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We  investigated the efTects  of  supplying  warmed  water  to the graft union  of  tomato  and  eggplant  grafted cuttings
during  low-air-temperature storage  on  graft development and  plant growth after  storage.  The  scions  of grafted
cuttings  were  held at an  air temperature  of9  to 120C, while  the region  from the cut  end  of  the rootstock  cuttings

to the graft union  was  held at 12 to 37eC in water  during 4 days' storage.  The  tensile strength  of  some  cuttings'

graft union  was  measured  as an  index of  graft development.  The  tensile strength  of  the tomato  graft union  was

much  improved when  the graft union  temperature  ranged  from 23 to 27eC. That  of  the eggplant  graft union
increased as the temperature  rose  up  to 290C. After 4 days' storage,  the remaining  cuttings  were  planted in
vermiculite  medium  and  grown in a growth chamber.  Cuttings from  the temperatures  that gave  a  higher tensile

strength  tended  te grow larger. We  also  investigated the effects  of  supplying  the water  at  280C  to the  graft union
on  the storage  quality of  cuttings  by  measuring  the water  status, gas exchange,  and  chlorophyll  fluorescence

parameters  after  4 days' storage  at an  air temperature  of9  to 11OC. The  leafwater potential and  leafconductance

of  scions  with  warmed  graft unions  were  significantly  higher than  those  with  unwarmed  graft unions.  The
chlorophyll  fluorescence parameters dipsll and  the electron  transfer  rate  were  maintained  with  warmed  water

during  storage,  but were  significantly  decreased  without  wu'armed  water  application.  These  results  indicate that
keeping  the graft union  warm  during low-air-temperature storage  can  improye  graft deyelopment,  storage

quality, and  plant growth after  storage.

Key  Words:  chlorophyll  fiuorescence, cutting grafting,leaf conductance,  leaf water  potential, tensile strength.

lntroduction

  In transplant production, demands for growing  area

and  labor fluctuate with  seasonal  variations  in demand
fbr transplants. If these fluctuations could  be smoothed
out  throughout  the year by the storage  of  transplants,

production efTlciency  would  be improved. To  this end,
many  studies on  environmental  control  technology for

maintaining  the quality of  transplants during storage

have  been  carried out (Foji'wara et a]., 1997, 2001, 2003;
Heins et aL, 1994; Kozai et  al., 1996; Kubota  et  a].,

1995; Paton and  Sehwabe, 1987).

  Previously, we  reported  that bottom-heat treatment,
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which  involi,es soaking  the cut  end  of  the cuttings  in

",armed  nutrient  solution  at a  low  air  temperature,  ean

improve rooting  after  storage  (Maruo et  at., 2004. 2005;

Shibuya et  al., 2007; Terakura et al., 2004). This storage
technology  improves the  quality of  the rooting  site  of

cuttings  by localized temperature  control,  while  storing

most  of  each  cutting  at Iow air temperature. Localized
temperature  control  at  a  to", air  temperature  is also

effective  immediately after grafting: callusing  of the

graft union  is improved when  the graft union  is kept
warm  with  warmed  pipes in which  the graft union  is
placed (Hartmann et al., 2002).

  The cutting grafting method  is often  used  in the

production of  fi'uit vegetabies,  particularly among  the

Cucurbitaceae and  Solanaceae. In th is technique,  grafted
cuttings  are obtained  by grafting scions  on  rootsteek

cuttings  harvested from seedtings,  and  are  then  planted
in growing medium  for rooting.  Graft deveiopment  ol'
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the cuttings  affects  the  storage  quality and  growth ofthe
cuttings  after  storage. Shiraki et al. (1999) reported  that
the storage  quality and  growth of  grafted cucumber

cuttings  were  improved  by keeping them  at 280C  fbr 1
day after grafting to improve graft development. In this
study,.we  tried to improve  the graft deve]opment of

cuttlngs,  their storage  quality, and  their growth afier

storage  by localized temperature control  via  supplying

warmed  water  from the bottom end  of  the rootstock  to

the graft union  while  the scions  were  kept at a low air
temperature, Applying such  localized temperature

control  is relatively  easy,  because unrooted  cuttings  are

easy  to handle. If grafted cuttings  with  improved graft
development and  growth  ability  af'ter storage  could  be
supplied  stably,  the labor requirements  of  transplant

growers during the acclimatization  phase would  be much

reduced.

  Supplying nutrient  sotution  to cuttings  during storage

can  improvc  the  storage  quality ofthe  harvested cuttings

(Fojiwara et  al., 1997, 1999). Previously, we  reported

that supplying  warmed  water  to the bottom end  of  the
cuttings  during low-air-temperature storage  improved

the water  absorption  rate  of  the  cuttings  and  reduced

water  stress at the beginning of  storage  (Shibuya et al.,

2007; Terakura et al., 2004; Tokuda et al., 2006).
However, if water  were  supplied  to the rootstock  only,

it would  not  reach  the  scion, which  would  then be
exposed  to water  stress,  because the  vascular  tissues are

not  connected  between the rootstock  and  scion

immediately after  grafting. If the  water  absorptien  rate

ofthe  scion  can  be improved  by supplying  water  to the

graft union  directly, water  stress at the beginning of
storage  would  be reduced.  Further, reducing  water  stress

during storage  would  permit storage  at a  lower relative

humidity (RH). This would  be an  advantage,  because
the storage  of  transplant  at a high RH  to reduce  water

stress  causes  the elongation  of  plants and  the

development of  mold  diseases (Heins et al., 1994).
  In this study, we  investigated the effects of  the
ternperatureofwatersuppliedtothegraftunionoftomato

andeggplantgraftedcuttingsduringlow-air-temperature

storage  on  graft development, on  the cuttings'  storage

quality such  as photosynthetic activity, gas exchange
and  water  status,  and  on  plant growth  after  storage,  We

measured  tensile strength  as  an  index ofthe  development
of  the graft union  (Lindsay et  a]., 1974; Moore,  1982;

Pedersen, 2005). We  also  measured  teaf water  potential
and  leafconductance after  storage,  which  indicate water

status  and  gas exchange  of  cuttings,  respectively,  and

chlorophyll  fluorescence parameters during storage,

which  indicate photosynthetie activity  (Kubota et  al.,

1995), as indexes of  storage  quality.

Materials and  Methods

ELff2icts Qf'water temperature during storage  on  grc4}

  deveiopment andpiant  growth  cV7er  storage  thperi-
  ment  1)

  We  grew  grafted cuttings  of  tomato  and  eggplant.

Tomato (lycopersicon esculentum  Mill.) varieties
[Hausu-momotaro'

 and  
tGanbarune-sangou'

 were  used

as  scion  and  rootstock,  respectively.  Eggplant (Solanum
melongena  L.) varieties  

`Senryou-nigoui

 and  S, torvum

Sw. `Torubamu-biga'
 were  used  as  scion  and  rootstock,

respectively.  AH  plants were  grown  in a  greenhouse of

Bergearth Co., Ltd. (Ehime, Japan). Using  the splice

grafting method,  we  grafted scion  cuttings  onto  rootstock

cuttings.  A  grafting tube  (inner diameter 1.7mm,

Nasunics Co., Ltd., Japan) was  used  to hold the graft
union.  Leaves ofrootstock  cuttings  were  removed  after

grafting. Experiments were  conducted  the next  day, after
the  cuttings  were  transported  to our  laboratory at  Osaka

Prefocture University (Sakai, Japan).
  The grafted cuttings  were  stored  for 4 days in warmed
or  unwarrned  water.  We  stored  the  cuttings  for a

relatively  short  duration to investigate the effects of

supplying  warmed  water  at the beginning of  storage,

a]though  several  weeks'  storage  is likely in practice. The
4-day duration was  determined from a preliminary
experiment,  in which  roots  appearecl  at the cut end  of

the  rootstock  cuttings  at  5 days in warmed  water.  The

cuttings  were  stored  in a  refrigerated  chamber  to control

air temperature  at  9 to 120C. RH  was  not  controlled.

White  fluorescent lamps were  used  fbr continuous

Mumination  at a photosynthetic photon flux density

(PPFD) of  10pmol･m'i･s'i. The grafted cuttings  were

soaked  in the  water  from  the  cut  end  ofthe  rootstock  to

the graft union  at six diffbrent water  temperatures (7k,:
12, 16, 21, 27, 32, and  370C for tomato; 13, 16, 2t, 26,
31, and  35eC for eggplant). The  venical  slit in the

grafting tube allowed  water  to reach  the graft union.  The

cuttings  were  supported  by insertion up  to the graft union
in a  hole (rp=6mm) in an  adiabatic  board (S-mm
thickness) floating on  the water  (Fig.1). 7k. was

controlled  with  electric heaters regulated  by thermostats.

fU, and  the temperature of  the graft union  (711) were
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Fig. 1. Schematic diagram of  cxperimental  setup  to suppty  warmed

    water  to uraft  union.         o
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measured  with  therrnocouples  (type T) of  opO.32 mm  and

opO.1mm,  respectively.  Air temperature  and  RH  were

measured  with  temperature and  humidity recorders  (RS-
12, Espec  Mic  Co,, Ltd., Japan). The vapor  pressure
deficit was  estimated  from the air ternperature and  RH.

  After 4 days of  storage,  we  measured  the fresh and

dry weights  ofthe  scions, and  the tensile strength  of  the

grafi union  (IIS), We  defined TS  as  the fbrce required
to pull the graft union  apart.  To measure  TS, we  hung
a  vessel  from the rootstock,  held the scion,  and  then
slowly  introduced water  into the vessel  until  the graft
union  broke. We  calculated  7S from the weights  of  the

vessel,  the  added  water,  and  the rootstock.  We  estimated

the water  content  of  the scion  from the fresh and  dry

weights.

  The  cuttings  were  planted in vermiculite  mediurn,  and

then grown in a growth chamber  (lkeya Co., Ltd., Japan)

maintained  at an  airtemperature  of270C,  an  RH  of94%,

and  a PPFD  of  1OO pmol･m'2･s'i with  a  photoperiod of
1 2 h. White fluorescent lamps were  used  fbr illumination.

Control gTafted cuttings  without  storage  at  low  air

temperature were  also grown  in the growth chamber  for
4 days. Total weight,  root  fresh weight,  and  71S were
measured  4 days after  planting.

EIOZ]cts ofsupplying warmed  water  on  storage  quatity
  ofgrqfred cuttings  thperiment 2)
  The  grafted cuttings  were  stored  at a low air

temperature for 4 days, as  in Experiment  1, in warmed
water  at 280C  or  unwarmed  water.  71S was  measured

every  24h  during storage.  The leaf water  potential of

the scion  was  measured  with  a  dewpoint  water  potential
meter  (WP4T, Decagon  Devices, lnc., Pullman, WA,
USA)  at 4 days according  to the manufacturer's

recommendations  (Decagon Devices Inc., 1999). The

water  content  of  the  scion  was  estimated  from  the fresh
and  dry weights.  The  chlorophyll  fluorescence parame-
ters FvlFbei, dipsll, and  the electron  transfer rate  (ETLFI)
were  measured  with  a  leaf chamber  fluorometer (LI-
6400-40, LI-COR  Inc., Linco]n, NE, USA)  befbre
storage  and  at 4 days. Fv/FbeT and  dipsll indicate the

rnaximum  and  effective  quantum  yields, respectively,  of

photosystem II. PPFD  of  actinic  light fbr measuring
dipsll and  E71R was  500pmol･m'2･s".  The  leaf

conductance  of  the tomato scion  was  measured  with  a

leafporometer (SC-1, Decagon  Devices, Inc.) at 4 days.

Table 1. Environmental conditions

,2007. 219

                      Results

Tbmperature and  humidity during storage

  The  relationship  between  T", and  7E oftomato  cuttings

in Experimentl  is shown  in Figure2. Tk was  1 to 6'C

lower than  7k, when  7k, was  16 to 370C, and  air

temperature around  the scion  was  increased by 1 to 3eC.
RH  around  the  scion  was  60%  to 70%.  The  vapor

pressure deficit at  71.=320C  was  1.7 times that at Tk,=
120C  in ExperiTnent 1 . The eggplant  results were  almost

the  same.  The environmental  conditions  in each

treatment  in Experiment  2 are  shown  in Table 1. RH  was

higher in Experiment 2, conducted  in winter, than in
Experiment  1, conducted  in summer,  because of  the
lower cooling  load on  the refrigeration  chamber  in
wmter.

Efilects ofwater temperature during storage  on  grqf}

  development andplant  growth  qt7er storage  (:Experi-
  ment  -
  71S of  the tomato graft union  after 4 days of  storage

showed  high values  with  7k ranging  from 23 to 270C

(Fig. 3a), and  was  significantly larger after storage  with

Tll at 140C or above  than befbre storage.  11S of  the

eggplant  graft union  increased as  711 rose  up  to 290C

(Fig. 3b), and  was  significantly larger after storage  than
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Fig. 2. Rclationship between water  temperature  (Tl.) and  tomato  graft

    union  temperature (fig) in Experiment 1.

of  cachtreatment  in Experiment 2,

Plant material Treatment
Airtemp.

  (sC)
Water temp.

   (oC)
Grafi-union tefip.' k'e'la'iive humidity vapor  pressur¢

    (oc) (%) deficit (kPa)

Tomato
Warmedwater

Unwarmed  water

11210.0 27.710.7 24.610,5 8492 O.21O,IO

Eggplunt
Warmedwater

Unwarrned water

IO.69.0 28210.3 2S.610.1 7990 O.27O,11

Average environmental  pararneters are  shown.

Air temperature, relative humidity, and  vapor  pressure were  rneasured  around  theseions.
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the value  at  Tig =  140C or  above  than  befbre storage.  The

water  content  of  the tomato scion  increased with  7g

(Fig.4a). The water  content  after storage  was

significantly  lower at 7k=12  and  14eC  than  before

storage. The water  content  of  the eggplant  scion  also

increased with  7ig, and  was  lower at almost  all

1.5

temperatures  after  than  befbre storage  (Fig. 4b).

  71g oftomato  plants 4 days after  planting increased as

7ki during storage  rose  up  to 230C, then decreased at a
higher Tig (Fig.5a). Tomato  plants stored  at  7k=230C
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showed  a  significantly  1arger Tlg 4 days after  planting
than those  not  stored.  7S  ofeggplant  plants 4 days after

planting increased as 711 during storage  rose  up  to 290C

(Fig.5b). Eggplant plants stored  at  Tkl=27  and  290C
showed  a  significantly  Iarger 7S 4 days after  ptanting
than those  not  stored.

  The  total fresh weight  of  tomato plants 4 days aftcr

planting fo11owing storage  at 7k=18  to 270C  was

significantly  larger than those not  stored  (Fig. 6a). The
total fresh weight  ofeggplant  plants 4 days after  planting
fbllowing storage  at 7U=l7  and  27-290C  was

significantly  larger than those not  stored  (Fig.6b).
Cuttings of  both tomato and  eggplant  stored  at

temperatures  that gave a higher tensiLe strength  at  the

end  of  storage  tended to grow larger after  planting. The
root  fresh weight  of  tomato plants 4 days after  planting
increased with  increasing 7k, during storage  up  to 270C,
then  decreased at a higher 7k, (Fig.7a). The root  fresh

weight  of  tomato plants stored  at  7k,=21  to 370C  was

significantly  larger than those not  stored.  On  the other

hand, the root  fresh weight  ofplants  stored  at  7k,= i20C

was  significantly lower than those not  stored.  The  effects

of  Tk, on  the root  fresh weight  of  eggplant  p]ants were
similar  to those in tomato  (Fig, 7b), Thc  root  fresh weight
of  eggplant  plants stored  at  Tk. ==  22 to 35eC  was

significantly  larger than those not  stored.

llffects of,supplying warmed  water  on  storage  quality

  ofgroj}ed cuttings  (Experiment 2)
  71S increased 1inearly in the course  ofstorage  (Fig. 8),
TS in¢ reased  faster with  warmed  water  than  with

unwarrned  water.  71S 4 days after  storage  with  warmed

water  was  2,2 times that with  unwarmed  water  in tomato

and  5.7 times  in eggplant.  Leaf  water  potential, water

content,  and  leafconductance ofthe  scions  with  warrned

water  were  signifi ¢ antly  higher than  those with

   60
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 Time  courses  oftensile  strength  et' graft union  (TS) of  tomato

(a) and  eggplant  (b) cuttings  with  and  without  wann  water  at

graft union  (Experiment 2). Vertical bars indicate SE of  the

means  <n =  5).

Tab]e 2.Leaf  water  potciitial, water  contellt,  and  leaf concluctance  of  scions  4 days after  storage  (Experiment 2).

Plant material Treatment
Leaf -'ater potential

    .<MPa)

Water colltent

   (%)
Lcafconductance

   (cll1･s-L)

Tomato

Warmed  waLer

Unwarmedwater

Significance of  differenee {t-test>

-e,7o± o.lo

-l.07± O,08

 P=O.05

90.7± O,380.4
± O.3P=O.Ol

2,64 t, O.S4O.5S

± O,].O

 P=O,05

Eggplant

Warmcd  water

Unwamied  water

Significance of  differenee (t-test)

-O.78 .4 O.1 1
-1.48± 022

 P=O.Ol

89,4± O.986.1

± O.6p=o.el

-*

Means ± SE(n=5)
*
 Leaf  conductance  of  eggplants  was  not  rneasured.
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Table 3,Chlorophyll fluorescenee parameters Fvlfi}n, ¢
psll, 

and
 
electron

 
transfer

 
rate

 (ETV?) 
4
 
days

 
after

 
storage

 (Expe.rjmcnt 
2).

Plant material Treatmc]it Fv/7Tm ¢
PSTT

ETII (pmol･m'2･s'])

Before storage O.804± O.OOI o.33ote,o27 10.ll. 5,8

Tomato Warmed  water

Unwamnedwater

O.796± O.O04NS

O.789lO.O02 **
O.327± O.026NS

0240tO.02  ] *
69,4tS.4NS

50.8± 4,4*

Before storage O.792± O.O08 O,290± O.022 61,8t4,7

   Eggplant warmedwatcr  O.799± O,O03NS  023S ± O.O13NS  49.8± 2.7NS

                 Unwarniedwater  O.779± O.O08NS  O.19710.022"  41,7± 4.5*

Means± SE (n=S).
NS,  

",
 
"

 ind{cate non-significallt,  significantly  diff'erent from the valuc  before storage  at P=  O.05 alld P=O,O1 , aceord+ng  to  the t-tegt, rcspeetively.

unwarmed  water  (Table2). Four days after  storage,

Av!Fhn of  tomato  scions  with  warmed  water  was  not

significantly  different from that befbre storage, while

that with  unwarmed  water  decreased significantly  during

storage  (Table 3). Four days after storage,  FvfFlen values

of  eggplant  scions  with  warmed  and  unwarmed  water

were  not  significantly  different from those  before

storage.  dipsll and  E7LR of  tomato  and  eggplant  scions

were  maintained  by supplying  warmed  water  during
storage,butweresignificantlydecreasedwithunwarrned

water.

                   Discussion

  Thcinereaseingrowthafterplantingfbllowingstorage

in warmed  water  seems  be caused  by increased graft
deve]opment at  planting, because cuttings  from the

temperatures  that gave higher tensile strengths  at the end

of  storage  grew  larger after  planting, The improvement
of  rooting  after  planting by supplying  warmed  water

during storage  is due to improvement of  the quality of

the rooting  site of  cuttings.  This rooting  improvement
with  warming  is similar  to the results  of  our  previous
studies  in which  we  supplied  wanned  water  only  to the

cut  end  of  cuttings  (Maruo et  a]., 2004, 2005; Shibuya
et al., 2007; Terakura et  al., 2004). The improvement of
a  cutting's  primary-growth after planting fo11owing
storage  wou]d  contribute  to reducing  the labor
requirements  of  transplant growers, beeause the

acclimatization  phase fbr developing graft-union and

rooting  would  be shortened.  In the tomato,  the optimum

temperatureforimprovinggraftdevelopmentandrooting

of  grafted cuttings  is approximately  25eC  from our

present results.  In the eggplant,  the optimum  temperaturc

fbr improving graft development is above  300C, and  fbr
improving rooting  is approximately  250C. The  poorer
rooting  oftornato  cuttings  stored  at  7k  =  120C than that
ofcuttings  not stored indicates a  reduction  in the storage

quality of  the rootstock,  probably as  a  result  of  the

cxposure  of  most  of  the rootstock  to an  anaerobic

environment  in the water.  This situation differs from our

previous studies, in which  warmed  water  was  supplied

only  to the cut  end  of  the cuttings  (Maruo et  al., 2004,

2005; Shibuya et  al., 2007; Terakura et al., 2004); this

will require  future attention.  To  avoid  root  damage

during ptanting, it is desirable to end  the supply  of

warrned  water  just befbre the cuttings  begin to root, as
damage to the root  system  during transplanting may

delay subsequent  growth of  the root  system  and  allow

the entry  of  root  rot  fungi (Styer and  Koranski, 1997).
The  results  of  our  preliminary experiment  show  that the

optimum  duration for supplying  warmed  water  during
storage  is 4 days, because roots  appeared  at the cut end

of  rootstock  cuttings  at 5 days.
  The  decrease in the  water  content  of  the scion  at a

low  Tli indicates that lower temperatures  decrease the
rate  of  water  absorption  by the scion,  and  the water

absorption  rate  became  lower than the transpiration rate.

The  water  status  of  tomato  scions  seems  to have been
maintained  by the supply  ot'warmed  water  at a relatively

]ow RH  of  60 to 709'6 fbr the grafted cuttings, becausc
there  was  no  significant  difference between water

contents  befbre and  after  storage  at  7U=18  to 31OC in
Experiment  1, On  the otber  hand, grafted eggplant

cuttings  should  be stored  at  a higher RH  than in tomato,
because the water  content  after  storage  becamc Lower
than  that bcfore storage  at  all  values  of  7li. The difference
in the cbange  in water  content  between the tomato and

eggplant  is probably due to differences in the

transpiration  rate  of  thc scions.  The rate of  water

absorption  by  cuttings  is increased at a higher 7k,

(Terakura et  al., 2004; Tokuda  et  al., 2006). We  also

assume  that the higher water  content  after storage  at  a

higher 7k, and  7k is due to higher water  absorption  at

the graft union  in addition  to an  increased transport of

water  from  the rootstock  to the scion  with  improved

graft development. More  detailed analyses  of  water

absorption,  the  transpiration  rate,  and  water  conductance

ofthe  graft union  are  necessary  to elucidate  this.

  The  decrease in leaf water  potential and  leaf
conductance  in unwarmed  water  in Experiment 2
indicates that the stomata  closed  in response  to the

reduced  leaf water  status.  The  higher leaf conductance
in warmed  water  indicates that norrnal  gas exchange  by
leaves was  maintained  as  a  result  of  the reduced  water

stress at the beginning ef  storage.  Supplying warmed

water  for a short  duration probably improves long-term
storage  quality after  that, because reducing  water  stress

at the beginning o'f storage  improves the storage  quality
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(Terakura et al., 2003, 2004). The decreases in 155;Lli>ii,
¢ psll, and  ET71 in unwarmed  water  in Experiment 2
indicate the decline of  the electron  transport system  for

photosynthesis. Generally, decreases in chlorophyll

fluorescence parameters are caused  by water  stress in
addition  to light inhibition. Therefore, the maintenance

ofthe  chlorophyll  fluorescence parameters by the supply

of  warrned  water  is probably due to the support  of  the

electron  transport system  through reduced  water  stress

caused  by improved wateT  absorption  by the scion.

  In conclusion,  supplying  warmed  water  to the graft
union  of  grafted cuttings  during low-air-temperature
storage  improyed graft development and  the quality of
the rooting  site of  the rootstock  during storage,  and

consequently  the cuttings' growth  after  planting
compared  with  those not  stored.  In addition,  supplying

warmed  water  possibly improved the storage  quality by
reducing  water  stress at the beginning ofstorage  through

the improvement of  water  absorption.  As  well  as

improving storage,  this technology is also  effective  in

acclimatization,  because graft development  and  the

quality of  the rooting  site  of  the rootstock  can  be

improved stably with  a  minimal  loss of  biomass. If this

technology ean  provide grafted cuttings  in which  graft
development and  rooting  preparation are  well  advanced,

the acclimatization  stage  after  pianting would  be greatly
shortened.  At  low air  temperature,  high light intensity

to enhance  photosynthesis is not  necessary,  because the

loss ofcutting  biomass is reduced.  High  humidification

to reduce  transpiration is not  necessary  either,  because

a  low air  temperature effectively  maintains  a low vapor

pressure deficit. Therefbre, a  simpler  and  more  effectiye

acclimatization  system  than  conyentional  ones  can  be

developed using  this technology.
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