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Abstract. There are generally inadequate supplies of seed for the newest rootstocks to
satisfy the growing demand for the propagation material to be used in commerecial citrus
nurseries. Consequently, rootstock propagation, which is traditionally by seed, now often
makes use of alternative methods such as cuttings and tissue culture (TC). Propagation
through cuttings and TC will generate a root system that is largely composed of
adventitious or lateral roots, compared with seed propagation, which will generally
promote the formation of a well-defined taproot. In this study, we compared root
architecture and growth of seven different rootstock plants, generated from seed, stem
cuttings, or TC, during the early weeks of growth in the greenhouse. Based on total dry
biomass, root mass fraction of plants generated from cuttings ranged from 11% to 16%,
and from 16% to 29% and 21% to 30% for micropropagated plants and seedlings,
respectively. Plants propagated through cuttings had the most primary roots (7-10),
followed by tissue culture—propagated plants which developed an average of 2—6 primary
roots. As expected, plants grown from seeds mostly developed a single and well-defined
taproot during the first weeks. The total number of first order lateral roots was highest in
the plants propagated as cuttings (108-185) compared with 53—-103 and 43-78 for tissue
culture-propagated plants and seedlings, respectively. Similarly, specific root length
(SRL) was highest in plants derived from cuttings (21-43 m-g~') and lowest in plants
grown from seed (7-20 m-g ). It is suggested that the larger number and length of roots
on rootstock plants propagated through vegetative methods may be better suited for
resource acquisition as compared with seed propagated plants.

Since the arrival of Huanglongbing
(HLB), a.k.a. citrus greening in many citrus
growing countries worldwide, citrus produc-
tion continues to decline steadily. In Florida
and in most other countries, HLB is associ-
ated with the phloem-limited bacterium Can-
didatus Liberibacter asiaticus (CLas), which
is transmitted by the Asian citrus psyllid.
Although HLB does not kill a citrus tree
quickly, infected trees decline and can
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become unproductive within few years. In
addition to controlling vector populations by
frequent insecticide applications, growers are
trying to mitigate the damaging effects of the
disease through nutritional therapies, irriga-
tion management, and other strategies such as
use of superior rootstocks.

Although most commercial scion varie-
ties are susceptible to HLB, several rootstock
cultivars commercially used in Florida are
HLB-tolerant (Albrecht and Bowman, 2011,
2012; Folimonova et al., 2009) and have other
positive traits, which allow a grafted citrus
tree to remain more productive (Bowman
et al., 2016a, 2016b). Rootstock has been
an important component of citrus produc-
tion in Florida at least since the 1860s
(Webber et al., 1967; Castle, 2010), not only
because they affect the fruit quality and tree

size, but also because of their ability to
tolerate unfavorable environmental condi-
tions and diseases. Commercial citrus root-
stock propagation traditionally occurs
through use of nucellar apomictic seed,
resulting in genetically identical seedlings
used as liners for budding. There is currently
a great demand for new and superior root-
stocks to replant trees because of loss or
declining productivity of trees due to HLB.
Unfortunately, there are often inadequate
supplies of seed for the newest rootstocks to
meet the growing demand for propagation
material to be used in commercial nurseries.
In addition, some of the newer rootstocks
have only few seed or are more prone to
producing off-types from zygotic embryos.
Consequently, rootstock propagation now
has to rely on alternative methods such as
the use of cuttings or TC—generated plants.
Like plants derived from apomictic seeds,
both propagation methods will yield geneti-
cally uniform plants that can be used as liners
for commercial citrus tree production.

There has been some concern regarding
the root structure of plants propagated by
vegetative methods. Propagation through
cuttings and TC will generate a root system
that is largely composed of adventitious or
lateral roots, compared with seed propaga-
tion, which will promote the formation of
a well-defined taproot. Because of their role
in water and nutrient uptake, fine roots are the
most important part of the root system
(Anderson and Ingram, 1993). Trees with
a root system consisting of fibrous roots
arising from the taproot may, therefore, re-
spond differently to different supplies of
nutrients and water than trees with fibrous
roots arising from adventitious roots of veg-
etative origin. Recent studies on HLB-
affected citrus have shown that loss of fibrous
roots is a direct consequence of infection with
CLas, often occurring before disease symp-
toms become apparent (Johnson et al., 2014).
Therefore, root architecture is likely to influ-
ence resilience of a commercial citrus tree to
HLB and to other biotic or abiotic stressors.

In addition to the propagation method,
inherent rootstock characteristics associated
with the genotype are expected to have
a significant impact on the root structure of
a citrus tree. Comparisons of early growth of
TC clones and seedlings of Eucalyptus
camaldulensis indicated strong morphologi-
cal differences between genotypes within the
species, but no architectural differences,
either above- or below-ground, were attribut-
able to micropropagation (Bell et al., 1993).
A recent study on vegetative propagation of
different citrus rootstocks from stem cuttings
showed considerable differences in root length
among the different genotypes (Bowman and
Albrecht, 2017). Castle and Youtsey (1977)
reported considerable differences in the root
architectures of nursery-grown Valencia trees
on 12 different rootstocks.

It is commonly thought that trees of
vegetative origin have an undesirable root
system and are prone to wind-induced
uprooting because of the absence of a taproot.
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However, Asaah et al. (2012) reported that
mature African plum (Dacryodes edulis)
trees of vegetative origin have well-
developed primary lateral and deep sinker
roots that confer stability. In the heavy flat-
wood soils on the east coast and southwest
Florida citrus-growing regions, taproots gener-
ally do not extend beyond a depth of 3050 cm
(personal observations). With the advent of
microirrigation practices, the same can now
be observed for commercial citrus trees
grown in the well-drained sandy soils on the
central growing regions of Florida. Hence,
root architecture and anchorage in the upper
zone of the soil will be the most critical factor
in the susceptibility of citrus trees to lodging
or other types of wind-induced damage.

Table 1. Plant material used in the study and
duration of growth (weeks) in cone cells.
Plants from tissue culture (TC) method B
were grown in Ellepots for 8-10 weeks before
transfer.

Propagation method
Rootstock Seed Stem cutting TC (A) TC (B)

Cleopatra ¢ (18) v (20) — —
Swingle »(16) v (14) v»(14) —
US-802 »~(10) »~(14) v (8) v (4)
US-812 v (16) v (14) v (14) —
US-897 »(16) v (14) v (14) v (6)
US-942 w»(16) v (14) 1 (8) —
X-639 v (16) — v (14) v (4)

According to a survey in Florida, most of
the citrus nurseries prefer rootstock liners
that originate from seed over those that
originate from TC (Chaires, 2017). In addi-
tion to the anticipated higher costs of plants
from vegetative origin, it is expected that
rootstock liners from vegetative propagation
have an inferior root system compared with
liners derived from seed. In this study, we
analyzed the root architecture and other plant
traits of seven different rootstock genotypes,
generated from seed, stem cuttings, and TC,
during the first weeks of growth in the
greenhouse. The influence of rootstock and
propagation type on root structure and bio-
mass distribution is discussed, as well as the
possible implications of propagation method
for field performance of commercial trees.
This is the first part of a larger study intended
to continue assessment of the same trees over
several years under field conditions, and to
identify what differences in field perfor-
mance, if any, will be associated with type
of propagation method used for the rootstock.

Materials and Methods

Rootstock genotypes. Seven commer-
cially important citrus rootstocks were used:
‘X-639’ [‘Cleopatra’ mandarin (C. reticulata
L. Blanco) X trifoliate orange (Poncirus
trifoliata L. Raf)], ‘Swingle’ citrumelo (Cit-
rus paradisi Macf. x P. trifoliata), and
‘Cleopatra’ mandarin, which have had

Table 2. Biomass distribution of seven different rootstocks propagated by seed, stem cuttings, and tissue

culture (TC).

Rootstock Seed Stem cutting TC (A) TC (B) P value
Total plant dry weight (g)
Cleopatra 13.8 a 13.0a — — 0.4234
US-802 94a 8.8a 89a 11.0a 0.2211
US-812 9.0a 7.8 a 8.1la — 0.4920
US-897 9.1a 9.0a 7.4 a 10.1a 0.0901
US-942 93a 73b 75b — 0.0013
Swingle 17.1a 104 ¢ 133b — <0.0001
X-639 8.6b — 7.8b 16.7 a <0.0001
Root mass fraction (%)
Cleopatra 255a 16.3b — — <0.0001
US-802 212a 133¢ 18.6 ab 18.6 ab 0.0133
Us-812 293 a 13.0b 19.6 b — 0.0002
US-897 24.1b 109d 17.0 ¢ 28.5a <0.0001
US-942 239a 10.7 ¢ 162 b — <0.0001
Swingle 299a 12.7¢ 229b — 0.0001
X-639 21.1b — 14.0c¢ 27.6a <0.0001
Stem mass fraction (%)
Cleopatra 30.0a 264 b — — 0.0336
US-802 29.2 be 346a 269 ¢ 31.7 ab <0.0001
US-812 33.6a 36.7a 36.5a — 0.1093
US-897 342a 374a 338a 348 a 0.0525
US-942 335a 33.8a 324a — 0.5250
Swingle 294 a 32.1a 28.1a — 0.0970
X-639 31.1b — 32.0 ab 363 a 0.0115
Leaf mass fraction (%)
Cleopatra 4440b 573 a — <0.0001
US-802 49.6 a 51.7a 54.5a 49.8 a 0.0725
US-812 37.0b 503 a 43.9 ab — 0.0009
US-897 41.7b 51.7a 492 a 36.7¢ <0.0001
US-942 426 ¢ 55.6a 5140 — <0.0001
Swingle 40.7 ¢ 552a 49.0b — <0.0001
X-639 478 b — 54.0 a 36.1¢ <0.0001

Different letters within rows for each rootstock indicate significant differences according to Tukey’s HSD

test or Dunn’s multiple comparison test (P < 0.05).
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historical commercial use worldwide, and
‘US-802° [‘Siamese’ pummelo (C. grandis
Osbeck) x ‘Gotha Road” trifoliate orange (P.
trifoliate)], ‘US-812° [‘Sunki’ mandarin (C.
reticulata) x ‘Benecke’ trifoliate orange],
‘US-897° [‘Cleopatra’ mandarin X ‘Flying
Dragon’ trifoliate orange (P. trifoliata)], and
‘US-942° (‘Sunki’ mandarin X ‘Flying
Dragon’ trifoliate orange), four new hybrid
rootstocks released by USDA that have
gained major commercial importance in
Florida (Bowman et al., 2016a, 2016b).
Because of the limitations of source material
and other complications, it was not possible
to generate plants from all rootstocks with all
propagation methods. The plant material
used in this study is summarized in Table 1.

Seedlings. Fruit were collected from 15- to
30-year-old rootstock seed source trees lo-
cated at the Whitmore Foundation Farm,
Leesburg, FL, in Dec. 2015. Fruit were dis-
infected for 10 min in a 1% sodium hypo-
chloride solution (Chlorox) containing 0.01%
Tween 20 (Sigma). After rinsing the fruit three
times with tap water, seeds were extracted and
incubated overnight in 0.15 units/mL pecti-
nase solution. Seeds were rinsed with tap
water, immersed in a 1% 8-hydroxyquinoline
sulfate solution for 30 min, dried, and stored at
4 °C until use. Seeds were sown into pre-
moistened soilless potting mix (Pro Mix BX;
Premier Horticulture, Inc., Quakertown, PA)
in June 2016, using racks of 3.8 cm x 21 cm
cone cells (Cone-tainers; Stuewe and Sons,
Tangent, OR). After germination, plants were
irrigated as needed and fertilized biweekly
using a water-soluble fertilizer (20N—10P—
20K; Peters Professional, The Scotts Com-
pany, Marysville, OH) at a rate of 400 mg per
liter N. Insecticides were applied as needed.
Any off-types arising from zygotic embryos
were discarded.

Cuttings. One- to two-year-old plants de-
rived from nucellar seed of each cultivar and
maintained in the U.S. Horticultural Re-
search Laboratory (USHRL) greenhouses
were used as a source of shoots for the
cuttings. Single node cuttings (average length
2.5 cm) were taken in April 2016 from woody
sections of 2- to 5-month-old branches leav-
ing the leaf attached to each node, but
trimming to reduce the leaf size to about
20% to 30. The basal end of each cutting was
dipped in a commercial rooting powder
(Hormodin 2; E.C. Geiger, Inc., Harleysville,
PA) containing 0.3% indole-3-butyric acid,
and immediately inserted into 3.8 cm x 21 cm
cone cells (Cone-tainers; Stuewe and Sons,
Tangent, OR) containing pre-moistened soil-
less potting mix (Pro Mix BX; Premier
Horticulture, Inc., Quakertown, PA). Cones
were placed on a mist bench, and misting was
applied for a duration of 6 weeks as described
in Bowman and Albrecht (2017). The shade-
cloth on the greenhouse was closed from 9:00
AM to 6:00 pm daily during the same time
period. During the fifth week, the plants
received a liquid fertilizer application of
water-soluble fertilizer (20N-—10P-20K;
Peters Professional, The Scotts Company,
Marysville, OH) at a rate of 400 mg per liter N.
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Plants received another liquid fertilizer ap-
plication after 6 weeks that included che-
lated iron (Sequestrene 138 Fe; Ciba-Geigy
Corp., Greensboro, NC). At the beginning of
the seventh week, the shadecloth was left
open continuously and plant care was con-
tinued in the same manner described for
seedlings.

TC—method A. Seeds from fruit collected
from foundation-derived trees were used as
the source of explants for in vitro regenera-
tion. Budwood for the seed trees was ob-
tained from the Bureau of Citrus Budwood
Registration (Florida Department of Agricul-
ture and Consumer Services) citrus germ-
plasm collection in Chiefland, FL.

Culture initiation: Seeds were extracted
from fruit. The seedcoats were removed
and embryos were sanitized using a 1.5%
solution of sodium hypochlorite, followed
by three rinses in sterile distilled water.
Selected nucellar embryos were placed into
clear polypropylene 16 oz. (473 mL) deli
containers containing Murashige and Skoog
(MS) agar nutrient medium (Murashige
and Skoog, 1962) without added growth
regulators.

Multiplication of Cultures: Multiple shoot
clusters were produced by alternating be-
tween media containing MS medium with
1.0 mg-L™! benzyladenine, 0.5 mg-L™" kinetin,
and 0.5 mg-L' naphthalene acetic acid
(NAA) (Bowman et al.,, 1997), and MS
medium or EXS-III basal medium (Phyto-
Technology Laboratories, Lenexa, KS) with
no added growth regulators. Multiple shoot
clusters were divided and placed in new media
on a cycle of about 5 weeks. Elongated shoots
suitable for rooting were produced by serial
transfers on hormone-free medium.

Rooting of shoots and transfer to soil:
Single shoots were obtained by removing
sections with at least four nodes and placing
them on MS basal medium containing 2.0
mg-L' (NAA) and 1 g-L™" active charcoal.
After rooting for a period of about 6 weeks,
plants were transferred from the commercial
TC facility to the USHRL facilities in Fort
Pierce, FL. At USHRL, plantlets were removed
from the medium, roots were trimmed to 3—
6 cm length, and placed into 3.8 cm X 21 cm
cone cells containing pre-moistened soilless
potting mix (Pro Mix BX). Plants were kept
in high humidity in a plant growth chamber
(EGC Model M36; Environmental Growth
Chambers, Chagrin Falls, OH) with 16 h/24 h
lighting at 200 umol-m2.s™!, and humidity
was gradually reduced over 3-4 weeks,
which allowed plants to acclimate to ambient
greenhouse conditions. Plants were then
transferred to the greenhouse and maintained
in the USHRL greenhouses as described for
seedlings.

TC—method B. Buds from certified
disease-free budwood from the Bureau of
Citrus Budwood Registration citrus germ-
plasm collection in Chiefland, FL, was used
as the source of explants for in vitro re-
generation.

Culture initiation: Young apical shoots
were collected from foundation trees in early
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spring. The plant material was pre-washed
with alcohol and disinfected by immersion in
a 1.5% solution of sodium hypochlorite,
followed by three washes with sterile dis-
tilled water.

Multiplication of Cultures: After disinfec-
tion, the buds were cultured in test tubes
containing MS-based agar nutrient medium
(Agromillora, composition proprietary). Cul-
tures were maintained in a growth room
under controlled conditions at a temperature
of 24 to 26 °C and a 16 h light/8 h darkness
photoperiod. In the multiplication phase,
buds were transferred to jars and subcultured
every 2 weeks to fresh nutrient medium.
After a number of cycles, depending on the
number of plants to be produced, explants
were transferred to the next phase in which
the shoot elongation was promoted. In the
elongation phase, cultures were maintained
in the growth room under the same conditions
as described previously for 8—10 d until they
reached a height of 6-8 cm.

Rooting of shoots and transfer to soil:
Elongated plants were individualized by
cutting the base, planted in 3.8 X 4.4 cm
paper-pots (Ellepots) containing a mix of
peat (Pelemix, Las Salinas, Spain) and co-
conut fiber (Klasmann-Deilmann, Geeste,
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Germany), and transferred to misting tunnels
inside the greenhouse for acclimatization.
Under these conditions, the plants developed
a root system within 2-3 weeks and hardened
for the growth phase. Rooted plants were moved
to growth benches, grown until 18-20 cm in
height (8-10 weeks), and then moved to the
USHRL greenhouses in Fort Pierce, FL, where
they were transplanted into 3.8 cm x 21 cm cone
cells containing pre-moistened soilless pot-
ting mix (Pro Mix BX) and maintained as
described for seedlings.

Plant assessment. To overcome initial
differences due to propagation method, plant
growth was standardized as best as possible
by placing plants in the same potting mix and
container and maintaining them under the
same greenhouse conditions. Plants were
arranged on the greenhouse benches in
blocks based on rootstock and propagation
method in accordance with standard nursery
practices to optimize growth and avoid in-
hibition of plant growth due to shading and
over-irrigation. Six randomly chosen plants
from each rootstock/propagation method
combination were assessed when they
reached a height of 22-25 cm. The plant size
was affected by rootstock vigor and propa-
gation method. Consequently, time of
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Fig. 1. Biomass distribution of five rootstocks propagated by seed (SD), stem cuttings (CT), or tissue
culture (TC). Plants from TC were propagated by method A.

Table 3. Shoot to root dry weight ratio (S/R) and specific leaf area (SLA) of seven different rootstocks
propagated by seed, stem cuttings, and tissue culture (TC).

Rootstock Seed Stem cutting TC (A) TC (B) P value
S/R (g/g)
Cleopatra 29b 52a — — 0.0004
US-802 3.8b 6.5a 4.5 ab 4.9 ab 0.0211
US-812 260 69a 420 — <0.0001
US-897 3.2 be 8.6a S5.1b 25¢ 0.0010
US-942 32¢ 85a 53b — 0.0005
Swingle 24c¢ 69a 34b — <0.0001
X-639 3.8 ab — 6.6a 2.7b 0.0012
SLA (cm?/g)
Cleopatra 183.3b 206.2 a — — 0.0044
US-802 2643 a 2737 a 2743 a 231.8b 0.0008
Us-812 2775a 262.0a 252.7a — 0.6538
US-897 233.7a 2502 a 2423 a 1539b <0.0001
US-942 264.6 a 2813 a 273.6 a — 0.0700
Swingle 233.0b 275.7 a 260.4 a — <0.0001
X-639 255.8a — 268.6 a 178.6 b <0.0001

Different letters within rows for each rootstock indicate significant differences according to Tukey’s HSD

test or Dunn’s multiple comparison test (P < 0.05).
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assessment ranged from 10 to 18 weeks after
planting of seeds and from 14-20 weeks after
planting of stem cuttings into the cone cells.
Tissue culture—generated plants were
assessed 8—14 weeks (method A) or 4-6
weeks (method B) after introduction to the
cone cells.

For assessment of plant biomass distribu-
tion, leaves, stems, and roots were separated
from each plant. Leaves from each plant were
scanned with a Cannon MG 3620 scanner and
leaf area was determined using Assess 2.0
(Lakhdar Lamari, American Phytopatholog-
ical Society) image analysis software. Roots
were cleaned from adhering potting medium,
washed, and blotted dry. Plant tissue was
dried in an oven at 53 °C to a constant weight,
and dry weights of leaves, stems, and roots
were determined. Shoot to root ratio was
determined by dividing combined dry weights
of stems and leaves by dry weight of roots.
Specific leafarea (SLA) was determined as the
ratio of leaf area (cm?) to leaf dry weight (g).

Before drying, roots from each plant were
scanned as described previously. Primary roots
[taproot(s) or adventitious roots] and first order
lateral roots (defined as lateral roots directly
arising from the primary root) of each plant were
counted and total root length (TRL) was mea-
sured using Assess 2.0 image analysis software.
Specific root length was determined as the ratio
of root length (m) to dry weight of roots (g).

Analysis of variance (ANOVA) was con-
ducted using Statistica v13 software (Dell
Statistica, Tulsa, OK) and main effect means
were separated using Tukey’s HSD post hoc
test. Where assumptions of ANOVA were
not met, Kruskal-Wallis ANOVA, followed
by multiple comparison of mean ranks, was
conducted. Factorial ANOVA was employed
for the five rootstock varieties for which plants
generated from seed, cuttings, and TC
(method A) were available (‘US-802°, ‘US-
812°, ‘US-897°, ‘US-942’, and ‘Swingle’).
The significance threshold was set at 0.05.

Results

Biomass distribution. The total dry bio-
mass of plants ranged from 7.3 g for
‘US-942° cuttings to 17.1 g for ‘Swingle’
seedlings (Table 2). Total biomass was sig-
nificantly influenced by propagation method
for the rootstocks ‘US-942°, ‘Swingle’, and
‘X-639°. The percent biomass allocated to
roots differed significantly among propaga-
tion methods for all seven rootstocks. Except
for ‘US-897’ and ‘X-639’, root mass fraction
was highest in plants grown from seed (21%
to 30%), and lowest in plants grown from
cuttings (11% to 16%). For TC—propagated
plants, root mass fraction was 28% to 29% for
‘X-639’ and ‘US-897’ propagated by method
B compared with 14% to 23% for the
remaining plants. The proportion of biomass
allocated to stems differed significantly be-
tween plants propagated by different
methods for ‘Cleopatra’, ‘US-802°, and
‘X-639’, and ranged from 26% in ‘Cleopatra’
cuttings to 37% in ‘US-812° and ‘US-897’
cuttings. For all rootstocks, except ‘US-802°,

the percentage of biomass allocated to leaves
also differed significantly based on the prop-
agation method used. The highest leaf mass
fraction was observed for cuttings (50% to
57%), and the lowest proportion was ob-
served for seedlings (37% to 50%) in all
rootstocks, except for ‘X-639’ for which the
lowest proportion of leaf biomass was found
for plants derived from TC method B.
Factorial analysis of the rootstock culti-
vars ‘US-802°, ‘US-812°, ‘US-897°, ‘US-
942, and ‘Swingle’ revealed a significant
interaction of rootstock and propagation
method for total biomass (P = 0.0002) and
for the partitioning of biomass to roots (P =
0.0107), stem (P = 0.0233), and leaves (P =
0.0010). The highest root mass fraction was
found for ‘Swingle’ and ‘US-812” seedlings

(29.3% to 29.9%) and the lowest was found
for ‘US-897° cuttings (10.7%). ‘US-897°
cuttings had the highest percentage of
stem biomass (37.4%) and ‘US-802° from
TC method A had the lowest percentage
(26.9%). ‘Swingle’, ‘US-802’, ‘US-897’,
and ‘US-942° cuttings and ‘US-802° and
‘US-942° from TC B had the largest
leaf mass fraction (51.4% to 55.6%)
whereas ‘US-812’ from seed had the lowest
(37.0%). Biomass distribution for the
five rootstocks and the three propagation
methods is presented in Fig. 1. Despite the
significant interaction between rootstock
and propagation method, there is a clear
trend for an increase in the proportion of
roots from cuttings to TC-propagated
plants to seedlings.

Table 4. Factorial ANOVA of shoot to root dry weight ratio (S/R) and specific leaf area (SLA) of five
rootstocks propagated by seed, cutting, and tissue culture (TC) method A.

Effect Level of factor N S/R (g/g) SLA (cm?>.g™")
Rootstock US-942 18 5.64a 273 a
US-897 18 5.62a 242 b
US-802 18 4.93 ab 271 a
US-812 18 4.58b 264 ab
Swingle 18 4220 256 ab
P =0.0008 P=0.0014
Propagation method Cutting 30 748 a 269 a
TC (A) 30 4490 261 a
Seed 30 3.02¢ 255a
P <0.0001 P =0.0855
Rootstock X propagation method P =0.0777 P =10.2003

Different letters within columns indicate significant differences according to Tukey’s HSD test (P < 0.05).

N, number of plants.

Table 5. Number of primary roots and first order lateral roots, total root length (TRL), and specific root
length (SRL) of seven rootstocks propagated by seed, cutting, or tissue culture (TC).

Rootstock Seed Stem cutting TC (A) TC (B) P value
Number of primary roots
Cleopatra 1.0b 6.5a — — 0.0019
US-802 1.0¢c 73a 5.3 ab 4.3 abc 0.0013
US-812 1.2b 9.7a 3.7 ab — 0.0005
US-897 1.0c 93a 2.8b 23b 0.0010
US-942 1.2b 82a 63a — 0.0002
Swingle 1.2b 87a 33b — <0.0001
X-639 1.0b — 2.5ab 32a 0.0039
Number of first order lateral roots
Cleopatra 550b 108.3 a — — 0.0007
US-802 425¢ 1242 a 102.5a 88.5 ab 0.0007
US-812 675b 1285a 83.2b — 0.0002
US-897 62.0b 184.8 a 68.0 b 71.8 b 0.0017
US-942 78.0b 1335a 922b — 0.0002
Swingle 61.5b 117.0a 65.8b — <0.0001
X-639 552a — 533a 87.8a 0.0530
TRL (m)
Cleopatra 26b 49a — — 0.0004
US-802 40a 33a 35a 3.1a 0.3760
US-812 32a 33a 29a — 0.5924
US-897 33a 42a 29a 29a 0.0482
US-942 35a 33a 29a — 0.1261
Swingle S51a 2.8b 46a — 0.0007
X-639 23b — 23b 5.0a <0.0001
SRL (m-g™*)
Cleopatra 730 230a — — <0.0001
US-802 19.9 ab 279 a 21.1 ab 15.6b 0.0038
US-812 129b 33.1a 18.8b — <0.0001
US-897 15.1¢ 43.1a 242b 10.2 ¢ <0.0001
US-942 15.7b 43.1a 23.4 ab — 0.0005
Swingle 10.0 ¢ 212 a 15.0b — <0.0001
X-639 13.0 ab — 22.6a 109 b 0.0027

Different letters within rows for each rootstock indicate significant differences according to Tukey’s HSD

test or Dunn’s multiple comparison test (P < 0.05).
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Shoot to root ratio (S/R). In all seven
rootstocks, the shoot to root ratio differed
significantly (P < 0.03) between plants prop-
agated through different methods (Table 3).
The highest ratio was found in plants propa-
gated by cuttings (5.2-8.6) whereas the
lowest ratio was found for plants propagated
from seed (2.4-3.8). For seedlings, ‘US-802’
and ‘X-639’ had highest shoot to root ratio
(3.8) and ‘Swingle’ the lowest (2.4). For
cuttings, shoot to root ratio was highest in
‘US-897’ and ‘US-942’ (8.5-8.6) and lowest
in ‘Cleopatra’ (5.2). Shoot to root ratio of
plants generated from TC method A ranged
from 4.2 (‘US-812°) to 6.6 (‘X-639’) whereas
TC method B produced plants with a ratio of
2.5-2.7 (‘US-897° and ‘X-639’) and 4.9
(‘US-802%).

Factorial analysis of the rootstock culti-
vars ‘US-802°, ‘US-812°, ‘US-897°, ‘US-
942’, and ‘Swingle’ propagated through seed,
stem cutting, or TC method A showed no
significant (P = 0.0777) interaction of root-
stock and propagation method for shoot to
root ratio (Table 4). Significant differences
were observed among rootstocks, with ‘US-
897’ and ‘US-942’ having the highest shoot
to root ratio (5.6) and ‘Swingle’ the lowest
(4.2). Plants propagated by cuttings had
a significantly higher shoot to root ratio
(7.5) compared with plants originating from
TC (4.5) or from seed (3.0).

SLA. The SLA differed significantly be-
tween plants propagated by seed, cuttings,
and TC in all rootstocks except ‘US-812’
and ‘US-942°. Plants propagated by TC
method B had a significantly lower SLA
(154-234 cm?.g') compared with plants
propagated through all other methods, which
measured 233-281 cm?.g!. For most root-
stocks, no significant differences were mea-
sured between plants propagated by seedling,
cutting, or TC method A. Only ‘Cleopatra’
and ‘Swingle’ had a significantly lower SLA
when grown from seed compared with cut-
tings. Among rootstock seedlings, ‘US-812°
had the highest SLA (278 c¢cm?g') and
‘Cleopatra’ the lowest (183 cm?.g™'). SLA
of cuttings ranged from 206 cm?.g!' for
‘Cleopatra’ to 281 cm?g!' for ‘US-942°,
which is similar to SLA of TC propagated
plants (method A) which ranged from 243
cm?.g ! for ‘US-897’ to 274 cm?>.g ! for ‘US-
802°.

Factorial analysis of the rootstock culti-
vars ‘US-802°, ‘US-812°, ‘US-897’, ‘US-
942’, and ‘Swingle’ propagated through seed,
stem cutting, or TC method A showed no
significant interaction between rootstock and
propagation method (P = 0.2003). Whereas
no significant differences were found based
on propagation method (P = 0.0855), SLA
varied significantly (P = 0.0014) depending
on the rootstock. SLA was highest for ‘US-
942’ and ‘US-802° (271-273 cm*.g') and
lowest for ‘US-897" (242 cm?.g ™).

Root architecture. The number of primary
roots differed significantly between pro-
pagation methods for all seven rootstocks
(Table 5). For all rootstocks, the largest
number of primary roots was observed for
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cuttings and ranged from 6.5 (‘Cleopatra’) to
9.7 (‘US-812’). Most of the plants grown from
seed developed one taproot. For plants from TC,
the number of primary roots ranged from 2.3
for ‘US-897" to 6.3 for ‘US-942°.

The number of first order lateral roots
differed significantly between propagation
methods for all rootstock, except ‘X-639’.
Largest numbers were found for all root-
stocks grown from cuttings and ranged from
108 for ‘Cleopatra’ to 185 for ‘US-897°. The
number of lateral roots for plants generated
from TC ranged from 53 (‘X-639’) to 103

(‘US-802’) for method A and from 72 to 88
for method B. Rootstock seedlings had the
lowest number of lateral roots, which ranged
from 43 for ‘US-802° to 78 for ‘US-942°.
The TRL of plants ranged from 2.3 m to
5.1 m and varied significantly depending on
the propagation method for the rootstocks
‘Cleopatra’, ‘US-897°, ‘Swingle’, and ‘X-
639’. The SRL, expressed as the ratio of
TRL and dry weight of roots, was signifi-
cantly different between plants propagated
by seed, cuttings, and TC in all seven
rootstocks and was highest in plants grown

127a a P=0.0122 a
ab ab ab
w o
5 10
E abc
j. 8 T
E bc
& 6
s cd cd cd
g 4
£
2 - ﬂ e e e e e
0 HiIlAAAmm
wé & & q’é & m«‘-' w’\b m«‘! 22 /\,\(, {”0 ,;9 Y ":’0 ,\f—?
(] A
& L,g?’ & %9“ R ‘_)9& 53,0 & q,\\(\% qng RASP \@” &
NN N AR AN AN N I NN SN N
2507 P < 0.0001 b
9
3 a
= 200
@
B b
a B0 bed pedebede
o
cdef 4
% 1 ef
= 100 ef ef ef ef eof
5 f
e
3 50 A
£
|
=
0 - Al . L .
S gl N P e
& A e
5’@ qh qq;\- fb@' _\(\‘,} qq,o C)’qv ‘_)R? o> qq,% N \‘_‘&& F2 \oq} &
FOIVE S F IS
07 a3 a P <0.001 C
@ 45
£ 40 - b
£ 351 bc
5 30 R
5 25 cde CU€ def def
2 20 efg efg efg
o fg fg
£ 15 1
g 10 -
v 5
0 : ‘
¢ '»é "vé mé = w’\c eé '»,\(’ 8% '\,«0 47 0P g Ak B
A <
& o & H N & S S P M P & S
FJ I I I I I YT &S

Fig. 2. Number of primary roots (A), and number of first order lateral roots (B), and specific root length (C)
of five rootstocks propagated by seed (black bars), cutting (gray bars), and tissue culture (TC) (light
gray bars). Plants from TC were propagated by method A.
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from cuttings (21.2-43.1 m-g'). Among
rootstock seedlings, ‘US-802” had the highest
SRL (19.9 m-g™') and ‘Cleopatra’ the lowest
(7.3 m-g"). Among cuttings, highest SRL was
found for ‘US-897” and ‘US-942’ (43.1 m-g™")
and lowest for ‘Swingle’ (21.2 m-g’'). TC
method A resulted in plants with a SRL ranging
from 15.0 m-g”! (‘Swingle’) to 24.2 m.g' for
‘US-897°. Plants generated from TC method B
ranged from 10.2 to 15.6 m-g' in SRL.
Factorial analysis of ‘US-802’, ‘US-812,
‘US-897°, ‘US-942°, and ‘Swingle’ plants
generated from seed, stem cutting, or TC
method A found significant interactions be-
tween rootstock and propagation method for
the number of primary roots (£ =0.0122) and
first order lateral roots (P < 0.0001). Despite
the interaction, all plants propagated through
cuttings had a larger number of primary
(adventitious) roots than plants generated
by TC method A or by seed (Fig. 2A).
Similarly, the number of lateral roots was
largest in all plants derived from cuttings
whereas most of the plants propagated from
seeds were amongst the plants with the
lowest number (Fig. 2B). A significant (P <
0.0001) interaction for rootstock and propa-
gation method was also found for TRL (P =
0.0003) and SRL (P < 0.0001). Highest TRL
(5.1 m) was measured for ‘Swingle’ seed-
lings, and lowest for ‘US-897°, ‘US-942’, and
‘US-812° from TC and ‘Swingle’ cuttings
(2.8-2.9 m). By contrast, ‘US-897" and ‘US-
942’ cuttings exhibited the highest SRL (43.1
m-g ') whereas ‘Swingle’ seedlings exhibited
the lowest SRL (10.0 m-g™"). SRL for the five
different rootstock/propagation method com-
binations are depicted in Fig. 2C. Despite the
interaction, four of the five rootstocks prop-
agated by cuttings had the highest SRL
whereas most of the plants propagated by
seed were amongst the ones with the lowest
SRL. SRL was positively correlated with the

number of primary roots (R = 0.718) and the
number of lateral roots (R = 0.621).

Figure 3 shows the typical root system of
three citrus plants propagated by seed, cut-
ting, and TC.

Discussion

Despite the prevalence of micropropaga-
tion in many woody tree production systems,
particularly forest trees, but also many fruit
tree crops, commercial citrus propagation
still relies mainly on propagation from seed.
However, for most of the desired varieties,
seed sources are inadequate to meet the
demands. As a consequence, nurseries have
to rely on rootstocks that are derived through
vegetative propagation, namely, cuttings and
TC. Although there are many anecdotal re-
ports about the inferiority of citrus plants
derived through vegetative propagation, no
systematic study has yet been conducted. The
present study provides information on the
traits of seven of the top ten citrus rootstocks
in Florida (Budwood Annual Report 2015—
16) propagated by seed, stem cuttings, and
TC, during the early weeks of growth under
nursery conditions.

Analysis of biomass distribution revealed
considerable differences depending on the
rootstock and on the type of propagation.
Despite the interaction of rootstock and
propagation method, a general trend was
observed indicating a larger root mass frac-
tion for plants derived from seed compared
with micropropagated plants and stem cut-
tings. In accordance with these observations,
the lowest shoot to root ratio was found for
seedlings and the highest ratio was found for
cuttings. Field observations of citrus trees
conducted in the 1950s reported shallower
and sparser root systems of cuttings com-
pared with seedlings (Savage et al., 1945;

Halma, 1947), resulting in a general accep-
tance of cuttings as inferior to seedlings.
However, these studies were conducted with
the purpose of comparing scion cuttings with
grafted trees and did not include comparisons
of rootstocks. Studies investigating the bio-
mass partitioning response of different plant
systems to nutrient supply discovered a pos-
itive linear relationship between shoot to root
ratio and the internal nutrient status of plants
(Cambui et al., 2011). Therefore, it is possi-
ble that the lower relative root mass and
concordant higher shoot to root ratio of plants
generated by TC and stem cuttings is the
result of a higher efficiency of their root
system. However, influence of different nu-
trient exposure and other factors associated
with the propagation technique, particularly
differences in growing time, cannot be ex-
cluded. It is also unclear whether plant
partitioning observed under nursery condi-
tions will persist under field conditions and in
a grafted citrus tree. Poorter et al. (2012)
suggested that as trees mature they will
increasingly invest more resources in support
tissues and that biomass allocation of green-
house grown young seedlings is likely to
change under field conditions. Despite pre-
dicted changes in the biomass distribution
based on plant development, nutrient avail-
ability, and other factors, it is expected that
differences in biomass partitioning in differ-
ently propagated plants will persist at least
during the early stages of establishment in the
field.

The SLA of a plant is defined as the one-
sided area of a fresh leaf, divided by its oven-
dry weight and is closely correlated with the
relative growth rate of a plant (Ruiz-Robleto
and Villar, 2005). Because SLA reflects the
expected return on previously captured re-
sources, high SLA leaves are generally con-
sidered productive (Wilson et al., 1999).

Fig. 3. Typical root systems of three ‘US-802’ plants propagated by seed (A), cutting (B), and tissue culture (C). Adventitious roots shown in (B) and (C) were
excised from the plant base.
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Warrag et al. (1989a) observed a higher
growth rate and net photosynthesis of Euca-
lyptus grandis seedlings compared with tis-
sue culture plants during the early stages of
development, but differences decreased
sharply within few months of continuous
growth in the greenhouse. No advantage
was found in terms of dry weight accumula-
tion and distribution for seedlings or TC
plants (Warrag et al., 1989b). In the present
study, we did not compare growth rates of
rootstock plants. However, our results dem-
onstrate significant differences of SLA
among the different rootstocks, which were
mostly independent of the propagation
method. No differences in SLA were observed
among plants of the same rootstock propagated
by TC method A, by cuttings and by seed, but
SLA of plants from TC method B was consid-
erably lower. It is likely that reduced lighting
and consequently, reduced photosynthesis dur-
ing the early stages of plant acclimatization in
the greenhouse tunnel is responsible for the
reduced SLA of plants propagated with this
procedure. Whether rootstock or propagation
method influences SLA in grafted citrus trees
remains to be investigated.

The root architecture varied significantly
among rootstocks and propagation type, and
significant interactions were observed for all
variables measured. Despite the interaction
of rootstock and propagation method, there
was a trend for the largest number of primary
roots, lateral roots, and SRL in rooted cut-
tings and the lowest number of all three
variables in seedlings. Not surprisingly,
plants grown from seed generally had only
one well-defined primary (tap) root whereas
the number of primary roots in plants derived
from cuttings ranged from 6 to 10 and from 3
to 6 in plants from TC. In a study by Palma
et al. (1997), multiple (3—4) adventitious
roots with a larger overall length were
counted in Citrus macrophylla plants from
rooted microcuttings compared with seed-
lings which were of a typical pivotant root
type. They concluded that the in vitro—
formed adventitious roots would be more
efficient for nutrient uptake than the single
perpendicular root of the seedlings. Bell et al.
(1993) reported multiple adventitious roots in
E. camaldulensis plants produced by micro-
propagation, which developed into six to nine
spreading roots during the first nine months
of growth in the field. No architectural
differences, above- or below-ground were
observed between seedlings and micropropa-
gated plants whereas large variations were
observed between genotypes.

The SRL of a plant provides a ratio of
a standard unit of acquisition (root length) to
resource investment (mass) (Pérez-Harguindeguy
et al., 2013). Plants with high SRL build more
root length for a given dry-weight investment
and are generally considered to have higher
rates of nutrient and water uptake, shorter root
lifespan, and higher relative growth rates than
for low SRL plants. Ostonen et al. (2007)
suggested that SRL may be used as an indicator
of nutrient availability to plants in experimen-
tal conditions. We found that within all citrus
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rootstocks, SRL differed significantly depend-
ing on the propagation method. SRL was
positively correlated with the number of pri-
mary and lateral roots, and despite a significant
rootstock X propagation method interaction,
a general trend was observed for the highest
SRL in plants from cuttings and the lowest
SRL in seedlings. No such trend was observed
for the TRL. Eissenstat (1991) studied the root
structure of citrus trees on different rootstocks
under field conditions. He suggested that plants
with high SRL may be more successful in the
competition for limited soil resources and that
production of high SRL roots may be a char-
acteristic of “opportunistic” root growth. The
higher SRL found for cuttings and most TC—
propagated plants in the present study suggests
that citrus rootstocks propagated by vegetative
methods may be more efficient in their ability
to uptake nutrients and water compared with
plants grown from seed. This is supported by
the observations of Castle and Youtsey (1977)
who evaluated root systems of rooted ‘Valen-
cia’ cuttings in comparison with trees propa-
gated on 12 rootstocks in nursery trees. They
found that cuttings exhibited a root system
mostly composed of fibrous roots and rapidly
increased in size after planting. Early studies
by Halma (1931) did not find any indications
that citrus trees grown from cuttings are in-
ferior to budded trees in the nursery. In the
woody plant Jatropha curcas, plants from
auxin-treated stem cuttings were observed to
grow faster and to produce more fruit in the
first year than plants from seed (Kochhar et al.,
2008). No difference was found between seed-
lings and untreated cuttings.

Despite the apparent positive association
of SRL with resource acquisition, Eissenstat
(1991) pointed out that construction of roots
with a high SRL is associated with substantial
cost. Interestingly, Basile et al. (2007) re-
ported evidence that in peach trees, dwarfing
rootstocks produce a larger amount of fine
roots per unit canopy size than more vigorous
rootstocks. He suggested that a greater alloca-
tion of carbohydrates to the size-controlling
rootstocks may limit carbon allocation to the
shoots, thereby restricting growth. The same
trend does not seem to be true for the high SRL
rootstock cuttings and TC plants in the present
study as these plants were found to have
considerably higher biomass allocated to the
aboveground portion of the plant than lower-
SRL rootstock seedlings.

In conclusion, many differences in plant
traits were observed in seven different citrus
rootstocks propagated by seed, stem cuttings,
and TC, and many of the traits were influ-
enced by propagation method as well as
rootstock genotype. Based on the observed
higher allocation of biomass to the above-
ground portion of the plants in combination
with the greater abundance of primary and
lateral roots and larger SRL, it is suggested
that rootstocks propagated by cuttings and
TC may be superior in regard to resource
acquisition compared with rootstocks derived
from seedlings, and therefore, favorable for
citrus tree performance during the early
growth stage.
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