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Abstract: Sweet oranges in Puerto Rico and other citrus-producing areas in the world have been
greatly affected by the Huanglongbing disease (HLB). Historically, most of Puerto Rico’s citrus
production has been located from 0-600 m above sea level, where fruit acquire a desirable color and
flavor due to climatic conditions. However, higher populations of the disease vector Diaphorina citri
Kuwayama have been reported at these elevations in Puerto Rico. Although only 6.4% of the land
area is located above 600 m, it is composed mainly of environmentally sensitive or non-arable land
where Inceptisols are the dominant soil order. For that reason, ‘Marr’s Early” and ‘Pera” sweet orange
(Citrus sinensis) scions grafted on ‘Carrizo’, "HRS 802’, and ‘HRS 812’ rootstocks were planted in
Alonso clay series Inceptisol (Oxic Humudepts) at 649 m in 2010. Tree growth parameters (height,
diameter, canopy volume) and yield efficiency were measured. Fruit quality was determined from
juice content (%), total soluble solids [°Brix], and pH. Leaf tissue analyses showed an optimum
range for Ca, Mg, Na, P, B, Cu, and Zn, an indicator of tree health. A few were high (i.e., N and P)
or in excess (i.e., Fe), but no clear connection to specific scions or rootstocks could be established.
Tree height, tree diameter, fruit production, and juice content were higher in both sweet oranges
grafted on "HRS 802’ compared with those on ‘HRS 812" and “Carrizo’. Therefore, ‘"HRS 802’ rootstock
can be recommended to local farmers growing sweet oranges in Alonso series soil.

Keywords: Inceptisols; Huanglongbing; ‘Marr’s Early’ sweet orange; ‘Pera’ sweet orange; rootstocks; scions

1. Introduction

Worldwide, sweet oranges [Citrus sinensis (L.) Osb.] are an important staple fruit, used for fresh
consumption and for processing (i.e., juice, canning). In Puerto Rico, they are grown primarily in the
middle- to high-elevation districts (100-800 m above sea level), where fruit tends to acquire a desirable
color and flavor due to higher temperatures during the day, lower temperatures at night, and adequate
rainfall and irrigation. In 2012, the island’s citrus industry was ranked second among fruit commodities,
with over 7000 ha planted on 2800 farms (~700 producers). Between 2013 and 2014, the most recent
years when detailed data are available, citrus ranked as third most valuable crop, with a net value
of $6 million as reported by the Department of Agriculture of Puerto Rico (DAPR) [1,2]. However,
in 2009, citrus greening or the Huanglongbing (HLB) disease (Candidatus Liberibacter asiaticus (CLas)
was first reported in Puerto Rico [3,4], and as a result, the island experienced a 39% reduction in citrus
production (2556 tons to 1557 tons) in citrus production by 2015 [5].
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The introduction of HLB has forced most of the 700 producers on the island to abandon their land
and switch to alternate crops, such as coffee or plantains, and most have faced high economic losses [6].
Citrus trees infected with HLB show characteristic leaf mottling, yellow shoots, acidic and deformed
fruit, shortened production life span, branch dieback, and invariably tree death [3,4]. The causal
bacterium is vectored by the Asian citrus psyllid (ACP, Diaphorina citri Kuwayama (Hemiptera:
Liviidae)) [7]. The severity of HLB infections appears to be more severe in orange and mandarin
orchards [6], especially in low and middle elevations (0-600 m). Perhaps the best explanation for
this was provided by Jenkins et al. [8], who established that ACP populations decline with elevation,
finding no vectors at elevations over 600 m in Puerto Rico. These authors concluded that the lower
ACP abundance at higher elevations results in lower HLB incidence. Historically, most of Puerto Rico’s
citrus production was located below this elevation. Thus, the true impact of HLB on Puerto Rico’s
citrus production is grasped when it is understood that, of the island’s land-area of 3.4 million ha,
approximately 213,900 ha (6.4%) remains above 600 m, and most of that is composed of environmentally
sensitive or non-arable land [9,10].

In these environmentally sensitive areas above 600 m, there are six of the 10 soil Orders (Figure 1)
present on the island, with the Inceptisols being one of the most common [9]. Inceptisols cover about
27,316 ha of the mountain region above 600 m (under an udic moisture regime), and most are found
on steep slopes (20% to 60%). For example, in Adjuntas, a historically important citrus-producing
municipality in Puerto Rico, a common Inceptisol is the Alonso Clay series (Oxic Humudepts).
Of 972 ha of the Alonso clay present in the Adjuntas, 281 ha are found with 20%—40% slopes, and 691
in steeper slopes (40%-60%).
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Figure 1. Land-area above 600 m in Puerto Rico and its predominant soil orders (Data and Map
generated by Manuel Matos-Rodriguez, State Soil Scientist, USDA-NRCS Caribbean Area, 2019).
This figure cannot be used in a publication before requesting authorization of Manuel Matos-Rodriguez.

At the higher elevations (>600 m), two important citrus diseases are found: Citrus tristeza virus
(CTV) (genus Closterovirus) and Phytophthora foot and root rot (Phytophthora spp.) [11]. Of these, CTV is
possibly the most prevalent and serious disease of citrus in the higher districts in Puerto Rico [12-16].
After CTV’s introduction almost 30 years ago, most producers switched to ‘Cleopatra’ mandarin
rootstock (Citrus reshni Hort. Ex Tan) due to its satisfactory tolerance to CTV. However, through
the years, ‘Cleopatra’ rootstocks have showed susceptibility to Phytophthora citrophthora (R.E. Sm. &
E.H. Sm.) Leonian, with increasingly observed tree mortality [17].
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Thus, the new circumstances faced by citrus producers in Puerto Rico increasingly require the
need for evaluating novel scion-rootstock combinations, using new promising sweet orange cultivars,
which are capable of thriving at higher elevations (>600 m), and which are tolerant to various pests
and disease combinations. Therefore, our objective here was to evaluate two promising sweet orange
varieties (‘Marr’s Early” and ‘Pera’) grafted on three selected rootstocks grown in Puerto Rico’s
mountainous region. We were particularly interested in determining the effect of each scion-rootstock
combination on tree growth variables, fruit yield, and mineral nutrient absorption.

2. Materials and Methods

2.1. The Experimental Area

The experimental orchard was planted in 2010 in the Agricultural Experiment Substation (AES) at
Adjuntas, which is located in the Central Mountain region of the island of Puerto Rico (18.1735° N and
66.7989° W) at 649 m above sea level. This citrus orchard was established on an Alonso clay series
(very-fine, parasesquic, isohyperthermic, oxic humudepts) soil, an Inceptisol common in Adjuntas [10],
and at an elevation slightly over 600 m above sea level (Figures 1 and 2). The annual average
precipitation is 1893 mm, where the rainy months are May, and August-October, and the driest months
are December-March and June—July. The maximum average temperature is 28 °C and the minimum
average temperature is 10 °C.
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Figure 2. Experimental orchard location, and location of Inceptisols, including Alonso clay (Data and
Map generated by Manuel Matos-Rodriguez, State Soil Scientist, USDA-NRCS Caribbean Area, 2019).
This figure cannot be used in a publication before requesting authorization of Manuel Matos-Rodriguez.

2.2. Scion-Rootstock Combinations, Disease Testing, and Orchard Management

‘Marr’s Early’ and ‘Pera’ sweet orange [Citrus sinensis (L.) Osb.] scions were grafted on three
different citrus rootstocks: (1) ‘Carrizo’ citrange [C. sinensis X Poncirus trifoliata (L.) Raf.]; (2) "HRS 802
[Citrus grandis (L.) Osb. ‘Siamese pummelo’ x P. trifoliata ‘Gotha Road’ trifoliate orange], and (3)
"HRS 812"

[Sunki mandarin, Citrus reticulata X P. trifoliata (L.) Raf.]. ‘Pera’ sweet orange is one of the principal
varieties in Brazil and Florida (USA) for processing purposes [7]. Rootstock trees were produced
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from seeds and later grafted with the scions in greenhouses protected with anti-insect screen mesh
(0.24 mm x 0.75 mm). At planting time, all trees tested free of Candidatus Liberibacter asiaticus by
DNA amplification using conventional polymerase chain reaction (PCR) [18] with primers OI1 and
OI2¢ (IDT Technologies, Coralville, IA, USA). For the PCR analyses, three leaves from each tree were
collected, and a control for each positive and negative sample was included. Testing for citrus tristeza
virus (CTV) was conducted using an Enzyme-Linked Immunosorbent Assay (ELISA) (AGDIA, Elkhart,
IN, USA) following the company protocols. No further HLB or CTV tests were performed in the field
during the research period (2010-2016).

The experimental orchard was established as a Randomized Complete Block Design (RCBD) with
three replicates of each scion-rootstock combination. Trees were sown at a distance of 4.6 by 6.1 m,
each experimental plot containing two trees. A supplementary drip irrigation system was installed
and used as needed. At planting time (2010), each tree received four (3 g per tablet/A.M. Leonard
Horticultural Tool and Supply Co., Piqua, OH, USA) tablets of slow-release fertilizer (14-4-6). During
2011, each tree received 0.23 kg 12-6-6 controlled-release fertilizer four times a year. In 2012, each tree
received 0.45 kg of 12-6-6 controlled-release fertilizer four times (every three months). Thereafter
until 2016, each tree received 1.4 kgs of 12-6-6 four times per year. Trees also received a monthly
supplemental foliar application mix consisting of nitrogen (N) (30-0-0), Phosphite® (0-29-26), Keyplex®
350 DP, and a biological fungicide (Companion®). The control of insect vectors and other pests was
achieved through applications of the systemic insecticide Admire Pro® (active ingredient Imidacloprid)
every two months at rates of 7-14 fl. oz. per acre. Glyphosate (Roundup®) was applied for weed
control when needed at 0.75-1.5 Ibs Al per acre, depending on the stage of maturity of the weed stage.

2.3. Soil Fertility, Tree Growth, Leaf Nutrient Analysis, and Yield

To determine soil fertility, composite soil samples were collected from the upper 20 cm around
each sweet orange scion/rootstock combination, using a 7.62 cm bucket auger in April 2016. Soil pH
was measured in a 1:1 (v:v) soil-water mixture [19]. Exchangeable calcium (Ca?t), magnesium (Mg2+),
sodium (Na™), and potassium (K*) were extracted using 1 M NH;OAc [20] and available phosphorous
(P) by Olsen extracts. Organic matter (OM) was determined by loss on ignition. Total S was determined
via inductively coupled plasma spectrometry (ICP) (Teledyne Leeman Labs Prodigy Dual, Hudson,
NH) after perchloric acid digestion [21,22]. Nitrate (NO3-N) content (1:1 soil: distilled (DI) water) was
determined by using a Nitrate-Nitrite Astoria Pacific 2 analyzer (Portland, OR). In addition, citrus leaf
tissue samples, taken from the central part of trees at four coordinates—north, south, east, and west,
were collected simultaneously from each scion-rootstock combination and replicate, and analyzed for
N, Ca, Mg, P, K, manganese (Mn), iron (Fe), copper (Cu), boron (B), aluminum (Al), Na, and zinc (Zn)
were extracted using Mehlich 3.

Tree growth parameters, including height, diameter, canopy volume, and yield were measured to
determine citrus crop performance. Growth parameters were measured in 2015 and 2016. Tree height
and diameter were measured using a telescoping-measuring pole, and total canopy volume (CV) was
calculated using the Fallani and Mousavi [23] equation: CV = 0.524 X tree height (m) X tree square
diameter (m?). The yield efficiency was calculated using the total average fruit number divided by CV.
Fruit yield variables, fruit number, and size, were totaled for each year. Production was quantified
several times in 2013, and thereafter, assessed from January to February each year. Fruit quality
(2014-2016) was determined from the juice content (%), total soluble solids [°Brix], and pH.

2.4. Statistical Analysis

Analysis of variance (ANOVA), followed by means separation using Tukey’s Honestly Significant
Difference test at a < 0.05 for an RCBD design was used to compare soil fertility, tissue analyses,
and tree and yield variables from different scion-rootstock combinations. Statistical analysis was
undertaken using JMP Version 10 (SAS Institute, Cary, NC, USA).
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3. Results

3.1. Soil Chemical Properties

Soil pH, Ca, and S concentrations varied significantly by rootstock in both sweet orange varieties.
Soil collected from ‘“HRS 802 rootstocks had higher pH and Ca concentrations than ‘Carrizo” or
"HRS 812’ (Table 1). However, higher concentrations of S were found in ‘Carrizo” and ‘HRS 812 as
compared with “HRS 802’ rootstocks. NO3-N was statistically different only in soil samples collected
from ‘Pera’ sweet orange plots, with higher concentrations in “HRS 812’ rootstock than from ‘Carrizo’
or ‘HRS 802’ soil samples. No statistically significant differences were found in the rest of the studied
variables (Table 1).

Table 1. Soil Nutrients in 2016 of two sweet orange cultivars growing on Alonso Clay series soil grafted
on three different rootstocks at the Agricultural Experiment Station of Adjuntas, Puerto Rico.

OM 2 pH Ca K Mg Na P S NO3;-N
Scion Rootstocks
= %-- =-lil-- e mg kg l--------------- - -ppm- -
‘Carrizo’ 5.07 463b7Y 1353 b 231 451 21.3 26.7 50.7 a 25.0
‘Marr’s "HRS 802’ 53 5.2a 2123 a 210 607 31.3 16.3 33.7b 18.3
Early’ ‘"HRS 812’ 5.1 47b 1673 b 229 541 24.0 37.3 52.0a 27.7
Pr>F 0.35 0.028 0.045 0.97 0.71 0.42 0.17 0.038 0.59
‘Carrizo’ 5.93 480b 1977 b 208 516 29.7 35.0 35.0a 15.0b
‘Pera’ ‘HRS 802’ 6.0 537 a 2477 a 174 672 32.7 11.3 19.0b 10.7b
‘HRS 812’ 5.53 487b 2043 b 242 548 24.0 31.7 35.0a 253 a
Pr>F 0.26 0.02 0.05 0.53 0.33 0.11 0.39 0.043 0.05

* OM= organic matter, Ca = exchangeable calcium, K = exchangeable potassium, Mg = exchangeable magnesium,
Na = exchangeable sodium, P = available phosphorous, S = total Sulfur, and NO3;—N = nitrate. ¥ Means followed by
the same letter or no letters in a column within each scion are not significantly different by Tukey’s test at a < 0.05.

3.2. Leaf Tissue Macronutrient and Trace Element Concentrations

Leaf tissue K and S concentrations varied significantly by rootstock in both orange varieties
(Table 2). Both cultivars grafted on "HRS 812" rootstock had higher concentrations of K than those on
‘Carrizo’ or ‘HRS 802’. ‘Carrizo’ trees showed higher S concentrations when compared with either
"HRS 802" or ‘HRS 812’. No statistically significant differences were found in N, Ca, Mg Na, or P

Table 2. Mean concentrations of leaf tissue nutrients in 2016 of two sweet orange cultivars growing in
Alonso clay series soil grafted on three different rootstocks at the Agricultural Experiment Station of
Adjuntas, Puerto Rico.

Scion  Rootstocks N~Z Ca K Mg Na P S
e mg kg—1 ---------------

‘Carrizo’ 2.74 3.33 154aV 0.44 0.08 0.17 0.37a
‘Marr’s  “HRS 802’ 2.60 3.77 157 a 0.43 0.07 0.23H 0.30b
Early’  ‘HRS 812’ 295H 3.20 1.26 b 0.42 0.06 021H 0.31b
Pr>F 0.21 0.38 0.017 0.90 0.24 0.46 0.029
‘Carrizo’ 249 3.34 117 a 0.41 0.07 0.17 035a
Pera’ “HRS 802’ 2.49 425 130 a 0.46 0.06 0.20H 0.30b
“HRS 812’ 2.76 3.82 0.88b L 0.40 0.08 0.16 0.30b
Pr>F 0.36 0.39 0.05 0.52 0.09 0.12 0.035

%N = nitrogen, Ca = calcium, K = potassium, Mg = magnesium, Na = sodium, P = phosphorous, and S = sulfur.
Superscripts H = high concentration and L = low level based on Florida State guidelines (Obreza et al., 2008).
Y Means followed by the same letter or no letters in a column within each scion are not significantly different by
Tukey’s test at a < 0.05.
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Leaf tissue B and Fe concentrations varied significantly by rootstock in both orange varieties
(Table 3). Tissue collected from both scions on ‘Carrizo” had lower B concentrations than those collected
from scions on "HRS 802" or ‘HRS 812’. Fe levels were significantly lower in ‘HRS 812 tissue samples
of both scions. No significant differences were found in tissue concentrations of Al, Cu, Mn, and Zn.

Table 3. Mean concentrations of plant micronutrients and trace elements in 2016 of two sweet orange
cultivars growing on Alonso clay series soil grafted on three different rootstocks at the Agricultural
Experiment Station of Adjuntas, Puerto Rico.

Scion Rootstocks Al~Z B Cu Fe Mn n
=% e mgkg1-----------

‘Carrizo’ 80.3 673bY 11.0 360 a Ex 89.7 38.3

‘Marr’s ‘HRS 802’ 74.3 99.0 a 8.67 296 a Ex 107 36.3

Early’ ‘HRS 812’ 73.3 923 a 10.7 174b H 110 30.3

Pr>F 0.94 0.05 0.66 0.045 0.76 0.50

‘Carrizo’ 70.3 64.0b 11.3 224 a Ex 56 34.7

‘Pera’ ‘HRS 802’ 79.3 91.6a 8.67 236 a EX 100 33.0

‘HRS 812’ 67.0 97.0a 12.3 182b H 91 323

Pr>F 0.72 0.043 0.14 0.034 0.20 0.79

# Al = aluminum, Bo = Boron, Cu = Cooper, Fe = Iron, Mn = manganese, and Zn = zinc. Superscripts H = high
concentration, and Ex = excess concentration based on Florida State guidelines (Obreza et al., 2008). ¥ Means
followed by the same letter or no letters in a column within each scion are not significantly different by Tukey’s test
ata < 0.05.

3.3. Tree Growth, Yield and Fruit Quality

Significant differences in tree height, diameter, and CV were only observed in 2015 (Table 4).
In 2015, trees of both varieties grafted on "HRS 802" were significantly different height, diameter, and CV
than other scion-rootstock combinations. Although, no significant response was observed for the
same variables in 2016, or in tree efficiency in 2015-2016 among scion-rootstock permutations. In 2015,
‘Marr’s Early’ trees grafted on ‘HRS 802" had higher tree height, diameter, and CV as compared with
the other scion-rootstock combinations. While for ‘Pera’ sweet oranges, larger diameter and CV were
also found on trees grafted in ‘HRS 802" rootstock versus those ‘Carrizo” and ‘HRS 812’ rootstocks,
but no differences were observed between ‘HRS 802" and ‘HRS 812’ in tree height (Table 4).

Table 4. Tree height, area, canopy, and efficiency of two sweet orange cultivars grafted on three different
rootstocks growing on Alonso clay series soil at the Agricultural Experiment Substation of Adjuntas,
Puerto Rico in 2015-2016.

Scion  Rootstocks Tree Height Tree Dlezlmeter Canopy ;/olume Tree I‘Efﬁmeincy
---(m)- - - ---(m?)- - - - --(m°)- - - - -(Fruits m3)- -

2015 2016 2015 2016 2015 2016 2015 2016

‘Carrizo’ 1.85b* 2.21 513b 7.31 511b 9.61 10.6 3.20

‘Marr’s  “HRS 802 2.61la 2.01 109 a 8.53 149 a 9.00 6.63 10.0
Early’ "HRS 812 097 ¢ 2.37 495b 8.60 3.22b 124 11.8 3.54
Pr>F 0.0003 0.804 0.0017 0.846  <0.0001  0.782 0.486 0.263

‘Carrizo’ 1.64b 2.35 3.39b 7.86 482b 13.9 9.13 1.83
"HRS 802 278 a 1.87 9.06a 6.67 134 a 7.45 7.25 14.3
‘HRS 812’ 2.10 ab 2.34 521b 6.11 5.83b 8.10 6.86 525

Pr > F 0.042 0.56 0.0003 0.702 0.0013 0.115 0.79 0.10

“ Means followed by the same letter or no letters in a column within each scion are not significantly different by
Tukey’s test at a < 0.05.

‘Pera’

Between 2014 and 2016, ‘Pera’ scions grafted on “HRS 802" had a higher number of fruit than those
grafted on ‘HRS 812’ or ‘Carrizo” (Figure 3). Also, a higher fruit number was found with ‘Marr’s Early’



Horticulturae 2020, 6, 30 7 of 11

grafted on ‘HRS 802" compared with the other two combinations in 2014. No differences were found
with other ‘Marr’s Early” rootstock-scion combinations for the other years (Figure 3). Both scions
grafted on ‘HRS 802" rootstocks in the years 2015-2016 exhibited two-fold differences in total fruit
weight per tree compared with the other combinations (Figure 4).
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Figure 3. Total average fruit number (2013-2016) of ‘Marr’s Early” and ‘Pera’ sweet oranges grafted on
three different rootstocks growing in Alonso clay series soil at the Agricultural Experiment Substation
of Adjuntas, Puerto Rico. Means =+ standard error with the different letters for each scion and year are
not significantly different by Tukey’s test at a < 0.05.
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Figure 4. Total fruit weight per tree in 2015 and 2016 of ‘Marr’s Early’ and ‘Pera’ sweet orange cultivars
grafted on three different rootstocks growing on Alonso clay series soil at the Agricultural Experiment
Substation of Adjuntas, Puerto Rico. Means with different letters for each scion and year are not
significantly different using Tukey’s test at & < 0.05.

3.4. Fruit Juice Content, Soluble Solids and pH

Fruit juice content, soluble solids, and pH results are shown in Table 5. For fruit juice content,
both sweet orange cultivars showed statistical differences among rootstocks in 2016, but only ‘Marr’s
Early’ did so in 2015. For ‘Marr’s Early” in 2015, a higher juice percentage was obtained on ‘HRS 802’
and ‘Carrizo” (1.1x) versus "HRS 8127, while in 2016, for both sweet orange cultivars, a higher juice
percentage was found for ‘HRS 802" versus the other two rootstocks. For soluble solids content,
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statistically, significant differences among rootstocks were found for ‘Marr’s Early’ in 2014 and for
‘Pera’ in 2015 and 2016. ‘Marr’s Early” grafted in "HRS 812" had higher soluble solids content versus
"HRS 802" and ‘Carrizo’. While ‘Pera’” sweet orange had higher soluble solids content on ‘Carrizo’ in
2015 and on ‘HRS 812’ in 2016. For both years, lower soluble solids content was found on “HRS 802’
(~10.3%) rootstock. A lower pH was found in ‘Marr’s Early” grafted on ‘HRS 802" rootstock in 2016 and
a higher pH in ‘Pera’ sweet orange was found when grafted on the same rootstock in 2014 and 2015.

Table 5. Juice content, soluble solids, and pH of the fruit of two sweet orange cultivars grafted on three
different rootstocks growing on Alonso clay series soil at the Agricultural Experiment Substation of
Adjuntas, Puerto Rico in 2014-2016.

Juice Content Soluble Solids
Scion  Rootstocks ---(Juice %/Weight)---  ----- (°Brix)- - - - -

2014 2015 2016 2014 2015 2016 2014 2015 2016

‘Carrizo’ 48.7 513a* 520b 124b 10.5 10.7 3.79 3.72 3.65a

‘Marr’s  “HRS 802’ 47.3 51.1a 55.0a 10.7b 12.2 9.6 3.61 3.61 3.53b

Early’ ‘HRS 812’ 45.6 485b 515b 145a 13.6 10.8 3.93 3.73 3.63a
Pr>F 0.25 0.04 0.001 0.002 0.19 0.22 0.24 0.19 0.01

‘Carrizo’ 47.6 50.0 525b 13.9 154a 109b 3.51b 346D 3.42
‘HRS 802"  45.2 49.9 545a 11.5 104c 101c 391a 372a 3.51
‘HRS 812" 49.3 52.0 54.0b 12.5 11.7b 132a 343b 341D 3.49

Pr >F 0.15 0.12 0.001 0.08 0.001 0.002 0.05 0.04 0.19

* Means followed by the same letter or no letters in a column within each scion are not significantly different by
Tukey’s test at a < 0.05.

pH

‘Pera’

4. Discussion

It is a well-established rule that success in citrus production usually depends on the selection
of suitable and high-quality scion-rootstock combinations [7-24]. The use of these scion-rootstock
combinations generally results in adaptable and disease tolerant trees capable of growing in a wide
range of environmental conditions. Thus, data for rootstock-scion-soil interactions have taken new
and unexpected importance since the establishment of HLB in Puerto Rico. Previous work on this
subject at the same location was conducted either before the current HLB outbreak, or in coastal or
mid-elevation orchards, and thus likely does not reflect the current state of citrus production [25-27].

In other parts of the world, work with rootstock-scion combinations in response to HLB has
been extensive. For example, Bowman and Rouse [28] found that ‘HRS 812’ rootstock was highly
productive in Florida, with high-quality fruit and tolerance to CTV. Albrecht and Bowman [29]
found in a laboratory trial that ‘Carrizo” and ‘HRS-897” (also known as US 897) were tolerant to
HLB, while "HRS 812’ was considered moderately tolerant when compared to ‘Cleopatra’” mandarin.
Also, in Florida, Stover et al. [30] found that growth and fruit production of the highest performing
scion-rootstock combinations was generally less than would be expected for healthy trees, but were
nonetheless promising. Still, these authors found markedly better responses of some scion-rootstock
combinations, particularly when using mandarin hybrid scions.

It is challenging to interpret our leaf tissue or soil analyses, as there are no local guidelines
in Puerto Rico. Most recommendations provided by the Puerto Rico Department of Agriculture
(PRDA) or the Agricultural Extension Services (AES) have been based on data and recommendations
gathered from citrus growers by the Florida State Cooperative Extension Service publications found
in Obreza et al. [31]. Significant differences exist among soil types, topography, and climate between
Florida and Puerto Rico, so the inherent limitations of such recommendations are a significant concern.
Notwithstanding this, when compared with Florida guidelines by Obreza et al. [31], most leaf sample
values obtained in our research were in the optimum range for Ca, Mg, Na, P, B, Cu, and Zn. A few
sample results were in high (i.e., N and P), but there was no clear connection to specific scions or
rootstocks. However, excess Fe concentration was found with “"HRS 802" and ‘Carrizo” when compared
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with ‘HRS 812’, which had a concentration at the high end. However, no negative responses were
observed to this excess.

Scientifically-based fertilization data for overcoming the damage caused by HLB is scarce. Accurate
HLB detection requires DNA tests since visual symptoms are similar to micronutrient deficiencies and
other citrus diseases such as citrus variegated chlorosis. Results from leaf analyses by Spann et al. [32]
attributed nutrient deficiencies to HLB, where infected plants had significantly lower values of the
macronutrients Ca, P, and S and the micronutrients Mn, Fe, and Cu. Studies by Gottwald et al. [33]
indicated no effective response to insecticide application to reduce ACP population, nor to an enhanced
nutritional program on two trials conducted with Valencia orange in Florida. In Brazil, even though
infected trees were removed, and intensive ACP management practices were performed, HLB disease
has spread exponentially, causing significant yield losses [34]. Improved plant nutrition could mitigate
the effects of HLB in citrus trees.

Worldwide, the climate change and invasive pest species are key threats to agriculture.
Their separate and combined adverse effects are expected to disrupt crop production, to change
land-use patterns, and to diminish food security for billions of humans [35-37]. Few examples are as
illustrative of these catastrophic disruptions as the introduction of HLB disease in Puerto Rico. Since its
detection in the island in 2009, this lethal disease has been responsible for a 40% production decline
between 2012 and 2015 (i.e., 2,556 tons to 1,557 tons) [5].

Sweet oranges were traditionally grown at all elevations in Puerto Rico, but primarily in
the central mountainous region where favorable climatic conditions produced desirable color and
flavor. The impact of HLB on Puerto Rico’s citrus industry can now be inferred from a finding by
Jenkins et al. [8] that indicated that ACP populations declined with elevation, finding no vectors at
elevations over 600 m in Puerto Rico. If this elevation is taken as the “safe line” for citrus production in
Puerto Rico, then this means that only 6.4% of the island is viable for growing citrus. Noteworthy of
consideration is that global warming will likely continue to reduce viable citrus production areas even
more, as temperature averages will gradually keep increasing with elevation. While the introduction of
HLB and its insect vector into Puerto Rico has likely more to do with unchecked market globalization
than with climate change, a clear nexus to climate change may now worsen its impact on the island’s
citrus industry, especially sweet orange production.

Sweet oranges are popular worldwide for fresh consumption and also for processing (i.e., juice,
canning). It is a well-established tenet that success in citrus production usually depends on the
selection of suitable high-quality scion-rootstock combinations [7,22]. The use of these scion-rootstock
combinations generally results in adaptable trees, capable of growing in a wide range of environmental
conditions, and that are tolerant to various pests and diseases. In terms of fruit production (number
and weight per tree) and juice content, both sweet oranges grafted on "HRS 802’ produced more fruit,
which had more juice content than when grafted on HRS 812 and Carrizo. This rootstock can be
recommended to local farmers growing sweet oranges on Alonso series (Inceptisol Order) soil.

5. Conclusions

Both sweet orange cultivars ‘Marr’s Early and ‘Pera’ growing on Alonso clay series soil at
elevations higher than 600 m showed benefits in tree growth parameters (i.e., height and diameter),
fruit production (number and weight per tree), and juice quantity when grafted on "HRS 802" compared
with those on ‘HRS 812" and ‘Carrizo’ rootstocks. Based on our foliar analysis, most of the nutrients
were likely in the optimum range, which means the fertilization program covered the orchard needs
growing in the Inceptisol at the higher elevation. Based on our results, we recommend that ‘HRS 802’
be used by local farmers growing sweet oranges on Alonso series soil.
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