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ABSTRACT. Hylocereus undatus [(Haworth) Britton and Rose] is a vine cactus from central America that has been estab-
lished as a new fruit crop (pitaya) in many tropical and subtropical countries. In order to develop improved irrigation
practices, the relationships between water parameters and growth were studied in rooted stem cuttings growing in pots
with sandy soil under well-watered and drought-stressed conditions, in a controlled environment. Soil water potential
rapidly decreased from —0.02 to —1.5 MPa during the first 5 days of drought. However, growth of new stems emerging
from the succulent mature stems only decreased significantly after 3 weeks of drought. After 3 weeks of drought, the
water content of growing stems decreased by 2% (P < 0.05) and their water potentials by 0.05 MPa (P > 0.05), as com-
pared with the irrigated controls. At the same time, water content in drought-treated mature stems decreased by 4%
(P < 0.05) and water potentials by 0.25 MPa (P < 0.05). Several lines of evidence indicated that active phloem supply
of assimilates and associated water reserves from mature stems was the mechanism that allowed developing stems of
H. undatus to maintain growth under well-watered and drought conditions: 1) Girdling the phloem of growing stems
rapidly inhibited stem elongation. 2) Secretion of sucrose-containing nectar by growing stems was maintained during
drought. 3) The water potential gradient was in the wrong direction for xylem transport from mature to young growing

stems and axial hydraulic conductivity in young stems was either zero or comparatively low.

Hylocereus undatus is a shade-tolerant vine cactus from tropi-
cal forests of central America. It produces medium-large scaly
fruit of the red pitaya type on succulent and slender leafless
stems that act as the photosynthetic organs of the plant (Nerd et
al., 2002a; Nobel and De La Barrera, 2002). The plant has been
developed recently as a fruit crop in many subtropical and tropi-
cal countries over the world (Nerd et al., 2002a; Nobel and De
la Barrera, 2002). Cultivation of H. undatus in dry subtropical
regions as opposed to humid regions requires irrigation but the
plants in drier regions are almost free from diseases and most of
the fruit is marketable (Nerd et al., 2002a, 2002b).

Little is known about the water requirements of H. undatus or
related vine cactus crops such as H. polyrhizus or Selenicereus
megalanthus (Nerd et al., 2002a). In Israel, vine cactus crops
are drip irrigated year round (except in rainy periods) to keep
the soil permanently moist (Nerd et al., 2002b). Flowering and
fruit growth of H. undatus in Israel occurs primarily in the mild
autumn and is depressed in the hot summer months. The green
and succulent mature stems of H. undatus, from which the young
stems grow out, store large amounts of water and have a CAM
photosynthetic pathway (Nobel and De la Barrerra, 2002). In
contrast to flower and fruit growth, stem growth is most vigorous
in the summer. Indeed, the orchards then manifest excessive stem
growth and have to be pruned frequently (Nerd et al., 2002b). A
common first response of plants to water stress is the inhibition of
shoot growth (Bradford and Hsaio, 1982; Chazen and Neumann
1994). A deficit irrigation approach (Johnson and Handley, 2000)
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could therefore be considered as a management technique for
reducing excessive vegetative growth in H. undatus during the
hot summer. The stem-growth responses of H. undatus to drought
do not appear to have been studied and may differ from those of
more conventional C, or C, crops (Nobel 1991). Investigations
of the effects of drought on stem growth and its physiological
aspects may contribute to the development of an optimal irriga-
tion regime for H. undatus.

The specific aims of the present work were to: 1) quantify ef-
fects of drought on growth and on water relations in the mature
and growing stems of potted H. undatus plants and 2) investigate
possible water transport mechanisms involved in the maintenance
of stem growth.

Materials and Methods

PrLANT MATERIAL. Rooted cuttings of Hylocereus undatus
cultivated in Israel (Nerd et al., 2002b), were grown in a shaded
glasshouse in 1.5-L pots filled with sandy soil obtained from
the southern coast of Israel (Besor region). When total length of
the mature stem segments (succulent, deep-green, three-ribbed
internodes) reached 60—70 cm, the plants were placed in a growth
room with a temperature of 27 + 1 °C, 12-h photoperiod, pho-
tosynthetic active radiation of 150 ymol-m-2s-!, and light/dark
relative humidities of 30% and 70%. Plants were irrigated at 2-d
intervals until drainage with water containing 20N-9P—17K fertil-
izer enriched with microelements (Deshen-Kol, Haifa Chemicals,
Israel) at a concentration of 200 mg-L-.

IRRIGATION TREATMENTS. After 3—4 weeks in the growth room,
plants with two to three newly initiated young stems, 0.4 cm to
1.1 cm in length, were selected for study. Two treatments were
applied: 1) Drought treatment: irrigation was withheld for 27 d.
2) Well-watered control treatment: irrigation was as usual but
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without fertilizer. Results are for a complete random design with
nine plants per treatment.

SOIL WATER AND PLANT WATER PARAMETERS. Soil sampled at mid
depth of the pot was oven-dried (105 °C) to determine soil water
content. Stem water content, water potential (¥), and osmotic
potential () were measured in tissue sampled at the beginning
of the light period with a cork-borer (10 mm in diameter) at just
above midlength of stem segments. Water content of stems was
determined by drying at 70 °C. W (fresh tissue) and = (frozen
tissue) were determined by thermocouple psychrometry using
0.5-mLchambers (Series 76; J.D. Merrill, Logan, Utah) connected
to a Wescor micro-voltmeter (Chazen and Neumann, 1994).
Estimates of bulk turgor pressure were obtained by subtracting
osmotic potential from water potential.

STEM GROWTH. Long-term elongation of stems initiated at the
beginning of the irrigation study was measured with a ruler at 4—5
dintervals for 4 weeks (n=5). The stems were then harvested and
oven-dried (70 °C) for dry weight determination. Instantaneous
length changes were measured by attaching stem tips vertically
mounted onintact plants to alinear variable differential transformer
(LVDT; Instruments and Control, Haifa) using a chart recorder
for the output (Neumann, 1993). A relationship between dry
weight and length was determined for growing stems that were
harvested from watered plants at different stages of development.
A second-order polynomial was fitted to the relationship between
stem dry weight (Y, g) and stem length (x, cm) where Y =0.04192
+0.0099X + 0.0032X2 (R2 = 0.924).

EXTRAFLORAL NECTAR. Drops of nectar appeared on the back
of areoles (located along the crest of stem ribs) in elongating
stems. Analysis of sugars in nectar collected from watered plants
showed that sucrose composed from 65% to 69% of nectar dry
weight (unpublished data). Nectar newly produced by stems of
droughted and irrigated plants (n = 3) during the third week was
collected with forceps, air-dried and weighed.

GIrRDLING. Watered plants with two adjacent stems of similar
length growing out of the basal mature stem were selected for
the girdling study. The nonfleshy cylindrical stalk at the base
of the growing stems was rapidly girdled with a razor and the
wound left by removal of a I-mm strip of cortex was immediately
covered with petroleum jelly to prevent water loss. The process
was completed within 1 min. Daily elongation of growing stems
was assayed for 2 d after girdling (n = 5). In other experiments,
instantaneous growth responses of girdled stems and of nongirdled
controls were continuously measured by LVDT.

STEM HYDRAULIC CONDUCTIVITY. Measurements of pressure
induced flow through water conductive tissues in the stem were
made in watered plants with segments, 2.5 cm in length, cut from
the base of young growing stems at 10 or 20 d after initiation or
from underlying mature stems segments (n = 5). After exposing
3 mm of the central cylinder containing the xylem from the top
and bottom of the segment, the top end was tightly connected
to water filled tubing and a controlled pressure of 150 kPa was
applied. A graduated pipette was attached to the lower end of the
segment and used to measure the flow rate of water through the
segment. AQ.1-mL pipette was used for young stems anda 1.0-mL
pipette for mature stems. These allowed volume changes of 1 uL
and 10 uL, respectively, to be accurately determined. Flow was
allowed to equilibrate for 5 min before making measurements.
Axial hydraulic conductivity of stems, k, (uL-s-'-MPa-!‘m-!) was
calculated from k, = qx-AP-! where x (m) is the stem segment
length, P (MPa-!) the applied pressure difference, and q (uL-s")
the flow rate (Lovisolo and Schubert, 1998).
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Statistics. Standard errors and Lsps were calculated for the
comparisons between means.

Results

SOIL WATER CONTENT AND STEM GROWTH. Soil water content
decreased rapidly after withholding irrigation (Fig. 1, insert).
Volumetric water content was 17% on the first day after the
cessation of irrigation and decreased to 7.2% on the fourth day.
These values were equivalent to soil water potentials of —0.02
and —1.50 MPa, respectively, for the investigated soil (E. Raveh,
Gilat experimental station, Israel; personal communication). The
soil water potential after 4 d was far more negative than water
potentials measured in growing and mature stems (see below). Soil
water was therefore presumed unavailable to the plants after day
4. Stem elongation rates for control and irrigated plants are shown
in Fig. 1. The rapid drying of the soil did not cause significant
reductions in stem length, as compared with watered controls,
during the first 17 d of drought treatment. Significant reductions
were measured at and after 20 d. At the end of the study period,
the length of new stems was 24% lower (P < 0.05) in droughted
plants than in the control plants (19.0 £ 0.6 cm compared to 24.9
+0.9 cm) and dry weights of new stems in droughted plants were
13% lower (P > 0.05) than in control plants (2.0 + 0.16 g com-
pared to 2.31 + 0.16 g). Overall, the young stems of droughted
plants were able to maintain growth at relatively high rates for
four weeks, despite the rapid drying of the soil.

WATER RELATIONS. Figure 2 shows water contents in grow-
ing and mature stem segments measured as percentages of fresh
weight. Water content in the growing stems of irrigated plants
decreased slightly between day 15 and day 27. The water content
of the droughted stems was 2.5% lower. The same drought treat-
ment reduced water content in mature stems by 8.1% after 27 d.
Note that the onset of drought induced decreases in water content
of the mature stems in Fig. 2 preceded the onset of decreases in
the water content of the growing stems.

Stem water potentials measured in the mature stems at 3 weeks
after the beginning of the study were more negative than in the
growing stems (Table 1). Paradoxically, such water potential
gradients would favor water movement from the young growing
stems to the mature stems. Table 1 also shows that drought treat-
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Fig. 1. Time courses for increase in stem length of droughted and well-watered H.
undatus. Data points are averages for five growing stems. Vertical bars indicate
LsD between treatments at P = 0.05.
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Fig. 2. Time courses for water content (% fresh weight) changes in stem tissue
of droughted and well-watered H. undatus. Vertical bars indicate LsD between
treatments at P = 0.05 for growing stems (square symbols) and mature stems
(circular symbols-dashed lines).

Table 1. Effects of 3 weeks of drought on water potential (), osmotic
potential (7t), and estimated bulk turgor pressure (P) in young growing
stems or mature stems of H. undatus. Data are means + SE, n = 5.

Stem type Treatment ¥ (MPa) 7t (MPa) P (MPa)
Growing Well-watered -0.38+0.02 -0.54+0.05 0.29+0.04
Drought -043+0.05 -0.61+0.04 0.21+0.05
LSDy 05 NS NS NS
Mature ~ Well-watered -0.55+0.01 -0.64+0.01 0.18 £0.03
Drought -0.80 £0.03 -0.84+0.02 0.04+0.02
LSD s 0.11 0.08 0.11

ment only induced significant (P < 0.05) lowering of stem water
potential and osmotic potential (as compared with well watered
controls) in mature stem segments. These findings are consistent
with the observation that water content in mature stems decreased
more than in young stems. Turgor pressure is required for cell
expansion during growth and interestingly, the calculated bulk
turgor pressures were consistently higher in the growing stems
than in the mature stems. Moreover, turgor in mature stems was
significantly decreased by drought treatment (P < 0.05), whereas
turgor in growing stems was not.

EFFECT OF GIRDLING ON STEM ELONGATION. Growth in young
stems requires an ongoing supply of water and measured water
potential gradients did not appear to favor xylem water flow from
soil to mature stem to growing stem. The possible involvement
of active phloem transport of water (together with dissolved
photo-assimilates) from mature to growing stems was therefore
investigated by measuring the effect of phloem disruption, by
girdling, on stem growth. Girdling consistently reduced the elon-
gation rates of young stems as compared with adjacent control
stems growing out of the same mature stem (Fig. 3).

In addition, short-term changes in the tip position of grow-
ing stems were continuously followed using an LVDT set up.
Although slow growth was maintained during the dark period,
=90% of the daily length increase in nongirdled (control) stems
occurred during the 12-h light period. This predominance of
light-time elongation also occurred in a humid chamber (data
not shown). Phloem girdling during the light period immediately
slowed down stem elongation and elongation was more inhibited
atnight. Reduced elongation (compared with nongirdled controls)
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Fig. 3. Effects of girdling on daily stem elongation of H. undatus. The elongation
of adjacent stems (same symbols) growing out of an underlying mature stem
was assayed with a ruler.
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Fig. 4. Instantaneous effect of girdling on stem elongation in H. undatus.
Continuous measurements were made on a girdled stem of 7.0 cm length
for 30 h. Elongation of the adjacent control stem was subsequently
assayed. The horizontal bar on the x-axis indicates the dark period.
The data are representative of three separate studies.

was resumed in the following light period (Fig. 4). Wounding the
stem by similar but superficial girdling caused only transient ef-
fects that were reversed within minutes (data not shown). Thus,
phloem transport into young stems of H. undatus appeared to be
involved in the maintenance of stem elongation.

NECTAR SECRETION. Drops of nectar emerged on the back of
areoles (located along the ribs of stems) during elongation of
young stems in plants of both control and drought treatments.
Measurements of nectar yield during the third week of the study
showed that drought decreased (P < 0.05) but did not prevent
nectar secretion; dry weight of nectar collected from droughted
plants was 6.3 + 0.11 mg/stem and from control plants, 15.3 +
0.13 mg/stem. The occurrence of sugar secretion in growing
stems of droughted plants suggested that phloem transport was
maintained and that sugar availability was not overly limited
under drought conditions.
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AXIAL HYDRAULIC CONDUCTIVITY. Long distance xylem water
transportis dependent on water potential gradients between source
and destination and the conductivity of the xylem pathway con-
necting them. The fact that water potentials in the mature stems
were found to be more negative than in growing stems sug-
gested that essential water supplies, rather than being imported
into young growing stems via the xylem, might be exported. In
order to further investigate this possibility, the axial hydraulic
conductivity of water conducting tissues at the base of growing
stems was assayed. Axial hydraulic conductivity was zero in
young stems at 10 d (Fig. 5) and was not increased by raising
the pressure drop from 0.15 to 0.45 kPa (not shown). However,
axial conductivity did increase with developmental age. Thus,
very low conductivity values were measured in 20-d stems and
mature stems were very conductive. The order of magnitude
differences in conductivities of 20-d and mature stems were not
simply a function of differences in the diameters of the central
water conducting tissues in the stems; these were 9.8 + 1.7 mm?
in 20-d-old stems and 23.8 + 4.7 mm? in mature stems (n = 5).
In all events, the conductivity of the water pathway leading from
the young to the mature stem was apparently inhibited during
early stem development.

Discussion

Reductions in shoot growth are among the earliest observed
responses to water deficit in many plants (Bradford and Hsiao,
1982; Chazen and Neumann, 1994). However, the present work
shows that young stems of H. undatus that were initiated at the
beginning of the irrigation study, continued to elongate and to
accumulate substantial amounts of dry matter during 4 weeks of
progressive drought. For most of this period, soil water was not
available to the plants, i.e., water content of the soil was very low
and corresponded to water potentials more negative than those
measured in the plants. The drought treatment mainly affected
the water status of the mature stems. Their water content and
water potentials had decreased markedly 3 weeks after the ces-
sation of irrigation. The same drought treatment had only minor
effects on the water status of growing stems. Thus, a specific
avoidance of water deficit in growing stems might explain their
remarkable ability to maintain growth despite the nonavailability
of soil water.

The water potential gradients found to exist between young
and mature stems after 3 weeks of control or drought-treatment
would be expected to favor xylem water transport out of, rather
than into young stems. It is therefore rather unlikely that the
growth of young stems depended on water import via the xylem.
Moreover, the zero to low axial hydraulic conductivities of young
stems suggested a further limitation to water import. Indeed, a
high resistance to xylem water transport could serve to limit the
undesirable export of essential water from young stems to the
mature stems with more negative water potentials, at least until
further development of the young stems turns them from sinks
to potential sources of water. The stems of H. undatus are rich in
mucilages (unpublished data) and the xylem of young stems might
be blocked with mucilages or, alternatively, by slow maturation
of the developing xylem cells (cf. Neumann, 1987).

Analternative possibility is that stem growth in H.undatus was
primarily dependent on active phloem transport of water from
mature to developing stems. Itis well known that developing fruits
can be dependent on phloem supplies of water for their growth
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Fig.5. Axial hydraulic conductivities measured in basal segments excised
from young growing stems (10 or 20 d old) and segments excised from
the underlying mature stems of watered H. undatus plants. Segment
length was 2.5 cm. Data are means + SE, n = 5.

but dependence of stem growth, and especially stem growth
during drought, on phloem supply of water does not appear to
have been reported. Nobel et al. (1994) showed that developing
fruits of the cactus pear Opuntia ficus-indica under well-watered
conditions were able to import water through the phloem and
against the water potential gradients between the growing fruit
and supporting stem segments. Under drying conditions, fruit
growthin O. ficus-indica was maintained until the onset of severe
water deficit (50% water loss) in the water-storing stem segments
upon which the fruits developed (Nerd and Nobel, 2001). Finally,
Wang et al. (1997, 1998) indicated the involvement of phloem
water transport in stem growth of well-watered O. ficus-indica.
Alow percentage of assimilates (6%) and correspondingly high
percentage of water were found in the phloem sap. This supported
the notion that the phloem could act as an effective supplier of
water to the developing stems.

Assimilate (and water) content in phloem sap of young stems
of watered H. undatus plants at the midtime of our study can be
estimated by assuming that import via the phloem provided all
the assimilate needed for dry weight increase, together with the
water needed for stem growth and transpiration. The rate of stem
dry weightincrease for 15-cm stems (0.124 g DW/stem/day) plus
estimated rate of loss of dry matter through respiration (0.031 mg
glucose/stem/day, after Chapotin et al., 2003) were divided by
transpirational water loss (1.0 g/stem/day) plus water accumula-
tion for growth (1.94 g/stem/day). Water loss by transpiration was
measured gravimetrically in exposed growing stems attached to
small segments of mature stem sealed in petroleum jelly and foil
(data not shown). Water accumulation by growth was estimated
on the basis that 94% of fresh weight was water in growing
stems. Using this approach, the calculated value for assimilate
concentration in phloem sap of H. undatus was 5.3% (i.e., 94.7%
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water). The similarity to phloem sap in O. ficus-indica supports
the idea that phloem could also be a major provider of water for
the growing stems of H. undatus.

The inhibition of elongation by girdling, as shown in Figs. 3
and 4, confirmed the importance for growth of active phloem sap
transport into young stems of H. undatus. The changing pattern
of light/dark elongation rates in these stems may be controlled by
a circadian system affected by light (Sweeney, 1987). Girdling
presumably interrupted the phloem supply of both water and
assimilates to the developing stems. Shortages of either could
negatively affect growth. However, the rapidity of the reduction
in stem elongation rate induced immediately after girdling, sug-
gested a hydraulic effect (Bradford and Hsiao, 1982; Chazen and
Neumann, 1994). Thus, water supply via the phloem appears to
be of primary importance for the maintenance of stem growth in
H. undatus. The relatively small inhibition of stem growth that
nevertheless occurred in drought-treated H. undatus may have
been related to a drought-induced reduction in the availability
of assimilates. Thus, net CO, uptake and assimilate production
in mature H. undatus is known to decrease rapidly when roots
confront dry soil (Nobel and De La Barerra, 2002). Allocation of
assimilates for nectar secretion in H. undatus was much smaller
than for growth. Daily nectar secretion in control plants was 0.0015
g DW/stem vs. daily dry weight increases of 0.1240 g DW/stem
(from a fitted relationship between stem dry weight and stem
length) during the same period. However, the observation that
nectar secretion was reduced during the drought treatment, sup-
ports the notion that assimilate availability was generally reduced.
Secretion of extra-floral nectar is very common in flowering plants
including cacti and can benefit the plants by attracting ants that
reduce herbivory (De La Fuente and Marquis, 1999; Engel et al.,
2001; Ruffner and Clark 1986).

Why do H. undatus plants invest valuable resources in maintain-
ing stem elongation while undergoing severe drought? Hylocereus
undatus is a semi-epiphytic shrub from tropical forests (Benzing,
1990; Nobel and De La Barrera, 2002) with roots produced in the
ground and in microsites (as adventitious roots) in the tree canopies
on which the plants climb. Conceivably, plant competition for
water and light in tropical tree canopies is a major determinant
of success for this creeping vine cactus; maintenance of upward
stem growth, even in dry soil, could therefore be advantageous.
The need to maintain stem growth suggests that growth inhibition
by hormonal, hydraulic or electrical signals from the drying roots,
as often found in more conventional plants (Davies and Zhang,
1991), will be absent in H. undatus.

In conclusion, several lines of evidence indicate that phloem
transport of assimilates and associated water reserves from mature
stems, is the mechanism which allows developing stems of H.
undatus to maintain stem growth under well-watered conditions
and, in a remarkably effective manner, under severe drought: 1)
Girdling the phloem at the base of growing stems rapidly inhibited
their elongation. 2) Secretion of sucrose-containing nectar by
growing stems continued during drought. 3) The water potential
gradient was in the wrong direction for xylem water transport from
mature to growing stems and the axial hydraulic conductivity in
growing stems was zero or comparatively low. The ability to utilize
water stored in mature stems for new growth, even under dry soil
conditions, is a factor to be considered in scheduling irrigation
regimes for H. undatus and in strategies for limiting excessive
stem growth in hot summer months by limiting irrigation.
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