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Abstract: Taro (Colocasia esculenta (L.) Schott) and sweet potato (Ipomoea batatas (L.) Lam.) are important
food crops worldwide, whose productivity is threatened by climatic constraints, namely drought.
Data calibration, validation, and model development of high-precision near-infrared spectroscopy
(NIRS) involving multivariate analyses are needed for the fast prediction of the quality of tubers and
shoots impacted by drought stress. The main objective of this study was to generate accurate NIRS
models for quality assessment of taro and sweet potato accessions (acc.) subjected to water scarcity
conditions. Seven taro and eight sweet potato acc. from diverse geographical origins were evaluated
for nitrogen (N), protein (Pt), starch (St), total mineral (M), calcium oxalate (CaOx), carbon isotope
discrimination (A'3C), and nitrogen isotopic composition (5!°N). Models were developed separately
for both crops underground and aboveground organs. N, Pt, St, and M models could be used as
quality control constituents, with a determination coefficient of prediction (rzpred) between 0.856 and
0.995. 513C, §1°N, and CaOx, with rzpred between 0.178 and 0.788, could be used as an informative
germplasm screening tool. The approach used in the present study demonstrates NIRS’s potential for
further research on crop quality under drought.

Keywords: calcium oxalate; carbon and nitrogen isotopic compositions; near-infrared spectroscopy;
nitrogen protein; starch; sweet potato; taro; total minerals; water scarcity

1. Introduction

Tropical tuber crops, such as taro [Colocasia esculenta (L.) Schott] and sweet potato [Ipomoea batatas
(L.) Lam.], are widely consumed, with significant food and nutritional security contribution in
developing countries [1-4].

Taro belongs to the family Araceae and needs relatively high-water availability (up to 3500 mm) to
achieve optimum growth and production [2,3,5]. Taro corms could be processed into fresh or fermented
paste, flour, chips, flakes, and beverages, and contain beneficial nutritional components, such as a good
amount of dietary fiber, highly digestible starch granules, and mucilage [2,3]. Taro leaves are also a
good source of protein and minerals, consumed as a steamed or boiled vegetable [2,5].

Sweet potato, belonging to the family Convolvulaceae, requires up to 1000 mm of rainfall or
irrigation water supply for the good development of the storage root tubers. Sweet potato leaves and
storage roots (often called tubers) have remarkable importance in diverse uses from feed consumption
and industrial sectors, such as animal feed, flour, starch, glucose, candy, noodles, natural colorants,
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and alcohol [2,5]. The leaves are a good source of protein and minerals, and the tubers are mainly
composed of carbohydrates consisting of starch and sugars [5].

The raw consumption of both taro and sweet potato crops is avoided as they contain different
oxalic acid concentration as crystals of calcium oxalate (CaOx) in their tissues, especially under stress
conditions (e.g., drought), which negatively affects their nutritional value and quality [6-8].

Protein (Pt), nitrogen (N), starch (St), total minerals (M), crude fiber (Fb), and CaOx are the
major quality constituents analyzed by laboratories for both crops, either grown under non-stress
conditions [7,9-18], or low-input [19], different irrigation [20], rain-fed [21-23], or other environmental
conditions [4,5,24-26]. Taro growth [27,28] and sweet potato quality under drought conditions have
recently been studied [29]. However, the analytical process for the major crop quality constituents is
still constrained by cumbersome laboratory protocols.

Near-infrared spectroscopy (NIRS) is a fast and reliable spectral technique that allows the screening
of numerous varieties, recommended for plant breeding and improvement programs [18,30,31].
Due to its speed of analysis, the accuracy of results, versatility, ease of sample preparation, multiple
sample determination in a single operation, without using any chemical reagents allied to a low-cost
technique, NIRS has been widely used to characterize several parameters in biological samples [30,31].
The introduction of several new features over the conventional NIR spectroscopy in the last decade led
to its development, passing from the optical light beam scatters to the recent inputs of hyperspectral
sample surface imaging [32]. NIR spectroscopy uses high-precision spectral techniques that evolve
complex computations, operating chemometric algorithms for preprocessing and multivariate data
analysis [32,33].

Beyond quality control through the quantification of major chemical constituents, it is essential to
link complex phenotypes and chemotypes to plant breeding in changing environments, especially under
drought stress [34,35]. Drought stress is not static and affects crops with variable length and severity
over their life cycle as one of the main collateral consequences of climate change, leading to changes in
chemical composition, productivity, and quality of harvest products as a physiological crop response
to stress [36,37]. Depending on drought conditions, there are direct correlations between major quality
constituents and phenotype [37].

The quality constituents of taro and sweet potato underground organs [starch and total
sugars (as carbohydrates), N, Pt, and M] have been predicted by conventional NIRS [10,16-18].
Other components, such as crude fiber and carbon isotope discrimination (A3C) in cereals [38,39]
and compound feeds [40], as well as carbon and nitrogen isotopic compositions (5'>C and §'°N)
in plant tissues [41], were also predicted by conventional NIRS. Hitherto, the application of NIRS
modeling to register the influence of drought stress on the quality constituents of both the under and
aboveground crop plant organs is rather limited. No study has shown its application in the evaluation
of the quality changes related to the physiological response of taro and sweet potato crops to stress
conditions, when subjected to water scarcity. In current breeding programes, it is crucial to use fast
tools for phenotyping the recurrent selected quality traits, linked with a fast-physiological response
to stress. NIRS can be used for the prediction analysis of major quality constituents and can replace
the costly laboratory analysis, and contribute to predicting crop physiological responses to drought.
The development of NIRS technological application for such purposes could ease the detection of
plant response to water scarcity through physiologic and quality traits that could be used for research,
or breeders, and agri-food companies.

The main objectives of the present study were (1) to develop accurate NIR prediction models
of chemical quality constituents (N, Pt, St, Fb, M, CaOx, 513C, A13C, §'°N, and total carbon (TC)),
using the flour of the underground and aboveground organs of taro and sweet potato crops subjected
to drought stress; and (2) to clarify the relationships between phenotype drought response, chemotype,
and other major chemical quality constituents, using the generated NIR models to help monitor their
tolerance or susceptibility to drought stress.
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2. Materials and Methods

2.1. Sample Preparation and Chemical Analysis

Seven taro and eight sweet potato accessions (acc.) were cultivated in six plots (three experimental
replicates for control, and three experimental replicates for drought) to determine their physiological
response to water scarcity (Table 1).

Table 1. Accessions analyzed for quality traits as actual reference (calibration) and near-infrared
spectroscopy (NIRS) prediction.

Accession ID 1 Name Locality Origin Category
Taro [Colocasia esculenta (L.) Schott]
2056 Listado La Palma Canary Islands—Spain (CAN) Local
2061 Blanco Saucero La Palma Canary Islands—Spain (CAN) Local
2210 Roxo Porto Moniz Madeira Island—Portugal (MAD) Local
2216 Branco Santa Cruz Madeira Island—Portugal (MAD) Local
2232 PExPH 15-6 BL/HW/08 Hawaii Fiji—Pacific Community (SPC) Breeding lines
2234 (C3-22 BL/PNG/11 Papua New Guinea Fiji—Pacific Community (SPC) Breeding lines
2239 Karang CE/MAL/10 Malaysia Fiji—Pacific Community (SPC) Breeding lines
Sweet potato [I[pomoea batatas (L.) Lam.]
1036 Brasileira Céamara de Lobos Madeira Island—Portugal (MAD) Local
1038 5 Bicos Santana Madeira Island—Portugal (MAD) Local
2927 de Flor Porto Moniz Madeira Island—Portugal (MAD) Local
3126 Inglesa Porto Moniz Madeira Island—Portugal (MAD) Local
2937 Roja Tenerife Canary Islands—Spain (CAN) Local
2938 Cubana Tenerife Canary Islands—Spain (CAN) Local
3124 Vermelha Bafata Guinea-Bissau (GUI) Local
3125 Branca Bafata Guinea-Bissau (GUI) Local

! Identification number code used by the ISOPlexis Genebank (Madeira, Portugal).

The taro assay (Figure 1) was performed in an open greenhouse at the Preces experimental station
(32°39" N, 16°58" W, 188 m a.s.l., Camara de Lobos, Madeira, Portugal), with the implementation of
drought conditions for seven months, for two agronomic trials in 2015 and 2017 [42]. Similarly, the sweet
potato assay (Figure 1) was established at the ISOPlexis experimental field (32°39" N, 16°55" W,
174 m a.s.l,, Funchal, Madeira, Portugal), in randomly split-plot field design, with water scarcity
conditions applied for three months, for two trials in 2017 and 2018 [43]. The trials were established on soil
free of chemical contaminants, without the addition of any fertilizers or phytopharmaceutical products.

At the end of each trial, 336 taro corm and shoot (petioles and leaves) and 384 sweet potato
storage root and shoot (stem, stalk, and leaves) samples were harvested from the control and drought
plots. All samples were cleaned under running water, weighed with a scale (Sartorius Basic BA2100S,
Gottingen, Germany), sliced (2-3 mm thick) with a mandolin slicer, dehydrated using an air oven at
65 °C during 48 h (Memmert UF260, Schwabach, Germany), and finely milled (IKA-Werke M20, Staufen,
Germany). The flour was placed into bags (Termofilm PA/PE), vacuum-sealed (Audionvac VMS153,
Weesp, The Netherlands), and stored at —35 °C (Liebherr ProfiLine GGPV6570, Schwabach, Germany)
until analysis.

The flours from the 1st trial were chemically evaluated and used as reference values for the above
and underground organs, for the following constituents: nitrogen (N), protein (Pt), starch (St), crude fiber
(Fb), total minerals (M), calcium oxalate (CaOx), carbon isotopic composition (§'2C), carbon isotope
discrimination (A'3C), nitrogen isotopic composition (8'°N), and total carbon (TC) content.

Nitrogen and protein content were determined by the Kjeldahl method, using a distillation and
titration automatic unit (Velp Scientifica UDK 152, Milan, Italy), with the factor Nx6.25 applied to
convert the total nitrogen to crude protein content [44]. Starch was determined according to Hodge
and Hofreiter [45] using a spectrophotometer UV/Vis (Shimadzu, 2401 PC, Kyoto, Japan) with the UV
Probe 2.52 software. Total mineral or ash content was gravimetrically determined using a furnace at
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550 °C (Ney Vulcan Model 3-550, Yucaipa, CA, USA) [44]. Crude fiber was determined by a raw fiber
extractor (Velp Scientifica FIWE 6, Usmate, Italy), according to the modified Scharrer method [46].
Calcium oxalate was obtained by extraction with boiling sulfuric acid (H,SO4, 20%) [47] and calculated
from consumption of permanganate potassium (KMnQOy, 0.05M) [23,48]. The isotopes 5'3C, A13C, §1°N,
and TC were determined at the Natural Resources Analytical Laboratory at the University of Alberta
(Edmonton, Canada), using the micro-chemical method [49], and the Delta V Advantage Continuous
Flow Isotope Ratio Mass Spectrometer (CF-IRMS, Thermo Finnigan Corp, Bremen, Germany).

Figure 1. Taro and sweet potato crops were submitted to drought stress for two agronomic trials in
distinct experimental sites, but they share the same steps from harvest until analysis. A—harvest of
the plants of the taro drought assays performed in an open greenhouse in 2015 and 2017, B—harvest
of the plants of the sweet potato drought trials implemented in a split-plot field design in 2017 and
2018, C—oven-drying the underground and aboveground plant organs at 65 °C for 48 h, D—milling
the dried samples and placing them into vacuum-sealed bags stored at —35 °C, E—flours from the 1st
drought assay were chemically evaluated for quality constituents, F—NIR prediction of the quality
constituents of the sample flours obtained from the 2nd drought assay.

2.2. NIRS Measurements, Data Pretreatment and Analysis

Flour samples from the above and underground organs of both crops studied were inserted into a
spectrometer cell (small ring cup, 50 mm diameter) and tightly compressed with the cell disposable
backs to remove the air between the flour particles. The NIR spectra were recorded using a NIRSystems
5000-M (FOSS, Silver Spring, MD, USA), through the WinISI II software version 1.5e (FOSS, USA).
The absorbance values were recorded between 1100 and 2498.2 nm in reflectance mode, as log 1/R
(where R is the reflectance of the sample), at every 2 nm. All samples’ spectra were recorded in
triplicate, with 25 scans on average per sample.

Partial least squares (PLS) multivariate data analysis was performed between NIR spectra and
reference values to develop prediction models for each trait in the study. Chemical quality analysis
data, randomly selected from 75% of the sample flours from the 1st trial, were used as references to
construct the calibration models. A spectral pretreatment, based on standard normal variate (SNV) and
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detrend corrections, was performed with the PLS regression model using the 1st spectrum derivative.
PCA was also used to define the spectral boundaries of both crop sample spectra, through their average
structure and distribution, with spectral outlier removal based on Mahalanobis distance (H) > 3.

Full cross-validation was performed as leave-one-out for all calibration models to determine the
number of factors for model calibration. One sample prediction was repeated until all the calibration
samples were predicted, measuring the difference between actual and predicted values calculated
throughout whole cross-validation calibrations. The calibration models were evaluated by the standard
error of calibration (SEC), standard error of cross-validation (SECV), determination coefficient of
cross-validation (r%), and ratio performance to deviation (RPD = SD/SECV).

The calibration models were then validated with an independent set of samples. The performance
for each calibration model by predicting the remaining 25% of the sample flours from the 1st trial was
evaluated through the standard error of prediction (SEP) and the determination coefficient of prediction
(rzpred). This indicates whether the reference values and NIR prediction performance is reliable enough
to be used with good accuracy to predict the quality constituents of the sample flours obtained from
the 2nd trial. A robust fitting prediction model indicates higher rzpred and RPD, associated with the
lower SEC, SECV, and SEP values [10,18,50].

2.3. Statistical Analysis

The results were expressed on a dry weight basis (DW) as the mean + standard deviation (SD) for
control vs. drought plots of three independent experimental replicates per accession. The reference and
predicted values obtained for taro and sweet potato organs for both control and drought conditions
were submitted to: a Kolmogorov-Smirnov non-parametric normality test to examine if the variables
in the study are normally distributed; Levene’s test or equal variance test to examine the data
homoscedasticity—both tests were performed with an assumption of normal distribution to apply
the one-way analysis of variance (ANOVA) to determine statistically significant differences (p < 0.05)
between the means of control and drought independent groups; and the Pearson correlation coefficient
(r) to measure of the strength and direction of the association between the variables (SPSS Statistics
software version 26 for Mac).

3. Results and Discussion
3.1. NIRS Calibration and Validation of PLS Models

3.1.1. Taro

The actual or reference values of taro flour samples from the first trial for control and drought
conditions were obtained by chemical quality analysis (and are presented in Table S1, as the variation
in primary constituents within each acc.). Overall, an average increase in the N, Pt, Fb, and M content
was recorded in both shoot and corm organs under stress. The M-corm increase under drought
conditions was significantly different from the control (p < 0.05). An average slight decrease in St,
ABC, and §'°N content was also registered in both organs under such conditions. In this particular
case, drought significantly decreases (p < 0.05) the §!°N-shoot content when compared with control
conditions. Still, from these primary chemical constituents, St is the most abundant constituent
produced in corms, followed by Pt, M, and Fb. On the contrary, the shoots have Pt as the main
abundant constituent, followed by St, M, and Fb. Therefore, the St-corm and Pt-shoot are chemotypes
for representing the most abundant constituents produced by taro organs in both control and drought
conditions, ranging from 48.44 to 45.18 g/100g DW, and from 11.48 to 12.44 g/100g DW, respectively [34].

The Pearson correlation coefficient (r) from the reference values is shown in 35 significant
correlations overall among these quality constituents, of which 12 were strongly correlated with
[r| > 0.50 (Table S2). These correlations observed between primary chemical constituents allow the
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quality identification between acc. under drought, which could be important for selecting the best
ones for breeding purposes [17].

The strongest significant correlations were observed between St-corm and Fb-corm (-0.87),
followed by Pt-corm and N-corm (0.85). The St-corm also showed a moderate correlation with Pt-corm
(=0.46) and M-corm (—0.48), whose relationship between constituents agrees with previous studies on
315 taro acc. from various geographical origins [17]. On the other hand, the CaOx-shoot had a positive
significant correlation with St-shoot (0.52), which in turn was negatively correlated with Pt-shoot content
(=0.39), also confirming previous studies on taro’s oxalate quantitation [47]. The ABC-corm showed a
moderate correlation with CaOx-corm (0.40) and A3C-shoot (0.41). Meanwhile, §!°N-corm showed a
weak correlation with N-corm (0.31).

This set of correlation coefficients indicates that increased chemotype St-corm contents under
drought will reduce fiber, protein, and minerals. Therefore, the higher chemotype Pt-shoot content
will consequently present higher CaOx-shoot and lower St-shoot content with drought conditions.
This could assist taro breeders in their choice and selection of the best ones for taro breeding
programs [39]. However, the chemotypes St-corm and Pt-shoot presented distinct correlations (r)
according to their origin (Table S2). The St-corm from the Canary Islands acc. showed negative
correlation with Pt-shoot (—0.78) and Fb-corm (—0.76), while the St-corm from Madeira Island acc. had a
negative correlation with Fb-corm (—0.93). The Pt-shoot only showed correlation with CaOx-shoot (0.64)
for the SPC accessions. This is a strong indication that we might observe a distinct genetic variation to
stress response, as no differences between control and drought conditions could be identified.

The chemical reference values for each plant organ from the first trial were used to implement the
calibration set. Another set of flour samples from the first trial were held and used as an independent
validation set. NIRS spectra were obtained for corms (Figure 2A) and shoots (Figure 2B) calibration sets,
and for the independent validation test sets for corms (Figure 2C) and shoots (Figure 2D). The spectra
were composed mainly of groups of peaks located, respectively, at 1200, 1465, 2050, 2140, 2314,
and 2350 nm. These peaks are associated with C-H, O-H, and N-H stretching-bending vibrational
modes, mainly related to starch and proteins [17].
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Figure 2. NIR spectra of the seven taro accessions, with 126 corm (A) and 120 shoot (B) samples,
and external set validation with 21 samples for corms (C) and 18 shoot samples (D). Wavelengths from
1100 to 2498.2 nm of the NIR range.
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The comparison between the calibration models created from the chemical analysis and the NIR
spectra allowed the implementation of PLS equations and the prediction of the ten quality constituents
with results presented in Table 2.

Table 2. Quality constituent statistics for calibration and independent validation models of taro
(Colocasia esculenta (L.) Schott) flour accessions subjected to water scarcity.

Validation
Independent Set

Taro Models n Outliers Mean SD PLS Terms SEC SECV r’ RPD n rzpred SEP

Calibration Set

Moisture, g/100g DW
Corm 105 6 7584 1352 9 0592 0.633 0783 214 21 0.894 0.433
Shoot 102 11 7.894 2352 9 1.011 1063 0795 221 18 0.838 0.837
Protein, g/100g DW
Corm 105 5 4.705  1.460 9 0.119 0126 0993 1156 21 0995 0.191
Shoot 102 4 11.542 2145 9 0363 0359 0972 597 18 0.883 0.693
Nitrogen, g/100g DW
Corm 105 3 0.754  0.231 9 0.020 0.021 0992 11.07 21 0995 0.031
Shoot 102 5 1.856  0.340 9 0.059 0.059 0970 5.79 18 0953 0.058
Starch, g/100g DW
Corm 105 3 47.021 5.469 9 0982 1.048 0964 522 21 0977 0767
Shoot 102 3 10.955  2.999 9 0483 0.524 0969 572 18 0984 0.805
Crude Fiber, g/100g DW
Corm 105 6 0435 0.108 9 0.019 0.019 0968 559 21 0985 0.018
Shoot 102 14 1.646  0.227 9 0.053 0.057 0939 4.01 18 0980 0.031
Minerals, g/100g DW
Corm 105 4 4483 1.026 9 0170 0176 0970 5.83 21 098 0.122
Shoot 102 5 9.707  1.049 9 0285 0.334 0.898 3.14 18 0950 0.245
CaOx, g/100g DW
Corm 105 9 0.249 0.101 9 0.027 0.028 0922 358 21 0721 0.046
Shoot 102 4 0.241 0.107 9 0.038 0.040 0.863 270 18 0498 0.056
513C, %0 DW
Corm 105 3 —26.183 0.788 9 0250 0285 0868 276 21 0977 0.177
Shoot 102 0 —-26.304 1.077 9 0.642 0704 0574 153 18 0.873 0.420
A3C, %0 DW
Corm 105 3 18.662  0.830 9 0263 0293 0874 283 21 0977 0.156
Shoot 102 7 18.804 1.074 9 0503 0552 0.740 194 18 0910 0411
515N, % DW
Corm 105 0 4634 0.864 9 0473 0564 0575 153 21 0717 0.488
Shoot 102 4 0.241  0.107 8 0.038 0.040 0.863 270 18 0711 0.549

The St-corm model showed the highest SEC, SECV, and SEP values of 0.982, 1.048, and 0.767,
respectively. Meanwhile, the 2y (0.964), rzpred (0.977), and RPD (5.22) values indicate good predictive
potential for the starch model in corm flours. The A'*C-corm model had an excellent prediction
application, according to the rzpred (0.977) and RPD (2.83) values. However, the A'3C-shoot model
showed a rough prediction with RPD (1.94) and % (0.740), still with rzpred (0.910) value showing a
satisfactory prediction [17,42]. Hence, we could identify the equations with the poorest performance,
showing the lowest 2oy, rzpred, and RPD values, with 0.564, 0.717, and 1.53 for §1°N-corm, and with
0.574,0.873, and 1.53 for 13C-shoot, respectively. Even with the r2pred slightly higher than 0.71, the RPD
(1.53) values indicate that both 5!°N-corm and §'3C-shoot constituents could not be satisfactorily
predicted [16]. The CaOx acridity models had low and quite similar SEC and SECV values, with good
RPD values in both corm and shoot models, with 0.027, 0.028, 3.58, and with 0.038, 0.040, 2.70,
respectively. While the CaOx-shoot model showed the lower rzpred (0.498), and even an acceptable
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RPD value (2.70), this validation set was not robust enough to have a good determination coefficient
for acridity prediction. These §'°N-corm, !>C-shoot and CaOx-shoot prediction constituents should
be only used as an informative tool in germplasm screening, and not for quantitation.

The remaining models—moisture, Pt, Fb and M—showed good quantitative predictions, with ey
and rzpred higher than 0.863. They also showed high RPD values, ranging between 2.14 and 11.56
for the corm moisture and protein models, and between 2.21 and 5.97 for the shoot moisture and
protein models. The simultaneous prediction of the St, Pt, Fb, and M chemical constituents on a
single taro sample, could allow a fast estimation of the variety chemotype and quality with acceptable
accuracy [17].

3.1.2. Sweet Potato

The sweet potato reference values of the first trial, for both control and water scarcity conditions,
were chemically determined (Table S3). On average, drought determined the decrease in the tuber
and shoot Pt, N, CaOx, A3C and 5N content. However, this decrease was significant (p < 0.05)
for Pt-shoot, N-shoot, and for A*C and §'°N in both organs. Contrariwise, 513C and TC increased
slightly with drought in both organs. The §!3C increase under stress conditions was significantly
different (p < 0.05) from the control. However, M and St showed an opposite variation between the
sweet potato organs. Still, from these major constituents, St is the most abundant constituent produced
in tubers, followed by the Pt and M. Instead, the shoots show Pt as the main abundant constituent,
followed by M and St. The St-tuber and Pt-shoot are chemotypes because they are the constituents with
the highest concentration in sweet potato organs [34]. St-tuber showed an average range of 43.39 and
42.33 g/100 g DW, while Pt-shoot ranged significantly (p < 0.05) between 16.36 and 13.04 g/100 g DW
when under stress.

The overall Pearson correlations displayed 62 significant correlations in the first trial, among the
quality constituents of sweet potato’s tuber and shoot organs, of which 29 were highly correlated
(Ir] > 0.50) (Table S4). For example, the highest significant correlations were registered for §'3C-tuber
with A13C-shoot (—=0.93) and 5!3C-shoot (—0.88), and for M-shoot with Pt-shoot (0.89) and St-shoot
(=0.79). Still, Pearson correlations performed according to the acc.’s locality show differences (Table S4)
due to different genotypic responses to drought. The chemotype Pt-shoot had greater correlations than
St-tuber chemotype, with the St-tuber not showing significant correlation among the acc. of Canary
Islands and Guinea-Bissau. Instead, the ones from Madeira Island had significant and negative
correlation for St-tuber with M-tuber (—0.76), TC-shoot (—0.59), and St-shoot (—0.48), and positive
to M-shoot (0.58). On the other hand, the Pt-shoot had greater significate correlations in those
three locations, among them with M-shoot for Canary Islands (0.94), Guinea-Bissau (0.86), and Madeira
Island (0.82).

The creation of PLS equations from both the calibration models and chemical analysis (used as a
reference method) from the sweet potato flour organs was performed through NIRS spectra collected
from tubers (Figure 3A) and shoots (Figure 3B) calibration sets. NIRS spectra of the validation sets
were also obtained for the tubers (Figure 3C) and shoots (Figure 3D) independent samples from the
first trial. Overall, NIR spectra peaks for both sweet potato plant organs lead mainly to starch (1460,
1930, 1966, and 2286 nm) and proteins (2176, 2296, and 2466 nm). These peaks result from overlapping
absorption by mostly overtones and combinations of vibrational modes comprising C-H, O-H, and N-H
stretching-bending vibrations [10,18].

Good fitting prediction models amongst the quality constituents were recorded in this study;,
with low SEC and SECV, and with high ey, rzpred, and RPD values (Table 3), which agrees with
previous studies [10,16,18,51]. The TC-tuber and 515N-tuber models were the exceptions, showing the
lowest prediction performance through the smallest %o (0.687,0.727, respectively), r2pred (0.705, 0.769),
and RPD (1.79, 1.92) values. The 5!3C-tuber and §!3C-shoot models had the lowest discrimination
in the prediction of the independent samples, showing only 17.8% and 57.9% prediction confidence,
with rzpred of 0.178 and 0.579, respectively. The A13C also showed low discrimination in the prediction
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of the validation set for both organs, showing r2pred 0f 0.629 and 0.580 for tubers and shoots, respectively.
Low discrimination was expected, since NIRS is hardly efficient for constituents representing less than
1% of the dry matter weight. In contrast, the M-tuber and M-shoot equations proved to be excellent
predictive models. They show high r2., and rzpred values, similar SEC and SECV values, and RPD
values of 5.40 and 8.16 for M-tuber and M-shoot, respectively.
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Figure 3. NIR spectra of the eight sweet potato accessions, with 129 root (A) and 135 shoot (B) samples,
and 24 external set validation for both root (C) and shoot (D) samples. Wavelengths from 1100-2498.2 nm
of the NIR range.

The nitrogen and protein models were also demonstrated to be excellent predictive models in
both organs, with very high 2, rzpred, and RPD values, and low average difference between SEC,
SECV, and SEP values, which indicates a robust fitting. Previous studies [10,16] also observed good
predictive performance for nitrogen and protein constituents in sweet potato tubers.

The acridity prediction by CaOx constituent was shown to be a good model for CaOx-shoot,
and an approximate model for CaOx-tuber, with RPD values of 2.74 and 2.41, respectively. It also
showed SEC, SECV, and SEP similarity within the models, and quantitatively approximate r¢, and
r2pred values. Lastly, the starch models showed a better prediction performance in St-shoot than in
St-tuber, with RPD values of 5.03 and 2.56, respectively. This difference in prediction performance
among the tissues could be due to the starch content being almost ten times lower in shoots than in
tubers, allowing improved discrimination [18].

The models generated allow the reading of one unique sweet potato sample to predict the St, Pt,
and M major chemical constituents and thus provide a quick assessment of the variety, chemotype,
and quality with good accuracy [16].



Appl. Sci. 2020, 10, 8724 10 0f 16

Table 3. Quality constituent statistics for calibration and independent validation models of sweet
potato (Ipomoea batatas (L.) Lam.) accessions flour under drought conditions.

. . Validation
Calibration Set Independent Set
Sweet Potato Outliers M SD PLST SEC SECV %, RPD 2 SEP
Models n utliers ean erms oy n pred
Moisture, g/100g DW
Tuber 105 7 5.066  1.539 9 0.670 0761 0.755  2.02 24 0532 0.822
Shoot 111 0 6.114  1.083 9 0.616 0701 0584 1.54 24 0495 0945
Protein, g/100g DW
Tuber 105 9 6.038 1.262 9 0.112 0114 0992 11.10 24 0.994 0.099
Shoot 111 9 14.480 3.160 9 0218 0244 0994 1296 24 0995 0.274
Nitrogen, g/100g DW
Tuber 105 11 0973 0.203 9 0.022 0.024 098 847 24 0994 0.016
Shoot 111 9 2318  0.506 9 0.035 0.039 0994 1296 24 0995 0.044
Starch, g/100g DW
Tuber 105 3 42509 4.122 9 1430 1.608 0.847 2.56 24 0.856 0944
Shoot 111 4 4944 2599 9 0.487 0517 0961 5.03 24 0981 0.323
Minerals, g/100g DW
Tuber 105 8 4336 0482 9 0.082 0.089 0966 5.40 24 0.868 0.158
Shoot 111 8 11.266  1.800 9 0215 0221 098  8.16 24 0992 0.171
CaOx, g/100g DW
Tuber 105 8 0.058 0.034 9 0.012 0.014 0826 241 24 0.865 0.020
Shoot 111 3 0.099 0.079 9 0.027 0.029 0866 274 24 0960 0.014
Total carbon, g/100g DW
Tuber 105 6 40.341 0.333 9 0173 0185 0.687 1.79 24 0705 0.176
Shoot 111 6 41510 0.572 9 0.220 0238 0.826 240 24 0914 0232
313C, %o DW
Tuber 105 6 —25.065 1.161 9 0.306 0364 0.901 3.19 24 0178 0.602
Shoot 111 6 —26.611 1.257 9 0257 0265 0956 4.75 24 0579 0311
A3C, %o DW
Tuber 105 6 17.505 1.211 9 0319 0380 0901 3.18 24 0.629 0.174
Shoot 111 6 19.121 1.314 9 0269 0277 0956 4.75 24 0580 0.325
815N, % DW
Tuber 105 0 4586 1.120 9 0533 0584 0727 192 24 0769  0.499
Shoot 111 5 4185 1.097 9 0260 0274 0938 4.01 24 0788 0.345

3.2. Variability of Chemical Constituents

3.2.1. Taro

Taro’s reference values from the first trial allowed the creation of prediction equations by NIRS,
with the immediate and simultaneous estimation for each acc. quality and chemotype from the second
trial (Table S1).

Overall, drought leads to the increase in Pt, N, Fb, and M in both taro corm and shoot organs for
both trials, with different levels of significance (Table S1). However, these primary constituents showed
stronger correlations in the second trial (Table S5), compared to the first trial (Table S2). Taking into
consideration the most abundant constituents, the chemotype St-corm was highly correlated with
Fb-corm (-0.93), M-corm (—0.72), and Pt-corm (—0.70), while the chemotype Pt-shoot was strongly
correlated with Fb-shoot (—0.76) and moderately correlated with St-shoot (0.48) (Table S5).

The corms from the second trial show the highest significant (p < 0.01) Fb accumulation compared
to the control. Fb is the indigestible portion of the plant’s total carbohydrate content, which consists
mainly of cellulose and lignin present in the cell walls, whose provides the plant stems with rigidity and
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stiffness during drought [52]. The corms from both trials had the significantly highest M accumulation
(p £ 0.05), compared with shoots. Meanwhile, N increase was only significative (p < 0.05) in corms
from the second trial. M and N increase photosynthesis and protein synthesis as plant responses to
drought, allocating nutrients between the plant organs [42,53].

Drought increased CaOx-corm in both trials, but a CaOx-shoot increase only occurred in the
second trial. The increase in this insoluble oxalate could help the plant osmoregulation under water
scarcity conditions, through the adjustment of oxalic acid synthesized by photosynthesis oxidative
processes or carbohydrate metabolism [47].

However, we also observed the decrease in St, A13C, and 5!°N in both taro organs, and in both
trials, with significance for the §'N-shoot (p < 0.05) in the first trial, and St-corm (p < 0.01) from
the second trial. The slight decrease in St may be due to the mobilization of the reserves in a plant
attempting to provide energy and metabolites to subcellular structure protection against water deficit
to avoid the need to allocate biomass reserves [47]. The reduction in AC and §'°N could be related to
physiological integrators of stress in taro subjected to drought scarcity [54-57]. The obtained A'3C-shoot
content indicates relative stomata opening during stress. Since the A'*C-shoot content fell minimally,
no considerable changes should be expected in the 1>C depletion, related to CO, fixation (carboxylation),
which in turn leads to only a slightly heavier or richer '3C content during drought, in both trials, with a
less negative 5'3C value [55]. The §!°N indicates the plant N metabolism and the growing conditions
by the fractionations of 1°N and N during the nitrogen trial processes, whose variation between
the organs could be attributed to tissue reallocation of N under drought [54,56]. A decrease in the
whole-plant §'°N abundance in both trials was observed. This could indicate a good drought response,
with the most 1°N-enriched plants having the most positive §'°N abundance [57].

According to the geographical origin of acc. (Table 1), acc. 2216 from Madeira Island had the
most resilient response to drought during the first trial, showing higher productive capacity in both
environments, with greater total plant biomass and water use efficiency [54]. This resiliency could be
due to its chemical constitution, by showing the highest whole-plant Pt, Fb, and M content, and the
lowest St content loss to cope with drought [42,47]. Advantageously, NIRS models applied for these
major quality constituents allowed a good accuracy with fast and explicit predictive quantitation for
the classification of the studied taro acc. according to their tolerance or susceptibility to water scarcity,
at both the under and aboveground organ level. The prediction of the second trial estimates that
acc. 2016 had the best tolerant response to drought, by keeping practically the same variation within
those primary constituents (Table S1). This could indicate a plausible link within the taro phenotype’s
response to stress with its chemotype and other major chemical quality constituents.

3.2.2. Sweet Potato

The quality traits varied between the sweet potato organs, under influence of water scarcity,
either in the reference values of the first trial, or in the predicted values by NIRS of the second trial
(Table S3).

Taking into consideration the major constituents, M, St and Pt, in both trials, the water scarcity
conditions triggered opposite responses. Pearson correlation shown a weaker relationship between
these constituents in the second trial compared to the first trial (Table S6 and Table S4, respectively).
Still, both trials registered an accumulation of M-tuber and St-shoot, and a decrease in M-shoot and
St-tuber, the variation of which was only significant (p < 0.01) in the shoots. Pt also decreased in both
trials and organs, with the exception of the Pt-tuber, which increased in the 2nd trial (Table S3).

The average M-tuber increase and M-shoot significant (p < 0.01) decrease in both trials may
have been due to the limitation of macro and micronutrient uptake from water-scarce soil. In such
conditions, the mineral allocation into the shoots could be reduced, with lower M-shoot allocation
registered in the first trial [43,58].

The scarcity significantly decreased the N-shoot and Pt-shoot in both trials. However, the N-tuber
and Pt-tuber also decreased during the first trial but registered an average significant (p < 0.05) increase
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in the second trial. N is one of the essential primary macronutrients, the uptake of which, as a result
of primary assimilation, is strongly compromised during drought stress, with 5!°N indicating the N
fractionation during the N cycle processes [57-59]. The average content of the shoots §'°N and A'3C
had the same pattern, by significantly (p < 0.05) decreasing its content in both trials. The reduction
in 51°N-shoot is a signal of less N retention in aboveground tissue due to drought [59]. The lower
A'3C-shoot indicates a low '3C depletion, through partial stomatal closure, leading to a slight variation
in the TC as 13C fixation due to stress [59].

Both trials showed that stress increased St-shoot and consequently decreased St-tuber. Starch is
deposited in the leaf chloroplasts during daylight carbon dioxide fixation in photosynthesis to be
broken down to sucrose during the night, which is then mobilized and converted into storage starch
in the tubers [60]. The slight downregulation of photosynthesis, possibly due to the partial stomatal
closure, still allowed an accumulation of starch at the shoot level, with the second trial registering
significantly (p < 0.01) greater St-shoot accumulation. It still allowed good photosynthesis activity and
avoided the starch degradation into sugars, reducing its mobilization into tubers. However, in such
conditions, the carbohydrate metabolism and photosynthesis oxidative processes can produce oxalic
acid, forming insoluble salts when combined with free calcium, as CaOx insoluble druse crystals [61].
We observed that the whole-plant CaOx average content decreased in the first trial, with an increase in
the second trial. The CaOx increase in the second trial could be due to the plant needing to isolate the
excess of calcium accumulated in its tissues [62]. The oscillation in the CaOx formation in stress was
probably due to the plant ion balance, leading to the fluctuation of druse crystal formation, according to
the availability of free calcium [8,63].

Acc. 3124 from Guinea-Bissau had one of the best physiological responses to water scarcity during
the first trial, namely the highest total plant biomass content and the best water use efficiency [52].
The fact that it showed the combination of high St-tuber, M-shoot, and Pt-shoot content indicates
that it had one of the best nutrient allocations into the shoot and tuber starch storage under stress.
Excellent predictive NIR models were generated for the major quality constituents St, Pt, and M for the
whole-plant sweet potato acc., which could be a fast tool to be used in the continuous monitoring of
drought response, according to its tolerance or susceptibility. Acc. 3124 showed good to moderate
stress tolerance response in the second trial, mainly due to lesser M and Pt shoot content, indicating a
more limiting nutrient diffusion into plants, but still keeping the best starch accumulation in tubers.
Still, we could find a reasonable connection within the sweet potato phenotype response and its
chemotype and other major chemical quality constituent values obtained for drought.

4. Conclusions

NIRS represents a rapid and cost-effective analytical tool when the predictive models are accurate
enough. The models for nitrogen, protein, starch, fiber, and total minerals quality constituents of taro
and sweet potato showed good prediction accuracy. The TC-tuber in sweet potato and CaOx-shoot in
taro, the 8'°N in the underground organs and the 5!3C in the vegetative parts of both crops showed
the poorest prediction performances. However, these last constituent predictions could be used as an
informative tool in germplasm screening. The present models could be applied in further research on
crop quality subjected to water scarcity conditions. Additional work is needed to improve the existing
models with new data from new drought trials. The development of more robust NIRS models for all
constituents will improve their efficiency and reliability for assessing crop quality and phenotyping
plants subjected to water scarcity.
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