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Abstract
Sweetpotato [Ipomoea batatas (L.) Lam] is cultivated worldwide, and it is a staple

food in many developing countries. In some regions (e.g., Africa) drought is a major

production constraint that results in significant yield loss. Climate change is predicted

to result in even greater losses due to long periods of drought and elevated temper-

atures. The goal of this study was to assess the potential of wild Ipomoea spp. as

a source of drought tolerance in cultivated sweetpotato. We evaluated the drought

tolerance of I. batatas, I. cynanchifolia, I. leucantha, I. trifida and I. triloba in a

randomized complete block design, with five levels of simulated drought: control

(daily irrigation), and no irrigation for 7, 9, 21 and 50 days. We observed that post

drought re-irrigation of the wild species subjected to 21 days of stress resulted in plant

recovery and an increase of the stomatal conductance of up to 99% in I. leucantha.

However, under extreme stress (50 d) the wild plants did not respond to re-irrigation,

resulting in up to 89% (I. leucantha) plant mortality. The wild species did not produce

storage roots, while the I. batatas cultivars produced storage roots. Under 50 days of

stress I. batatas had a survival rate between 44% (cv. Tanzania) and 89% (cv. Beaure-

gard). We concluded that the wild genotypes screened may not be a valuable source

of germplasm for drought tolerance and that significant levels of drought tolerance

may exist in cultivated sweetpotato.

1 INTRODUCTION

Sweetpotato [Ipomoea batatas (L.) Lam] is a crop grown
worldwide, and its storage roots and foliage provide a source
of calories, vitamins and minerals for humans and animals
(Mohanraj & Sivasankar, 2014; Padmaja, 2009; Pochapski
et al., 2011). Being a good source of energy and nutrients,

Abbreviations: CWR, Crop wild relatives; NCSU, North Carolina State
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sweetpotato is a staple food in many Asian, sub-Saharan
Africa and South Pacific countries (Grüneberg, Manrique,
Zhang, & Hermann, 2005; Hotz et al., 2012; Low et al.,
2020; Minot, 2010; Mwanga et al., 2017). Sweetpotato is also
thought to be a drought tolerant crop, and due to this, it is
grown in drought-prone areas (Hahn, Alvim, & Kozlowski,
1977; Kays & Bouwkamp, 1985).

Drought tolerance in plants is a complex phenomenon,
and the response of a plant to drought varies according to a
wide range of physiological and physical factors related to
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genotype (Andrade et al., 2016; Gajanayake, Reddy, Shankle,
& Arancibia, 2014a; Hahn et al., 1977). In a scenario of
climate change, with extended periods of drought being one
of the impacts of environmental changes in agriculture, it is
important to increase our basic knowledge of drought resis-
tance in crop plants to prevent reduced yield in food crops.

Understanding how drought stress impacts stomatal con-
ductance is critical to our understanding of how photosyn-
thetic activity is affected by drought in plants. Stomatal con-
ductance regulates plant gas exchange and plant water rela-
tions, and it is correlated with photosynthesis (Farquhar &
Sharkey, 1982; Kusumi, Hirotsuka, Kumamaru, & Iba, 2012;
Medrano, Escalona, Bota, Gulías, & Flexas, 2002; Wong,
Cowan, & Farquhar, 1979). Therefore, studies of stomatal
conductance may provide valuable insights into how plants
survive when the uptake of carbon dioxide is reduced.

Taiz and Zeiger (2006) have noted that, in addition to stom-
atal conductance, leaf area plays an import role in photosyn-
thesis, with a large leaf area implicating a high photosynthe-
sis. Therefore, it can be speculated that leaf loss reduces the
photosynthetic capacity of a plant. The opening or closure of
stomata may also be as important as the ability of a plant to
keep or lose its leaves when the plant is under stress. If a plant
only wilts and then recovers after the period of stress, the plant
may still be able to resume its normal photosynthetic capac-
ity. However, if a plant loses a substantial portion of its leaves,
probably, it will have its uptake of carbon dioxide reduced.

The yield of sweetpotato is evaluated mainly by the biomass
of the storage roots (Kays & Bouwkamp, 1985; Kivuva,
Githiri, Yencho, & Sibiya, 2015; Meyers et al., 2017). The
formation of storage roots includes three growth stages: initi-
ation, induction and development (Du Plooy, Van den Berg,
Hammes, & Holtzhausen, 1992; Kays & Bouwkamp, 1985;
Gajanayake, Reddy, Shankle, & Arancibia, 2013; Gajanayake,
Reddy, Shankle, Arancibia, & Villordon, 2014b; Meyers et al.,
2017; Ravi, Naskar, Makeshkumar, Babu, & Krishnan, 2009;
Solis, Villordon, Baisakh, LaBonte, & Firon, 2014; Villordon,
LaBonte, & Firon, 2009). Typically, sweetpotato storage root
initiation occurs within 30 days after the crop has been planted
and is characterized by the differentiation of young and thick
adventitious roots that develop into storage roots. The induc-
tion of storage roots is the beginning of the storage root forma-
tion process and the development of the storage roots is largely
the result of starch accumulation. Starch is the major carbo-
hydrate of storage roots (Kays & Bouwkamp, 1985) and it is a
moderately heritable trait (Amankwaah, 2019; Oloka, 2019).
Sweetpotato yield can be greatly reduced when grown under
deficient irrigation. Limited water uptake affects the forma-
tion of storage roots, and under these conditions, pencil roots
may be formed instead of storage roots, resulting in reduced
yield (Kays & Bouwkamp, 1985; Low et al., 2020; Meyers
et al., 2017). Regular irrigation appears to be very important
for all of the storage root developmental stages of sweetpotato,
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but some stages may be more critical than others and each
stage can be compromised if any of them are affected by irreg-
ular or no irrigation (Meyers et al., 2017).

Climate scientists predict that drought events will become
prolonged and more erratic due to climate change (Dai, 2013;
McDowell et al., 2008; Schlaepfer et al., 2017; Trenberth
et al., 2014). These periods of water stress will undoubtedly
lead to decreased yields of many of the staple crops such as
sweetpotato. To prevent the reduction of yield due to extended
and/or erratic periods of drought in sweetpotato it is crucial
for us to develop germplasm that can serve as a source of
improved drought tolerance. The utilization of crop wild rel-
atives (CWR) of sweetpotato for improved drought tolerance
could be a means to adapt its cultivated counterpart to long
periods of drought.

The improvement of cultivated plants to abiotic and biotic
stress via the utilization of CWR has been evaluated in
many crops. Many of these studies show evidence that CWR
are a valuable source of genetic diversity for breeding pro-
grams. The exploitation of CWR as a source of genetic diver-
sity for drought tolerance purposes has been studied in food
crops such as wheat (Placido et al., 2013; Zaharieva, Gaulin,
Havaux, Acevedo, & Monneveux, 2001), soybean (Chen,
Chen, & de los Reyes, 2006), bean (Porch et al., 2013), barley
(Honsdorf, March, Berger, Tester, & Pillen, 2014; Suprunova
et al., 2004) and peanut (Brasileiro et al., 2015). Zaharieva
et al. (2001) identified accessions of Aegilops geniculata, a
wild relative of wheat that has the potential to be used in cul-
tivated wheat breeding programs to improve drought and heat
stresses through improved leaf area and biomass production.
Chen et al. (2006) identified the wild Glycine soja (PI 407155)
as more tolerant to drought stress than its cultivated counter-
part ‘Essex’ soybean. Honsdorf et al. (2014) evaluated intro-
gression lines of wild barley, in order to select drought toler-
ant materials. They identified the line S42IL-121 as drought
tolerant and suggested that S42IL-I21 could be used as a
source of drought tolerant genes to improve barley. Brasileiro
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T A B L E 1 Genotypes evaluated in the study, breeding program or country origin, and years evaluated

Species Genotype Origin Year(s)
I. batatas Beauregard USA – Louisiana State University 2018/2019

I. batatas Tanzania Uganda – East African Landrace 2018/2019

I. batatas Resisto USA – USDA Agricultural Research Service 2019

I. batatas Hatteras USA – North Carolina State University 2019

I. cynanchifolia PI 549093 Peru 2018/2019

I. leucantha PI 518481 Mexico 2018/2019

I. trifida PI 540724 Mexico 2018/2019

I. triloba PI 618966 Mexico 2018/2019

et al. (2015) did transcriptomic profiling of two wild
relatives of peanut that resulted in the identification of
drought-tolerant candidate genes such as expansin, nitrilase,
NAC, and bZIP.

Khoury et al. (2015) used geographic and ecological habitat
criteria to identify the CWR of I. Cynanchifolia, I. lacunosa,
I. leucantha, I. littoralis, I. splendor-sylvae, I. trifida and I.
triloba with potential adaptation to drought-prone areas. The
identification of genotypes of wild Ipomoea spp. that are tol-
erant to drought could be a step towards to the improvement
of drought tolerance in sweetpotato.

We assessed the potential of four wild relatives identi-
fied by Khoury et al. (2015) to be exploited as a source of
germplasm to improve drought tolerance in sweetpotato. We
hypothesized that these wild relatives would be more toler-
ant to drought than the cultivated sweetpotato. The drought
tolerance of eight genotypes belonging within the series
Batatas was compared by comparing stomatal conductance,
leaf loss, plant survival and biomass accumulation of wild and
cultivated Ipomoea spp. under different levels of irrigation
stress.

2 MATERIALS AND METHODS

2.1 Location

The study was performed during two years (May–October
2018, May–October 2019) under greenhouse conditions at the
Horticulture Field Laboratory greenhouses at North Carolina
State University, Raleigh, NC (35.7847˚ N, 78.6821˚ W).

2.2 Plant materials

The first study was conducted during May to October 2018.
We evaluated six genotypes of Ipomoea spp. (Table 1). One
of these genotypes, PI618966, was identified as I. trifida in
the U.S. National Plant Germplasm System (NPGS) GRIN-
Global database. However, phenotypic studies conducted by

members of the senior author’s team at NCSU and unpub-
lished molecular genetic studies conducted by Jan Kreuze at
the International Potato Center (CIP) using 13 diagnostic SSR
primers have determined that this accession, which was origi-
nally donated to the US NPGS by the CIP germplasm bank, is
actually an I. triloba accession. In 2019, we studied eight Ipo-
moea spp. genotypes in total, and to better evaluate the yield
(storage roots) of sweetpotato, we added two more cultivars
of sweetpotato, Hatteras and Resisto (Table 1).

The wild species (I. cynanchifolia, I. leucantha, I. tri-
fida and I. triloba) were identified as having the potential
to be adapted to drought-prone areas based on their eco-
geographic distribution by Khoury et al. (2015). To date,
several I. batatas cultivars have been evaluated in drought-
related studies: Beauregard (Gajanayake et al., 2014a; Lewth-
waite & Triggs, 2012; Taduri, Lone, Meyers, Shankle, &
Reddy, 2017), Resisto (Andrade et al., 2016; Laurie, Lau-
rie, Du Plooy, Finnie, & Van Staden, 2015; Van Heerden &
Laurie, 2008) and Tanzania (Andrade et al., 2016; Kivuva
et al., 2015). Heat tolerance has been positively correlated
with drought tolerance in plants (Bouslama & Schapaugh,
1984; Havaux, Ernez, & Lannoye, 1988; Zaharieva et al.,
2001). I. batatas cv. Hatteras was identified as a drought and
heat tolerant cultivar by Taduri et al. (2017), and it has also
been regarded as a heat and drought tolerant cultivar by the
Sweetpotato Breeding and Genetics Program at NCSU, who
developed this cultivar (G.C. Yencho, personal observation).

Seed of the wild Ipomoea spp. were acquired from the
U.S. National Plant Germplasm System (GRIN, 2018). Plants
(∼15 cm in length) of the cultivated genotypes were obtained
from the Sweetpotato Breeding and Genetics Program at
NCSU. The seed was germinated at 22 ˚C in germinating
mix substrate (Fafard Germinating Mix, Sun Gro Horticul-
ture, Agawam, MA, USA). Germinated wild Ipomoea spp.
plantlets and 15 cm cuttings of sweetpotato were transplanted
into 1 L (one liter) pots containing a 1:1 sand/soil mix. Each
pot contained 1.3 kg of soil, and the dosage of irrigation per
day was 125 ml. Plants were fertigated once a week, and
after one month after transplanting they were fertigated twice
a week.



NHANALA AND YENCHO 237Crop Science

2.3 Experimental design

The study was established as a randomized complete block
design. In 2018, the plants were assigned to four blocks
and three treatments: Treatment 1, control (daily irrigation);
Treatment 2, moderate (non-irrigated for 7 days [7 d]); and
Treatment 3, severe (non-irrigated during 21 days [21 d]).
Within each block three plants of each genotype per treatment
were established. However, six plants of I. trifida representing
two control plants, two moderate (7 d) plants, and two severe
(21 d) plants, did not survive after the transplantation making
this study an unbalanced design with a population size of 210
individuals. In 2019, the plants were established with three
blocks and three treatments, under the following treatments:
Treatment 1, control (daily irrigation); Treatment 2, moderate
(non-irrigated for 9 days [9 d]); and Treatment 3, extra severe
(non-irrigated for 50 days [50 d]). Within the three blocks of
each treatment, three plants of each genotype were planted,
resulting in an experiment with 216 individuals.

The treatments were applied four weeks after the plants
were transplanted. Due to a general lack of information
regarding drought stress on wild Ipomoea spp., the drought
treatments were established based on visual observation of
signs of drought (e.g., wilted leaves, and leaf loss) observed
during the initial experiment. These observations resulted in
the following drought treatments: moderate (7–9 d); severe
(21 d); and extra severe (50 d). The moderate treatment was
established as 7–9 d, based on the phenotypic observation of
“complete” wilt status of the plant; the severe treatment was
identified as the point where the wild species had completely
lost their leaves and appeared totally dry to the observer; and
the extra severe treatment, was defined based on the results
observed in 2018, and was identified as a point where all
genotypes (wild and cultivated) were completely desiccated
in order to evaluate the ability of the cultivated genotypes to
recover when completely dry and leafless. After the imposi-
tion of the respective drought treatment, the plants were re-
irrigated until harvest.

The plants were irrigated using an automatic drip irriga-
tion system programmed to supply 125 ml of water/day over
a 3 minute interval at 09:00 AM. The irrigation drippers were
manually adjusted for each of the assigned treatments of mod-
erate (7–9 d), severe (21 d) and extra severe (50 d). Plants were
fertigated once a week from transplantation up to four weeks
old, and later on the plants were fertigated twice a week.

2.4 Data collection

The following traits were measured during the experiments
in 2018: 1) leaf loss – one week after re-irrigation of the
severe treatment the fallen leaves were collected and weighed
using an SP401 Ohaus Scout Pro Portable Electronic Balance

(400 g; Ohaus Corporation, Pine Brook, NJ, USA); 2) sur-
vival rate and recovery capacity – the percentage of plants
surviving the treatments, and the percentage of plants that
developed (recovered) new leaves from the stems of the leaf-
less and/or dry plants under the 21 d and 50 d treatments
(the plants that did not become completely dry were not
recorded); 3) stomatal conductance – a fully expanded young
leaf of each plant was recorded using an SC1-Leaf Porometer
(Decagon Devices, Inc. Pullman, WA, USA) (stomatal con-
ductance was recorded from: 11:00 AM to 4:00 PM); 4) plant
biomass – the fresh weight of the above and belowground
parts of the plant; 5) storage root count per plant – the num-
ber of storage roots for each plant; and 6) dry weight of the
storage roots.

In 2019 we did not measure leaf loss, and based on the plant
survival results from 50 d, we did not evaluate plant recovery
in these plants. Instead we evaluated the plant status by asso-
ciating the visual physiological status with a subjective scale
where: 1 = at least 2/3 of the plant appeared to be dry; 2 = at
least 2/3 of the plant had a wilted appearance; and 3 = normal
plant appearance, similar to the control.

2.5 Data analysis

Analysis of variance (ANOVA) of the data was conducted
using SAS version 9.4 (SAS Institute Inc., Cary, NC) by deter-
mining the least significant means at P ≤ .05 of the traits that
were analyzed, using the Tukey method. A mixed model (proc
mixed), with the statistical model:

Y = Xβ + Zγ + ε

where Y is the response variable; X is the design matrix; β

is the fixed-effects parameter; Z is the design matrix; γ is
the random-effects parameter; and ε is the residual error term.

The percentage change of the traits evaluated were calcu-
lated using:

Stress treatment(%) = mean of the stress treatment
mean of the control treatment × 100

and
Change(%) = 100% − Stress treatment(%)

3 RESULTS

3.1 Survival rate and recovery capacity

The moderate treatments (7 d and 9 d without irrigation)
resulted in some leaf loss (Figure 1); however, none of the
plants grown under these levels of stress became completely
dry. In the 21 d stress treatment, all of the cultivated geno-
types survived, while 20% of the I. cynachifolia and 8% of
the I. leucantha plants survived. These results reflected a
recovery capacity from the 21 d (severe) treatment of: 80%
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Common letters within genotypes represent no significant difference at α = 0.05 (Tukey 
method). Bea = Beauregard; Cyn = I. cynachifolia; Leu = I. leucantha; Tan = Tanzania; Tba = 
I. triloba; Tfda = I. trifida. 

Bea Tan Cyn Leu Tba Tfda
Control 0.9751 1.4787 1.1676 1.308 1.6747 1.1146
7 Days 0.9868 1.8328 2.0141 1.501 1.3935 1.1209
21 Days 1.4399 2.4818 2.4782 2.4191 2.0626 1.7106
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(I. cynachifolia), 92% (I. leucantha), and 100% (remaining
wild Ipomoea spp.)

In terms of the 50 d stress treatment applied in 2019, all
of the I. cynachifolia, 89% of the I. leucantha, 44% of the I.
trifida and 67% of the I. triloba plants died; while the wild
species I. leucantha (11%), I. trifida (56%), and I. triloba
(33%) exhibited some recovery. Even after the 50 d of stress,
most of the cultivated genotypes never became completely
desiccated unlike the CWR, with survival rates for Beaure-
gard, Hatteras, Resisto and Tanzania of 89%, 78%, 33%, and
44%, respectively. Due to the high rate of death of wild Ipo-
moea spp., and due to the fact that some cultivated genotypes
never achieved a death status, we did not evaluate the recovery
capacity of the plants under 50 d stress.

3.2 Leaf loss

In 2018, all the genotypes were negatively affected by the 21 d
treatment (Figure 1), with significant leaf shedding occurring
in each of the genotypes compared to the control treatment.
In general, there was a greater percentage change between
the control and the 21 d treatments, but that difference was
not always observed between the control and the 7 d treat-
ments. For instance, Beauregard lost only 1% of its leaves
when comparing the control and 7 d treatments, while there
was a difference of 48% between the control and the 21 d treat-
ment. Similarly, I. trifida exhibited minimal leaf loss between
the control and 7 d treatment at 1%, while leaf loss between

the control and the severe treatment amounted to 54%. I.
triloba had a 17% decrease of leaf loss between the control
and moderate stress treatment and had the lowest difference
(23%) between the control and the 21 d treatments. For I.
cynachifolia, the severe treatment caused more than the dou-
ble (112%) of the leaf loss when compared with the con-
trol treatment. I. cynachifolia was the genotype that was the
most affected by the leaf loss for both treatments: moderate
(73%) and severe (112%). In general, based on leaf loss, I.
triloba was more tolerant to long-term (21 d) drought than
all other genotypes evaluated. In 2019, it was pre-determined
that the third treatment would be when all the cultivated geno-
types completely lost their leaves in order to evaluate their
recovery ability. In 2018, the severe treatment proved to be
statistically different from the control and moderate treat-
ments. Therefore, in 2019, we inferred that the amount of leaf
loss representing the extra severe treatment, i.e. complete dry
and leafless plants of wild and cultivated genotypes, would
also be statistically different from the other two treatments
evaluated.

3.3 Stomatal conductance

Stomatal conductance was reduced both moderate and severe
water stress after 7 d and 21 d of no irrigation (Figure 2a, b).
None of the genotypes presented significant differences
between the moderate and severe treatments. Ipomoea leu-
cantha and I. triloba did not exhibit statistically significant
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Common letters represent no significant difference at α = 0.05 (Tukey method). Bea = 
Beauregard; Cyn = I. cynachifolia; Leu = I. leucantha; Tan = Tanzania; Tba = I. triloba; Tfda = 
I. trifida.

Bea Tan Cyn Leu Tba Tfda
Control 267.4 234.6 103.4 65.1 91.4 139.6
7 Days 37.0 24.6 35.6 34.3 37.9 42.2
21 Days 33.9 25.8 37.8 38.1 27.9 31.7
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21 Days 40.8 25.9 51.3 30.7 32.2 38.9
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9 d and 50 d stress (d); and stomatal conductance of the plants recovered from 21 d stress (4e)
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Common letters represent no significant difference at α = 0.05 (Tukey method). Bea = 
Beauregard; Cyn = I. cynachifolia; Hat = Hatteras; Leu = I. leucantha; Res = Resisto; Tan = 
Tanzania; Tba = I. triloba; Tfda = I. trifida.

Bea Hat Res Tan Cyn Leu Tba Tfda
Control 166.9 164.2 409.6 228.2 135.6 78.5 83.4 60.5
9 Days 41.0 51.1 100.2 56.5 39.1 39.4 37.2 53.5
50 Days 40.9 38.9 41.6 27.9 44.5 36.7 46.5 44.6
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differences in stomatal conductance between all three treat-
ments. Upon application of re-irrigation after the 7 d drought
treatment, the stomatal conductance of all the genotypes
under the 7 d drought treatment exhibited increased stomatal
conductance (Figure 2b). Ipomoea leucantha had almost the
double (99%) of the stomatal conductance of the control
treatment. Ipomoea triloba had an increase of approximately
6% of the percentage when the plants received the moderate
treatment.

As in 2018, one week after applying the 9 d drought
treatment in 2019 the stomatal conductance of all the geno-
types were reduced, with a percentage decrease ranging
11–75% (Figure 2c). Statistical differences were observed
between the control and moderate treatments within Beaure-
gard, I. cynachifolia, Hatteras, Resisto and Tanzania. Upon
re-irrigation of the 9 d treatment stomatal conductance
increased 20–56% (Figure 2d). The plants exposed to drought
stress had a percentage decrease in an order of 50–93%.
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Common letters represent no significant difference at α = 0.05 (Tukey method). Bea = 
Beauregard; Cyn = I. cynachifolia; Leu = I. leucantha; Tan = Tanzania; Tba = I. triloba; Tfda 
= I. trifida.

Bea Tan Cyn Leu Tba Tfda
Control 91.9 93.7 49.4 52.4 92.0 58.3
7 Days 100.3 99.3 51.6 76.3 129.3 87.0
21 Days 148.4 130.0 87.7 104.4 171.6 84.8
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(e) Stomatal conductance of the recovered plants - Year 2018
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F I G U R E 2 Continued

Except for I. triloba and I. trifida, we observed a signifi-
cant difference within the 9 d and 50 d treatments for all
genotypes.

In terms of stomatal conductance of the recovered plants,
after 21 d of water stress, all of the CWR had dropped their
leaves and their stems appeared to be desiccated. However,
roughly one month after the re-irrigation of the plants under
stress for 21 d, the wild Ipomoea spp. produced new leaves
from the seemingly desiccated stems (Figure 2e). The stom-
atal conductance of the recovered plants increased, with a per-
centage change between 30–99%. Compared with the 21 d
treatment, the plants under the 50 d of stress did not recover
their leaves after the re-irrigation.

3.4 Plant status

The imposition of drought in all genotypes elicited phenotypic
changes that were scorable in our greenhouse-based studies.
One week after applying treatment, the 9 d treatment plants
began to exhibit wilting stress (Table 2a, b). The extension of
the period of drought resulted in more pronounced changes in
plant phenotypic appearance in all genotypes.

3.5 Plant biomass

3.5.1 Biomass aboveground

The fresh weight of the aboveground biomass was negatively
affected by all the drought stress treatments (Table 3a, b). Ipo-

moea trifida was the genotype least affected by the 7 d treat-
ments, while I. cynachifolia (11%) was the most affected by
the 21 d stress (70%). Ipomoea cynachifolia was negatively
affected by the 50 d treatment, and none of the I. cynachifolia
plants survived in the extra severe treatment. Ipomoea triloba
had the lowest survival rate under the 50 d treatment (82%).

3.5.2 Biomass belowground

Belowground biomass was reduced by all the drought stress
treatments (Table 3c, d). In 2018, I. trifida was the genotype
least affected by the 7 d treatment with an increase of 41%,
while I. cynachifolia was the most affected by the 21 d stress
(94%). Ipomoea cynachifolia was severely affected by the 50 d
treatment, with none of the plants surviving this treatment.

3.6 Yield of cultivated sweetpotato

3.6.1 Storage root count per plant

None of the wild Ipomoea spp. produced storage roots. For
Beauregard, there was not a statistical difference between the
control, 7 d and 21 d treatments (Table 4a) in terms of stor-
age root numbers. The same results were observed for Tan-
zania. Tanzania storage root number was reduced in the 7 d
(27%) and 21 d (91%) treatments. Beauregard was negatively
affected almost to the same extent by the 7 d and 21 d treat-
ments, with a decrease of about 16% (Table 4a). Tanzania
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T A B L E 2 Frequency of the status of the Ipomoea spp. plants studied. Each numerical value was assigned to a specific plant status: Normal (3),
wilted (2) and, dry (1). The data include the frequency of the status of the plants for control, 9 d and 50 d treatments during the first week (a); and the
frequency during the second week (b). Values were derived from a sample of 216 individuals

a. Frequency of the status of the plants one week (8–10 days) after treatment; Year 2019
Status 3 = Normal Status 2 = Wilted Status 1 = Dry

Genotype Control 9 d 50 d Control 9 d 50 d Control 9 d 50 d
Beauregard 9 2 0 0 7 9 0 0 0

I. cynachifolia 9 2 0 0 6 6 0 1 3

Hatteras 9 3 0 0 6 8 0 0 1

I. leucantha 9 0 0 0 7 8 0 2 1

Resisto 9 3 0 0 6 9 0 0 0

Tanzania 9 3 0 0 6 9 0 0 0

I. triloba 9 2 0 0 6 9 0 1 0

I. trifida 9 3 0 0 6 8 0 0 1

Total 72 18 0 0 50 66 0 4 6

Percentage 33% 8% 0% 0% 23% 31% 0% 2% 3%

b. Frequency of the status of the plants two weeks (16–18 days) after treatment; Year 2019
Status 3 = Normal Status 2 = Wilted Status 1 = Dry

Genotype Control 9 d 50 d Control 9 d 50 d Control 9 d 50 d
Beauregard 9 8 0 0 1 7 0 0 2

I. cynachifolia 9 8 0 0 1 0 0 0 9

Hatteras 9 9 0 0 0 8 0 0 1

I. leucantha 9 8 0 0 1 4 0 0 5

Resisto 9 8 0 0 1 6 0 0 3

Tanzania 9 7 0 0 2 7 0 0 2

I. triloba 9 9 0 0 0 4 0 0 5

I. trifida 9 9 0 0 0 5 0 0 4

Total 72 66 0 0 6 41 0 0 31

Percentage 33% 31% 0% 0% 3% 19% 0% 0% 14%

Bea = Beauregard; Cyn = I. cynachifolia; Hat = Hatteras; Leu = I. leucantha; Res = Resisto; Tan = Tanzania; Tba = I. triloba; Tfda = I. trifida.

was highly affected the by the 9 d and 50 d treatments, with
the number of roots per plant being reduced to 0% when the
plant was under stress for 50 d (Figure 3; Table 4b). Hatteras
and Resisto, two clones known for their drought tolerance had
fewer storage roots at 9 d compared to the 50 d treatment. For
Hatteras, the percentage decrease was of 44% (9 d) and 33%
(50 d), while Resisto’s productivity was reduced by half when
grown under 9 d of stress, and 40% when exposed to severe
stress.

3.6.2 Dry weight of the storage roots

Tanzania yield, as measured by dry weight, was less than all
of treatments, with 21 d and 50 d treatments resulting in the
most yield loss (Table 4c, d). The 50 d treatment reduced yield
in all genotypes, with a percentage ranging from 92–100%
(Table 4d).

4 DISCUSSION

Our results suggest that the wild species studied were more
sensitive to water stress than their cultivated counterparts
and they responded to water stress differently. In response
to severe drought stress I. leucantha, I. trifida, and I. triloba
dropped their leaves, and their stems desiccated to the point
that the plants were seemingly dead. However, after the
drought was ended, they produced new foliage from seem-
ingly dead tissue and exhibited some recovery.

Tanzania, I. cynachifolia and I. leucantha wilted and lost
their leaves faster than Beauregard, I. trifida, and I. triloba
(Figure 1). The effects of 7 d of stress resulted in a 24% leaf
loss in Tanzania, 73% in I. cynachifolia and 15% in I. leu-
cantha, while the other genotypes Beauregard, I. trifida, and
I. triloba increased 1%, 1%, and 17%, respectively. Taiz and
Zeiger (2006) recognized leaf loss due to water stress as a
mechanism to adjust a plant’s leaf area to prevent water loss
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T A B L E 3 Mean ± standard error of aboveground and belowground fresh biomass of the Ipomoea spp. studied. Tables present averages
calculated for the control, 7 d, 9 d, 21 d and 50 d treatments. The results include observation of the aboveground weight of the 7 d and 21 d stress (a);
aboveground weight of the 9 d and 50 d stress (b); belowground weight of the 7 d and 21 d stress (c); and the belowground weight of the 9 d and 50 d
of stress (d). Percentage of change was calculated based on the means of the control treatment for the respective genotype

a. Biomass aboveground; Year 2018
Control 7 d 21 d

Genotype Mean Mean Change Mean Change
g % g %

Beauregard 46.16 ± 2.47 cd 38.94 ± 2.47 cde 15.63 36.20 ± 2.47 cdef 21.57

Tanzania 77.89 ± 2.47 a 59.68 ± 2.58 b 23.37 46.21 ± 2.47 cd 40.66

I. cynachifolia 48.34 ± 2.47 bc 33.25 ± 2.47 defg 31.21 14.33 ± 2.47 hi 70.35

I. leucantha 48.29 ± 2.47 bc 32.76 ± 2.47 efg 32.16 14.82 ± 2.47 hi 69.30

I. triloba 36.55 ± 2.47 cdef 23.84 ± 2.47 fgh 34.78 10.21 ± 2.47 i 72.05

I. trifida 38.32 ± 2.65 cde 33.93 ± 2.67 defg 11.44 20.29 ± 2.67 ghi 47.03

b. Biomass aboveground; Year 2019
Control 9 d 50 d

Genotype Mean Mean Change Mean Change
g % g %

Beauregard 80.06 ± 5.02 bcd 72.70 ± 5.02 cde 9.20 41.29 ± 5.29 efg 48.42

I. cynachifolia 67.90 ± 5.02 cdef 48.86 ± 5.02 ef 28.03 NE –

Hatteras 84.02 ± 5.29 abc 70.27 ± 5.29 cde 16.36 35.19 ± 5.64 fg 58.11

I. leucantha 67.84 ± 5.02 cdef 45.94 ± 5.02 efg 32.28 10.40 ± 14.17 fg 84.67

Resisto 75.25 ± 5.02 bcde 80.77 ± 5.02 bcd 7.34 39.16 ± 8.70 efg 47.95

Tanzania 108.61 ± 5.02 a 101.87 ± 5.02 ab 6.20 40.79 ± 7.42 efg 62.44

I. triloba 53.80 ± 5.02 def 45.36 ± 5.02 efg 15.67 9.76 ± 8.70 g 81.84

I. trifida 64.37 ± 5.64 cdef 59.83 ± 5.64 cdef 7.06 15.57 ± 6.57 fg 75.8

c. Biomass belowground; Year 2018
Control 7 d 21 d

Genotype Mean Mean Change Mean Change
g % g %

Beauregard 35.22 ± 5.54 a 16.42 ± 5.54 abc 53.38 11.02 ± 5.54 abc 68.72

Tanzania 13.13 ± 5.54 abc 5.25 ± 5.54 bc 60.03 2.35 ± 5.54 bc 82.13

I. cynachifolia 31.37 ± 5.54 ab 12.12 ± 5.54 abc 61.38 1.79 ± 5.54 c 94.30

I. leucantha 12.22 ± 5.54 abc 4.75 ± 5.54 bc 61.11 1.47 ± 5.54 c 87.94

I. triloba 10.07 ± 5.54 abc 2.60 ± 5.54 bc 74.16 1.42 ± 5.54 c 85.88

I. trifida 19.26 ± 5.64 abc 9.46 ± 5.58 abc 50.89 5.88 ± 5.71 abc 69.45

d. Biomass belowground; Year 2019
Control 9 d 50 d
Mean Mean Change Mean Change

Genotype g % g %

Beauregard 12.21 ± 5.51 d 13.27 ± 5.51 d 8.73 13.41 ± 5.78 d 9.81

I. cynachifolia 95.58 ± 5.51 ab 45.94 ± 5.51 cd 51.93 NE

Hatteras 8.47 ± 5.78 d 8.98 ± 5.78 d 6.03 10.25 ± 6.16 d 20.90

I. leucantha 42.72 ± 5.51 cd 24.46 ± 5.51 d 42.73 7.40 ± 15.11 d 82.68

Resisto 13.14 ± 5.51 d 11.24 ± 5.51 d 14.45 8.86 ± 9.55 d 32.54

Tanzania 24.38 ± 5.51 d 29.83 ± 5.51 d 22.32 15.84 ± 8.07 d 35.01

I. triloba 44.35 ± 5.51 cd 22.64 ± 5.51 d 48.95 4.60 ±9.55 d 89.63

I. trifida 104.68 ± 5.51 a 70.36 ± 5.51 bc 32.78 16.65 ± 7.12 d 84.09

NE = Mean not estimated due to no survival of none of the plants grown under the treatment.
Common letters within columns represent no significant difference at α = .05 (Tukey method).
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T A B L E 4 Mean ± standard error of storage root yield of the cultivated I. batatas. The data include the storage root count per plant and dry
weights for control, 7 d, 9 d, 21 d, and 50 d the treatments. Storage root count per plant for 7 d and 21 d (3a); storage root count per plant for 9 d and
50 d (3b); dry weight of the storage roots for 7 d and 21 d (3c); dry weight of the storage roots for 9 d and 50 d (3d). Percentage of change was
calculated based on the means of the control treatment for the respective genotype

a. Storage root count per plant; Year 2018
Control 7 d 21 d

Genotype Mean Mean % Change Mean % Change
Beauregard 3.07 ± 0.31 a 3.08 ± 0.31 a 0.14 2.57 ± 0.31 a 16.31

Tanzania 0.91 ± 0.31 b 0.66 ± 0.31 b 27.42 0.08 ± 0.31 b 91.01

b. Storage root count per plant; Year 2019
Control 9 d 50 d

Genotype Mean Mean % Change Mean % Change
Beauregard 4.66 ± 0.45 ab 3.88 ± 0.45 abc 16.67 3.25 ± 0.48 abcd 30.36

Hatteras 5.55 ± 0.45 a 3.11 ± 0.45 bcd 44.00 3.71 ± 0.52 abc 33.14

Resisto 3.33 ± 0.48 abcd 1.66 ± 0.48 cde 49.99 2.00 ± 0.79 bcde 39.99

Tanzania 1.11 ± 0.45 de 0.33 ± 0.45 e 70.00 0.00 ± 0.68 e 100.00

c. Dry weight of the storage roots; Year 2018
Control 7 d 21 d

Genotype Mean Mean Change Mean Change
g % g %

Beauregard 22.6579 ± 1.1841 a 11.8751 ± 1.1841 b 47.59 6.5313 ± 1.1841 bc 71.17

Tanzania 1.6835 ± 1.1841 cd 1.3739 ± 1.1841 cd 18.39 0.03915 ± 1.1841 d 97.67

d. Dry weight of the storage roots; Year 2019
Control 9 d 50 d

Genotype Mean Mean Change Mean Change
g % g %

Beauregard 70.14 ± 8.21 ab 47.05 ± 8.21 abc 32.92 5.40 ± 8.41 c 92.29

Hatteras 83.61 ± 8.21 a 49.57 ± 8.21 abc 40.70 3.94 ± 8.81 c 95.28

Resisto 32.27 ± 8.41 bc 11.28 ± 8.41 c 65.02 1.43 ± 14.22 c 95.96

Tanzania 9.50 ± 8.21 c 0.45 ± 8.21 c 95.20 0.00 ± 11.24 c 100.00

Common letters within columns represent no significant difference at α = .05 (Tukey method).

(via transpiration) and improve the performance of the plant
in a long-term drought event. Tanzania appeared to be more
sensitive to drought than the other cultivated genotypes stud-
ied. Ipomoea cynachifolia and I. leucantha, which had 21%
and 8% mortality, respectively, did not survive the 21 d stress
while the other wild species recovered 100%. After 50 days of
stress 100% of the I. cynachifolia plants died, followed by I.
leucantha (89%); 44% of I. trifida and 67% of I. triloba that
did not recover from the 50 days of stress.

Leaf loss in the CWR generally occurred from the bottom
up (Figure 4). Kramer (1983) argued that the death of the
older leaves, in terms of drought tolerance, has no effect in
plants, as the rates of transpiration and photosynthesis of the
old leaves contribute minimally to plant growth. Leaf loss as
a plant survival strategy is undoubtedly complex. To under-
stand this assumption with a bit more of detail, it is important
to understand the role of stomatal conductance. The wild rela-
tives studied here could have a mechanism that allows to them

to mitigate drought through the reduction of stomatal con-
ductance to prevent water loss via transpiration. The reduc-
tion of stomatal conductance inhibits photosynthesis, as stom-
atal conductance is positively correlated with photosynthesis
(Farquhar & Sharkey, 1982; Kusumi et al., 2012; Medrano
et al., 2002; Wong et al., 1979). With the closure of stom-
ata, plants may suffer due to the reduction of the uptake of
carbon dioxide, preventing photosynthesis. The recovery of
the wild species after the 21 d stress, resulted in recovered
plants with higher stomatal conductance than the control and
moderate plants (Figure 2e) supports the hypothesis that leaf
loss might not be a strategy to protect the plant. The reason
is while the plants lost their leaves to prevent water loss, they
also reduced the uptake of carbon dioxide, and once the plants
sensed that water stress was not an issue anymore, stomatal
conductance increased in order to uptake the carbon diox-
ide that was suppressed during the time the plant was under
stress. Except for I. trifida, the stomatal conductance of the



NHANALA AND YENCHO 245Crop Science

 

 
Common letters within genotypes represent no significant difference at α = 0.05 (Tukey 
method). Bea = Beauregard; Cyn = I. cynachifolia; Hat = Hatteras; Leu = I. leucantha; Res = 
Resisto; Tan = Tanzania; Tba = I. triloba; Tfda = I. trifida. 
 

Bea Hat Res Tan
Control 4.7 5.6 3.3 1.1
9 days 3.9 3.1 1.7 0.3
50 days 3.3 3.7 2.0 0.0

ab
a

a_d

de

abc

17

bcd

44

cde

50

70
e

a_d

30

abc

33

b_e

40

99.9
e

-2.0
-1.0
0.0
1.0
2.0
3.0
4.0
5.0
6.0
7.0tnalp / tnuo c st oor ega rot S

Means and percentage change within each cultivar

Number of storage roots per plant - Year 2019       

Control 9 days 50 days

F I G U R E 3 Storage root yield of the cultivated I. batatas studied. The figure shows the storage root count per plant for control, 9 d, and 50 d
treatments

F I G U R E 4 Signs of drought stress of I. batatas studied. The figure shows I. batatas cultivars Tanzania and Hatteras, with signs of 15 days of
drought stress



246 NHANALA AND YENCHOCrop Science

recovered plants had higher values than the stomatal conduc-
tance of the plants that were under the control and moderate
treatments (Figure 2e).

All the wild species that were evaluated in our study
have their origin in Latin America (Table 1; GRIN, 2018),
where the environmental conditions are different from
where the studies were conducted (North Carolina), and
they naturally grow in uncultivated conditions. Tanzania, a
medium maturity African released landrace adapted to dry
areas (Mwanga, Odongo, Ocitti, Obwoya, Gibson, & Smit,
2001), was the first cultivated genotype showing signs of
drought in our study, with a leaf loss of 24% after 7 d of
stress (Figure 1), and the stomatal conductance at that same
point, being reduced at about 90% of its normal capacity
(Figure 4a). All the remaining cultivated genotypes were
cultivars developed in the U.S. (Table 1). Tanzania has been
used as a check cultivar in drought-prone environments and
it is thought to be drought tolerant (Andrade et al., 2016;
Grüneberg et al., 2015; Kivuva et al., 2015). However, it
did not perform as well as the other cultivated genotypes.
Probably an interaction between genotype and environment
(G × E) is playing a role in the way how Tanzania responds
to drought, as Tanzania is not adapted to the environmental
and daylength conditions of North Carolina.

None of the CWR of Ipomoea spp. produced storage roots,
and our general observations suggest that the I. batatas cul-
tivars studied were more tolerant to drought than the CWR
studied. Sweetpotato storage roots are mainly composed of
starch (Amankwaah, 2019; Kays & Bouwkamp, 1985; Kita-
hara et al., 2017). It is possible that the storage roots served
as a source/reserve of carbohydrate that allowed the plant to
continue to perform its “normal” metabolic activities even
under water stress. Thus, the cultivated genotypes when
under stress, used the carbon from starch as a source of
reserve for the plant. This hypothesis is supported by Huber
(2000) and Taiz & Zeiger (2006). Starch and sucrose are the
carbohydrate end products of photosynthesis (Huber, 2000;
Taiz & Zeiger, 2006). Huber (2000) recognized the role of
starch in plant metabolism as a reserve of carbon. The starch
that is found in sink tissues (the storage roots of sweetpotato),
are a source of reserve of carbon. The wild relatives, not hav-
ing this source of reserve, once they sense drought, they begin
to drop their leaves as a mechanism of defense against drought
(Taiz & Zeiger, 2006). Beauregard is a cultivar that matures
early (Rolston et al., 1987), Hatteras has an early to mid-cycle
maturity (Yencho & Pecota, 2009), Resisto has a mid to late
cycle (Kapinga et al., 2010), and Tanzania is a medium to late
maturity cultivar (Mwanga et al., 2001). The initiation of stor-
age roots begins around two to three weeks after transplan-
tation (Gajanayake et al., 2013; Meyers et al., 2017), but this
time can vary dramatically according to the cultivar. Our treat-
ments were applied about two weeks after the early cultivars
had started the initiation of storage roots. It is possible that the

mid to late cultivars, began the initiation of storage roots a bit
later, and the treatments (water stress) that we applied were a
limiting factor in the initiation of the storage roots for those
mid to late cultivars (Figure 3). Added to that, the genotype
by environment interaction (G × E) also played a role in the
storage root set. Thus, based on the results that we observed in
terms of storage root set per plant (Figure 3), and the absence
of storage roots within the wild genotypes, we interpreted that
because the wild species did not have the source of carbohy-
drate reserves to cope with the drought tolerance they showed
signs of drought earlier than the cultivated genotypes. Tanza-
nia, a short-day adapted, drought tolerant land race from east-
ern Africa, that was grown under long-day conditions in these
experiments, produced only a few small storage roots. Its lack
of storage roots probably did not provide as much reserve as
the other cultivated genotypes, and because of this it may have
expressed earlier signs of drought such as leaf loss compared
to the other cultivars (Figure 1). We assume therefore that stor-
age roots play an important role in a plant’s ability to tolerate
water deficit stress, and that role can be even greater if the
process of initiation of storage roots is not affected. Resisto, a
mid to late cultivar, had the second lowest number of storage
roots per plant and had the lowest survival (33%) rate under
extra severe conditions, followed by Tanzania (44%), Hatteras
(78%), and Beauregard (89%). These survival rates also sup-
port the hypothesis that the storage roots were a source of
reserves or the plants under stress.

The wild genotypes that were evaluated in this study were
diploids, while the cultivated genotypes were hexaploids.
Polyploid plants are known for having certain advantages over
diploid plants. Hybrid vigor and heterosis are some of the
advantages of polyploids over the diploids (Beest et al., 2012;
Comai, 2005; Sattler, Carvalho, & Clarindo, 2016). Zhang
et al. (2015) observed that autotetraploid apples increased
drought tolerance in apple. Yang, Huang, Qin, Zhao, and Zhou
(2014) observed that autotetraploid lines of rice responded
better to drought tolerance than the corresponding diploid
lines. It could be that the cultivated genotypes (autoploid
hexaploids) are taking advantage of their genome duplication
over the diploid ones.

The role of leaf loss as a strategy to protect the plant against
the stress is unclear. Based on our observation of near com-
plete stem desiccations of some of the CWR, we speculate
that the wild Ipomoea spp. could be resurrection plants. Res-
urrection plants are plants that can tolerate desiccation to 5%
relative water content for extended periods and yet resume full
metabolic activity on re-watering (Farrant, Brandt, & Lindsey,
2007). Transcriptomics studies have been done on resurrec-
tion plants and would help us to understand better the genetic
mechanism behind the recovery of the wild species that were
completely dry and recovered after they were irrigated. Yet,
our studies suggest that in the case of sweetpotato, trying
to study materials that produce storage roots may be a more
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feasible and productive approach to understand drought toler-
ance in this crop.

In conclusion, at the phenotypic level, the cultivated geno-
types evaluated in our study were more tolerant to drought
than the wild species studied. Also, we speculate that the
storage roots of sweetpotato may play an important role into
the response of cultivated sweetpotatoes to environmental
stresses. Last, in terms of the yield of sweetpotato, since none
of the CWR of I. batatas produced storage roots and they did
not appear to be more tolerant of drought in general com-
pared to the cultivated sweetpotatoes, probably these species
may not be the best option to improve drought tolerance in
sweetpotato.
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