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SUMMARY. The following study was conducted to address water use efficiency in
grafted tomato (Solanum lycopersicum) in an on-farm environment. The commercial
rootstock cultivars Beaufort (BE) and Shield (S) were chosen as these two have
different root system morphologies that may benefit water use efficiency. The
heirloom cultivar Cherokee Purple (CP) was grafted onto both rootstocks and used
as the nongrafted control. The study was conducted in 2016 and 2017 on a 5-acre
vegetable and cut flower farm in North Carolina’s Piedmont region. Plants were
grown under protected, high-tunnel culture where they received either 100%
(3 hours every other day) or 50% (1.5 hours every other day) of the grower’s normal
irrigation regime. At 50% irrigation, ‘Beaufort’-grafted plants yielded significantly
more than nongrafted ‘Cherokee Purple’ and ‘Shield’-grafted plants. Furthermore,
‘Beaufort’-grafted plants at 50% irrigation yieldedmore than nongrafted ‘Cherokee
Purple’ receiving the 100% irrigation treatment. The ‘Beaufort’-grafted plants
significantly improved irrigation water use efficiency (iWUE) at the 50% irrigation
treatment compared with the other graft treatments. Yield and iWUE of ‘Shield’-
grafted plants were comparable with the nongrafted ‘Cherokee Purple’ at both
irrigation treatments. Regardless of irrigation treatment, grafting onto ‘Beaufort’
improved the quality of total fruit harvested. An economic assessment was
conducted to determine the feasibility of using grafted plants in conditions lacking
significant disease pressure. Purchasing grafted transplants would increase the
initial investment by $5227.2 per acre. However, the increased yield obtained when
using ‘Beaufort’ rootstock at 50% irrigation increased net revenue by $35,900.41
per acre compared with nongrafted ‘Cherokee Purple’ receiving 100% irrigation,
amounting to a 44.6% increase in net revenue while saving �383,242 gal/acre of
water per growing season. These results indicate that growers can select rootstocks
to better manage water use in an environmentally friendly manner without limiting
economic gains.

C
rop production systems must
become more water use effi-
cient. About 70% of global

and 80% of the U.S. fresh water
consumption is for agricultural
practices (Evans and Sadler, 2008;
Schaible and Aillery, 2012). With
continual growth in global popula-
tion, it is estimated that using current
practices, water consumption for ag-
riculture will increase by 70% to 90%
by 2050 (Molden, 2007). With the

depletion of many fresh water sources
and the increasing uncertainty of rain-
fall due to climate change, continuous
increase in agricultural water con-
sumption is untenable (Food and
AgricultureOrganization of theUnited
Nations, 2002). These challenges have
many calling for a ‘‘Blue Revolution’’—
the development of crops that can

maintain or improve current yields
while reducing overall water inputs
(Pennisi, 2008).

Numerous cultural practices and
breeding efforts have been aimed at
improving water use efficiency. Prac-
tices that direct irrigation water to the
plant roots, such as subsurface drip,
or that mitigate surface evaporation
can greatly improve water use effi-
ciency by reducing water loss (De
Pascale et al., 2011). Traditional
breeding efforts for more water use–
efficient crops have shown mixed re-
sults. Many of the physiological plant
responses associated with improved
growth or maintenance at low water
availability such as stomatal closure
and reduced leaf area limit photosyn-
thesis and consequently reduce yields
(Blum, 2005).

Molecular approaches to im-
proving water use efficiency show
promise, but because of the complex
network of genes associated with
plant–water relations, few genetically
altered crops show improved water
use efficiency when grown in the field
compared with controlled environ-
ments (Pennisi, 2008). Root systems,
being the site of water uptake, have
garnered substantial attention in the
effort to improve water uptake and
use efficiencies (Gewin, 2010; Lynch,
2007). Numerous root morphologi-
cal and architectural traits such as
diameter, length, and spatial distribu-
tion all affect water uptake under
limiting conditions (Comas et al.,
2013; Ho et al., 2005; Huang and
Eissenstat, 2000; Mickelbart et al.,
2015). Developing crops that contain
both desired fruit and root traits
through traditional breeding efforts
is difficult because of the necessary
time, challenges with phenotyping
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root systems, and low heritability of
root traits (Malamy, 2005; Wasson
et al., 2012). Molecular approaches
to altering root system traits may be
a quicker means, compared with tra-
ditional breeding, but public percep-
tions of genetically modified crops
may hinder widespread acceptance.
One new approach not involving ge-
netic modification is through
grafting.

Grafting susceptible scion culti-
vars onto resistant rootstocks is an
effective means of managing many
economically significant soil-borne
pathogens that affect tomato (Louws

et al., 2010). Although the main
driver for grafting is the imparted
resistance, numerous studies indicate
that rootstocks may improve edaphic
abiotic stress tolerance (Schwarz et al.,
2010). Grafting the tomato cultivar
Florida 47 onto eitherMultifort or BE
rootstocks improved iWUE in a 2-year
field study (Djidonou et al., 2013b).
The authors hypothesized that the
improved iWUE may be attributed
to changes in root system morphol-
ogy (RSM) under stress. Root system
morphoplasticity under stress can im-
prove growth in limiting conditions;
however, intrinsic root system mor-
phological traits play a significant
role in a plant’s ability to efficiently
use resources (Comas et al., 2013;
Eissenstat, 1992; Henry et al., 2011).
Both ‘Multifort’ and ‘Beaufort’ are
interspecific hybrids (S. lycopersicum ·
Solanum habrochaites) and were
shown to have similar root system
morphologies that differed from
‘Florida 47’ (Suchoff et al., 2017).
Whether the improved iWUE ob-
served by Djidonou et al. (2013b)
was due to differences in rootstock
RSM is unclear. Furthermore, this
study was conducted in an open field,
controlled research facility setting. To
date, no study has compared iWUEof
grafted tomato in an on-farm setting.
To address this, the following study
was conducted to 1) Compare yield,
growth, and iWUE of tomato grafted
on rootstocks with differing RSM and

2) determine if the use of grafted
plants is economically beneficial in
conditions lacking soil-borne disease
pressure. We hypothesize that those
plants grafted onto ‘Beaufort’ root-
stock will improve iWUE and yield at
reduced irrigation because of its thin
average root diameter and high spe-
cific root length (SRL) (Suchoff et al.,
2017) as these RSM traits have been
shown to improve water use effi-
ciency in other crops (Comas et al.,
2013; Ho et al., 2005; Huang and
Eissenstat, 2000).

Materials and methods

TRIAL LOCATION. This study was
conducted during Summer 2016 and
2017 on a commercial farm located in
Alamance County, NC. Soil samples
were taken before transplanting the
first trial in 2016. Results indicated
Cecil sandy loam soil type with 0.56%
humic matter, cation exchange capac-
ity of 10.1 meq/100 cm3, and pH of
6.3. The growers use a multibay high-
tunnel system [96 ft length · 24 ft
width · 13 ft height (Pioneer Series
high tunnel; Haygrove, Mount Joy,
PA)] for all tomato production to
reduce foliar disease incidence and
extend harvests. Consequently, all
plant water needs are met through
drip irrigation. Planting within the
high-tunnel system follows a 3-year
rotation of tomato, cut flowers, and
warm season cover crops. A mixture
of winter wheat [Triticum aestivum
(120 lb/acre sowing rate)] and crim-
son clover [Trifolium incarnatum
(20 lb/acre sowing rate)] are grown
during the fall and winter months and
incorporated before bedding to meet
the nutritional requirements for the
crop.

TRANSPLANT PRODUCTION. All
transplants were produced in an air-
inflated double-layer polyethylene
greenhouse on the North Carolina
State University (NCSU) campus in
Raleigh. The rootstock cultivars BE
[S. lycopersicum · S. habrochaites (De
Ruiter, St. Louis, MO)] and S [S.
lycopersicum (Rijk Zwaan, Salinas,
CA)] were chosen as these two have
significantly different root system
morphologies (Suchoff et al., 2017).
The BE root system has a much thin-
ner average diameter, higher SRL,
and shorter total root length than
‘Shield’. The indeterminate heirloom
cultivar CP (Johnny’s Selected Seeds,
Winslow, ME) is what the grower

Fig. 1. Representative grade A (bottom
row) andgradeB (top row) tomato fruit
based on the grower’s specifications.
Fruit grades based on the grower’s
specifications. Grade A fruit are those
with no blemishes or disfigurement
large than 2 inches (5.1 cm)
in diameter. Grade B fruit are those
with slight disfigurement, but still
marketable, and culls are any
nonmarketable fruit.

Fig. 2. Matric water potential of high-tunnel soils for two irrigation treatments of
either 100% [3 h every other day (14,741 gal/acre)] or 50% [1.5 h every other day
(7370 gal/acre)], the grower’s normal irrigation regime at a depth of 12 inches
(30.5 cm) for 2016 and 2017 on a commercial tomato farm; 1 gal/acre = 9.3540
L�haL1, 1 kPa = 0.01 bar.
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traditionally grows and, thus, used as
both the scion for the two rootstocks
and the nongrafted control. Seeds
were started in 72-cell plug trays
(T.O. Plastics, Clearwater, MN) filled
with an all-purpose potting mix
(Fafard� 4PMix; Sun Gro� Horticul-
ture, Agawam, MA). To account for
its slower germination time, BE was
planted 5 d before both S and CP scion
material. The nongrafted CP were
seeded 5 d after S and scion CP to
take into account the 5 d needed for
graft healing.

Seedlings were grafted using the
Japanese tube-graft method (Rivard
and Louws, 2006). Grafts were healed
in transparent plastic storage bins
[26.5 inches length · 16 inches
height · 12.5 inches width (Sterilite�,
Townsend, MA)] where they re-
ceived constant 100 mmol�m–2�s–1 of
photosynthetically active radiation
[4 · 6500 �K (Spectralux� T5 HO
Fluorescent lamp; Sunlight Supply,
Vancouver, WA)] in an indoor, con-
trolled environment maintained at
78.8 �F. High relative humidity
(>95%) was maintained by placing
�1 inch of water at the bottom of
the bin with the flats raised above
the water level and the bin tops
taped shut. Each bin contained a sin-
gle 72-cell plug tray and three bins
fit under each fluorescent lamp.
Grafts were slowly acclimated to re-
duced humidity by gradually open-
ing the tops until after 5 d, when
tops were removed. Healed grafts
were of similar size to the non-
grafted controls after the 5 d of
healing and all plants were placed
in a high tunnel on NCSU campus
for 3 d to harden off before
transplanting.

FIELD DESIGN. A strip-till system
was used to prepare beds 1 month
before transplanting. An established
winter wheat and crimson clover was
mowed and 3-ft-wide beds were cul-
tivated to a depth of 12 inches and
then tilled to a depth of 6 inches.
Compost was incorporated into each
bed at a rate of 2352 ft3/acre of bed
to supplement crop nutritional needs.
Each high tunnel covers four rows
spaced 5 ft apart. To limit potential
rainwater intrusion, the inner two
rows of two conjoined high tunnels
were used in the study. Drip tape with
emitters spaced 8 inches apart [0.94
gal/min per 100 ft (8 Mil Light-
weight 5/8 inch Aqua-Traxx�; ToroT
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Co., El Cajon, CA)] was placed on
top of the soil and 4-ft-wide black
woven groundcover was placed over
each bed. An 8-inch-deep trench was
dug across the middle of each bed and
a 0.75-inch-thick wooden board was
placed in the trench. This board re-
duced the lateral movement of water
within the soil profile between the
two sections. Drip tape at this mid-
point was cut and the two sections
were randomly assigned an irrigation
treatment. The study was arranged in
a split-plot design with the whole plot
arranged in a randomized complete
block design with four blocks. Irriga-
tion treatments (whole plot) were
either 100% of the grower’s normal
irrigation regime [3 h every other day
(14,741 gal/acre)] or 50% [1.5 h
every other day (7370 gal/acre)].
Each half block was randomly assigned
an irrigation treatment. A dual line
irrigation timer (Aquedue Duplo�

Evolution; Claber�, Geneva, IL)
allowed for independent irrigation of

each half block at the appropriate time.
Two headers (1.5 inch Blue Stripe�

Oval Hosing, Toro Co.) were con-
nected to the timer, one for each
irrigation treatment, and ran along
the entrance of each high tunnel. Drip
lines were connected to the appropriate
header depending on the assigned irri-
gation treatment. Mainline tubing (1
inch Blue Stripe� Poly Tubing, Toro
Co.) was attached to the appropriate
header and ran down the half of the
blockwhere it was connected to the cut
drip tape at themidpoint. Total applied
irrigation in 2016 was 434,816 and
810,739 gal/acre for 50% and 100%
irrigation treatments, respectively. In
2017, 383,240 and 766,482 gal/acre
was applied to the 50% and 100%
irrigation treatments, respectively.

The three graft treatments (split-
plot) were randomly assigned within
each whole plot. Split plots comprised
10 plants spaced 18 inches apart.
Transplanting occurred on 22 Apr.
2016 and 14 Apr. 2017. In 2016, all

transplants received 100% irrigation
regime for the first week until estab-
lished. Plants were pruned once in 2
weeks after transplanted to remove
suckers below the first flower truss,
and a single leader was vertically
trained along a wire fence with tie
ribbon once per week.

DATA COLLECTION. Matric water
potential sensors (MPS-6; METER
Group, Pullman, WA) were placed
randomly within each whole-plot rep-
lication (n = 8) at a depth of �12
inches, and soil matric water poten-
tial readings were taken every hour
and stored in a data logger (EM50,
METER Group).

Plant height was measured from
the internal third, fifth, and seventh
plants within a plot. In 2016, mea-
surements started 7 d after transplant
(DAT) and were collected weekly un-
til 42 DAT, at which point fruit
started to develop. Plant height mea-
surements in 2017 were collected in
the same fashion but were extended

Fig. 3. Total cull fruit weight (A) and count (C) and grade B fruit weight (B) and count (D), ±SE from high tunnel–grown
tomato for 2016 and 2017 on a commercial tomato farm. Means with common letters within grade count or weight are not
different (Tukey’s honestly significant difference ata = 0.05) and represent the average of three graft treatments, two irrigation
treatments, and four replication samples (n = 24 data points for each mean). Grade B fruit are those with slight disfigurement
but remain marketable, cull fruit are those that are rendered unmarketable because of crack or pest damage or have a diameter
less than 2 inches (5.1 cm); 1 lb/acre = 1.1209 kg�haL1, 1 fruit/acre = 2.4711 fruit/ha.
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until 70 DAT because height results
from 2016 did not appear to plateau
at 42 DAT.

Harvest began 59 DAT in 2016
and 63 DAT in 2017. Harvests oc-
curred twice per week for 8 weeks in
2016 (n = 16 harvests) and 6 weeks in
2017 (n = 12 harvests). All fruit were
harvested within a plot once they
reached the turning stage [between
10% and 30% of the fruit showing
pink/red coloration (U.S. Depart-
ment of Agriculture, 2005)]. Fruit
were graded based on the grower’s
standards: grade A fruit are those free
of blemishes or disfigurement and are
larger than 2 inches in diameter,
grade B fruit are those with slight
blemishes, disfigurement, but are still
marketable, and culls are those fruit
rendered unmarketable because of
cracking, disease, or pest injury (Fig.
1). Fruit in each grade were counted
and weighed. Total fruit weight was
divided by total fruit count for each
grade at the end of the season to give
an average individual fruit weight for
grades B and A. Proportions of total
harvest based on grade were calculated

at the end of the season. iWUE
(pounds per gallon) was calculated
for grade A fruit and all marketable
fruit (grade A and grade B combined)
by dividing the total yields at the end
of the season by the total volume of
water applied.

In 2017, potato aphid (Macro-
siphum euphorbia) infestation in the
first 2 months of growth was signifi-
cant enough to warrant application of
a contact insecticide via foliar spray
at a rate of 1.81 oz/100 gal a.i.
(Mycotrol� ESO; BioWorks�, Victor,
NY). Application effectively managed
the pest population for the remainder
of the season.

At the end of each season, six
random plants were uprooted and
root systems checked for any disease
or nodulation caused by root knot
nematodes (Meloidogyne sp.); no nod-
ulation or disease was observed.

DATA ANALYSIS. All data were
analyzed using the GLIMMIX pro-
cedure in SAS (version 9.4; SAS In-
stitute, Cary, NC). Irrigation, graft,
and year were analyzed as fixed effects
with block and irrigation · block as

random. Fruit count and proportions
of total harvest based on grade were
modeled using a negative binomial
and beta distribution, respectively,
with the canonical link functions.
Pearson chi-squared statistics divided
by the df (j) were checked for over-
dispersion and distribution goodness-
of-fit. Cumulative yield over time for
grades A and B and plant height were
analyzed as repeated measures with
a heterogenous first-order autore-
gressive covariance structure. Because
both height measurements and num-
ber of harvests differed by year, these
data were analyzed separately by year.
Residual plots were checked for po-
tential outliers and heteroscedasticity.
Tukey’s honestly significant differ-
ence test was used to compare means
when appropriate. Finally, we ran an
economic assessment to compare the
financial feasibility of grafting using
production values from the grower
and those published by Rysin and
Louws (2015).

Results
Matric water potential in the 50%

irrigation treatment was more nega-
tive than the 100% treatment in both
2016 and 2017 (Fig. 2). In 2016,
these differences became more pro-
nounced midway through July and
through the rest of the season. In
2017, these differences were observed
earlier in the season, toward the end
of May, and remained until the end of
the study.

PLANT HEIGHT. The interaction
of graft and DAT was significant in
both 2016 and 2017 for plant height;
slight differences (less than 2 inches)
were observed early in the season, but
these differences were not observed
after 35 DAT (data not shown).

YIELD. None of the first-order
interactions with year or the second-
order interactions were significant for
any yield response variables (Table 1).
Average fruit weight for grades A and
B were unaffected by any treatments
in this study. Total weight and count
for culls and grade B fruit were dif-
ferent between years; values for both
grades were significantly higher in
2017 than in 2016 (Fig. 3A–D).
The proportion of total fruit weight
composed of grade A and culls was
affected by the main effects of graft,
irrigation, and year (Table 1). S and
CP had a higher proportion of their
total fruit weight composed of culls

Fig. 4. Graft, irrigation, and year main effects on fruit grade as a proportion of
total fruit weight for high tunnel–grown tomato from a commercial tomato farm.
Means with common letters within the same grade and main effect are not
different (Tukey’s honestly significant difference at a = 0.05) and represent the
average of two irrigation treatments, four replications and two repeated
experiments for graft treatment effect (n = 16 data points for each mean), three
graft treatments, four replications, and two repeated experiments for irrigation
treatment effect (n = 24 data points for eachmean) and three graft treatments, two
irrigation treatments, and four replications for yearmain effect (n = 24 data points
for eachmean). Tomato cultivarCherokee Purplewas grafted onto either Beaufort
or Shield rootstocks or left nongrafted (NG) as a control. Grade A fruit are those
free of blemishes or disfigurement and are larger than 2 inches (5.1 cm) in
diameter, grade B are fruit with slight disfigurement but remain marketable, and
cull fruit are those not marketable because of cracking or pest damage or have
a diameter less than 2 inches. Irrigation treatments were either 100% [3 h every
other day (14,741 gal/acre)] or 50% [1.5 h every other day (7370 gal/acre)] of
the grower’s normal irrigation regime; 1 gal/acre = 9.3540 L�haL1.
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compared with BE, whereas the latter
had a higher proportion of grade A
fruit compared with S and CP (Fig.
4). The 100% irrigation treatment
resulted in a higher proportion of
grade A fruit and concurrent reduc-
tion in proportion culls compared
with the 50% treatment (Fig. 4).
Finally, 2016 had a higher proportion
of grade A fruit and less culls than
2017 (Fig. 4).

The graft · irrigation interaction
was significant for grade A count and
weight as well as marketable fruit
count and weight (Table 1). At 100%
irrigation there was no difference in
grade A fruit count among graft treat-
ments (Fig. 5C); however, grade A
fruit weight was higher in B (33,585.5
lb/acre) comparedwithCP (24,184.5
lb/acre) (Fig. 5A). No differences
were observed in marketable fruit
count or weight among graft treat-
ments at 100% irrigation (Fig. 5B
and D). At 50% irrigation, grade A

fruit count was higher in BE
(55,612 fruit/acre) than both S
(33,614 fruit/acre) and CP

(31,581 fruit/acre) (Fig. 5C). Con-
sequently, grade A fruit weight fol-
lowed the same trend with BE yields

Fig. 5. Total grade A fruit weight (A) and count (C) and marketable fruit weight (B) and count (D), ±SE from high tunnel–
grown tomato receiving 100% [3 h every other day (14,741 gal/acre)] or 50% [1.5 h every other day (7370 gal/acre)] of the
grower’s normal irrigation regime. Means with common letters within a grade are not different (Tukey’s honestly significant
difference at a = 0.05) and represent the average of four replications and two repeated experiments (n = 8 data points for each
mean). Tomato cultivar Cherokee Purple was grafted onto either Beaufort or Shield rootstocks or left nongrafted (NG) as
a control. Grade A fruit are those free of blemishes or disfigurement and are larger than 2 inches (5.1 cm) in diameter.
Marketable fruit are the combination of grade A and grade B fruit, the latter being fruit with slight disfigurement but remain
marketable; 1 gal/acre = 9.3540 L�haL1, 1 lb/acre = 1.1209 kg�haL1, 1 fruit/acre = 2.4711 fruit/ha.

Table 2. Repeated measures analysis of cumulative tomato yield of grades A and
B fruit from high tunnel–grown grafted and nongrafted tomato receiving two
different irrigation treatments for 2016 and 2017.

2016z 2017

Effect df Grade B wty Grade A wty df Grade B wt Grade A wt

Graft (G)x 2 NS NS 2 NS NS

Irrigation (I)w 1 NS NS 1 NS NS

G · I 2 NS NS 2 NS NS

Harvest (H)v 11 *** *** 9 *** ***
G · H 22 NS * 18 NS ***
I · H 11 NS NS 9 NS NS

G · I · H 22 NS NS 18 NS NS

zYears were analyzed separately because of different lengths of data collection for harvests.
yFruit grades based on the grower’s specifications. Grade A fruit are those with no blemishes or disfigurement large
than 2 inches (5.1 cm) in diameter. Grade B fruit are those with slight disfigurement, but still marketable, and culls
are any nonmarketable fruit.
xGraft treatment comprises nongrafted ‘Cherokee Purple’ grower control, ‘Cherokee Purple’ grafted onto
‘Beaufort’ rootstock, and ‘Cherokee Purple’ grafted onto ‘Shield’ rootstock.
wIrrigration treatments represent 100% [3 h every other day (14,741 gal/acre)] or 50% [1.5 h every other day
(7370 gal/acre)] of the grower’s normal irrigation regime; 1 gal/acre = 9.3540 L�ha–1.
vHarvests occurred twice per week for 8 and 6 weeks in 2016 and 2017, respectively.
NS, *, **, ***Denote nonsignificant at P £ 0.05, significant at P £ 0.05, 0.01, 0.001, respectively.
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(36,424.9 lb/acre) being signifi-
cantly higher than S (21,648.6 lb/
acre) and CP (19,388.6 lb/acre)
(Fig. 5A). These trends were also
observed in marketable fruit weight
and count; at 100% irrigation, no
differences were observed among
the graft treatments, but at 50%
BE, yielded significantly higher fruit
count and weight (Fig. 5B and D).
Furthermore, BE yielded higher
grade A and marketable fruit weight
and count at 50% irrigation than CP
at 100% irrigation (Fig. 5A–D). In S
and CP, there was a trend toward
reduced fruit count and weight with
a reduction in irrigation; however,
this trend was not observed in BE.

The longitudinal analysis of cu-
mulative yield resulted in a significant
graft · harvest interaction for grade A
fruit production in 2016 and 2017
(Table 2). In 2016, no differences
were observed among the graft
treatments over the first eight har-
vests; however, starting at harvest
nine until the last harvest, BE
yielded significantly more than CP

with S intermediate of the two (Fig.
6). In 2017, differences were ob-
served earlier in the harvest. Start-
ing at harvest three, BE consistently
yielded more than both CP and S.

iWUE for both grade A and
marketable fruit was affected by the
graft · irrigation interaction (Table 1).
At 100% irrigation, there were no
differences in iWUE among the graft
treatments for grade A or marketable
fruit (Fig. 7A and B). iWUE was
higher for the 50% irrigation treat-
ment than the 100% treatment. At
the 50% irrigation treatment, BE had
significantly higher iWUE for both
grades than S and CP. iWUE for BE
at 50% irrigation, regardless of fruit
grade, was nearly three times higher
than that of CP at the 100% irrigation
treatment. The main effect of year
significantly affected marketable fruit
iWUE (Table 1); 2017 had an overall
higher iWUE compared with 2016.

ECONOMIC ASSESSMENT. Using
the values from Rysin and Louws
(2015) of $0.12 and $1.02 per non-
grafted and grafted transplant,

respectively, an additional $5227.2
per acre would need to be invested
for the utilization of grafted plants
(Table 3). Furthermore, because of
the significantly higher grade A fruit
production of BE even at 50% irriga-
tion, harvest labor would increase by
$1713.65 per acre. Even with these
additional investments, net revenue
would increase by $35,900.41 per
acre when using BE at 50% irrigation
compared with CP at 100% irrigation,
amounting to a 44.6% increase in net
revenue.

Discussion
Although the initial implementa-

tion of grafting was for the manage-
ment of soil-borne pathogens (Kubota
et al., 2008), additional rootstock-de-
rived benefits exist outside of disease
resistance (Djidonou et al., 2013b;
Ntatsi et al., 2017; Schwarz et al.,
2010). Here we show that in the
absence of disease pressure, grafting
onto BE significantly improved iWUE
and yields at 50% of the grower’s
normal irrigation rate (Figs. 5A–D,

Fig. 6. Repeated measures analysis of cumulative yield of grade A fruit from high tunnel–grown tomato in 2016 and 2017.
Means with common letters within a grade are not different (Tukey’s honestly significant difference at a = 0.05) and represent
the average of four replications and two irrigation treatments (n = 8 data points for each mean). Tomato cultivar Cherokee
Purple was grafted onto either Beaufort or Shield rootstocks or left nongrafted (NG) as a control. Grade A fruit are those free
of blemishes or disfigurement and are larger than 2 inches (5.1 cm) in diameter; 1 lb/acre = 1.1209 kg�haL1.
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7A and B). These results are in agree-
ment with Djidonou et al. (2013b)
who found that grafting the deter-
minate cultivar Florida 47 onto BE
improved iWUE in open-field pro-
duction. In their study, the authors

demonstrated improved iWUE re-
gardless of irrigation regime. We
only observed iWUE differences at
the 50% irrigation regime. The dis-
crepancies between studies may
be because our study used an

indeterminate tomato cultivar and
conducted the study under protec-
tion from rain. The authors also
found that grafting onto ‘Multifort’
rootstock improved iWUE. Both
‘Multifort’ and BE are interspecific

Fig. 7. Irrigation water use efficiency for grade A (A) and marketable fruit (B), ±SE from high tunnel–grown tomato receiving
100% [3 h every other day (14,741 gal/acre)] or 50% [1.5 h every other day (7370 gal/acre)] of the grower’s normal irrigation
regime. Means with common letters within a grade are not different (Tukey’s honestly significant difference; a = 0.05) and
represent the average of four replications and two repeated experiments (n = 8 data points for each mean). Tomato cultivar
Cherokee Purple was grafted onto either Beaufort’ or Shield rootstocks or left nongrafted (NG) as a control. Grade A fruit
represent those fruit free of blemishes or disfigurement and are larger than 2 inches (5.1 cm) in diameter. Marketable fruit are
the combination of grade A and grade B fruit, the latter being fruit with slight disfigurement but remainmarketable; 1 gal/acre =
9.3540 L�haL1, 1 lb/gal = 0.1198 kg�LL1.

Table 3. Economic assessment of high tunnel–grown nongrafted ‘Cherokee Purple’ tomato at full irrigation vs ‘Cherokee
Purple’ grafted onto ‘Beaufort’ rootstock at reduced irrigation based on the average of 2016 and 2017 grade A yield results.z

Variabley
Cherokee Purple

nongrafted: 100% irrigationx
Cherokee Purple grafted

onto Beaufort: 50% irrigationx

Number of transplants (plants/acre) 5,808 5,808
Price of transplant ($/plant) 0.12 1.02
Cost of transplants ($/acre) 696.96 5,924.16
Average yield of grade A (lb/acre) 24,184.51 36,424.87
Labor cost ($/lb) 0.14 0.14
Harvest cost ($/acre) 3,385.83 5,099.48
Sale price ($/lb) 3.50 3.50
Gross revenue ($/acre) 84,645.79 127,487.05
Net revenue ($/acre) 80,563.00 116,463.41
zGrade A fruit are those with no blemishes or disfigurement large than 2 inches (5.1 cm) in diameter.
yPrice of transplants derived from Rysin and Louws (2015). Values for labor and sales price specified by the grower; 1 plant/acre = 2.4711 plant/ha, $1/acre = $2.4711/ha,
1 lb/acre = 1.1209 kg�ha–1, $1/lb = $2.2046/kg.
xIrrigation treatments represent 100% [3 h every other day (14,741 gal/acre)] or 50% [1.5 h every other day (7370 gal/acre)] of the grower’s normal irrigation regime;
1 gal/acre = 9.3540 L�ha–1.
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hybrids and were shown to have sim-
ilar RSM (Suchoff et al., 2017). In
our study, ‘Shield’ was chosen as its
root system is composed of much
thicker, longer roots, with a lower
SRL compared with BE (Suchoff
et al., 2017). Crops with thin average
root diameter and high SRL show an
increase in hydraulic conductivity
(Huang and Eissenstat, 2000). Fur-
thermore, high SRL allows for root
system development with minimized
photosynthate investment compared
with root systems with low SRL (Eis-
senstat, 1992). The improved yield
and iWUE observed here and by
Djidonou et al. (2013b) may be due
to a thinner root system in BE that
can more easily absorb and use avail-
able water and, because of high SRL,
can increase root soil exploration with
minimal photosynthate investment.

Differences in plant height were
observed among graft treatments in
both years of the study; however, no
overall trend was seen nor do these
differences explain yield or iWUE
differences among graft treatments.
Khah et al. (2006) found no differ-
ences in plant height among grafted
tomato on different rootstocks com-
pared with nongrafted and self-
grafted controls when grown in
greenhouse conditions; however,
when grown in open-field conditions,
differences were observed. The more
favorable environment experienced
by plants grown in protected culture
may reduce the plant height-dimin-
ishing stresses compared with open-
field production.

Higher cull and grade B fruit
were produced in 2017 compared
with 2016 (Fig. 3A–D). These yearly
differences are most likely due to the
potato aphid infestation that oc-
curred early in 2017; prior work has
demonstrated a reduction in tomato
fruit quality due to potato aphid in-
festation (Walgenbach, 1997). We
observed a higher amount of damage
and disfigurement early in the 2017
harvest season which coincided with
potato aphid infestation and the
amount of this damaged fruit reduced
later in the season following insecti-
cide application.

Grafting onto BE increased the
proportion of grade A fruit produced
(Fig. 4). Di Gioia et al. (2010) and
Leonardi and Giuffrida (2006) found
that BE increased marketable fruit
production in conditions lacking any

significant disease pressure. This in-
crease in marketable fruit production
may be due to improved nutrient
uptake when using BE as a rootstock
(Leonardi and Giuffrida, 2006).

Marketable yield was defined as
the combined weight of grade A and
B fruit and was not different among
the three graft treatments at 100%
irrigation (Fig. 5B), although the re-
sults followed a similar trend to grade
A fruit production (Fig. 5A). We
attribute this to the added variability
when combining grade B fruit to
grade A as there was no significant
interaction of graft and irrigation
treatments on grade B production
(Table 1). Nevertheless, grade B fruit
yield made up a smaller proportion of
total yield (Fig. 4) and would not
contribute as significantly to net rev-
enue as grade A fruit.

The use of grafted tomato re-
quires a high initial investment. In
situations where disease pressure is
significant, using grafted tomato with
resistant rootstocks has the potential
to offset that initial investment; how-
ever, net returns are dependent on
disease pressure and market prices
(Djidonou et al., 2013a; Rysin and
Louws, 2015). Here we show that
grafting ‘Cherokee Purple’ onto BE
increased net revenue by 44.6% while
reducing the water applied by 50%
(Table 3). This reduction amounts to
a saving of 375,923 and 383,242 gal/
acre in 2016 and 2017, respectively.
Irrigation for this farm comes from an
on-site pond and, as such, water is not
an annually limited resource. In areas
where water is less plentiful and
growers must pay for irrigation water,
such as California, the increased
iWUE when using BE as a rootstock
has the potential to further reduce
initial transplant investment costs by
decreasing irrigation expenses.

Conclusion
This study is one of the first to

demonstrate the ability of specific
tomato rootstocks to improve iWUE
in an on-farm situation. With the
addition of improved iWUE, root-
stock–scion combinations can be se-
lected to meet market demand,
disease pressure, and limited water
availability. This improved iWUE
may be due to differences in RSM
(Suchoff et al., 2017). Future work is
needed to determine the specificmor-
phological or physiological aspects of

the BE rootstock root system that
improve water use efficiency under
limiting conditions. This information
will allow for further rootstock selec-
tion and aid in our understanding of
plant–water relations.
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