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Abstract: The quality of acclimatised in vitro cultivated plants is essential to ensure
good survival and growth after planting in field conditions. After two months of
acclimatization, this study revealed a significant variation in survival rate, shoot
characteristics, root traits, and biomass features between 13 clones of Melia volkensii.
Also, a number of quality indices such as the Dickson Quality Index (DQI), shoot dry
weight: root dry weight ratio (S:R), and sturdiness quotient (5Q) showed a large
variation. The survival rate was genotype-dependent, with an average of 85%.
Extreme genotypes were tall, had long internodes, a lot of leaves, and a large leaf area.
At the other side of the spectrum, there were small clones with short internodes and
a reduced number of leaves and leaf areas. The high S:R values (>2) of the evaluated
clones indicate an imbalance between the shoot and root system, negatively
influencing the quality of the in vitro produced M. volkensii plants. The SQ for all
clones was below the threshold value of 6, implying a good expected survival rate.
This study illustrates that some clones might systematically score better for SQ, SR,
plant volume, and DQI after acclimatization and that these factors could form the
basis for selection.

Keywords: Acclimatization; diversity; in vitro plants; Melia wvolkensii; roots;
morphological

1. Introduction

Melia volkensii is a multi-purpose tree recommended for arid and semi-
arid forestry. It is native to Kenya, Tanzania, and Somalia [1] and is
propagated mainly by harvesting seeds from selected trees with open
pollination, resulting in heterogeneous progeny. The ripening of the fruit
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from flowering to fruiting takes about 12 to 13 months [2]. Moreover,
extracting the tender seeds from the hard fruits is costly [3] and requires
challenging skills. Plant tissue culture has the potential to significantly
increase the supply of planting material in terms of quality and quantity.
Despite previous work on M. wvolkensii in vitro propagation [4,5,6],
information on the morphological variation between micropropagated clones
after acclimatization is still scarce.

In recent years, our research team has refined the rooting and
acclimatization protocols for M. volkensii clones [7]. A number of genotypes
were selected for their good in vitro propagation, and the plants were
successfully acclimatized in the greenhouse. This savannah tree must grow
not only fast and reach a good length and stem thickness but also needs well-
developed taproots to withstand dry periods and severe storms. To prevent
uprooting, the taproot must also be well oriented. This study aimed to
evaluate a number of clones and compare their morphological differences in
order to determine whether, after acclimatization, they meet the standards
set by farmers for establishment in the field. To this end, a combination of
different above and below ground morphological characteristics was
recorded and used to determine correlations between them and to calculate
tree quality indexes.

2. Materials and methods
2.1. Initiation and multiplication

In this study, thirteen M. volkensii clones were used and maintained in
vitro. Three clones were initiated from axillary buds of phenotype-selected
trees from a progeny field trial conducted by the Kenya Forestry Research
Institute (KEFRI) at Tiva (clones 20/21, E34, and E7), Kenya. Shoots of these
trees were cut off and surface sterilized by rinsing in ethanol 70 % and
incubating in a 20 % JIK® commercial bleach (3.5 % m/v Sodium hypochlorite)
containing 0.005 % detergent (Teepol) for 15 min. After rinsing three times in
sterile distilled water, meristems were excised under a binocular and
transferred to test tubes containing 20 ml Murashige and Skoog’s (MS)
medium (Murashige & Skoog, 1962) supplemented with 30 g.I'' sucrose, 5 puM
of meta-Topolin riboside (mTR), and 2 g.I"! gelrite.

The remaining clones were derived from seeds collected from
phenotypically selected, established open-pollinated trees. Makl and Mak2
were selected in vitro from seeds harvested from a selected tree in a farmers'
orchard in Kibwezi, Kenya. Kas5 (Kasigau origin) was obtained from KEFRI.
The remaining clones (19007, 19011, 19016, 19003, 19015, 19008, and K.F1)
were obtained from seeds from Better Globe Forestry, Kenya. After removing
the pulp, the nut was cracked open, and seeds were selected with an intact
seed coat. They were surface sterilised in the same way as the shoots. After
the seed coat was cut lengthwise for scarification, they were transferred to
test tubes containing MS medium supplemented with 30 g.I'! sucrose and 2
g.I'1 gelrite. The pH of the medium was adjusted to 5.8 before autoclaving at
121°C for 15 min. Two weeks after germination, each seedling was divided
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86 into nodes to start micropropagation on the same basal medium
87 supplemented with 5 uM mTR. Each subculture lasted four weeks.
88 2.2. Rooting
89 Shoots of four weeks old were cut in explants of approximately 1.5 cm
90 long with two internodes and leaves. They were rooted using a modified
91 McCown woody plant medium [8] with half concentrations of salts (K2SOs
92 and MgSOs) and supplemented with 3% sucrose, 2 g.1! gelrite, 0.02 M Silver
93 Thiosulfate (STS), and 2 uM Indole-3-butyric acid (IBA) (pH 5.8 before
94 autoclaving). Per jar of 350 ml, 70 ml autoclaved media was dispersed. The
95 jar had a 0.45 um PTEFE filter cup (model TC-GR350, Shanghai Zeshine
9% Equipment Co. Ltd., China). Five explants were transferred into each jar, and
97 cultures were incubated in a growth chamber at 22 + 1 °C with a photoperiod
98 of 16/8 h light/dark. A completely randomized design was used.
99 2.3. Acclimatization and Experimental design
100 The rooted in vitro shoots were manually stripped of the remaining
101 adherent medium and washed with tap water. Then the plantlets were
102 treated with 0.2% Pearl® 50 SC (Osho Chemical Industries Ltd) and planted
103 in 300 ml pots with peat moss (Kekkilda LSM 2w R8264). The pots were
104 covered with clear plastic cups for 12 days (Figure 1. a). The pots were
105 watered three times a week. Through irrigation, fertilization with Rosasol
106 NPK 19.19.19+ TE (Rosasol-Even) was applied at two-week intervals. The
107 experiments were carried out in a greenhouse located at Kabete field station.
108 The area is situated on 1014’ 52" S latitude and 36°44’ 32" E longitude, at an
109 altitude of 1846 m above sea level. The average temperature of the
110 greenhouse was 27 °C.
111 2.4. Data collection
112 Data were collected two months after transplanting. Parameters
113 recorded were plant height (PH) in cm, number of leaves per plant (NL),
114 internode length (INL) in mm, number of leaflets per leaf (NLL), stem
115 diameter (SD) in mm, leaf area (LA) in cm?, chlorophyll (SPAD value) (CHL),
116 shoot fresh weight (SFW) and dry weight (SDW) in grams. Stem diameter
117 was measured at the first leaf using a digital vernier caliper. Mean leaf area
118 was determined from the top five leaves of each plant through Image]
119 (https://imagej.nih.gov/ij/). Chlorophyll content was determined using a
120 SPAD meter (Konica Minolta SPAD-502Plus, Japan). Root traits (number of
121 roots per plant, root diameter, root length (cm), collar diameter (CD) in mm,
122 root fresh (RFW) and dry weight (RDW) in grams, and leaf area were
123 collected from 10 plants per clone from each repetition except for the one with
124 low survival rate. Shoot and roots were oven-dried at 70°C for 72 hours before
125 the shoot and roots dry weight determination. The shoot to root dry mass
126 ratio (S:R) is an essential measure of seedling survival. It relates the
127 evaporating surface to the water-absorbing surface. A healthy plant has a
128 ratio between 1:1 and 1:2 [9,10]. The sturdiness quotient (5Q) was calculated
129 as the ratio of plant height (cm) to collar diameter (mm). The smaller the 5Q
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130 value, the more robust the plant and the higher the expected survival rate,
131 especially in windy or dry places. An SQ higher than 6 is undesirable [9]. The
132 Dickson's Quality Index (DQI) reflects the plants' ability to survive and grow
133 in the field, with performance increasing as the index values rise. It was
134 calculated according to the following formula [11]:
- DQI = . Plant Dry weight (g) .
Height (cm) Shoot dry weight (g)
Collar diameter(mm) = Root dry weight (g)
136 Plants with an index greater than or equal to 0.2 [12] are considered to
137 be of good quality. The aerial plant volume (V) was calculated using the
138 following formula:
1 CD\?

139 V=§XT[X<7) X H
140 Where
141 V= Aerial plant volume;
142 CD= Collar diameter (mm);
143 H= Plant height (cm).
144 2.5. Statistical analysis
145 Each treatment consisted of at least 30 plants per clone, and this was
146 done in a completely randomized design (CRD). The experiment was
147 repeated three times so that a total of 90 plants was used per clone. ANOVA
148 was performed using IBM® SPSS® statistics (version 28). A post-hoc Duncan’s
149 multiple range test (p<0.05) was performed to separate the means.
150 3. Results
151 3.1. Shoot morphological traits
152 The plantlets were successfully acclimatized (Figure 1. b-d) with a mean
153 survival rate ranging between 34% to 99%. There was a highly significant (p<
154 0.001) difference in survival rate between the clones. Clone 19016 had the
155 highest survival rate, while clone 19003 had the lowest. There were highly
156 significant (p< 0.001) differences for all shoot traits among elite M. volkensii
157 clones after two months of acclimatization (Table 1). Clone plant height
158 varied from 15.81 cm for 19008 to 5.94 cm for 19003. The lowest average
159 number of leaves per plant (7.46) was recorded in clone 19003, while the
160 highest number of leaves per plant (11.68) was recorded in clone 19016. The
161 number of leaflets per leaf ranged from five (Figure 1. e) to seven (Figure 1.
162 f). Three clones, namely 20/21, E7, and K.F1, had the highest number of
163 leaflets per leaf, namely seven. The lowest number of leaflets per plant of 5.30,
164 5.64 and 5.64 were recorded from clone E34, 19008 and 19003, respectively.
165 Internode length ranged from 1.44 mm for clone 19003 to 2.96 mm clone
166 19008. Clone 19008 had significantly the highest mean internode length.
167 Chlorophyll content (SPAD meter) varied from 23.91 for KAS5 to 30.07 for
168 19003. There was no significant difference between the chlorophyll content of
169 clone 19003 and other eleven clones, namely K.F1, E7, MAK1, MAK?2, 19016,
170 19015, 19008, E34, 19007, 20/21 and 19011. The thickest stems, 3.6 and 3.4 mm,

Forests 2021, 12, x. https://doi.org/10.3390/xxxxx www.mdpi.com/journal/forests



Forests 2021, 12, x FOR PEER REVIEW

5 of 19

171 were recorded with MAK1 and 19007, respectively, while 20/21 and 9015 had
172 the smallest stem diameters, measuring 2.3 and 2.4 mm. Leaf area ranged
173 from 16.99 cm?for 19003 to 41.87 cm? for 19016. Seven clones, namely 19003,
174 20/21, E34, MAK?2, KAS5, E7 and 19011, had significantly smaller leaf areas
175 than the other clones. Shoot fresh weight ranged from 1.95 g to 5.67 g for all
176 clones. The SFW of clones 19016 and MAK1 was similar. The lightest shoots
177 were recorded in clones 19003, 20/21, E34, KAS5 and E7 with 1.95, 2.09, 2.55,
178 2.99 and 3.01 g, respectively. Clone coded 19016 and MAK1 had the best SDW
179 (1.14 and 1.05 g), while the lowest SDW was recorded for 20/21, 19003 and
180 E34 with mean values of 0.32, 0.38 and 0.43 g, respectively.

181 Table 1. Mean values of survival rate and shoot traits variation among 13 elite Melia volkensii clones after

182 acclimatization.

Clones code Survival rate PH (cm) NL NLL INL (mm) CHL
19015 95.0 + 0.64° 10.5 + 0.55%* 9.8+0.18" 5.9+0.12°f 1.9 £ 0.09¢ 28.4+0.71°
19011 93.3+6.67° 12.2 + 0.60™ 10.3 £0.29™ 6.4 +0.13% 2.5+0.15%° 26.2 £0.73%®
20/21 84.0 +£8.74° 9.1+0.42% 8.2+0.18 7.2+0.142 2.1+0.10% 26.4 £ 2.25%

K.F1 95.9 + 2.41° 10.6 + 0.67% 9.9+0.23" 7.0+0.17%® 2.0 +0.19« 30.0 £ 0.99%
KAS5 98.0 + 1.96° 9.1+0.55% 9.6 +0.26% 6.48 + 0.16" 1.9 +0.13% 23.9+0.71°
MAK1 97.6 £1.19° 12.0 + 0.55" 9.7 + 0.20° 6.8 +0.09%* 2.2+0.11°« 29.1+0.67°
19008 83.8+10.11° 15.8 £ 0.85° 9.8 +0.29 5.6 +0.18% 3.0+0.18 27.9 £ 0.96°
E34 58.0 + 20.44° 8.4 +0.82° 9.0+ 0.32% 5.3+0.139 2.1+0.24 27.0 £ 0.87%
MAK2 95.9 + 3.23° 12.4+0.87™ 9.8 +0.23 6.5 + 0.14°« 2.6 +0.22% 28.9 +£0.83?
19003 34.0+9.52° 5.9+ 0.69' 7.5+0.51¢ 5.6 + 0.24 1.4 +0.19° 30.1+1.14
19007 85.9 + 6.49° 13.6 + 0.89" 10.5+0.29° 6.2 +0.16® 2.3+0.170« 26.6 £ 0.67%
19016 99.0 +1.01° 14.1 +0.53%® 11.7+0.16* 6.5 + 0.09¢ 2.6 +0.12%° 28.6 +£0.53°
E7 91.7 £4.79° 10.7 + 0.66% 8.6 + 0.25° 7.0+0.18 2.3+0.16" 29.2+0.77°
Mean 85.4 11.36 9.72 6.48 2.24 27.84
LSD 0.05 23.1 2.42 0.90 0.54 0.57 4.04
183 PH: Plant Height (cm). NL: Number of leaves per plant. NLL: Number of leaflets per leaf. INL: internode
184 length (mm). CHL: chlorophyll content (SPAD meter). SD: stem diameter in mm. LA: Leaf area (cm?). SFW:
185 shoot fresh weight. SDW: Shoot dry weight. LSD: Least significant differences of means at 5%. Means
186 followed by the same letters within a column are not significantly different at p < 0.05 (Duncan’s multiple
187 range test at 5%). Data are presented as mean + Standard Errors. N=90.
188 Table 1. (Continued).
Clones code SD (mm) LA (cm?) SFW(g) SDW(g)
19015 2.4 +0.05% 29.8 + 2,730 3.3 +0.25%¢ 0.6 + 0.05%f
19011 2.9 +0.06 %f 25.9 + 2,56 3.8+0.38% 0.6 +0.06%
20/21 2.3+0.04" 19.3 £ 1.47¢ 2.1+0.19 0.3+0.03¢
K.F1 3.3+0.06" 329+293° 4.1 +0.36 0.7 £0.07%
KAS5 3.1+0.08« 24.8 + 2.53bcde 3.0 £ 0.31%f 0.6 + 0.06%f
MAK1 3.6 £0.082 31.2 +£2.48 5.0 £ 0.35% 1.0 £0.08®
19008 2.9 £ 0.099%f 29.0 + 3.04b 3.8+0.374 0.9 £ 0.08
E34 2.6 +£0.08 20.7 + 3.55% 2.5+ 0.40° 0.4 +0.07¢%
MAK?2 3.3+ 0.10* 23.0 £ 2.51¢ 3.3+0.31%® 0.6 +0.05%
19003 2.8+0.16° 17.0 +2.59¢ 1.9+0.32 0.4 +0.09%
19007 3.4+0.10%® 31.4 +3.69% 4.3 +0.51% 1.0+0.13®
19016 3.3+0.10* 419+ 2742 5.7+0.30% 1.1 +0.06°
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E7 2.9 +0.08% 25.5 + 2.68bcde 3.0 £ 0.28%f 0.6 + 0.05%
Mean 3.01 27.74 3.62 0.71
LSD 0.05 0.30 9.87 1.22 0.25

189
190
191
192

SD: stem diameter in mm. LA: Leaf area (cm?). SFW: shoot fresh weight. SDW: Shoot dry weight. LSD:
Least significant differences of means at 5%. Means followed by the same letters within a column are not
significantly different at p <0.05 (Duncan’s multiple range test at 5%). Data are presented as mean + Standard
Errors. N=90 except for SFW and SDW, where N=30.
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Figure 1. Acclimatization of in vitro propagated M. volkensii clones. (a) Covered plantlets with clear pots after
transplanting. (b-d) Full acclimatized M. volkensii plantlets. (e-f) Two different leaf morphology of M.
volkensii; (e) leaf with five leaflets and (f) leaf with nine leaflets. (Scale bar =1 cm).

3.2. Root morphology

The mean values for the number of roots per plant, root length, root
diameter and collar diameter are presented in Table 2. Significant (p < 0.001)
variations were observed in root traits among clones (Figure 2). The highest
number of roots per plant were recorded from clone 19016, followed by 20/21,
K.F1, 19015 and 19007. Eight clones, namely 19008, E34, E7, 19003, MAK3,
MAKT1, 19011 and KASS5, recorded the lowest number of roots per plant after
two months under acclimatization. Clone 19011 had the longest roots (11.6
cm) and E34 the shortest. The largest root diameter and collar diameter were
measured at MAK1 (7.7 mm). Clones such as 20/21, E34, 19003, 19015
developed the smallest root diameter with mean values of 1.9, 2.1, 2.5 and 2.5
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208 mm, respectively. The smallest collar diameter (CD) was recorded as 4.2, 4.3,
209 4.3 and 4.9 mm, respectively, from clones 19015, 20/21, E34, and 19003. The
210 roots of MAKI1 were significantly heavier compared to other clones.
211 Contrastingly clone 20/21 was recorded as possessing the lowest REFW with a
212 mean value of 1.0 g. The RDW varied between 0.1 g to 0.5 g for all clones. The
213 heaviest RDW was recorded for MAKI, while the lightest were recorded for
214 20/21, E34, 19003, and 19015.

215 Table 2. Number of roots per plant, root length, root diameter, collar diameter and root biomass of elite

216 Melia volkensii clones seedling after two months under acclimatization.

Clones code NR RL (cm) RD (mm) CD (mm) RFW(g) RDW(g)
19015 6.8 + 0.66%° 10.8 + 0.48%¢ 2.5+0.14¢ 4.2+0.13¢ 1.0 £0.08° 0.1+0.01%
19011 4.1+0.42° 11.6 £ 0.50% 4.8+0.31° 6.3 +0.31° 1.9 +0.16" 0.2 +0.02°
20/21 7.5+ 0.60%® 9.4 +0.32°f 1.9+0.11¢ 43+0.17¢ 0.5 + 0.04f 0.1+ 0.01°

K.F1 7.2+0.72%® 10.3 £ 0.48"™ 4.2 +0.19" 6.4 +0.22° 1.7 +£0.11% 0.2 +£0.01*
KAS5 4.1+0.47° 10.0 + 0.46°cde 4.7 +0.26° 5.6 +0.16™ 1.5 +0.15¢ 0.2+ 0.01%
MAK1 4.7 +0.55% 11.1+0.37% 7.7+0.432 7.7+0.43° 38+0.17° 0.5+0.03?
19008 5.9 + 0.74bcde 8.6 £ 0.20° 3.7£0.19° 5.1+0.17 1.4 +0.10¢ 0.1 +0.01%
E34 5.8 + 0.64c 8.1+0.329 2.1+0.15¢ 43+0.19° 1.0+0.12° 0.2+0.01°
MAK?2 5.0 + 0.55¢¢ 9.8 + 0.371°0f 4.0 £ 0.29" 6.1+0.33 1.6 +0.09% 0.2+ 0.01%
19003 5.0 £ 0.81%® 9.0 £ 0.70° 2.5+0.27¢ 4.9 +0.28% 1.0+0.17¢ 0.1+ 0.01°
19007 6.6 + 0.75%cd 9.8 + 0.34%f 4.2 +0.23 6.0 £0.19° 20+0.17* 0.2+0.02°
19016 8.4 +0.66° 8.7 £0.21°" 4.4 +0.27" 5.7+0.16™ 22+ 0.09° 0.2+0.01°
E7 5.5+ 0.55%%  10.0 + 0.44°cde 3.6 £0.23° 5.8 +£0.21* 15+ 0.11¢ 0.2+ 0.01b«
Mean 5.95 9.87 3.98 5.62 1.67 0.18
LSD 0.05 2.20 141 0.90 0.87 0.44 0.06
217 NR: Number of roots per plant. RL: Root length (cm). CD: Collar diameter (mm). RFW: Root fresh weight.
218 RDW: Root dry weight. LSD: Least significant differences of means at 5%. Means followed by the same
219 letters within a column are not significantly different at p < 0.05 (Duncan’s multiple range test at 5%). Data
220 are presented as mean + Standard Errors. N=30.
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19003 19007

Figure 2. Morphological diversity of the root system of M. wvolkensii clones after two months of
acclimatization under greenhouse conditions (scale bar =1 cm).

3.3. Quality Indexes

There were highly significant (p <0.001) differences for SQ, DQI, and S:R
among M. volkensii clones (Table 3). Sturdiness quotient ranged from 1.33 for
clone 19003 to 2.74 for 19008. All clones had an SQ below the threshold of 6,
which is recommended for robust young trees. The highest S:R ratio values
of 7.58 were observed for 19015, while the lowest values of 2.35 and 3.45 were
recorded for MAK1 and 19011. Since almost all evaluated clones had an S:R
higher than the recommended value (<1), even MAK]I, it can be concluded
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232 that all acclimatized plants developed a disproportionately light root system
233 in the pots. DQI index varied significantly among clones. The DQI ranged
234 between 0.05 for 20/21 to 0.48 for MAK1. Seven clones out of thirteen had the
235 average recommended value of 20.2. The plant volume significantly varied
236 among clones. Giant plants were observed in clones MAK1 with a mean shoot
237 volume of 171.3, followed by clone 19007 (120.2), 19016 (119.3), K.F1 (113.1),
238 and 19011, respectively. The plants with smaller volumes were recorded from
239 20/21 (41.6), 19003 (41.9), 19015 (47.7), and E34 (42.8), respectively. Clones
240 ranking using plant volume index was comparable with the Dickson quality
241 index ranking.
242 Table 3. Variation in quality indexes of 13 selected Melia volkensii clones after acclimatization.
Clones code DQI SQ S:R \Y
19015 0.07+ 0.006" 2.50 £ 0.124%° 7.58 + 0.600° 477 £3.68°
19011 0.18 £0.016" 1.97 +£0.168% 3.45+0.291¢ 108.8 + 8.36"
20/21 0.05 + 0.006* 2.14 +0.156" 6.15 +0.365" 41.6 +3.34¢
K.F1 0.16 +0.010" 1.90 + 0.188%* 4.48 £ 0.567° 113.1+9.68"
KAS5 0.17£ 0.020™ 1.72+ 0.168% 3.82+0.622° 73.9 £ 6.59°
MAK1 0.48 £ 0.051° 1.75+ 0.160% 2.35£0.234f 171.3+13.43°
19008 0.12 £ 0.009% 2.74£0.219° 6.14 £ 0.457° 95.3 £8.31
E34 0.06 + 0.008% 2.09 +0.222" 5.73 +£0.401" 42.8 591
MAK2 0.16 £ 0.016" 195+ 1.218% 4.10 £ 0.380% 96.1+7.91™
19003 0.07 £0.013% 1.33+0.145° 5.57 +0.975" 41.9 +6.35¢
19007 0.17 £ 0.014" 2.27 £ 0.239% 4.71 + 0.378"* 120.2 + 10.80°
19016 0.17+ 0.011™ 2.59 £0.161® 5.76 £ 0.394™ 119.3+7.90°
E7 0.14 £0.011™ 1.80 £0.193% 441+ 0.405% 76.3 £4.70°
Mean 0.16 2.08 4.88 91.6
LSD 0.05 0.07 0.66 1.62 29.14
243 SQ: Sturdiness quotient (Plant height to collar diameter ratio) (Value less than 6 indicates good
244 quality plantlets [9]. S:R: Shoot to root ratio (S:R <1 indicates Good quality plantlets [10]. DQI:
245 Dickson quality index (DQI 20.2 denote Good quality plants). V: Plant volume. LSD: Least
246 significant differences of means at 5%. Means followed by the same letters within a column are
247 not significantly different at p < 0.05 (Duncan’s multiple range test at 5%). Data are presented as
248 mean + Standard Errors. N=30.
249 3.4. Correlation between morphological characteristics and quality of in vitro raised
250 Melia volkensii plants
251 A strong correlation was recorded between several shoot and root
252 parameters and quality indexes (Table 4). Plant height was strongly
253 correlated (r=0.7-1) with internode length and shoot dry weight and
254 moderately associated with leaf area, plant height to collar diameter ratio and
255 shoot fresh weight. The number of leaves per plant significantly correlated
256 with leaf area, shoot fresh and dry weight. Stem diameter was strongly
257 correlated with root diameter, collar diameter, root fresh, and dry weight.
258 Average leaf area showed a strong correlation with the number of leaves per
259 plant, shoot fresh and dry weight. Root diameter strongly correlated with
260 collar diameter, root fresh, and dry weight. It was clear that shoot and root's
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261 fresh and dry weight were significantly correlated. As a total dry weight,
262 collar diameter, and RDW are positive elements of the Dickson quality index;
263 they were obviously highly associated with it. However, SDW, a negative
264 component of DQ)], is still positively correlated with it. DQI was moderately
265 correlated (r=0.5-0.7) with root length and shoot fresh weight. Plant volume
266 was strongly associated with SD, RD, DQI, SFW, SDW, RFW, and RDW. This
267 correlation means that the higher the estimated plant volume, the higher the
268 DQ)J, and the higher the plant biomass accumulation. Sturdiness quotient was
269 moderately associated with a number of roots and internode length.
270
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271 Table 4. Correlation between morphological characteristics and quality of in vitro raised Melia volkensii plants.
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272 SR: Survival rate. PH: Plant Height. NL: Number of leaves per plant. NLL: Number of leaflets per leaf. INL: Internode length. CHL: Chlorophyll (SPAD
273 value). SD: stem diameter. LA: leaf area. NR: Number of roots per plant. RL: Root length. RD: root diameter. CD: collar diameter. DQI: quality index. SQ:
274 Plant Height to collar diameter ratio (Sturdiness quotient). RFW: root fresh weight. RDW: Root dry weight. SFW: shoot fresh weight. SDW: Shoot dry weight.
275 S:R: shoot to root ratio. V: Plant volume. The green color indicates a positive correlation, and the red is negative. The darker the colors, the stronger the
276 correlation, and the lighter the colors, the weaker.

277
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4. Discussion

The quality of micropropagated plants after the weaning phase is
essential for predicting survival and growth after field planting. In the
present study, we assessed the phenotypic variation of a number of
selected clones. We used these data to determine the correlations
between the observed morphological parameters and calculate quality
indices.

4.1. Survival

At the end of acclimatization, an average of 83% of the plants
survived. The survival rate was genotype-dependent, as significantly
more losses were recorded for E34 (field selection) and 19003 (seedling).
Survival rate during acclimatization can be a valuable criterion for
clonal selection. Similarly, the variation in the survival rate of
acclimatizing Persian Walnut genotypes [13]. For Uniola paniculata [14],
this variation has been attributed to the genotype-dependent degree of
aberrant anatomy of the micropropagated plants. Similar survival rates
were previously reported in other Meliaceae families, including M.
azedarach L [15], Khaya senegalensis [16], Toona ciliatae [17].

4.2. Morphological characteristics of the shoots

Significant clonal differences were observed for shoot traits such
as plant height, the number of leaves per plant and leaflets, internode
length, stem diameter, leaf area, and shoot biomass among clones. This
variation among M. volkensii clones is attributed to their genetic
makeup [18,19, 20] and could form an additional basis for further
selection. Clone 19016 and 19008 recorded the tallest plants with long
internode compared to other clones; This indicates that they are
superior in growth rate. Contradictory results were reported by [21],
who observed no significant difference for plant height between Ficus
carica L varieties. Plant height indicates access to sunlight and
competition [22,23]. Tall plants have more photosynthetic capacity, and
they are meant to resist weed competition [24,25].

The greatest number of leaves per plant and maximum leaf area
were recorded for 19016. No significant differences were recorded
among six clones out of 13, with the number of leaves per plant ranging
between 9.57 and 10.27. Four fig tree varieties had a comparable
number of leaves during acclimatization [21]. A large number of leaves
and leaf areas indicates a high photosynthetic activity. Moreover, leaf
area can be used partially for forecasting plant growth [26]. The clones
coded MAKI1 and 19007 had a larger stem diameter than the others.
This can indicate rapid growth and a high survival rate after the
outplanting of these clones to semi-arid conditions. Significant
differences were observed among clones in chlorophyll (SPAD meter).
The chlorophyll of in vitro propagated Prunus africana was reported to
increase over time, and the photosynthesis rate was similar to the
mother plants [27]. The variation in chlorophyll could be attributed to
growth rate and genotypic similarity among clones.

4.3. Root traits
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Melia volkensii seedling produces a thick carrot-like taproot that is
essential for anchoring and storing water and nutrients during the dry
period [28]. But the roots of the tissue-cultured trees branched before
thickening. The average number of thick roots ranged from 4.1 to 7.2,
depending on the genotype. The development of multiple taproots
could, on the one hand, help plants to survive in semi-arid conditions
but, on the other hand, reduce their root depth. This should therefore
be determined through multi-year field trials. In Hevea brasiliensis,
taproots and lateral roots development were attributed to genotypic
differences between the clones [29]. A well-established seedling root
system facilitates the fast establishment of plants after planting [30].
Root diameter and root length were significantly higher than 1.9 mm
and 8.1 cm, respectively, indicating that the clones are genetically
different in developing root traits. A more extensive root system is
usually correlated with greater resistance to uprooting under heavy
wind conditions [31]. The bigger the diameter of the roots, the more
considerable ‘carrot’ root development. A combination of root length
and lateral roots was applicable during the selection of excellent
Norway spruce plants [32]. Root growth differences have been reported
in Fraxinus pennsylvanica clones [33]. Seedlings with long roots and
multiple secondary roots suggested a good water uptake and nutrient
use efficiency [34]. Root collar diameter significantly varied with
clones; although the minimal collar diameter was slightly above 4 mm
while the maximum was nearly 8 mm, Our results are analogous to
those of [35], who described variations in root collar diameter between
clones of white spruce. In vitro plants with a larger collar diameter are
considered superior because a robust rooting system promises high
survival and growth rates after transplantation [24]. Clones
significantly differed for root biomass. The heavy root was recorded
from MAKI, suggesting that the more mass, the more chances to
survive and grow better after planting [24,36].

4.4. Quality indexes

The biomass and quality index of micropropagated M. volkensii
clones differed significantly. Clone MAKI, followed by 19016 and
19007 respectively, were the best clones according to their SQ, S:R, plant
volume, and DQI. The SQ for all clones was below the threshold value
of six. This implies a good expected survival rate in dry areas [9]. The
results showed that only one of the 13 clones, namely 'MAK 1', had an
S:R value less than or equal to two. This confirmed its uniqueness. It
indicates that for MAK1, the shoot is more or less in equilibrium with
the root [10]. The SQ and S:R indices were developed for seedlings, and
there is little literature on these indices applied to acclimatised in vitro
plants.

The plant SQ indicates the vigor and robustness of the nursery tree
plants. The clones with the highest robustness had more shoot biomass
than roots, suggesting that they may be less resistant to extreme
conditions [37], especially in semi-arid environments. After hardening
off, transferring in vitro plants to large and long pots can be considered,
which may improve the plants' S:R and quality. The planting volume
increased in parallel with the increase in the DQI. Seven clones had
high DQI values (20.2). This indicates good quality; the higher this
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index is, the better the survival and growth after transplanting
[11,36,38].

4.5. Correlations

Our results suggest that the large, heavy plants with many leaves
and leaflets survived the best during the first critical month. Their final
number of roots or root length did not play a role. During
acclimatization of Rhus coriaria L., plantlets with high survival were
longer, but unlike our results, they had more and longer roots [39].

The number of roots negatively correlated with root length, root
diameter, root fresh and dry weight, collar diameter, and quality index,
indicating that clones with more branched roots have shorter and
thinner roots. More fibrous roots mean lower quality plants. The
negative quality effect of a highly branched main root is not
uncommon, as a good M. volkensii seedling is expected to have one deep
taproot thickened like a carrot [28]. Our results showed that plant
height to collar diameter ratio, known as SQ, had a slight negative
correlation with stem and root diameter, root biomass, root length,
chlorophyll, number of leaflets. The plant SQ increased parallelly with
PH, NL, INL, NR, and LA. Our findings agree with [40], who reported
a significant positive correlation between seedling height and SQ of
Castanea sativa Mill. Populations.

S:R was negatively correlated with almost all parameters except
root length, SQ, and chlorophyll. The high S:R values of evaluated
clones indicate an imbalance between the shoot and root system, which
negatively influences the quality of the in vitro produced M. volkensii
plants. A low shoot-to-root biomass ratio between 1:1 to 1:2 indicates a
vigorous plant [9] and a balanced morphological tree that can
withstand storms. It also implies that water absorbed by the roots has
equilibrium with water lost through transpiration. It also indicates that
the amount of water absorbed by the roots is in balance with the
transpirational area [41,10]. Moreover, DQI and V quality indexes of M.
volkensii plants increased progressively with stem and root freshness
and dry weight, suggesting that large biomass may be an indication of
high quality. This was similarly found for Acacia spp, Gliricidia sepium,
Leucaena spp [42], and Anthocephalus cadamba [43] whose seedlings' DQI
was also associated with biomass.

5. Conclusion

The current study showed a significant variation of the phenotypic
characteristics and the quality of in vitro produced plantlets between 13
selected M. volkensii clones. We demonstrated that, based on indices
such as SQ, S:R, V, and DQ]I, a ‘best” clone could be selected (MAK1),
followed by 19011, 19016, 19007, KAS5, K.F1, and MAK2, respectively.
Correlation analysis revealed that a good quality clone could be
recognized by the higher stem diameter, plant biomass, root diameter,
and collar diameter with a low shoot to roots ratio of its derived plants.
We assume that these clones will provide insights into mass
propagation and genetic improvement in the future. Selection of M.
volkensii clones based on their quality after hardening off can be a good
criterion before mass production. This will help to minimize losses after
transplanting and during the tree's many years of growth under field
conditions.
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