue et al. 1983), irrigation affects skin
blemishes and phellem formation (Jiang et al.
2022), and withholding irrigation alters tuber
water fluxes and growth (Huntenburg et al.
2025). Controlled water deficit alters cassava
storage root growth and physiology (Duque
and Setter 2013), while drought-associated lig-
nification in cassava has been linked to cin-
namyl alcohol dehydrogenase (CAD)-related
regulation (Yan et al. 2021). In sugarbeet, se-
vere preharvest drought affects subsequent
root respiration and susceptibility to stor-
age rot (Lafta et al. 2024). Together, these
studies indicate that storage organs retain mea-
surable developmental and postharvest responses
to preharvest water status.

We hypothesized that controlled preharv-
est water deprivation accelerates native peri-
derm maturation by promoting the transition
from an actively expanding periderm to a more
continuous and structurally reinforced protec-
tive barrier. This study evaluated the anatomi-
cal, physiological, and molecular responses of
early-bulking storage roots of ‘Bayou Belle’,
‘Beauregard’, and ‘Orleans’ sweetpotato to
controlled water deprivation and assessed the
utility of greenhouse-grown early-bulking stor-
age roots as a model system for studying native
periderm development.
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Materials and Methods

Plant materials and growing conditions.
Greenhouse experiments were conducted at the
Louisiana State University AgCenter Sweet
Potato Research Station in Chase, LA, USA
(lat. 32�360N, long. 91�420W). Virus-tested
generation 1 vegetative cuttings of the sweet-
potato cultivars Bayou Belle, Beauregard, and
Orleans served as the planting material for all
experiments. Vegetative cuttings were estab-
lished in 10-cm-diameter polyvinyl chloride
pots filled with washed river sand and main-
tained under greenhouse conditions similar
to those described for studies of sweetpotato
storage root development (Villordon et al.
2012). Plants received 0.5� Hoagland’s no. 1
solution (nitrate only) (Hoagland and Arnon
1950). Growth substrate moisture was measured
with ECH2O soil moisture sensors (Model EC-
5; Decagon Devices Inc., Pullman, WA, USA)
inserted vertically at depths of 2 to 7 cm.
Sensor-based data from all experimental
treatments were collected at hourly intervals
throughout the experiments. Greenhouse tem-
peratures were maintained at approximately
29 �C during the 14-h photoperiod and 18 �C
during the 10-h dark period. Supplemental
lighting was provided when necessary to main-
tain a 14-h photoperiod. Relative humidity
ranged from 60% to 80%. These experimental
approaches have been used to validate the tim-
ing of storage root initiation in the cultivar
Beauregard(Villordon et al. 2009, 2012) and
measure root architecture responses to biotic
and abiotic variables (Villordon et al. 2012,
2013; Villordon and Clark 2018). The grow-
ing conditions and treatment schedules used
in each experiment are summarized in Table 1.

Experimental design and developmental
stage. Four independent but complementary
greenhouse experiments were conducted be-
tween 2024 and 2026 to evaluate anatomical,
physiological, and molecular responses of native
periderm to short-term preharvest water depriva-
tion (Table 1). Native periderm anatomy was
evaluated during Expt. 1 and Expt. 4.

Postharvest weight loss was evaluated during
Expt. 2. Gene expression was evaluated during
Expt. 3. Planting dates were staggered by treat-
ment in all experiments to align storage roots
at the designated early bulking stage on a
common sampling date. Plants assigned to
the 10-d withdrawal treatment were estab-
lished 10 d before the well-watered controls,
and plants assigned to the 5-d withdrawal treat-
ment were established 5 d before the controls.
Preliminary experiments showed that imposing
5-d or 10-d withdrawal on plants established
on the same date slowed or arrested storage
root bulking, which would have produced treat-
ment-associated differences in root size and de-
velopmental stage at a common harvest.
Therefore, staggered planting was used to ap-
proximately match the duration of active
fertigated growth among treatments while
permitting comparisons at a common early-
bulking developmental stage. The early bulk-
ing stage, which corresponds to the period of
rapid cambial development described by To-
gari (1950), was selected because storage roots
undergo active secondary growth and native
periderm development at this stage. These
roots were not assumed to be developmentally
equivalent to commercially mature field-har-
vested roots. At sampling, storage roots
measured 6 to 10 mm in diameter in ana-
tomical studies (Expt. 1 and Expt. 4) and 10
to 25 mm in the weight loss study (Expt. 2).
Each experiment was arranged in a random-
ized complete block design. One plant grown
in one pot constituted the experimental unit.
The anatomical and postharvest weight loss
experiments each included four indepen-
dent biological replicate plants per cultivar
� treatment combination. One to two stor-
age roots were sampled from each replicate
plant, depending on storage root availabil-
ity; roots from the same plant were treated
as subsamples and did not increase the bio-
logical nitrogen. Root subsamples were in-
cluded within plant in the statistical
analysis, with plant identity retained as the
nesting/random factor. The gene expression
experiment included three independent bio-
logical replicate plants per cultivar � treatment
combination, with three technical quantitative
polymerase chain reaction (qPCR) replicates
per biological sample.

Water deprivation treatments. Plants were
assigned to a well-watered control (WWC),
5-d water deprivation (WD5) treatment, or
10-d water deprivation (WD10) treatment.
Under WWC, substrate was maintained at or
above 50% of field capacity [approximately
8%–12% volumetric water content (VWC)].
The WD5 treatment typically reduced sub-
strate moisture to approximately 4% to 6%
VWC, and the WD10 treatment typically re-
duced it to approximately 2% to 4% VWC.
These VWC values are similar to previously
reported ranges for sand substrate (Hillel
1998). Withdrawal treatments were imposed
by discontinuing irrigation/fertigation, whereas
WWC plants continued to receive complete
0.5� Hoagland solution (PhytoTech Labs, Le-
nexa, KS, USA). Because the staggered plant-
ing schedule matched the duration of active
fertigated growth before sampling, WD5 and
WD10 plants were exposed to similar days of
Hoagland nutrition (PhytoTech Labs) relative
to the WWC plants over the experimental pe-
riod. Nevertheless, further nutrient delivery
was interrupted during the terminal 5-d or 10-d
withdrawal interval. Nutrient acquisition in a
drying substrate is strongly dependent on water
availability because declining water content re-
stricts transpiration-driven mass flow and diffu-
sion of ions to the root surface (Hu and
Schmidhalter 2005). Therefore, we interpreted
WD5 and WD10 as short-term progressive
dry-down treatments resulting from the with-
drawal of irrigation/fertigation and recognized
that the effects of water and nutrients cannot
be completely separated during the terminal
withdrawal interval. Comparable controlled en-
vironment studies have imposed drought fol-
lowing Hoagland-based nutrition (PhytoTech
Labs) by withholding irrigation (Chapman et al.
2022; Fort et al. 2017; Langl�e-Arg€uello et al.
2019; Krishnan and Merewitz 2022).

Periderm anatomical analysis (Expt. 1
and Expt. 4). Native periderm anatomy was
evaluated in Expt. 1 and independently repeated
in Expt. 4 (Table 1). Plants were sampled on a
common harvest date at the designated early
bulking stage (Table 1). One to two storage
roots were sampled from each replicate plant. A
transverse free-hand section with a thickness of
approximately 50 to 100 mm was cut from the
longitudinal midpoint of each freshly harvested

Table 1. List of experiments. Plantings were staggered by treatment in all studies. Plants subjected to
10 d of water deprivation were established 10 d before well-watered controls (WWCs), while
plants subjected to 5 d of water deprivation were established 5 d before the WWC.i

Expt. Study
Planting date
of WWC Date harvested Measurements/sampling

1 A 2 Jan 2025 1 Feb 2025 Anatomical measurements
B 3 Feb 2025 5 Mar 2025 Anatomical measurements

2 A 3 Feb 2025 22 Apr 2025 Weight loss measurements
B 3 Mar 2025 20 May 2025 Weight loss measurements

3 15 Apr 2025 15 May 2025 Tissue sampling for gene
expression experiments

4 A 20 Jan 2026 19 Feb 2026 Anatomical measurements
B 23 Mar 2026 22 Apr 2026 Anatomical measurements

i Staggered planting was used because preliminary experiments showed that imposing 5 d or 10 d of
water deprivation on plants established on the same date slowed or arrested storage root bulking. The
schedule approximately matched the duration of active fertigated growth among treatments and al-
lowed comparisons at the designated early bulking stage on a common sampling date.
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storage root. The midpoint was used as a stan-
dardized anatomical position among cultivars
and treatments. Longitudinal variation along
the storage root was not evaluated. Sections
were stained immediately with freshly prepared
phloroglucinol-HCl and examined by light
microscopy under identical microscope, illu-
mination, and camera settings. Images were
analyzed using ImageJ (Schneider et al. 2012).
To measure discontinuity of the outer phellem
layer, the circularity measurement in ImageJ
was used to quantify the irregularity of the sur-
face boundary as follows:

Circularity5
4pA
P2

[1]

where A is the area and P is the perimeter.
Circularity was used as a quantitative index
of outer boundary irregularity. Circularity ap-
proaches 1.0 as an object becomes more cir-
cular and decreases with increasing perimeter
irregularity (Schwendy et al. 2019; Willemse
et al. 2018). Lignified tissue was segmented
using the Labkit machine learning plugin
(Arzt et al. 2022). Segmented images were
converted to binary masks, and the total ligni-
fied area was determined using the Analyze
Particles function. Total storage root cross-
sectional area was measured from manually
defined regions of interest that encompassed
the entire cross-section. Percent lignified tis-
sue was calculated as follows:

% Lignified tissue

5
Total segmented lignified area

Total storage root cross sectional area
� 100

[2]

Postharvest weight loss measurements
(Expt. 2). Postharvest weight loss was evalu-
ated in Expt. 2 (Table 1). Plants were sampled
on a common harvest date at the designated
early bulking stage (Table 1). Four indepen-
dent replicate plants were used per cultivar �
treatment combination, with one to two storage
roots sampled per replicate when available.
Roots from the same plant were treated as
subsamples. Roots were weighed immedi-
ately after harvest and stored under ambient
laboratory conditions (approximately 27 �C
and 50%–70% relative humidity) without
artificial curing. Fresh weight was recorded
weekly for 5 consecutive weeks. Weight loss
was expressed as a percentage reduction
from initial fresh weight. The assay was used

as a functional measure of barrier performance
in the early-bulking developmental system
rather than as a simulation of commercial
storage of mature roots.

Gene expression analysis (Expt. 3). Gene
expression was evaluated in Expt. 3 (Table 1).
Plants were sampled on a common harvest
date at the designated early bulking stage
(Table 1). Preliminary anatomical and physio-
logical analyses showed that both water depri-
vation treatments elicited similar responses
relative to WWC, with the WD10 treatment
producing the greatest differences in native
periderm structure and postharvest weight loss.
Consequently, gene expression analyses were
performed using only the WWC and WD10
treatments. Immediately after harvest, a 2- to
3-mm-thick transverse disc was removed from
the midpoint of each storage root. The disc
was cored through its thickness using a cork
borer with a diameter that approximated the in-
ner boundary of the native periderm. Removal
of the central core yielded an intact outer ring
of tissue predominantly consisting of native
periderm with minimal underlying cortical
tissue. Three independent plants constituted
the biological replicates for each cultivar �
treatment combination. The excised tissue
was immediately frozen in liquid nitrogen and
stored at �80 �C until RNA extraction. Total
RNA was extracted using a modified Trizol
method (Park et al. 2012). First-strand cDNA
synthesis and quantitative real-time PCR
(qRT-PCR) were performed as described by
Arce et al. (2024). Each cDNA sample was
analyzed in three technical qPCR replicates.
These replicates were used to assess assay
precision and were not treated as independent
biological observations. Relative transcript
abundances of IbPAL, IbCCoAOMT, and
IbCAD were quantified by qRT-PCR using
previously published primers with IbCOX as
a reference gene (Park et al. 2012). Primer
sequences are provided in Table 2. Relative
gene expression was calculated using the
2�DDCT method after normalization (Livak and
Schmittgen 2001). Preliminary qRT-PCR as-
says that targeted ethylene-related genes, includ-
ing IbERF and putative 1-aminocyclopropane-
1-carboxylate (ACC) synthase (IbACS) and
ACC oxidase (IbACO) genes, were evaluated
as follow-up markers of ethylene-associated
responses. The ACC synthase and ACC oxi-
dase catalyze key steps in ethylene biosynthe-
sis (Wang et al. 2002). Candidate IbACS and

IbACO target sequences were identified from
the Sweetpotato Genomics Resource (Wu
et al. 2018), and primers were designed based
on predicted coding sequences using NCBI
Primer-BLAST (Ye et al. 2012). The IbACO
assay produced consistent amplification across
biological samples and was retained for analy-
sis. Then, qRT-PCR amplification, normaliza-
tion to IbCOX, and relative expression analysis
were performed as previously described.

Statistical analysis. Statistical analyses were
performed using R (R Core Team 2019). The
anatomical (Expt. 1 and Expt. 4), postharvest
weight loss (Expt. 2), and gene expression
(Expt. 3) datasets were analyzed indepen-
dently. When one to two roots were sampled
from a replicate plant, root measurements
were treated as subsamples within a plant,
and plant identity was retained as the nesting/
random factor in mixed-effects analyses; indi-
vidual roots were not treated as independent bi-
ological replicates. Linear mixed-effects models
were fitted using the lme4 and lmerTest pack-
ages. Cultivar, water deprivation treatment, and
their interaction were treated as fixed effects,
whereas experimental run (study/planting event)
was treated as a random effect. This run effect
refers to independent experimental repetitions
and is distinct from the intentional 5-d and 10-d
treatment-specific staggering within each ex-
periment. We failed to detect an experimental
run effect; hence, the 2-year anatomical data
were combined. For the postharvest weight loss
study, storage week was included as a repeated
measure, and cultivar, water deprivation treat-
ment, storage week, and their interactions were
evaluated. An analysis of variance was used to
test fixed effects. When treatment effects were
significant (P # 0.05), estimated marginal
means were calculated using the emmeans
package and compared using Tukey’s honestly
significant difference test. Gene expression data
were analyzed separately for each cultivar �
gene combination using Welch’s two-sample
t test on DCt values. Relative expression values
calculated by the 2�DDCt method are presented
as the means ± standard error, whereas statisti-
cal inference was based on DCt values. Model
assumptions of normality and homogeneity of
variance were evaluated by visual inspection
of residual and quantile–quantile plots. Per-
centage data were transformed when necessary
to satisfy model assumptions; however, un-
transformed means are presented throughout
for clarity.

Table 2. Names and primer sequences of genes analyzed using quantitative real-time polymerase chain reactions.

Gene Name
Forward (F; top) and reverse

(R; bottom) primer sequence (50-30) Reference
IbPAL Phenylalanine ammonia-lyase F: GGCGAGCACGAGAAGAATGT

R: ATGGCAGGGTTTCCGTTCTC
Effendy et al. (2013)

IbCCoAOMT Caffeoyl-CoA O-methyltransferase F: CCGGTTCTTGACCAGATGAT
R: TTCCACAGGGTGTTGTCGTA

He et al. (2021)

IbCAD Cinnamyl alcohol dehydrogenase F: AGCTGGTAATGGTTGGCATC
R: TCCAAAGCCGTGTTGACATA

He et al. (2021)

IbACO 1-aminocyclopropane-1-carboxylate oxidase F: ACTCTGCATAGGGTGTTGGC
R: TTCATCGTCTCGAACCTCGG

This studyi

i Primers in this study were designed based on candidate target sequences identified through the Sweetpotato Genomics Resource using NCBI Primer-
BLAST. The Sweetpotato Genomics Resource is based on the annotated Ipomoea reference genome described by Wu et al. (2018). Primer-BLAST was
used for primer design and specificity checking, as described by Ye et al. (2012).
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Results and Discussion

Preharvest irrigation/fertigation withdrawal
alters native periderm structure in early-bulking
storage roots. Anatomical characterization
revealed contrasting native periderm states
among treatments. Well-watered roots retained
visible expansion-associated discontinuities in
the developing native periderm, whereas WD
treatments produced a more continuous outer
boundary and increased phloroglucinol-HCl

staining (Fig. 1). A quantitative image analysis
showed significant increases in circularity and
percent lignified tissue following withdrawal
(Fig. 2). Relative to well-watered controls, per-
cent lignified tissue increased 1.9-fold to 3.6-
fold, depending on cultivar and treatment dura-
tion. Therefore, the magnitude of the response
varied among cultivars, but the anatomical
direction of change was consistent, with a
transition from an actively expanding and
discontinuous periderm to a more continuous

and lignified protective barrier. These changes
are consistent with a developmental transition
toward skin set rather than direct evidence that
commercial field skin set had been achieved.

These observations are consistent with
previous reports of preharvest environmental
conditions influencing sweetpotato skin set.
Webster et al. (1973) found that peeling resis-
tance increased under warm, dry soil condi-
tions. Villavicencio et al. (2007) subsequently
showed that environmental conditions associ-
ated with greater skin adhesion also altered
periderm anatomy, lignin content, and phello-
gen characteristics. Similar discontinuous and
continuous lignification states have been ob-
served in field-grown sweetpotato roots (Van
Oirschot et al. 2006). Therefore, the present
greenhouse response corresponds biologically
to field-observed periderm phenotypes; how-
ever, it should not be interpreted as field
validation of the magnitude or timing of the
response.

The anatomical changes also provide a use-
ful comparison with the potato periderm skin
set model described by Lulai and Freeman
(2001). Immature potato periderm contains an
active phellogen with thin, mechanically frag-
ile radial walls that permit tissue separation,
whereas maturation is accompanied by phello-
gen inactivation and wall thickening that stabi-
lize the periderm. In sweetpotato, the present
response was characterized by increased ligni-
fication and greater continuity of the native
periderm. Thus, although the structural mecha-
nisms may differ between potato and sweet-
potato, both systems involve developmental
transition from a mechanically vulnerable
and actively developing periderm toward a
more stable protective barrier. Potato tuber
periderm resistance also varies with the
plant water status (Braue et al. 1983), irri-
gation affects phellem formation and skin
blemishes (Jiang et al. 2022), and soil dry-
ing alters tuber water fluxes and growth
(Huntenburg et al. 2025).

Preharvest irrigation/fertigation withdrawal
reduces postharvest weight loss. Postharvest
weight loss increased during the 5-week stor-
age period in all cultivars, but roots from WD
treatments consistently lost less weight than
well-watered controls (Fig. 3). By week 5,
cumulative weight loss of well-watered roots
ranged from 38% to 45% compared with
21% to 24% after WD5 treatment and 20%
to 30% after WD10 treatment. Across culti-
vars, withdrawal reduced cumulative week 5
weight loss by approximately 33% to 50%.
The lower water loss coincided with the ana-
tomical transition toward a more continuous
and lignified native periderm, thus providing a
functional correlate of the structural response.

The association between barrier develop-
ment and water loss has precedent in other
storage organs. In sugarbeet, wound healing
studies showed that the development of su-
berized and lignified barrier tissues coincided
with reduced root water loss, whereas incom-
plete barrier formation was associated with
greater weight loss (Fugate et al. 2016). Al-
though wound periderm and native sweetpo-
tato periderm are distinct tissues, the common

Fig. 1. Representative transverse sections from the midpoint of early-bulking ‘Beauregard’ sweetpotato
storage roots maintained under well-watered conditions (A) or subjected to 10 d of preharvest water
deprivation (B). Arrowheads indicate discontinuities in the outer native periderm of the well-
watered root (A) and the comparatively continuous outer periderm of the water-deprived root
(B). Sections were stained with phloroglucinol-HCl. Scale bars 5 2000 mm.

Fig. 2. Native periderm responses to preharvest water deprivation in early-bulking ‘Bayou Belle’,
‘Beauregard’, and ‘Orleans’ sweetpotato storage roots. (A) Circularity of transverse storage root
sections. Values approaching 1.0 indicate a more circular cross-section with a smoother and more
continuous outer boundary. (B) Percentage of lignified tissue from transverse sections stained with
phloroglucinol-HCl and quantified using digital image segmentation. Plants were maintained under
well-watered conditions (control) or subjected to water deprivation for 5 or 10 d before harvest.
Boxes represent the interquartile range. Horizontal lines indicate the median. Whiskers extend to
1.5-times the interquartile range. Points indicate outliers. Within each cultivar, treatments sharing
the same letter are not significantly different according to Tukey-adjusted comparisons at P # 0.05.
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functional relationship supports the broader in-
terpretation that structural barrier maturation
can improve water retention. Severe preharvest
drought in sugarbeet also altered postharvest
respiration and susceptibility to storage rot
(Lafta et al. 2024), thus demonstrating that the
preharvest water status can carry over into
postharvest storage physiology. The relatively
high absolute weight loss observed here re-
flects the small early-bulking greenhouse-
grown roots and ambient storage conditions.

However, the assay was intended as a com-
parative measure of barrier function rather
than a simulation of commercial storage of
mature roots.

Preharvest irrigation/fertigation withdrawal
induces cultivar-specific regulation of lignin
biosynthetic genes. Water deprivation altered
expression of lignin biosynthesis genes in a
cultivar-dependent manner (Fig. 4). Specifi-
cally, IbPAL increased 1.6-fold to 3.8-fold
relative to well-watered controls across the

three cultivars, indicating a common response
at the entry point of the phenylpropanoid path-
way. In contrast, IbCCoAOMT and IbCAD
responses differed among cultivars. These
molecular responses coincided with increased
lignified tissue and greater continuity of native
periderm, thus supporting the activation of
phenylpropanoid metabolism during the ob-
served developmental transition.

The increase in IbPAL expression is consis-
tent with that reported by previous studies that
showed activation of the phenylpropanoid
pathway during sweetpotato wound peri-
derm formation. Lignin biosynthesis requires co-
ordinated activity of upstream phenylpropanoid
genes, intermediate monolignol-modification
genes, and downstream genes involved in
monolignol formation and polymerization
(Boerjan et al. 2003; Bonawitz and Chapple
2010). Effendy et al. (2013) demonstrated
transcriptional activation of lignin-associated
genes during sweetpotato wound healing. Sub-
sequent transcriptomic studies documented
coordinated induction of phenylpropanoid
metabolism and cell wall remodeling during
curing (Ji et al. 2022; Xuan et al. 2024). The
present results extend this molecular context
to the native periderm before harvest. In cas-
sava, drought-responsive lignification has been
mechanistically linked to CAD-related regula-
tion (Yan et al. 2021), providing an additional
storage root precedent for coordinated drought
and lignin responses.

Although IbPAL induction was common
across cultivars, downstream regulation var-
ied. The contrasting IbCCoAOMT and IbCAD
responses suggest that cultivars may achieve
increased native periderm lignification through
different regulatory routes. Similar genotype-
dependent regulation of lignin biosynthetic
genes has been reported during wound healing
in sweetpotato (Effendy et al. 2013; Ji et al.
2022) and during periderm maturation in po-
tato (Vulavala et al. 2019). Thus, the shared
anatomical phenotype does not necessarily
imply identical molecular regulation among
cultivars.

Water deprivation is associated with in-
creased expression of an ethylene-forming
ACC oxidase gene. As a follow-up assay to
evaluate whether ethylene biosynthesis was
associated with native periderm maturation,
relative expression of IbACO was quantified
in well-watered and WD10 treatment roots
(Fig. 5). The IbACO expression increased
significantly in ‘Bayou Belle’ and ‘Orleans’,
whereas ‘Beauregard’ showed a large but
variable increase that was not statistically sig-
nificant. Therefore, the response provides evi-
dence of genotype-dependent regulation of
an ethylene biosynthesis gene during the
same interval in which native periderm conti-
nuity and lignification increased.

A possible role for ethylene metabolism is
supported by earlier studies of sweetpotato.
St. Amand and Randle (1989) reported that
ethylene production preceded wound lignifica-
tion and wound periderm formation. Preharvest
ethephon application increased skin lignin/
suberin content and resistance to skinning in an-
other study (Wang et al. 2013). Curing-mediated

Fig. 3. Cumulative postharvest weight loss of storage roots from ‘Bayou Belle’, ‘Beauregard’, and ‘Or-
leans’ following preharvest irrigation treatments. Plants were maintained under well-watered condi-
tions (control) or subjected to irrigation withdrawal for 5 or 10 d before harvest. Storage roots were
held under ambient laboratory conditions, and weight loss was determined weekly for 5 weeks. Val-
ues are means ± standard deviation. Means sharing the same lowercase letter within each week are
not significantly different according to Tukey-adjusted comparisons (P # 0.05).

Fig. 4. Relative expression of IbPAL, IbCCoAOMT, and IbCAD in developing sweetpotato storage
roots of ‘Bayou Belle’, ‘Beauregard’, and ‘Orleans’ subjected to well-watered control conditions or
10 d of preharvest water deprivation. Gene expression was quantified by a quantitative real-time po-
lymerase chain reaction and normalized using the comparative 2�DDCT method with IbCOX as the
reference gene. Each point represents an individual biological replicate (n 5 3). Diamonds indicate
treatment means and error bars represent ± standard error. Statistical significance was determined
by Welch’s t test using DCt values. Differences between treatments within each cultivar are indi-
cated as follows: NS, *, **, *** nonsignificant or significant at P # 0.05, 0.01, or 0.001,
respectively.
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wound healing studies also showed activation
of cell wall remodeling and phenylpropanoid-
related pathways (Ji et al. 2022; Xuan et al.
2024). However, ethylene is not necessarily re-
quired for all periderm-associated responses.
In potato, wound-induced ethylene is part of
the tuber wound response, but it is not re-
quired for wound-induced suberization (Lulai
and Suttle 2004). Because ACO catalyzes the
final oxygen-dependent step in ethylene bio-
synthesis, increased IbACO expression is con-
sistent with increased ethylene biosynthetic
capacity (Houben and Van de Poel 2019);
however, transcript abundance alone does
not demonstrate increased ethylene produc-
tion or signaling. Direct measurements of
ethylene evolution, ACC concentration, and
responses to ethylene agonists or inhibitors
are required to establish causality.

Integrating anatomical, physiological, and
molecular responses. Across the independent
experiments, the anatomical, physiological,
and molecular responses converged on a com-
mon developmental interpretation. Short-term
withdrawal was associated with fewer visible
periderm discontinuities, a 1.9-fold to 3.6-fold
increase in percent lignified tissue, 33% to
50% reduction in cumulative week 5 weight
loss, and 1.6-fold to 3.8-fold increase in IbPAL
expression, together with cultivar-specific re-
sponses of IbCCoAOMT, IbCAD, and IbACO
(Figs. 1–5). These coordinated responses are
consistent with accelerated native periderm
maturation during early-storage root bulking.
Importantly, the experiments included devel-
oping greenhouse-grown roots rather than
commercially mature field-grown roots; there-
fore, the value of the system is its ability to re-
solve developmental responses under controlled
conditions rather than the ability to directly re-
produce commercial skin set.

Limitations and implications of the devel-
opmental system. Two limitations should be
considered when interpreting these results.
First, the greenhouse system was designed
for mechanistic control and did not reproduce
the environmental heterogeneity, developmental
maturity, or storage root size in commercial

fields. Second, water delivery and nutrient deliv-
ery remained coupled during the terminal with-
drawal interval because irrigation was supplied
as Hoagland solution (PhytoTech Labs). The
staggered planting design reduced one potential
source of bias: WD10 treatment and WD5
treatment plants were established 10 d and 5 d
earlier, respectively; therefore, the duration of
active fertigated growth was approximately
matched among treatments and roots could be
compared at the designated early bulking stage.
Thus, WD plants were not simply exposed to
5 d or 10 d of fewer of Hoagland nutrition
(PhytoTech Labs) over the experimental period.
However, further nutrient addition ceased dur-
ing the final WD5 treatment or WD10 treat-
ment interval; therefore, the design did not
experimentally separate water from nutrient ef-
fects during the terminal dry-down. Interruption
of nutrient addition during a dry-down is not
physiologically equivalent to imposing a de-
fined nutrient omission treatment. As substrate
water content declines, nutrient movement and
uptake are constrained by reduced transpira-
tion-driven mass flow and diffusion (Hu and
Schmidhalter 2005). This coupling is consis-
tent with that observed in controlled studies
that imposed drought after Hoagland-based
nutrition (PhytoTech Labs) by withholding ir-
rigation (Chapman et al. 2022; Chen et al.
2015; Fort et al. 2017; Krishnan and Merewitz
2022; Langl�e-Arg€uello et al. 2019). Accord-
ingly, the present treatments were interpreted
as short-term progressive dry-down treatments
resulting from the withdrawal of Hoagland fer-
tigation (PhytoTech Labs) while recognizing
that altered nutrient acquisition may contribute
to the integrated response. Factorial experiments
that independently manipulate the water supply
and nutrient supply and include tissue nutrient
measurements and validation in mature field-
grown roots are required to partition these effects
and establish practical relevance.

Conclusion

Short-term preharvest withholding of irri-
gation/fertigation was associated with a more

continuous native periderm, increased lignifica-
tion, reduced postharvest weight loss, and cul-
tivar-specific expression of lignin-associated
and ethylene-associated genes in storage roots
in the early bulking stage. These coordinated
responses support the use of early-bulking
greenhouse-grown roots as a controlled devel-
opmental system for native periderm research.
The results are consistent with published evi-
dence regarding potato, cassava, and sugarbeet,
thus showing that the preharvest water status
can influence storage organ development and
subsequent function. The magnitude and prac-
tical relevance of the sweetpotato response re-
quire validation in mature field-grown roots
and experiments that separate water avail-
ability from nutrient delivery.
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