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Abstract: Digital image analysis and multivariate data analysis were used in this study to identify
a set of leaf and fruit morphometric traits to discriminate white mulberry (Morus alba L.) cultivars.
The trial was conducted using three- to five-year-old potted cuttings of several white mulberry
cultivars. 32 leaf morphometric descriptors were recorded in 2011 and 2012 from 11 mulberry
cultivars using image analysis of scanned leaves, whereas six fruit descriptors were recorded in 2011
from nine mulberry cultivars. Linear discriminant analysis (LDA) was used to identify a subset of
measured variables that could discriminate the cultivars in trial. Biplot analysis, followed by cluster
analysis, was performed on the discriminant variables to investigate any possible cultivar grouping
based on similar morphometric traits. LDA was able to discriminate the 11 cultivars with a canonical
function, which included 13 leaf descriptors. Using those 13 descriptors, the Biplot showed that over
84% of the variability could be explained by the first three factors. Clustering of standardized biplot
coordinates recognized three groups: the first including ‘Korinne” and ‘Miura’ with similar leaf angles
and apical tooth size; the second including ‘Cattaneo’, ‘Florio’, ‘Kokuso-21’, ‘Kokuso-27’, and ‘Kokuso
Rosso” with similar leaf size and shape; and the third including ‘Ichinose’, ‘Kayrio’, ‘Morettiana’,
and ‘Restelli’, with similar leaf margin. Fruit descriptors were fewer and measured on fewer cultivars,
yielding smaller discriminatory power than leaf descriptors. Use of leaf morphometric descriptors,
along with image and multivariate analysis, proved to be effective for discriminating mulberry
cultivars and showed promise for the implementation of a simple and inexpensive characterization
and classification tool.

Keywords: biplot; descriptor; digital image analysis; linear discriminant analysis; Morus alba;
multivariate analysis

1. Introduction

Mulberry (Morus spp. L.) is a fast-growing, deciduous, woody perennial tree, which belongs to
the Moraceae family and adapts to a variety of soils and climatic regions, spreading all across the Seric
belt from the 50th parallel north to the 35th parallel south. Mulberry has been cultivated since the
ancient times, and has tremendous economic importance today—especially in Asia—in regard to its
use as feed to silk worms, as animal fodder, and also in regard to its fruit production.

Mulberry species tend to hybridize easily, which has led to its considerable genetic variability.
Currently, there are more than 68 species of the more widely recognized mulberry [1], of which only a
few (e.g., Morus alba L., Morus indica L., Morus bombycis Koidz., Morus latifolia L., Morus multicaulis Perr.,
and Morus nigra L.) are cultivated for either fruit or leaf production. Cytologically, mulberry exhibits
different ploidy levels, ranging from 2n = 28 all the way up to 22n = 308 [2]. The frequent hybridization
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of mulberry species and cultivars has often generated confusion and difficulty with identification,
and mulberry cultivars have been mistakenly classified as a subspecies of Morus alba or Morus nigra.
New forms of improved and stress-tolerant mulberry cultivars are being strongly requested for the
development of a modern sericulture with efficient silk productions [3]. For this reason, thousands
of mulberry germplasm accessions have been collected in several countries, and because of the
considerable phenotypic and genotypic variability among the accessions, huge effort is continuously
needed to characterize and evaluate accessions for their cultivation and production potential [4].

Studies based on leaf morphology [5,6] and molecular biology [7,8] have been conducted to
characterize mulberry cultivars; nevertheless, leaf morphology may be inadequate for discriminating
cultivars with a similar genetic base, whereas molecular techniques may prove expensive and, in some
cases, be difficult to access. Furthermore, limited progress has been made in developing linkage maps
or obtaining haploids [9], and significant efforts are still needed to implement functional genomics for
the development of improved cultivars.

In grapes, the description of plant traits along with morphometric techniques resulted in the
development of ampelography (the science concerned with the identification and classification of
grapevines), which is very useful and was the sole instrument for the identification and classification
of grape cultivars before the development of molecular techniques. Ampelographic studies using
OIlV (Officine International de la Vigne et du Vin), UPOV (Union Internationale pour la Protection
des Obtentions Végétales), and UPGRI (International Plant Genetic Resources Institute) official
descriptors supplied insights into plant material identity [10]. Even today, ampelography continues to
be recognized as a relatively simple and inexpensive method for the identification of grapevines [11],
and an ampelographic description is required for subscribing new cultivars into the register of
commercial cultivars [12,13]. In the last two decades, biometry of measurable plant traits has
been introduced to make ampelography a more objective and reliable technique [14,15]. Studies
on grapevines and olives have tested and validated the reliability of morphometric analysis, indicating
the possibility of discriminating cultivars and even groups of clones at the subvarietal level [16,17].
In addjition to grapevines and olives, digital morphometric systems using different plant organs have
also been successfully developed for cultivar identification and classification in wheat [18], rice [19],
wild pear [20], and hazelnut [21].

Despite their good discriminatory potential, fruit descriptors have only been successfully used
in a few cases compared to leaves, probably because of their relatively short presence on the plant.
For example, fruit descriptors have been used to characterize cultivars in fig (Ficus carica L.) [22],
olive (Olea europaea L.) [23], sweet cherry (Prunus avium L.) [24], and Sorbus domestica L. [25]. In our
experience, white mulberry fruits may vary greatly in color, size, and shape among cultivars, suggesting
good discriminatory potential. For this reason, we decided to include fruit descriptors in our trial.

The objective of this study was to find a set of leaf and fruit morphometric traits for the purposes
of discriminating between white mulberry cultivars. The same set of descriptors was also used to
evaluate cultivar grouping by similar leaf and fruit traits. Digital image analysis and multivariate data
analysis were used to pursue these objectives. Similar multivariate procedures have been successfully
used to discriminate and classify apple, apricot, and olive genotypes by leaf morphometric traits,
fruit sensory attributes, or primary and secondary fruit metabolites [23,26,27].

2. Materials and Methods

The morphometric analysis was conducted on leaf and fruit samples from white mulberry trees
present in a private collection located near Giardinello (38°5'24” N, 13°9'36” E), Sicily, Italy. The trial
was conducted in 2011 and 2012 using three- to five-year-old rooted cuttings of several white mulberry
cultivars. All trees were grown outdoors in 30 L pots filled with 50% of mineral soil and 50% of organic
mix (peat moss and pine bark), and were regularly fertilized and irrigated. Growing seasons in 2011
and 2012 had similar temperature trends.
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2.1. Leaf Morphometric Determinations

Leaf morphometric determinations were carried out in 2011 and 2012 on 11 mulberry cultivars:
Cattaneo, Florio, Ichinose, Kayrio, Kokuso-21, Kokuso-27, Kokuso Rosso, Korinne, Miura, Morettiana,
and Restelli. Leaf descriptors were selected and measured on four mature leaves from each of
four plants per cultivar, for a total of 16 replicates per cultivar and year. Leaves were sampled
in late spring and early summer from the middle portion of four different extension shoots per
plant. An image of each leaf was acquired using a digital scanner, along with a metric reference
for subsequent measurement calibrations. Digital images were used to measure 29 different leaf
descriptors (Table 1) using Image Tool 3.0 software (UTHSCSA, University of Texas, Austin, TX, USA)
procedures. In addition, leaf blade width/length ratio, apical tooth width/height ratio, and an index
of leaf margin serration were determined. Leaf margin was analyzed using an algorithm developed
on MATLAB software (The MathWorks Inc., Natick, MA, USA), where firstly, the leaf margin was
detected using the EDGEDETECTION function; next, the BOUNDARY /REGIONPROPS functions
were used to determine the regularity of the margin by calculating a ratio between the smoothed
perimeter (smoothed outline) and the real perimeter; and finally, the margin serration index was
defined as a boundary index. The index ranged from 0 (highly serrated margin) to 1 (smooth margin).

Table 1. White mulberry leaf measurements used for morphometric analysis.

Leaf Trait Abbreviation
Blade length L
Blade width W
Petiole length L-P
Petiole sinus depth H-SP LENGHTS
Length of main vein L-V1
Length of vein 2 (left) L-V2
Length of vein 3 L-V3
Length of vein 4 L-V4
Length of vein 5 L-V5
Length of vein 6 L-Vé
Length of vein 7 L-v7
Length of vein 8 L-V8
Length of vein 9 L-V9
Length of vein 10 L-V10
Height of apical tooth H-DA
Basal width of apical tooth W-DA
Petiole sinus angle (concave up) T1
Inner angle V2 (left) T2
Inner angle V3 T3 ANGLES
Inner angle V4 T4
Inner angle V5 T5
Inner angle V6 T6
Inner angle V7 17
Inner angle V8 T8
Inner angle V9 T9
Inner angle V10 T10
Apical tooth angle T-DA
Petiole vein angle (3rd order, left) 71
Petiole vein angle (3rd order, right) z2
Ratio between blade width and length W/L
Ratio between apical tooth basal width and height W-DA/H-DA
Margin index (serrated = 0, smooth = 1) BOUNDARY

2.2. Fruit Morphometric Determinations

Due to an insufficient amount of fruits, morphometric determinations were carried out only in
2011 on nine mulberry cultivars: Kokuso-21, Kokuso Rosso, Spagna Rosso, Cattaneo, Florio, Giazzola,
Kayrio, Korinne, and Miura. Fruit descriptors were selected and measured on 10 mature fruits
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from each of four plants per cultivar (a total of 40 fruits per cultivar). Six different parameters were
selected as fruit descriptors: height (H), width (W), width/height ratio (W/H), length of peduncle
(L-ped), weight, and total soluble solids (TSS). Digital images of each fruit were acquired with a
digital camera, along with a metric reference for subsequent measurement calibrations. Image Tool 3.0
software was used to record lengths and widths. Fruits were weighed using a Vibra SJ 620 precision
scale (Shinko Denshi Co., Ltd., Tokyo, Japan), and a few drops of juice were used for soluble solid
determinations, using an Atago Palette PR-32 digital refractometer (Atago Co. Ltd., Tokyo, Japan).

2.3. Data Analysis

Data of leaf and fruit descriptors were analyzed using Systat multivariate procedures
(Systat Software Inc., Richmond, CA, USA). Specifically, linear discriminant analysis (LDA) with
backward stepwise selection of variables was performed using all leaf or fruit replicates per cultivar to
verify if there was a subset of measured variables that could significantly discriminate the cultivars
in trial. Using the subset of variables identified with LDA, a biplot analysis (a distance-based
class of principal component analysis) using the multidimensional scaling preferences procedure
(MDPREEF) [14] was performed to investigate the relationship between leaf or fruit descriptors and
any possible cultivar groupings, based on similar properties. Average data per cultivar and year
were standardized, and factor and object loadings were fit in a common space with the MDPREF
procedure [14]. Finally, cluster analysis using the k-means technique was performed on standardized
factor coordinates to individuate the grouping of descriptors and cultivars.

3. Results and Discussion

A fair amount of variation across cultivars was detected in all measured leaf and fruit descriptors
(Tables 2 and 3), which proved the initial selection of descriptors to be effective for mulberry cultivar
identification purposes. Leaf- and fruit-size-related descriptors were among the most variable
parameters, with a coefficient of variation (c.v.) ranging from 9% to 49%. Even those descriptors
that were not related to leaf size, such as T1, T2, T-DA, W/L, and boundary index, showed a significant
amount of variation (c.v. 5%—26%) across cultivars (Table 2). Similarly, descriptors that were not related
to fruit size, such as length of peduncle, TSS, and W/H, exhibited a significant amount of variation
(c.v. 16%—-30%) across cultivars despite the reduced number of cultivars tested in a single year (Table 3).

Using leaf descriptors, LDA was able to fully separate (Wilk’s Lambda statistics, p < 0.001) the 11
cultivars with a canonical discriminant function after a backward step analysis, which included L, W,
L-P, H-SP, L-V2, L-V3, H-DA, T3, T5, T6, T9, W/L, and BOUNDARY. Using these 13 leaf descriptors
selected by LDA, the biplot analysis showed that over 84% of the variability observed was explained
by the first three factors, and about 73% was explained by the first two factors (Figure 1). k-means
clustering of standardized biplot coordinates from all three factors separated the leaf descriptors into
three groups (different symbol shapes in the biplot): the first associating vein angles and H-DA; the
second associating blade size, vein lengths, L-P, H-SP, and W/L; and the third including BOUNDARY
alone (Figure 1). Based on this clustering, some expected relationships were shown by the biplot
analysis, such as various vein angles in cluster 1 and leaf-size-related descriptors in cluster 2. Leaf shape
was associated with leaf-size-related descriptors rather than with vein angles, whereas H-DA was
associated with vein angles. Cluster 1 included ‘Korinne’ and ‘Miura’, grouped by similar leaf angles
and H-DA,; cluster 2 included ‘Cattaneo’, ‘Florio’, ‘Kokuso-21’, ‘Kokuso-27" and ‘Kokuso Rosso’,
grouped by similar leaf size and shape; and cluster 3 included ‘Ichinose’, ‘Kayrio’, ‘Morettiana’,
and ‘Restelli’, grouped by similar leaf margin type (Figure 1).
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Table 2. Leaf descriptors from white mulberry cultivars (averages of 2011 and 2012). Lengths are in cm, angles in degrees, and the coefficient of variation (c.v.) is

expressed in %. Means + standard errors.

50f9

Leaf Descriptors Cattaneo Florio Ichinose Kayrio Kokuso-21  Kokuso-27 Kokuso-R Korinne Miura Morettiana Restelli C.V.
L 18.0+0.64 154+057 810+038 144+039 194+077 169+069 167+095 1564037 190+069 138+054 155+054 197
w 11.0+032 11.8+043 481+019 940+019 134+056 11.6+051 108+036 102+029 126+077 103+£050 103+035 211

L-P 487+025 457+018 1.82+011 337+010 435+015 313+023 441+032 310+008 417+021 4.07+015 3.06+0.10 243
H-SP 1.64+010 133+£009 035+0.04 077+006 146+0.09 107+0.05 097+006 046+0.04 059+010 0.82+0.09 043+0.07 488
L-V1 16.7+0.67 143+£052 773+036 13.6+040 176+078 1594069 159+095 1524037 181+060 131+049 153+053 19.0
L-V2 108+034 9.04+036 441+032 761+021 103+052 917+044 949+044 791+023 101+052 796+038 9124+030 202
L-V3 104+045 867029 4144+028 778+025 102+044 888+043 938+042 818+028 921+047 787+£031 930+037 198
L-V4 824+019 693+026 322+025 697+0.16 855+036 621+037 7.08+031 689+036 804+057 6.05+033 7.00+£023 21.0
L-V5 734+029 659+028 322+022 7.02+0.17 858+036 6.84+037 6.68+031 644+025 7.66+041 614+028 673+£020 199
L-V6 6.10+£0.18 566+022 250+024 552+0.18 753+037 619+031 575+044 558+028 685+£038 523+022 561+£022 220
L-v7 517+023 5074+023 201+029 484+023 646+033 557+032 496+031 547+028 636+023 463+020 495+021 232
L-V8 396+0.17 416+017 188+020 357+019 526+028 454+029 392+034 459+023 511+025 398+015 4.02+025 219
L-V9 321+021 3314+018 148+020 2874023 425+023 345+023 3.00+021 439+018 463+025 319+024 313+0.19 258
L-V10 228+0.15 256+017 095+018 210+0.11 339+019 282+021 236+028 348+020 3.60+022 241+015 221+0.17 296
H-DA 1244+012 080+£005 0744006 117+£0.09 124+0.08 1124+0.05 146+011 1.61+0.09 165+012 1.04+005 0924006 257
W-DA 092+0.06 064+004 044+005 067004 075+004 059+003 076+002 0.82+004 0884005 0.67+003 062+004 197

T1 117 £ 5.19 115 + 3.65 150 & 7.65 139 +3.97 115 + 3.06 121 +3.09 125 £+ 2.52 158 £ 1.67 97 +£10.7 134 +4.27 135+ 125 137

T2 401+124 373+130 415+359 431+1.61 487+236 413+194 363+180 557202 468+1.06 329+129 450£1.69 149

T3 426+147 345+135 443+£255 4294170 41.8+124 423+182 355+1.69 524+195 4754145 308+144 464+182 149

T4 407 +181 447+124 440+164 373+126 449+139 442+115 320+1.67 524+188 501+1.09 388+162 382+096 138

T5 427+175 446+131 455+160 356+097 395+126 405+136 304+126 533+124 495+1.06 389+1.09 382+127 154

T6 404 +075 428+1.09 41.6+227 371+124 423+157 391+120 31.9+188 526+136 4874118 37.0+1.02 372+123 140

T7 422+101 43.0+141 406+£258 367+139 401+113 408+126 3524144 491+172 4924107 383+110 380£1.09 110

T8 433+191 4384112 426+277 380%+149 425+199 435+127 358+1.68 486+134 51.0+155 404+205 375+1.03 107

T9 434+139 4504123 436+213 380+180 420+112 451+136 3684173 489+121 4934132 37.7+£082 386+097 103

T10 456 +246 4354+121 405+298 3694108 43.0+150 431+141 39.04+202 498+115 49.0+128 41.1+165 416£135 9.11
T-DA 520+413 5014380 331+£363 31.3+193 379+401 278+232 3874248 23.0+£088 2494222 344+346 421+£283 263

Z1 116 +3.17 128 +2.29 129 4 3.89 125 +2.57 117 +1.68 124 +1.64 126 + 3.15 128 4 2.48 121 £ 5.12 128 £+ 3.67 109 £2.07 529

72 120 +2.14 126 +1.69 129 4 3.94 132 +1.36 121 +1.50 123 +£1.32 130 £ 2.44 129 £+ 2.61 119 +4.54 132 4 2.85 110+ 3.04 538
W/L 0.62+001 077+£001 060+001 0664002 0.69+001 069+001 0664002 066+001 065002 075+£0.01 067001 747

W-DA/H-DA 0.88+0.09 088+007 059+005 059+004 073+£009 057+£005 0554003 0524+002 057+004 0.67+004 072+£005 195
BOUNDARY 090+0.01 0874001 094+002 091+0.01 085+001 078+001 0884002 093+001 086+0.01 087+001 094+001 526
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Table 3. Average fruit height (H), width (W), peduncle length (L-ped), total soluble solids (TSS),
and width/height ratio (W/H) from white mulberry cultivars in 2011. Means =+ standard errors.
Coefficient of variation (c.v.) is expressed in %.

Cultivars H (cm) W (cm) L-ped (cm) TSS (°Brix) Weight (g) W/H (g/cm)
Cattaneo 2.68 £+ 0.08 1.54 4+ 0.04 0.90 + 0.05 13.9 +1.13 3.13 £0.29 0.58 £+ 0.02
Florio 2.28 £0.07 1.19 +0.03 1.01 £+ 0.04 16.1 +0.50 1.38 +0.08 0.52 +0.01
Giazzola 1.21 4+ 0.08 0.89 + 0.06 0.76 + 0.06 12.1 +0.16 0.42 +£0.11 0.73 £0.02
Kayrio 1.55 4+ 0.03 1.03 4+ 0.02 0.67 £+ 0.04 8.01 +£0.32 0.80 £+ 0.03 0.67 £ 0.01
Kokuso-21 2.66 4+ 0.08 1.32 +0.03 0.99 £+ 0.05 17.1 £ 0.86 227 +0.14 0.50 £+ 0.01
Kokuso Rosso 1.50 4+ 0.06 0.96 + 0.03 0.56 + 0.04 17.5+1.73 0.71 £ 0.06 0.65 + 0.03
Korinne 1.39 + 0.06 1.11 £ 0.07 0.96 £0.12 20.4 +1.35 0.76 £0.12 0.80 £ 0.03
Miura 1.51 + 0.05 1.13 +0.03 1.20 + 0.07 25.7 +£0.92 0.76 + 0.07 0.76 £+ 0.04
Spagna Rosso 2.57 £0.08 1.56 4+ 0.03 0.73 £ 0.05 17.0 & 0.57 3.11 £0.25 0.61 £ 0.01
C.V. 314 20.1 23.0 30.5 72.5 16.1
Biplot (84.6% total)
4 .
|
|
|
g | ™
5
I
T3 |
;\-o\ 2r Korinne l HDA
© o) | ) ®
o | Ml‘gra
N |
|
®) |
= | Cattaneo L-yz
<<-() oflehim,,,,Biuﬁ'DjRj ,,,,,,, L,K’”,Z, ,,,,,EYLS,,,,
L L Restelli | Jth:rio L-P
Ka rE) | Y ¥
5 : Hep
-1+ Morettiana K-r%sso Val-
'
|
|
_2 1 1 1 | 1 1 1
-4 -3 -2 -1 0 1 2 3

FACTOR1 (44.4%)

Figure 1. Grouping of 11 mulberry cultivars according to the 13 discriminant leaf descriptors (see Table 1
for abbreviations) determined by biplot analysis, followed by k-means clustering of standardized biplot

coordinates. Different symbol shapes denote cluster groups, and colors distinguish cultivars and

descriptors within clusters. “‘Kokuso’ genotypes are abbreviated with K.

As for fruit, LDA was able to fully separate (Wilk’s Lambda statistics, p < 0.001) the nine cultivars
with a canonical discriminant function after a backward step analysis including all six descriptors.
In other words, all six measured descriptors were needed to get a significant discrimination of the
cultivars, so no reduction of the number of descriptors could be achieved with this first analytical step.
Using all six descriptors, the biplot analysis showed that about 86% of the variability observed was
explained by the first two factors (Figure 2). k-means clustering of standardized biplot coordinates
separated fruit descriptors into two groups; the first associating L-ped, TSS, and W/H, with the
second associating W, H and weight (Figure 2). Based on this clustering, some expected relationships
were shown by the biplot analysis, such as fruit-size-related descriptors, (i.e., W, H), and weight in
cluster 2. Fruit shape was associated with juice sugars and peduncle length. Cluster 1 consisted of
‘Korinne’, ‘Miura’, ‘Giazzola’, ‘Kokuso Rosso’, and ‘Kayrio’, grouped by similar fruit shape, sweetness,
and peduncle length; cluster 2 consisted of ‘Cattaneo’, ‘Florio’, ‘Spagna Rosso’, and ‘Kokuso-21’,
grouped by similar fruit size (Figure 2).
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Figure 2. Grouping of nine mulberry cultivars according to fruit descriptors determined by biplot
analysis, followed by k-means clustering of standardized biplot coordinates. Different symbol shapes
denote cluster groups, and colors distinguish cultivars and descriptors within clusters. W—fruit width,
H—fruit height, W/H—width/height, L-ped—length of fruit peduncle, TSS—total soluble solids.
"Kokuso” genotypes are abbreviated with K, and SP stands for Spagna.

The number of fruit descriptors investigated were definitely fewer than the leaf descriptors,
and this may in part explain the greater discriminatory power of leaf descriptors, although a
very high proportion of variance was explained by the first two factors with both leaf and fruit
descriptors. This indicates that the leaf and fruit morphometric analysis performed in this trial
may represent a simple and powerful tool to identify and classify white mulberry cultivars. Good
discriminatory power could also be obtained using different approaches, such as circularity and
elliptical Fourier descriptors [28], fruit chemometric descriptors [29], topological data analysis [30],
or even machine learning methods [31] although those kind of measurements require more complex
analytical approaches.

Interestingly, both sets of descriptors (leaf and fruit separately) were able to find similarities
between ‘Korinne” and ‘Miura’ in one group, and ‘Florio’, ‘Cattaneo’, and ‘Kokuso-21" in another group.
This was despite using different sets of cultivars for leaf and fruit data analyses. The information
on cultivar similarities obtained using leaf and fruit morphometrics may prove useful for future
classification work, and also suggests some degree of parentage within those two groups of cultivars
that could be confirmed by molecular tests. On the other hand, the association between certain cultivars
and some specific descriptors may prove useful for field identification work; for example, cultivars
like Korinne and Miura are characterized by and can be recognized for having pronounced leaf apical
tooth and wide insertion angles of leaf veins, as well as for having sweet fruit with long peduncles.

4. Conclusions

Overall, the results of this study pointed to a restricted set of descriptors for the identification of
white mulberry genotypes. This shows great potential for using leaf (more than fruit) morphometric
descriptors to discriminate mulberry cultivars. This is in agreement with recent studies showing the
importance of agro-morphological traits for the selection and improvement of mulberry genotypes [32].
The use of digital image analysis, along with multivariate procedures, is also very promising
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for implementing a relatively simple, accurate, and inexpensive tool for the characterization and
classification of white mulberry genotypes.
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