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Abstract  

livonen, S. 2002.  Responses  of Scots  pine ( Pinus sylvestris  L.)  seedlings to  root  

zone temperature and nutrient supply  in hydroponic culture  during the  second  

growing season. The Finnish  Forest  Research Institute, Research Papers -  
Metsäntutkimuslaitoksen tiedonantoja 833. 56 p. 

In this thesis  are analyzed the  whole-tree physiological  responses  of  one-year  
old Scots pine  (Pinus sylvestris  L.)  seedlings  to root  zone temperature (RZT) 
and  nutrient supply throughout the  second  growing season.  In  addition, season  

al  root  growth and  root  activity  were  investigated  in  relation to shoot  phenology 
and  carbohydrate  status  of  the seedlings.  The  thesis  focuses  on root  and shoot 

growth, gas exchange of  the  seedlings,  nitrogen  net uptake, H
+-ATPase  (PM  

ATPase) activity  and lipid  composition of  the  root  plasma  membrane in response  

to different RZT regimes and  nutrient  supply in  spring.  Seasonal  shoot and root  

growth, gas exchange of  the seedlings,  chlorophyll  fluorescence  of  the needles, 

nitrogen  net uptake, contents  of  starch  and soluble sugars  in different plant  or  

gans,  proteins  in  the root  plasma membrane and the amount and activity  of  root  
PM-ATPase were  studied over  the  growing season. All  the  experiments were  

conducted  in hydroponic culture in  a  growth  chamber where  RZT, nutrient avail  

ability,  air  temperature, air  humidity and light  conditions were  controlled.  

In  spring at  a  RZT of  5°C,  and  to  some extent  also  at  temperatures of  9-12°  C,  

net photosynthesis,  transpiration and stomatal  conductance  were  limited.  The  

benefit  to net photosynthesis  provided  by high nutrient  supply became  evident  

when  RZT of  9°C was  reached, which  might  be  explained by changes occurring  

in plasma membrane  lipid  composition  of the  roots.  The  increase  in phospholi  

pid fatty  acid  unsaturation and  the  increase  in  sitosterol/stigmasterol  ratio of 

root  plasma membranes  after  long-term exposure to low RZTs  might be  a  cop  

ing mechanism developed to limit the  negative effects of low  RZT under  condi  

tions of high nutrient supply.  

Root  growth  was  clearly  dependent on RZT in  spring,  being strongly  restrict  
ed  at  RZT of  5°C and  limited  at  RZTs below  13° C.  The real  PM-ATPase activity  

of  the roots was  also  low  until  RZT was  increased  to 9°C in  spring.  A  decrease  

in the  phospholipid content, increase  in  the  phospholipid fatty  acid saturation, 

decrease in  the  phospholipid/free sterol  ratio  and changes in  free  sterol compo  

sition occurred  at RZTs that  allowed  root  growth. This  suggests  that these changes 

in plasma membrane lipid  composition are  used to adjust  the  function of the  

plasma  membrane  in  root  cells  to increasing temperatures.  The hydrolytic activ  

ity  of  root  PM-ATPase was, however, not regulated by  the  bulk  lipid  composi  
tion of the  plasma membrane.  Shoot  growth was not as sensitive  to RZT as root  

growth was,  but  at  a constant  RZT  of 5°C it was limited and when  the  RZT  
increased slowly  in  spring it was delayed. Thus, shoot  growth is  determined 
both by  air  temperature and  by  RZT in  spring.  High nutrient  supply promoted  

growth of  the  roots  and  shoot  only  after  the  RZT was  increased  to 13°  C.  

The  results  of  this  study  show that  seasonal  growth of  the  stem, needles  and  

roots  of one-year-old Scots  pine seedlings occurs  in  phases that  lead  to  episodic 

growth of the  shoot  and  roots. Structural growth  of  the roots  as well  as net accu  

mulation  of  soluble sugars  and  starch  in roots  was most  intense  at  the  end  of  the  

growing  season  after  the  period of  intensive  needle  elongation and  after  most of 
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the  shoot  growth had  taken  place.  This  confirms  the  idea that root  growth is 

slowed down  during the  time of  intensive shoot growth because  the growing 

shoot  is  a strong consumer  of  photoassimilates.  The  nutrient supply  did not 

significandy  affect seasonal  root growth, but  the  total  growth  of  the  roots  was 
favoured  by  high  nutrient supply.  Rapid  root  growth led to an increase in  the  

total  PM-ATPase activity  of root  system  because  PM-ATPase activity  of  the  

current  roots  was much  higher than  the  activity  of the  previous-year  roots  due 

to the  larger amount of  enzyme  in  the current  roots.  The results  of  this  thesis  
also  show  that the response  of  root  growth and  PM-ATPase  activity  to  RZT  did 

not  remain  in  the  same throughout the  growing season;  consequently, RZTs 

that  limit  root growth and  activity  in  spring can  be  favourable  in  autumn. 

These  results  provide  new information  on seasonal  root  growth and  whole  
tree  physiological  responses  of  one-year-old Scots pine seedlings to RZT and  

nutrient supply in spring and  throughout the growing  season. This  information  

can  be  utilized in  reforestation  practises  to  take  advantage of periods  when  root  

growth and activity  in  seedlings are  high enough to promote their rapid estab  

lishment  on planting  sites.  

Keywords: chlorophyll fluorescence,  free sterols, gas exchange, growth, 

H*-ATPase, nitrogen, phospholipids, plasma membrane, roots, shoot,  soluble  

sugars, starch  
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1 Background  of  the  study 

About 60  million  Scots  pine  (Pinus sylvestris )  seedlings  are  outplac  

ed  in  Finland each  year (Västilä  and Herrala-Ylinen 2000).  The main 

target of  reforestation  by  planting  is  to  obtain rapid  establishment  of 

the  seedlings  at  the planting  site  and to  raise  these planted  seedlings  

to  stems of  commercial value. In  practise,  however,  in Finland and 

Sweden the mortality  of  planted  Scots  pine  seedlings  during  the 5  to  

10 years  after  planting  has  varied from 15% to  60% (Karjula  et  al.  

1982,  Elfving  1992,  Saksa  1998). The most  common reasons  for death 

of  planted  seedlings  are  insects,  ground  vegetation  and  planting  mis  

takes;  but in almost every  third case, the cause  of  death could not  be 

identified (Saksa  1998).  One of  these unidentified reasons  may be 

planting  stress caused by  low soil  temperature during  planting  since 

conifer  seedlings  are  usually  planted  in spring  prior to flushing,  when 

soil  temperature is  below 10° C.  In southern Finland,  the  forest  soil  

temperature is below  10°  C  until  late May  (Yli-Vakkuri  1960),  and  in 

northern Finland soil  temperature increases even more slowly  (Kubin  

and Kemppainen  1991).  

Low soil  temperature inhibits  root  growth,  thus  preventing  the  for  

mation of  root-soil  contact, which  is  necessary  for  water  and nutri  

ent  uptake  of  the seedling  (Burdett  1991).  Because air  temperature  

can  be  much higher  than soil temperature, especially  on  sunny  days,  

shoot  growth  is  promoted.  The difference in  air  and  soil  temperature 

may  lead to imbalance between transpiration  and  water  uptake, there  

by  inducing  water  deficit  in the  elongating  shoot (Lopushinsky  and 

Kauffman 1984),  which can  impair  the establishment of  seedlings  at 

the  planting site. In  addition to  environmental factors,  genetic  regu  

lation also  determine the  seasonal  distribution of  biomass  among  the 

organs of  the  seedling;  and therefore the  rate  of  root  growth may 

vary during  the  growing season  due  to  internal factors. In Scots  pine,  

the  seasonal changes  in growth  of  the above-ground  organs are  well  

studied (Mikola 1950, Leikola 1969, Raulo and  Leikola 1974, 

Parviainen 1975, Junttila and Heide 1981),  while less  information is  

available about root  growth.  Seasonal changes  in the activity  of  the 

root  system  in terms of  nutrient uptake  are  poorly  known. In general,  

the  activity  of  roots  in  nutrient  uptake  is higher  in  new unsuberized 

roots  than  in  older suberized roots  (Chung  and Kramer 1975, Jensen  

and Pettersson 1980).  During  the  growth  process,  the  most active  

part  of  the  root  system  is  continuously  renewed, and  the activity  of 

the older parts  of  the  root system decreases. Due to this  dynamic  
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behaviour of  the  root  system,  its  activity  may vary  considerably  dur  

ing  the  growing  season.  Better knowledge  of  the seasonal  pattern  of  

root  growth  and  activity  as  well as  better knowledge  of  factors  that 

affect them can  serve  to  improve  reforestation practises  and to max  

imize establishment of  Scots pine  seedlings  at  planting  sites.  
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2  Literature review  

2.1  Phenological development of  Scots pine  
during the  growing season  

2.1.1  Shoot  development  

In boreal forests,  growth  of  conifers includes marked seasonal changes  

that are  very  important  for  their  survival  in extreme  climatic condi  

tions.  The annual growing cycle  of  Scots  pine  is  divided into the 

active  period  and  dormancy  phases  (Sarvas  1972, 1974).  The  growth  

and development  of  seedlings  during  the active  period  is  regulated  

by  internal  and environmental factors.  Of the environmental factors,  

the importance  of  air  temperature and daylength  is  pronounced,  but 

soil  moisture, soil  temperature and nutrient availability  also  affect  

the development  of seedlings. 

Bud burst  occurs  in spring  after  chilling  requirements  have been 

met and the  bud has  been exposed  to  temperatures  above a  certain 

threshold for a  sufficient time. Bud  burst  occurs  even  in complete  

darkness, which means  that light  does not  influence timing  during  

the early  phase of  the active  period  (Koski  1990).  Bud burst  is  fol  

lowed by  a  phase  of  shoot extension  and new  bud formation.  In pines,  

the shoot grows from a pre-formed  bud (Lanner 1967);  and in Scots  

pine,  shoot elongation  starts  after terminal bud break  when the air 

temperature sum is  about  10  d.d. (Raulo  and Leikola 1974). Scots  

pine  is  among  those species  that exhibit pre-determined  growth, which 

means  that  the  number of  stem units  in  a  bud is determined by  the 

weather conditions of  the previous  year (Mikola  1950,  Junttila and 

Heide 1981); but  the rate  of  shoot elongation  and  length  of  the inter  

nodes between needles are  influenced by  the growing  conditions of 

the current  season  (Garret  and Zahner 1973, Raulo and Leikola 1974, 

Junttila 1986). A long  photoperiod  is  needed for  needle elongation  

of  Scots  pine  (Wareing 1950,  Ekberg  et ai.  1979).  In summertime,  

the light  requirement  is satisfied  at  high  latitudes;  therefore,  at  this  

time needle elongation  is  strongly  dependent  on  air  temperature (Junt  

tila and  Nilsen 1993).  Needle  elongation  occurs  after considerable 

shoot elongation  (Dougherty  et al. 1994)  and continues after the shoot 

has  completed  its elongation  and  the  terminal bud  has  been formed 

(Parviainen  1975, Rikala and Huurinainen 1990).  Diameter growth 

of  the stem  can  remain high  throughout  the  season  if  environmental 

conditions are  favourable,  and thus diameter growth  can  continue 

after  formation of  the  terminal bud  (Leikola  1969, Dougherty  et  al.  
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1994). Decreasing  day length  appears  to be an important  factor in 

initiating  the  rest  period  of  needles and  stem (Smit-Spinks  et  al.  1985,  

Bigras and D'Aoust  1993).  After terminal bud set,  the shortening  

daylength  initiates the development  of  needle frost  hardiness,  which 

can  also  be  improved  in the final stages  of  needle growth  (Hurme  et 

al. 1997,  Rikala and  Repo  1997).  Hardening  of  the stem  begins  later 

than hardening  of  the needles (Ryyppö  1998).  Also  in Norway  spruce 

(Picea  abies),  the critical daylength  for  cambial growth  is shorter 

than that for  apical  growth  and cambial  growth  ceases  several  weeks 

later than apical  growth  does (Heide  1974).  

2.1.2 Root  development  

In contrast  to the shoot,  root growth  is  not  affected by  photoperiod  

(Heide  1974,  Hawkins  et  al. 1996)  and roots  do not  have an  internal  

ly  controlled period  of  dormancy.  Therefore root  growth  can  occur  

throughout  the season  if  other environmental conditions permit  (Lyr  

and Hoffman 1967, Dewar et al.  1994).  At northern latitudes,  low 

soil  temperatures usually  inhibit  root  growth  in wintertime and root  

growth  is  resumed  in spring  when soil  temperature permits  (Lyr  and 

Hoffman 1967).  The phenology  of  root  development  is  not  well un  

derstood. Studies of seasonal variation in the living  root  biomass of 

Scots  pine  stands  have reported  considerable variation during  the  

growing  season  but  no  distinct and  clear pattern  (Persson  1978,1979,  

Makkonen and Helmisaari  1998).  It  has  been suggested  that this  tem  

poral  variation is  largely  determined by  changes  in environmental 

conditions (Persson  1983).  The low  soil  moisture in  summer  and low 

soil  temperature in  spring  and  autumn  are  thought to  be  the most 

important  environmental factors  limiting root  growth  (Dougherty  et  

al. 1994, Eissenstat  and Van Rees 1994).  However,  episodic  shoot  

and root  growth  has  been reported  in seedlings  of  several pine spe  

cies  such  as  Pinus sylvestris  (Lyr and  Hoffman 1967),  Pin  us contor  

ta (Cannel  and Willet  1976) and Pinus resinosa  (Drew 1982).  The 

most  common explanation  for  this  phenomenon  has  been competi  

tion for  carbohydrates  among the different organs  (Ritchie  and Dun  

lap  1980,  Deans and  Ford 1986, Eissenstat  and  van  Rees 1994).  In 

field conditions,  large variation in environmental conditions as  well 

as  methodological  difficulties involved in root sampling  are  proba  

bly  the main reasons  for  difficulties to  distinguish  between the  im  

portance of  shoot phenology  and soil  moisture as  factors  affecting  

root  growth.  Furthermore,  especially  in field studies, the above-  and 

below-ground  phenology  of  Scots  pine  are  seldom considered simul  

taneously  (Persson  1978, 1979, Makkonen  and Helmisaari 1998).  
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2.2  Role  of  stored and  currently  formed 
photosynthates in  seasonal  development 
of  conifers  

Plant growth  can  be facilitated  by  currently  assimilated  carbon or  by  

carbon mobilized from previously  stored reserves.  In conifer seed  

lings,  growth  is supplied  mainly  by  carbon fixed that year (Dewar  et 

al.  1994,  Lippu  1999);  but  when the consumption  of  current  photo  

synthates  exceeds  the production,  previously  formed reserves  can  be 

utilized (van den Driessche  1987).  In  regions  where the  winters  are  

cold,  photosynthesis  of  conifers is usually  depressed  during  the win  

ter  months and it  recovers  in spring  (see  Öquist  and Martin 1986). 

The recovery  of  the C0
2
 uptake  rate  is closely  related to  temperature 

(Pelkonen  and Hari 1980)  and in  spring  and early  summer full re  

covery  of  the photosynthetic  capacity  of  one-year-old  Scots  pine  

shoots  can take  more than three months (Troeng  and Linder 1982). 

After recovery,  the photosynthetic  capacity  is  affected  by  environ  

mental factors  (Man  and Lieffers 1997)  and the stage of  foliage  de  

velopment  (Troeng  and Linder 1982,  Vapaavuori  et  al.  1995). The 

major  sinks  for  assimilated  carbon in Scots  pine vary during the grow  

ing  season  because  the distribution of  carbon is  governed  mainly  by  
the sink  strength  of different organs  (Lippu  1999).  Because the 

strength  of  a  particular  sink  depends  on  its size and metabolic activ  

ity  (Ho  1988), environmental conditions affect sink  strength.  

2.3 Responses  of  conifer  seedlings  to  low  
root  zone temperatures  in  spring  

2.3.1 Root  and  shoot  growth  

Growth is  determined by  cell  division,  cell expansion  and mass  dep  

osition of  the cell  material (see  Lambers et al.  1998).  After the root 

cell has  divided,  it elongates,  provided  that the turgor pressure  ex  

ceeds a  certain threshold value and  necessary  changes  occur  in the 

mechanical properties  of  the  cell-wall  (Lambers  et  al.  1998).  Chang  

es  in the  mechanical properties  of  the cell-wall,  rather than changes  

in turgor, are  responsible  for control of the  elongation  rate  of  roots  

(Pritchard 1994). Low  root  zone temperature (RZT)  limits the  root  

growth  of  conifer seedlings  in spring  (Grossnickle  and Blake 1985, 

Lopushinsky  and Max 1990,  Vapaavuori  et  al.  1992,  Lyr  and Garbe  

1995).  The low rate  of  root  elongation  at low RZTs  can  be  due to  

several factors and their interactions. Low RZT reduces the meta  

bolic  activity and sink  strength  of  the  roots, which  reduces translo  

cation of  carbohydrates  to roots  (Hurewitz  and  Janes 1983).  Further- 
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more, low temperature per  se  can  decrease the activity  of  enzymes  

involved in cell wall extension. In the  sunflower,  inhibition of  root  

growth  at  low RZT is  associated  with reduced rate of  cell extension 

in the root  meristems (Burholt  and Van't Hof 1971). 

Impaired  shoot growth  by  low RZT  has  been demonstrated for  pine  

seedlings  (Lopushinsky  and  Max  1990,  Vapaavuori  et  ai.  1992, Ryyp  

pö  et ai.  1994). It  has  been  suggested  that the main cause of  reduced 

shoot growth  at  low  RZT is  hormonal, probably  reduced cytokinin  

supply  by  roots  (Lyr  and Garbe 1994,  Lyr  1996).  Torrey  (1976)  has  

shown that environmental factors which interfere with root  function 

reduce  the cytokinin content of the xylem exudate. Depression  of 

the  production  and export  of  cytokinin  due to low RZT has been 

reported  in maize roots  (Atkin  et  al.  1973). 

2.3.2  Water  and  nutrient  uptake  

Low RZT reduces  water  absorption  by increasing  the  viscosity  of 

water  and lowering the permeability  of the membrane to water  

(Kaufmann  1975, 1977, Markhart et  al. 1979).  In conifers,  new un  

suberized roots  are  more  effective  in  water  and nutrient uptake  than 

older roots  (Chung  and Kramer 1975,  Häussling  et al. 1988). There  

fore, inhibition of  root  growth  at low RZT also  reduces water  and 

nutrient uptake.  In addition to  water  movement  across  the lipid  bi  

layer,  symplastic  water  transport  can  also  occur  via water  channel 

proteins,  aquaporins  (Steudle  and  Peterson 1998,  Kjellbom  et  al.  1999,  

Wan and  Zwiazek  1999).  Plasma membrane aquaporins  might offer 

a  low-resistance  pathway  for  water  flow through  cells  and may thus 

provide  a more  controlled pathway  for  water  movement  than would 

be  possible  if the principal  pathway  were  via  the lipid  bilayer  (Mau  

rel and Chrispeels  2001).  

Low temperature may affect  the structure  and function of  trans  

port  enzymes  in  the  plasma  membrane directly  (Hällgren  and Öquist  

1990).  The decrease of RZT by  10° C in  the temperature range of 5- 

25°  C  reduced  the net  uptake  of  N, K  and  P  by  50% in  Scots  pine  

roots  (Jensen  and  Pettersson 1980). However,  over a  longer  term,  the  

degree  to  which RZT alters  nutrient uptake  capacity  is  determined 

by  the  degree  to  which growth  and  the  root:  shoot ratio are  affected  

(Bassirißad 2000).  When air temperature allows shoot growth, in 

several  herbaceous  plants  nutrient uptake  has  been shown to  increase 

after  long-term  exposure  to  low RZT (White  et  al. 1987, 1991, En  

gels  et  al.  1992).  This adjustment  of  nutrient uptake  to growth  de  

mand may mean that,  despite  lower root  growth,  shoot growth  is  not  

greatly  limited by low RZT when a  plant  grows in nutrient-rich sub  

strate (Marschner 1995).  
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2.3.3  Gas  exchange 

Reduced  rates  of  gas exchange  with low RZT have  been shown in 

several  conifers (DeLucia  and Smith 1987, Day  et al.  1990, 1991,  

Vapaavuori  et  al.  1992).  At  low RZTs,  the water  potential  of  the shoot 

often decreases,  which leads to a decrease of stomatal  conductance 

and  therefore stomatal  limitation  of  photosynthesis  (Day  et  al.  1991).  

Other mechanisms may also  be  responsible  for lower rates  of  gas 

exchange  in  cold soils.  Stomatal limitation  of  photosynthesis  has  been 

demonstrated in conifers  without changes  in bulk  water  potential  of  

the  shoot (Day  et  al. 1989, 1990),  which may indicate that stomata 

respond  to  non-hydraulic  signals  from  roots that are  experiencing  

drought  (Dodd  et  al.  1996)  or  low temperature  (Chen  et  al  1983,  Lee 

et  al. 1993).  Non-stomatal limitation  of  photosynthesis  by  low RZT 

has  also  been found in conifers (DeLucia  1986)  such  as  starch  accu  

mulation to needles and stem (DeLucia  1986), which may cause  a 

feedback inhibition of  photosynthesis  (Herold  1980).  

2.4 Effect  of  nutrient  supply  on  growth and  

gas  exchange 

Nitrogen  is  the  major  growth-limiting  mineral  nutrient of  higher  plants  

(Marchner  1995)  and  typical  responses  to nitrogen  shortage  are  de  

creased  gas  exchange  (Evans  1996,  Walcroft et  al. 1997), decreased 

total biomass production  (Coutts  and Philipson  1976,  Friend  et al. 

1990) and  increased  root:shoot  ratio  (Ingestad  and  Kähr  1985, Erics  

son  1995).  Both light  and  dark  reactions  of  photosynthesis  are  strongly  

affected by  nitrogen  deficiency.  Decreased rate  of  electron  transport 

and carboxylation  (Walcroft  et al.  1997)  have been demonstrated 

under conditions of  nutrient deficiency,  which might  be due to de  

creased  amount  and activity  of  RuBP carboxylase  and reduced con  

centration of  chlorophyll  (Gezelius  1986).  Furthermore,  nutrient de  

privation  has  been shown to  lead to  stomatal  closure  and reduced 

transpiration  (Chapin  el  al. 1988)  as  well as  to  reduced hydraulic 

conductance of  roots  (Chapin  et al.  1988, Radin and Matthews 1989)  

and  decreased water  potential  in shoots (Paquin  et al. 2000).  
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2.5  The  root  plasma membrane 

2.5.1 Structural  components  of  the plant  plasma  
membrane 

The plasma  membrane (PM) forms the outermost  boundary  of  the  

living cell.  It  functions as  an  active interface between the cell  and  its  

environment by  controlling  the transport of  molecules into and out 

of  the  cell and by  transmitting  signals  from the environment to  the 

cell. Plant PMs consist  of  lipids,  proteins  and carbohydrates  in the 

molecular ratio of  about 40:40:20 (Larsson  et ai. 1990).  The main 

lipid classes  in plant  PMs  are  phospholipids  and free sterols,  which  

exist  in proportions  that vary between species  and tissues  (Yoshida  

and  Uemura 1986,  Rochester  1987).  In  several  species,  the  most  com  

mon phospholipids  of  root  PMs are  phosphatidylcholine  (PC)  and  

phosphatidylethanolamine  (PE)  (Gronewald  et al.  1982,  Whitman 

and  Travis  1985, Norberg  and  Liljenberg  1991); and the most  abun  

dant free sterols  are  sitosterol,  campesterol  and stigmasterol  (Ro  

chester et al. 1987,  Burgos and  Donaire 1996).  Phospholipids  con  

tain  a polar  head group and two  hydrophobic  fatty acid  tails. The 

fatty  acid tails contain 14-24 carbon atoms and can have one or more  

double bonds.  The most  common fatty  acids  of  the phospholipids  in 

the  PMs are  palmitic  acid  (C  16:0), linoleic acid (CI8:2)  and lino  

lenic acid  (C  18:3) (Larsson  et  al. 1990).  The kinks  introduced by  

double bonds affect  the conformation  of  the  fatty acid  tail and there  

fore the packing  of  the  molecules in the  lipid  bilayer,  which,  in turn, 

affects  the fluidity  of  the membrane. Membrane sterols  are  thought  

to  serve as  membrane fluidity  'buffers'.  They  increase  membrane 

fluidity  at  low temperatures by  disrupting  the gelling  of  phospholip  

ids  and decrease fluidity  at  high  temperatures by  interfering  with the 

flexing  motions of  the fatty  acid tails (Schuler  et  al. 1990,1991, Stae  

helin and Newcomb  2000). 

2.5.2 Changes  in lipid  composition  of  the plasma  mem  
brane during cold  acclimation  and deacclimation  

In the  boreal zone, forest trees are  exposed  to  great variation in tem  

perature during  their annual growing  cycle.  To be able to  avoid freez  

ing  injuries  in winter,  the  lipid  structure  of  the PM has  to  undergo  

structural changes  to  maintain optimum  membrane fluidity  by a  proc  

ess  known  as  cold acclimation (Levitt  1980, Thompson  1984,  Lynch  

and Steponkus  1987).  However, not  all  changes  in lipid  composition  

during  cold acclimation  are  necessarily  related to  development  of 

frost  hardiness per  se
,  but may rather  be  needed for  metabolic ad  

justment  to  low temperatures (Palta  et  al. 1993).  In overwintering  
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plants,  these changes  in lipid  composition  are  reversed  during  cold 

deacclimation,  when cells  have to maintain optimum  fluidity  in the  

face of  increasing  temperature (Yoshida  1986,  Sutinen 1992). Dur  

ing  cold deacclimation,  in extremely  cold-hardy  trees,  a  decrease in 

phospholipid  content, a  decrease in degree  of  unsaturation  in phos  

pholipid  fatty  acids, a  decrease  in phospholipid/sterol  ratio as  well 

as  a  decrease in PM fluidity  have been  observed  (Yoshida  1986,  Suti  

nen 1992). There is  no  information available on  changes  in the sterol 

composition  of  the PM of  conifers in response to  cold acclimation or  

deacclimation. In  herbaceous species,  an increase in free sterols  

(Lynch  and  Steponkus  1987,  Paita et al.  1993)  or  no  change  in free 

sterols  (Uemura  and Yoshida 1984)  has been  found during  cold 

acclimation.  Substantial changes  also  occur  in the  molecular com  

position  of  free sterols  during  cold acclimation  of  herbaceous spe  

cies;  e.g.  the proportion  of  sitosterols  increases gradually  with  a  cor  

responding  decrease in campesterols  and stigmasterols  (Uemura  and  

Yoshida  1984,  Lynch  and  Steponkus  1987,  Paltaet  al.  1993). 

2.5.3  Structure  and  function  of  the  plasma  membrane  
H+-ATPase 

H+-ATPases  are  enzymes  that generate or retrieve  the energy stored  

in H+ gradients  by  coupling  ATP  hydrolysis/synthesis  to  proton flow 

across  membranes (see  Palmgren  1998). There are  three classes  of  

H+-ATPases  in plant  cells:  1.  F-type  ATPases functioning  as  ATP  syn  

thases in the  inner mitochondrial membrane,  2.  V-type  ATPases  in 

the  tonoplast  and 3. P-type  ATPases  in the PM.  The plasma  mem  

brane H+-ATPase  (PM-ATPase;  EC  3.6.1.35)  is  an  integral  membrane 

protein  about 100  kD  in  size  that is  composed  of a single  subunit 

with  10 transmembrane domains (Wach et al. 1992). PM-ATPase 

hydrolyzes  ATP  to  generate  proton  transport  outside the  PM thus 

producing  an electrogenic  proton gradient  across  the PM (Serrano 

1990, Michelet and Boutry  1995).  In the roots,  PM-ATPase is  in  

volved in several  physiological  functions: it provides  energy  for  nu  

trient  uptake,  xylem  loading  and phloem unloading  of  solutes,  and it 

is  involved in regulation  of  intracellular and extracellular pH  and 

cell  turgor (Palmgren  1998). The involvement of  PM-ATPase in cell 

elongation  is based on  its  role  in extracellular regulation  of  pH.  Ac  

cording  to  the  'acid-growth'  theory,  activation of  PM-ATPase leads 

to  acidification of  the  cell wall, which in  turn  promotes wall loosen  

ing  via  clevage  of  load-bearing  bonds  in the  cell wall or  activation of 

lytic  enzymes,  thus allowing  turgor-driven  expansion  of the cell  

(Rayle  and Cleland 1992). 

In Arabidopsis,  at least 10 genes (AHAI-10)  are known to  encode 

the distinct PM-ATPase  isoforms (Sussman 1994).  Three major  iso- 
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forms,  AHAI,  AHA 2 and  AHA 3,  differ with respect  to  their kinetic 

properties  (Palmgren  and Christensen 1994)  and their  expression  in 

different  tissues  (Michelet  and Boutry  1995, Palmgren  1998).  Stud  

ies with oat  roots  indicates that the concentration of PM-ATPase in 

PM  is  fairly  low: PM-ATPase represents less  than 1%  of  the  PM 

proteins  (Sussman  1994).  The abundance of  PM-ATPase varies be  

tween  tissues  and  cell  types.  In roots,  PM-ATPase is  enriched partic  

ularly  in the root  cap, epidermis  and  endodermis  as  well as  in the  

companion  cells  of  the  phloem  (Parets-Soler  et al. 1990, Jahn et  al. 

1998). 

2.5.4  Regulation  of PM-ATPase  at different  levels  

PM-ATPase  has  been shown to  be regulated  at the transcriptional,  

translational  and  post-translational  levels (Palmgren  1998).  The ex  

pression  of  root  PM-ATPase is regulated  by  developmental  stage and  

environmental conditions (Roldän  et al. 1991, Michelet et al. 1994, 

Ahn et  al.  1999).  The translational  regulation  may affect,  in particu  

lar,  the  expression  of  certain  isoforms,  which may result  in rapid  

modulation of  PM-ATPase synthesis  in response  to  environmental 

signals  (Michelet  et  al.  1994,  Michelet and  Boutry  1995).  At  the  post  

translational level,  the amount  of PM-ATPase  can be regulated  by  

the  factors  which affect  the  rate  of  enzyme  transport  to  the  PM and  

the protein  turnover  rate  in  the PM. For  example,  the  growth  hor  

mone auxin  is  known  to  induce membrane flow from the endoplas  

mic  reticulum  to  the PM, and therefore the increased amount  of  PM  

ATPase  in response  to auxin treatment  can  be related to  enhanced 

rate  of  exocytosis  (Hager  et al. 1991). 

There are  several  external  and internal factors  which can cause  reg  

ulation of  the activity of  the pre-existing  PM-ATPase. However,  the 

mechanism of  regulation  has  been elucidated in only  a few cases,  

and in  some cases  it  is  not  even  clear whether  the observed changes  

reflect  modulation of  the amount  or  the  activity  of  the enzyme.  The 

C-terminal regulatory  domain of  the  PM-ATPase constitutes a  target  

for  regulatory  molecules. It  has  recently  been demonstrated that PM  

ATPase  is  activated by  the binding  of  14-3-3 protein  to  the C-termi  

nal region  of  the enzyme (Baunsgaard  et al. 1998, Svennelid et  al.  

1999).  The binding  of  14-3-3 protein  to PM-ATPase is  facilitated by  

the phosphorylation  of  Thr-948 in the  C-terminal region  (Olsson  et 

al. 1998, Svennelid et al.  1999). Due to contradictory results,  the 

role of auxin in activation  of  pre-existing  PM-ATPase still remains 

questionable  (Gabathuler  and Cleland 1985, Santonietal. 1991, Cho 

and Hong  1995, Jahn et  al.  1996).  The synthetic  cytokinin,  bentzy  

ladenine,  seems to activate the functioning  of  root  PM-ATPase 

(Kuiper  et al. 1991).  A positive  correlation has been  demonstrated 
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between PM-ATPase activity  and the mineral nutrient level to  which 

roots  are  exposed  (Kuiper  et  al. 1991). However,  the  effect  of  nutri  

ent  availability  on PM-ATPase  activity  is  not  consistent,  and increased 

PM-ATPase  activity  with  decreased mineral nutrient supply  has  also  

been reported  (Lindberg  and  Yahya  1994).  

As  an integral  membrane protein,  the activity  of  PM-ATPase can  

be  regulated  by  the  membrane lipids.  Two theories have been pre  

sented to  account  for  lipid  modulation of  PM-ATPase activity  (Cooke  

and Burden 1990). According  to the first  theory,  changes  in lipid  

composition  might affect  the physical  properties  of  the  bulk lipid  

bilayer,  thereby  indirectly  affecting  the ability  of  the  enzyme  to  un  

dergo  conformational changes,  and thus resulting  in changes  in its  

activity.  The second theory  is  based on direct lipid-protein  interac  

tion. In several  plant  species  and tissues  there  is evidence for  sterol 

(Cooke  et  al.  1993,  Burgos  and Donaire 1996,  Grandmougin-Feijani  

et  al.  1997)  and phospholipid  (Palmgren  and  Sommarin 1989,  Kasa  

mo 1990, Kasamo and Sakakibara 1995) modulation of  PM-ATPase 

activity.  Sterols seem  to  modulate ATPase activity  by  more  than one 

mechanism and have been suggested  to  preserve  the configuration  

of the enzyme and help modulate its interaction between phospholi  

pids  (Sandström  and Cleland 1989).  Grandmougin-Feijani  et al.  

(1997)  found  that stigmasterol,  in particular,  stimulates PM-ATPase 

in corn  roots.  PM-ATPase requires  phospholipids  for  its  activation  

(Kasamo  and Nouchi 1987, Kasamo 1990).  PC,  PS and lyso-PC  seem 

to be effective stimulators of PM-ATPase activity  (Kasamo and 

Nouchi 1987,  Palmgren  and Sommarin  1989, Kasamo 1990).  Acti  

vation is  also  dependent  on  the  degree  of  unsaturation of  the fatty 

acyl  chains  and their length in phospholipids.  Activity was  shown to 

decrease with an increase in the length of  the fatty  acid  chain  from 

16:0 to 18:0 and  with an  increase in the  degree  of  unsaturation in the 

order 18:1 >  18:2 >  18:3 (Kasamo 1990). 
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3  Aims of  this  study  

The first  aim  of  this  study  was  to investigate  whole-tree physiologi  

cal  mechanisms by  which  Scots  pine  seedlings  respond  to low RZTs  

and nutrient supply  during  bud burst  and shoot  elongation  in  spring.  

The second  aim was  to  determine the seasonal  pattern  of  root  growth  

and root  activity  in  nutrient uptake  in relation to shoot  phenology,  

carbohydrate  status  of  the seedlings,  RZT and nutrient supply.  

The aims  were  divided into the following specific  objectives:  

1. To study  how different RZTs  affect growth,  gas exchange,  PM  

ATPase activity  of  roots,  nitrogen  net  uptake  and lipid  composi  

tion of  the root  PM in  spring  (I,  11,  additional data).  

2. To examine whether nutrient supply  affects  growth  and  physio  

logical  performance  of  the seedlings  in  spring  (11,  additional data). 

3. To examine whether root  growth  is related to  aboveground  phe  

nology,  and to  examine seasonal changes  in root  growth  (HI). 

4. To examine  seasonal changes  in the  PM-ATPase activity  of  the 

roots  and nitrogen  net  uptake  of  the seedlings  and to evaluate the 

relative role of  current-  and previous-year  roots  in the PM-ATPase 

activity  of  the root  system  (IV). 

5. To study  how nutrient supply  affects  seasonal growth  and PM  

ATPase activity  of the  roots  (111,  IV). 

6. To characterize  the  temperature  sensitivity  of  root  growth  and  PM  

ATPase activity  throughout  the growing  season  (111,  IV).  
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4  Materials  and  methods  

An overview  of  the  experimental  work is  presented  here. More de  

tailed descriptions  of  material and methods can  be  found in the orig  

inal articles  (I-IV). 

4.1 Plant  material  and  growing conditions  

The articles  of  this  thesis are  based on  three experiments.  Article I  is  

based on Experiment  1,  Article II  on  Experiment  2  and Articles  111 

and IV on  Experiment  3.  Lipid  composition  of  root  PMs  and  purity  

analyses  of  PM preparations  from Experiment  2  (II) are  presented  as  

additional data. 

The experiments  were conducted with one-year-old  Scots  pine  

(Pinus  sylvestris  L.) seedlings  of  the  same seed origin.  The seeds  

were collected from an open-pollinated  seed orchard in  Toivakka,  

Central Finland (62°05'N,  26°10'E),  that was established with mate  

rial obtained from different sites  in  Finland between latitudes 61°70 

'N  and 64°20'N. Seedlings  were  grown in peat-filled  paper pots  in 

the nursery  of Suonenjoki  Research Station using  normal nursery  

practises.  In  mid-October,  the seedlings  were  transferred to cold stor  

age  and were  kept  there at  -3  to -5°  C  for  four  (111,  IV),  five  (I) or  six  

months (II). After cold storage,  the seedlings  were  thawed in dark  

ness  at  4-5°  C  for  7-14 days.  Thereafter,  the peat surrounding  the  

root  system  was  removed by  gentle  washing  with cold tap water. 

Immediately  after washing,  the seedlings  were  placed  into plastic  

containers  filled with  aerated tap water  (I) or  nutrient solution con  

taining  a  low concentration of  nutrients (H,  111,  IV)  and were  moved  

into  a  growth chamber to  recover  from the washing  procedure.  Dur  

ing  the  first  three days  the seedlings  were  kept  in continuous dim 

light  (100-125  p.mol  m~2  s_l  PAR)  and at  constant  air  and  root zone 

temperatures of  5°C (I) or  4°C (11,  111,  IV)  and were  thereafter sub  

jected  to  the experimental  conditions. 

All the experiments  were  done in hydroponic  cultures  in  the  growth  

chamber to ensure  a constant  supply  of  water  and nutrients  and to  

maintain the desired RZTs,  air  temperatures,  air  humidity and light  

conditions. In  Experiment  1 (I),  the seedlings  were  grown at  a  con  

stant  RZT of  5,  12 or  20° C  and  day/night  air  temperature of  20/15° C  

for  10 days  (Table  1).  To  maintain a  constant  nutrient concentration 

in plant  tissues,  nutrients were  given  in relation to  the growth  rate  of  

the seedlings  (Ingestad  and Lund 1986).  In Experiment  1, the number 
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Table 1. Description  of  the growing  conditions  in  the three  experiments.  

of treatments  was  three  (RZTs as  factors).  In each treatment were a 

total of  376 seedlings,  and the  total number of  the seedlings  used in 

the experiment  was  1128. 

In  Experiment  2  (II), during  the  42-day  period,  to  simulate a spring  

of  deep  frost  or  no  frost  in the soil,  the increase in RZT was  slow 

(SW-treatment)  or fast  (FW-treatment),  respectively.  Air  temperature 

fluctuated similarly  in both  RZT treatments  and  the seedlings  were  

further divided into low (0.5  mM N) or high  (3  mM N) nutrient treat  

ment  (other  nutrients were supplied  in proportion  to  N). The nutrient 

solution used in all  the experiments  was  modified Ingestad's  nutri  

ent  solution  (Ingestad  1979,  Ingestad  and Lund 1986),  which con  

tained major nutrients in weight  proportions  of  100N :  60K  :  18P :  

6Ca :  6Mg  :  9S.  The number of  treatments  was four  (2  RZT treat  

ments  x 2 nutrient treatments).  In each treatment  were 304 seed  

lings,  and the total number  of  seedlings  used in Experiment  2 was  

1344. 

In Experiment  3  (111,  IV),  the seedlings  were  grown over  the  whole 

simulated 'growing season'.  The climatic  conditions simulated the 

mean temperature, photoperiod  and air  humidity  conditions from May  

to  mid-October in  southern Finland (Finnish  Meteorological  Insti  

tute  1991).  Seedlings  were  subjected  to  low (0.25  mM N)  or  high  

(2.5  mM N)  nutrient treatment  (other nutrients were supplied  in pro  

portion  to  N  as  in Experiment  2).  In both nutrient treatments  there  

were  576 seedlings,  and  the total number of  seedlings  used in Exper  

iment 3 was  1152. 

Experiment 

(Article) 

Duration  

days 

Root  zone temperature  Air temperature  Photoperiod Nutrient availability 

id) 10 Constant  5,12 

or 20 °C  

20/15°C 

(day/night) 

18 h Nutrients  given  in relation  

to  growth rate  

2 (II) 42 Slow  warming: 

4  —> 18°C in  42  days 

Fast  warming: 
4  —> 18 °C  in  22  days  

and  following 20  days  
maintained  at 18 °C 

Mean  daily  air  

temperature 

increased  from  10 

to 18°C in  10  days; 

then  at 18°C  for 

following 32  days 

20 h Constant  supply  of 
0.5 or 3 mM N 

(other nutrients  in  

proportion to N)  

3 (in-rv) 144 Simulated  growing 

season: 

5°C -> 16.5°C -» 6°C  

Daily  and  seasonal  
variations  were 

simulated 

Seasonal  

variation 

Constant  supply  of  0.25  or 
2.5 mM N (other  nutrients  

in  proportion to  N)  
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4.2 Measurements  of  biomass  and  growth 
parameters  

Root volume was  determined by  a displacement  method (Burdett  

1979)  (I, II) as  repeated  measurements  from the same seedlings.  

Measured root  volume was  assumed to  equal  the fresh mass  of  roots  

in hydroponic  culture,  and  thus,  shoot  fresh  mass  was  determined by  

subtracting  root  fresh  mass  from  the mass  of  the whole seedling  (I, 

II).  The fresh  mass  of  the seedling  and plant  parts were  determined 

by weighing  randomly  sampled  seedlings  (111,  IV),  and the dry  mass  

was determined from subsamples  that had been  dried at  60°  C  for 48 

h (III).  The  length  of  the stem  and current needles were  measured 

repeatedly  from the same seedling  and needle,  respectively  (III). 

4.3 Measurements  of  gas  exchange and  
chlorophyll  fluorescence  

Gas exchange  of  the  whole shoot was  determined as  repeated  meas  

urements  with  a  closed-system  infrared gas analyser  (Li-Cor 6200,  

Li-Cor,  Lincoln,  NE,  USA) at saturating  photon  flux  density  (PAR  

550-700 jJ.mol  m~
2  s~')  at  22°  C.  During  the  gas  exchange  measure  

ments, seedlings  were  kept  at  the  same RZT and nutrient solution as  

in the  treatment.  Gas  exchange  rates  were calculated on the basis  of 

silhouette areas  of  the shoots,  which  were  measured after  each  gas 

exchange  measurements  with a  video camera  connected to a  graphic  

monitor. The fluorescence induction was  measured with a  MINI-PAM 

fluorometer (Heinz  Walz  GmbH, Effeltrich,  Germany)  after  20  min. 

dark adaption  of  the  needles at room temperature using  a 1 s  saturat  

ing pulse  of  9000 umol  m~
2  s -1  (III). 

4.4 Analysis  of  nitrogen, starch  and soluble  

sugars  

Total nitrogen  concentration of  the  oven-dried (at  60°  C  for  48 h)  

needle and stem samples  was  measured with a  CHN-600 Analyzer  

(Leco  Co.,  St.  Joseph,  MI,  USA)  (11,  IV)  and  that of  the root  samples  

with a CHN-900 Analyzer  (Leco Co.,  St.  Joseph,  MI,  USA) (IV). 

Soluble sugars  and starch  were  analysed  from oven-dried plant  parts  

as  described by  Hansen and  Moller  (1975)  (III). 
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4.5  Analyses  of  plasma membranes  

Root PMs  were  isolated by  an  aqueous polymer  two-phase  partition  

(Widell 1987)  (I, 11,  IV).  The purity  of  PM preparations  were  deter  

mined after  isolation  by  measuring  the activities  of  marker  enzymes,  

the  substrate specificity  and the inhibitor sensitivity  (Mattheis  and 

Ketchie  1990)  of  the PM preparation  (I,  additional data).  Cytochrome  

c  oxidase (EC  1.9.3.1)  was  used as  a  marker enzyme for the  inner 

mitochondrial membrane (Hodges  and Leonard 1974),  antimycin  A  

insensitive NADH  cytochrome  c  reductase  (EC  1.6.2.4)  for  the  outer  

mitochondrial membrane and the  endoplasmic  reticulum (Hodges  

and Leonard 1974),  N0
3
~-sensitive ATPase (EC  3.6.1.3)  for  the ton  

oplast  (Briskin et  al. 1987)  and Triton X- 100  stimulated UDPase  (EC  

3.6.1.3) for the  Golgi  apparatus (Nagahashi  and Kane 1982). The  

substrate specificity  of  the PM fraction  was  tested for ATP,  ADP, 

AMP, CTP,  GTP,  IDP,  ITP,  UDP  and UTP.  Inhibitors for  non-specif  

ic  phosphatases,  mitochondrial ATPase, tonoplast  ATPase  and  PM  

ATPase  were  used in  measurements  of  inhibitor sensitivity.  

Activity  of  PM-ATPase (EC  3.6.1.3)  (I, 11, IV)  was  measured at pH  

6.7  as  described by  Ryyppö  et al.  (1994),  with slight  modifications,  

as  the amount  of  Pi  released from ATP hydrolysis  (Hodges  and Leo  

nard 1974).  Activity  of  PM-ATPase was  measured at  actual  RZT and  

at 38°  C and  calculated on  the basis  of  PM proteins  (I, II)  or fresh  

mass  of  the roots  (IV).  The PM-ATPase activity  calculated on the  

basis  of  total fresh  mass  of  the roots  is  referred  to  as  'total activity'.  

The activity  measured at  actual  RZT is  referred to  as  'the real PM  

ATPase  activity'  and the activity  measured at  38°  C  is referred to  as  

'the potential  PM-ATPase activity'.  The  amount  of PM  protein  was  

estimated according  to the method of  Bradford (1976).  The amount  

of  PM-ATPase was  determined by  Western  blotting  using  the antise  

rum  raised  against  the  central domain of  Arabidopsis  thaliana (Pardo  

and Serrano 1989).  The PM proteins  were first  run in SDS-PAGE  

(Laemmli 1970);  thereafter they  were  transferred electrophoretically  

to a  nitrocellulose membrane,  incubated in primary and secondary  

antibodies and detected with chemiluminisence reagents. 

Total lipids  were  extracted from PM samples  by  the method of  

Bligh  and Dyer  (1959)  as  described in Paita et  al.  (1993)  (I,  addi  

tional data). The amount  of  phospholipids  was determined by  meas  

uring the  content of  phosphorus  according  to the method of  Fiske  

and Subbarow (1925)  and calculated assuming  an average molecu  

lar weight  of  769 and  phosphorus  concentration of  4.03% for  phos  

pholipids  (Sailerova  & Zwiazek 1993)  (additional  data).  For  the  fat  

ty  acid  analysis,  phospholipids  were  converted to  methyl  esters of 

fatty acids  as  described in Ryyppö  et  al. (1994)  and  separated  by  GC 

(I, additional data). The bond index of  the phospholipid  fatty  acids  



Sari  livonen  25 

was  calculated as  the sum of  the product  (mol%)  of  a given  fatty  

acid  x  number of  double bonds (White  et al. 1990)  according  to the 

equation:  

Free sterols  in isolated PMs  were  analyzed  by  GC-MS after  conver  

sion  to  trimethylsilyl  derivatives (additional  data).  The neutral  frac  

tion containing  free sterols  was dried under gaseous nitrogen,  and 

trimethylsilyl  derivatives  of  free sterols were prepared  by  adding  

0.4 ml 21% (v/v)  1-trimethylsilyl-imidazole  (Sigma  Chemical Co.)  

in pyridine.  Samples  were  incubated overnight  at  room  temperature. 

Cholesterol  was used  as  the  internal  standard. Sterols  were  analyzed  

using  HP-6890 GC (Hewlett  Packard,  Germany)  equipped  with  

a  mass-selective  detector (Hewlett  Packard  5873,  70  eV,  USA).  The  

trimethylsilyl  ethers of  sterols  were separated  on a  30-m long, 

250 |im internal diameter HP-5 column (Hewlett  Packard,  Califor  

nia, USA).  The following  conditions were  maintained during  chro  

matographic  run:  carrier gas helium (flow  1.2 ml min"1);  oven tem  

perature  200°  C  held for  2  min, increased to  280°  C  at  the rate  of  4°C 

min-1 and held at  this temperature for 18 min;  injector  temperature 

was 280°  C.  Temperature  of the MS  detector was  230°  C and  that of 

the transfer line was  280°  C.  Sterols were  identified by  their retention 

times compared  with authentic standards and by their mass  spectra  

obtained  from a combined GC-MS analysis.  

4.6  Statistical  analyses  

The data were  presented  as  means  and standard  error  of  the means. 

Two-way  (I) and three-way  analysis  of  variance (11,  111, IV),  two  

way  (I) and three-way  (11,  III) analysis  of  covariance and  Tukey's  

multiple  range test  (I,  IV)  were  used to analyze  statistical  differenc  

es  between the treatment  means. When the effects of rate  of  increase 

in  RZT and nutrient supply  on PM  bond index,  amount  of free ster  

ols,  phospholipid/free  sterol  ratio  and  composition  of  free sterols  were  

tested,  three-way  analysis  of  variance  was  used  with temperature treat  

ment, nutrient treatment  and duration of  treatment  as factors  (addi  

tional data). Logarithmic  transformations and angular  transforma  

tions of  square-roots  of  values were  done when necessary.  Data were  

analyzed  statistically  using  SYSTAT 5.0  (1992)  for  Windows (Sys  

tat Inc., Evanston, IL,  USA). 

Bond index = C16:l  +  C18:l  +2 x  C  18:2 +  3 x C  18:3 
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5 Results  

5.1 Responses  of Scots  pine  seedlings to  root  
zone temperature  and nutrient  supply 

5.1.1  Growth  of  roots  and shoot  

In spring,  root  growth was  inhibited by  low RZT (I,II). It  was  almost 

fully  inhibited  at  RZT of  5°C  and was also  retarded at  RZTs of  13° C  

or  below (Fig.  1 in I.  Fig. 2  in II).  When air  temperature and RZT 

increased gradually  in spring,  root  growth  was  highly  dependent  on 

development  of  the RZT sum (Fig.  3B in II).  At  RZT of  5°C,  shoot 

growth  was  inhibited by  60% compared  with shoot growth  at RZT 

of 12° C  and  by  62% compared  with shoot growth  at RZT of  20°  C,  

eventhough  the air temperature was  constantly  20°  C  (Fig. 1 in I). 

Shoot growth  was  dependent  on  development  of  both air  tempera  

ture  and  RZT:  the  shoot sprouting  was  not  initially  (first 2  weeks)  

delayed  by  slow  warming  of  the root  zone, but  thereafter the  growth  

of  the shoot was retarded in SW-treatment compared  to FW-treat  

ment  although  in these treatments  the air  temperature sum devel  

oped  similarly  (Fig.  2B  in 11,  Fig.  1).  The dependence  of  root  growth 

on  the  RZT did not  remain the  same throughout  the growing  season  

(III). Under  conditions of  high  nutrient supply  the  increment in  the 

root  dry  mass  was  high  at the end of  the  growing  season,  although 

RZT  decreased  from 11 to  6°C  (Fig.  Bin III). Nor did the RGR  of  the 

root  dry mass  show a clear  dependence  on RZT during  the growing  

season  (Figs.  2A-B).  In  both nutrient treatments  the  RGR  of  the roots 

Figure 1. Mean fresh  mass  increment of  the  
shoot  of  Scots  pine  seedlings  versus  air  tem  

perature sum in degree  days  (d.d.).  Seed  

lings  were exposed  to  slow  (SW)  or  fast  (FW)  

warming  of  the root  zone and grown at  high  

(HN; 3 mM N) or low (LN;  0.5  mM N) nutri  

ent  level.  Data are  means  (±  SE)  of 30 repli  
cates.  Redrawn from 11.  
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Figure  2.  Mean relative  growth  rate  (RGR)  of  the roots  of  Scots pine  seedlings  versus  root  zone  temperature  
(RZT)  during  the  simulated  growing  season. The RGR  is  given  as  the relative  daily  increase in  root  dry mass.  
Seedlings  were grown at  low (A.  LN-treatment;  0.25 mM N) or  high  (B.  HN-treatment;  2.5  mM N) nutrient  
level.  Data are  means  (±  SE)  of 6 replicates,  each consisting  of  8  sample  seedlings.  Redrawn from 111. 

was  higher  in  early  October  than in early  June,  although  RZT was 

lower in October (Figs.  2A-B). 

The benefit  from the high  nutrient supply  in the growth  of  the  seed  

lings  was apparent only  after  the RZT had exceeded 13° C  in  spring  

(II) or  early  summer  (IV).  When this  threshold RZT was  exceeded, 

the  total fresh  mass  (Fig.  2  in 11,  Fig.  2  in  IV)  and dry  mass produc  

tion (Fig.  3 in III) of  the seedlings  was  promoted  by  high  nutrient 

supply.  Low  nutrient  supply  promoted  an  increase in the  root/shoot  

ratio (Table  2  in 11, Table 1 in TV).  The higher  seasonal biomass pro  

duction at  high  nutrient supply  compared  to  low nutrient  supply  was  

due to  a longer period of  needle elongation,  stem  diameter growth  

and root  growth  (III). 

5.1.2 Responses  of gas exchange  to root zone  temperature  
and  nutrient supply in  spring 

In spring,  the RZT had a significant  effect on  net  photosynthesis,  

transpiration  and stomatal conductance  of  the seedlings  (I, II).  At  

RZTs of  12°  C  and  below, net  photosynthesis,  transpiration  and sto  

matal conductance were lower than at  RZT of 20°  C  (Table  1 in I). At 

the same time, the internal CO, concentration of  the  needles was  

high  but it decreased  during  the first  ten  days  of  the growing  season  

independently  of  RZT (Table  1 in  I).  Net  photosynthesis,  transpira  

tion and stomatal conductance were  increased by  the high  nutrient 

supply  in spring,  and the  response  in gas exchange  became visible  

earlier and at  lower RZT  (9°C)  than in  any  other growth  parameters 

measured (Table  3 in II). 
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5.1.3 Changes  in root plasma  membranes 

Purity  of  plasma  membrane preparations  

The  PM fraction  (upper  phase)  of  the roots,  obtained by  the aqueous 

polymer  two-phase  partition,  had a  high  degree  of  purity  as  assessed  

by  the activities  of  the marker enzymes. Only 1.4—10.3% of  the  total  

activity  of  the marker  enzymes  of  the tonoplast,  endoplasmic  reticu  

lum and outer  mitochondrial membranes,  inner mitochondrial mem  

branes and Golgi  vesicles  was  found in the upper phase (Table  2  in I,  

Table 2).  The vanadate inhibition of  upper-phase  ATPase  activity  was  

88-94%,  whereas  ATPase activity  was  unaffected or  only  slightly  

affected by  inhibitors of  non-specific  phosphatases,  mitochondrial 

ATPase  and tonoplast  ATPase (Table 3 in I,  Table 3).  In addition,  

ATPase  activity  of  the PM  fraction had high  substrate specificity  for 

ATP and low specificity  for the other substrates  tested (Table  4 in I).  

Table 2.  Distribution  of  the marker  enzyme  activities  of the 'tonoplast,  2 inner  
mitochondrial membrane and 3Golgi  vesicles  between the upper and lower  

phases  after  aqueous polymer  two-phase  partition  of  the microsomal  mem  
branes  of  Scots  pine  roots.  Values represent  mean (±  SE)  percentage of  en  

zyme activity  found in each phase  in relation to the  combined total of  both 

phases.  Six  randomly  sampled  samples,  each  with  two  replicate  assays,  were  
used in  the analyses.  Data was  collected  during  Experiment  2. 

Table 3. Inhibitor  sensitivity  of  upper phase  ATPase  activity  after  aqueous  

polymer  two-phase partition  of  the microsomal  fraction  of  Scots  pine  roots. 
Inhibitors  were  used  for  1 PM-ATPase,  2 non-specific  phosphatases,  Mitochon  
drial  ATPase  and 4tonoplast  ATPase. Values are the  mean  values for  specific  
ATPase  activities  ±  SE  of 6  samples,  each with  two  replicate  assays,  without 
(control)  or  with  inhibitor.  Data was  collected  during  Experiment  2. 

Marker  enzyme  Upper phase, % Lower  phase,  % 

N0
3
~-sensitive  ATPase  1 10.3 ± 3.0 89.7 ± 3.0  

Cytochrome c  oxidase  
2
 1.4 ±0.5 98.6 ± 0.5 

Triton  X-100  stimulated UDPase  3 2.4  ± 0.8 97.6  ± 0.8 

Inhibitor Specific ATPase  activity  

)j.mol (mg  protein "') min"' % of control 

Control With  inhibitor 

'190  |iM NaV0
4
 1.15  + 0.18  0.12  ±0.02 12 

2 100  uM  (NH
4
)
6
Mo

7
O

m
 1.36 ±0.17  1.56 ± 0.23  115 

3 1 mMNaNj 1.01+0.15 1.04 ± 0.12 107 

4
50  mM  KNO,  1.07  + 0.14  1.04 ±0.14 100 
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Real PM-ATPase activity  

In  spring,  the real  PM-ATPase activity  per  unit  PM proteins  (specific  

activity)  was  limited  by  low RZT: after  ten-day  exposure  the activity  

was  lowest  at  RZT of  5°C  and increased with increasing  RZT (Fig.  3  

in  I).  At  a  constant  RZT of  20°  C,  the  real specific  PM-ATPase activ  

ity  decreased  during  the 10-day  period  (Fig.  3  in  I).  When RZT in  

creased  slowly  in spring  (II), the real  specific  and  total activity  was  

low until RZT was  9°C;  thereafter the  activity  increased rapidly,  es  

pecially  in the HN-treatment (Fig.  5  in 11, Fig.  3).  When  the RZT 

was  maintained for  8  days  at 18°  C,  the real  PM-ATPase  activity  de  

creased also in the  HN-treatment (Fig.  5E in 11, Fig.  3B). 

When studied over  the  whole growing  season  (IV),  the total activ  

ity  and  the  activity  per  unit fresh  mass  (FM) were  very  low until  the 

end of  June when  an RZT of  14° C  was  reached (Figs.  3B and  4A-B 

in  IV)  and growth  of  the roots  was  accelerated (111,  IV).  At  RZTs of 

9°C  and  over  the real  activity  per  unit  FM of  the current  roots was  

much higher  than that of  previous-year  roots  (Fig.  3B in IV).  The 

activity  of  current  roots and partly the  activity  of  previous-year  roots  

were  favoured by  high  nutrient supply.  The  real  activity  per  unit FM 

was  high  from mid-July  to mid-August  when RZT was  16-16.5° C  

but  peaked  at  the end  of  September  when RZT had already  decreased 

to  9°C  (Fig.  3B in IV).  The total  activity  of  the root  system  and cur  

rent  roots  reached the highest  values at  the  end of  August  (LN-treat  

ment)  or  at  the end  of  September  (HN-treatment) at  RZTs of  13.5° C  

and 9°C,  respectively  (Figs.  4A-B  in IV).  The PM-ATPase activity  

of  roots was  seriously  restricted  at  RZT of  6°C in autumn  (Figs.  3B  

and 4A-B in IV).  

Figure 3.  Total PM-ATPase activity of  Scots  pine  roots measured at real RZTs  (marked  on the figures).  

Seedlings  were  exposed  to slow  (A)  or  fast  (B)  warming  of  the root  zone  and grown at  high  (HN;  3  mM N) 
or  low (LN;  0.5  mM N) nutrient level.  Data  are  means  (+  SE)  of  3  replicates.  Redrawn  from  11. 
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Potential PM-ATPase activity  

In  spring,  the  specific  potential  PM-ATPase activity  was  not signifi  

cantly  affected  by  RZT or  by  nutrient supply  (I,  II).  During  the  grow  

ing  season,  in the current  roots,  the  PM-ATPase activity  per  unit FM  

and total activity were  much higher than in the  previous-year  roots  

(IV)  and with  high  nutrient  supply  increased  from July  to  the end of  

September,  while in the previous-year  roots  the activity  was  affected 

by  nutrient supply  only  from the end  of  August  to the end of  Sep  

tember  (Figs.  3A and 4C-D  in IV).  At  the beginning  of  October,  

when RZT decreased from 9  to 6°C,  the  potential  activity  of  current  

and previous-year  roots  per  unit  FM as  well  as  the  potential  activity  

of  whole root  system  decreased rapidly,  but  remained still  higher  in 

the HN-treatment than in the LN-treatment (IV). 

Lipid composition  of  plasma  membranes in spring  

The  amount  of  PM phospholipids  decreased in spring  (p=0.001)  but 

was  not  significandy  affected  by  nutrient  treatment  or  by  the rate  of  

RZT increment (Fig.  4A-B).  The most  common fatty acids  of  PM  

phospholipids  in the roots of  Scots pine  seedlings  were  CI 8:2 and 

CI 6:0,  which made up 36-46% and  21-32% of  the total fatty acids,  

respectively  (I).  During  the first  10 days  in spring,  at  RZT of  12 and 

20° C  the  proportions  of  C  16:0 and  C  18:0 increased and those of  C  18:2 

and CI 8:3  decreased and at RZT  of  5°C  remained almost unchanged  

(Table 5  in I). At constant  RZT of 5°C the C18:2/C16:0 -ratio and 

bond  index remained almost unchanged,  but at  constant  RZTs of 12 

and 20°  C  declined  (Table  5  in  I). When RZT increased gradually  in 

spring  (Exp.  2,  additional data),  the bond index decreased during  the 

42-day  period  (p=0.0 18), but was  not  significantly  affected by  nutri  

ent  supply  or  by  the rate of  RZT increment (Figs.  SA-B).  In  the HN  

treatment, however, the  bond index increased after 16 days exposure 

to  RZTs of  4-6° C and  thereafter remained at  higher  than in the  LN  

treatment until RZT of  9°C  was exceeded (Fig.  SA).  The amount  of  

total free sterols  did not  change  in spring  (Figs.  4C-D);  but  due to  a 

decrease in  phospholipids,  the  phospholipid/free  sterol  ratio  decreased 

(Figs. 4E-F)  (p=0.007).  Over  80% of  the total  free sterols  were  sito  

sterols,  and the proportion  of  stigmasterols  and campesterols  varied 

between  5  and 10%  (Fig.  6).  Of  the total  free sterols,  the proportion  

of  sitosterols decreased (p=0.001),  and the  proportions  of  campes  

terol and stigmasterol  increased slightly  (p=0.019  and p=0.005,  re  

spectively)  in spring.  These changes  were  not  significantly  affected  

by  the rate  of  RZT increment or  nutrient supply,  but in the  case  of 

campesterols  an interaction was  found between duration of  the  treat  

ment and temperature treatment  (p=0.020).  When RZT of  18° C  was  
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Figure  4.  Amount of  plasma  membrane phospholipids  (A-B),  free  sterols  (C-D)  and  phosphol  
ipid/free  sterol  ratio (E-F)  in  the roots of  Scots  pine  seedlings.  Seedlings  were  exposed  to  slow  
(A,  C  and  E) or  fast  (B,  D  and F)  warming  of  the root  zone and grown at  high  (HN;  3  mM N) or  
low (LN;  0.5 mM N) nutrient  level.  Data are  means (+  SE) of 2-3  replicates.  Data were  collected 
during  Experiment  2  and are  presented  here as  additional data. 

maintained for  20 days,  the proportion of  campesterols  decreased to 

almost the original  values at the  end of  the experiment  (Fig.  6D).  

When RZT increased  slowly,  the  proportion  of  sitosterols  decreased 

more  slowly  and that of  stigmasterols  increased more  slowly  in the 

HN-treatment than in  the LN-treatment (Figs.  6A  and 6E).  
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5.1.4 Effect  of lipid  composition  of  the plasma  
membrane  on  potential  PM-ATPase  activity  

Even though  changes  in  PM lipid  composition  were  detected, the 

potential  activity of  PM-ATPase was not  affected  by  RZT,  nutrient 

supply  or duration of  treatment  (I,  11,  Figs.  4-6).  Nor  was  any  corre  

lation observed  between potential  PM-ATPase activity  and the  bond 

index of  phospholipid  fatty  acids, amount  of  phospholipids  or  free 

sterols,  phospholipid/free  sterol  ratio or  free sterol composition  (data 

not  shown). 

5.1.5  Nitrogen  economy of  the  seedlings  

In spring  the net  uptake  of  nitrogen  started at  RZT of  over  9°C  (Fig.  

4 in 11, Fig.  7  in  IV).  At  lower RZTs,  the  nitrogen  concentration of 

one-year-old  needles and stems  decreased (11,  IV).  Increment of  the 

total  nitrogen  content  of  the seedlings  was  high  from the beginning  

of June to the  end of  August,  especially  with  high nutrient supply.  

The  decrease  in net  uptake  of  nitrogen  occurred  together  with the 

decrease in growth  of  the seedlings  in September.  In the HN-treat  

ment, the  increment  of  nitrogen  content  still  remained high  from mid-  

September  to mid-October, when RZT decreased from 11 to 6°C. 

Figure 5.  Bond index of  plasma  membrane phospholipid  fatty  acids  in the roots  of  Scots pine  seedlings.  
Seedlings  were  exposed  to slow  (A)  or  fast (B)  warming  of the  root  zone  and  grown at  high  (HN; 3  mM N) 
or  low (LN;  0.5  mM N) nutrient level.  Data are means (+  SE)  of 2-3  replicates.  Data  were  collected  during  
Experiment  2  and are  presented  here  as  additional data. 
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Figure  6.  The proportion  (mol%)  of  sitosterols  (A-B),  campesterols  (C-D)  and stigmasterols  

(E-F)  of  the total  free  sterols  in the root  plasma membrane of  Scots  pine  seedlings.  Seedlings  

were  exposed  to  slow  (A,C  and E)  or fast  (B,  D  and F)  warming  of  the root  zone and grown 
at  high  (HN;  3  mM N) or  low  (LN;  0.5  mM N) nutrient  level.  Data are  means  (±  SE)  of  2-3 

replicates.  Data  were  collected  during  Experiment  2  and are  presented  here  as  additional 
data.  

5.2  Seasonal  growth of  Scots  pine seedlings 

The growth  of  the roots  was  very  slow  in May  and early  June, at  the 

time when the most  of  the  dry  mass  produced  was  allocated to  the 

shoot (Figs.  3  and 4 in III). In  mid-May,  the  elongation  growth  of  the 

shoots  started,  and  it  was completed  at  the end  of  June regardless  of  

nutrient supply  (Fig.  5A  in III). Elongation  of  the  current  needles  

started in early  June and in  the  LN-treatment proceeded  until the end 

of  August  and in  the HN-treatment until late  autumn  (Fig.  5B  in III). 
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In  June-July,  at  the time when shoot growth  was intense,  about 20- 

40 % of  the dry  mass  increment was  allocated to  the root  system. 

The most  intense  period  of  root  growth  was from mid-August  to  the 

end of  September,  at  the time when  shoot growth  was  already  slow  

ing  down. In October,  root  growth stopped  rapidly  in the LN-treat  

ment  but continued in the  HN-treatment (Fig.  2 in 111,  Fig. 2 in IV). 

5.3 Seasonal  changes  in  gas  exchange, 
chlorophyll fluorescence  and  carbo  
hydrate  status  as  related  to  nutrient  
supply 

Gas  exchange  was slow  at  the beginning  of  the growing  season  but 

increased rapidly  when current  needles emerged  (Figs.  5B and 6A- 

D  in III). In  the LN-treatment,  the net  photosynthesis  was  about half 

of  that in the HN-treatment in July, at  the time when maximum level 

of  net  photosynthesis  was  reached in the LN-treatment. In  the  HN  

treatment, the net photosynthesis  remained high  until the beginning  

of  October. The internal CO, concentration was  higher  in the LN  

treatment  than in the HN-treatment from June to  the end of  the grow  

ing  season,  but  at the  same time there  was  no  difference in transpira  

tion or stomatal  conductance between nutrient treatments  (III). 

Chlorophyll  fluorescence of  previous-year  needles increased rap  

idly  in early  summer,  reached maximum at  the beginning  of  August  

and thereafter  decreased. Chlorophyll  fluorescence of  the  current  

needles also  reached the maximum value at the beginning  of  August  

and thereafter began  to  decrease,  especially  in the  LN-treatment (Figs.  

6  E  and F  in III). Thoughout  the  growing  season  the chlorophyll  flu  

orescence  of  the current  and previous-year  needles was  higher  in the 

HN-treatment than in  the LN-treatment (III). 

In previous-year  needles and stem, the starch content  increased 

during  May, at  the  time  when growth  of  the  seedlings  was  low but 

net  photosynthesis  was  increasing  (Fig.  7 in III). In the HN-treat  

ment, the starch  content  of  the previous-year  roots,  stem  and needles 

decreased rapidly  from the beginning  of  June to  mid-July,  at  the time 

when  root  growth  was  initiated and elongation  of  the  stem  and cur  

rent  needles was  proceeding.  In the LN-treatment, the decrease in 

starch  content  was  slower  or  occurred  later than in the HN-treatment. 

In October, the starch  content of  all organs increased again.  

The  content  of  soluble sugars  in current  needles started  to  increase 

in  mid-July,  at  the time when  the needles had reached about half  of 

their final  length  and the  elongation  growth  of  the  stem was  com  

pleted  (Fig.  7  in III). In the roots,  the content  of  soluble sugars  re  

mained  constantly  low until the end of  August  and  thereafter  started  
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to increase. Non-structural carbohydrates  (starch  and soluble  sug  

ars)  did  not  accumulate in the root  system  until the end of  September 

(Fig.  3  in III). 

5.4 Seasonal  changes  in  the  amounts  
of  plasma membrane  proteins  and  
PM-ATPase 

The amounts  of  PM proteins  and  PM-ATPase were  higher  in current  

roots  than in  previous-year  roots  (Figs.  5  and  6  in  IV).  The  amount  

of  PM-ATPase in  the  current  roots  was  significantly  affected by sam  

pling  time but not  by  HN-  or  LN-treatment. It was high until mid- 

September  and thereafter decreased (Fig.  6B  in IV).  In  the previous  

year roots, the amount  of  PM-ATPase decreased until  mid-July,  peak  

ed  at  the end of  August  and decreased again  to  the end of  the grow  

ing  season  (Fig.  6A  in IV).  In  September,  the amount  of  PM-ATPase 

was significantly  higher  in the HN-treatment than in  the  LN-treat  

ment. 
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6 Discussion 

6.1 Gas exchange and  growth are  slowed  
down  by  low root  zone temperature  
in  spring  

Gas  exchange  

Winter  inhibition of  photosynthesis,  which is  characteristic for the  

boreal conifers (Öquist  and Martin 1986),  is  expressed  as  a  depres  
sion  of  the photochemical  effeciency  of  PSII  (Strand and Lundmark 

1995).  Trees recover  from winter inhibition of  photosynthesis  in 

spring  and early  summer  (Troeng  and Linder 1982, Strand and Lun  

dmark 1995, 1,  11, III). In  the present  experiment,  net  photosynthesis  

of  the seedlings  was  limited  by  non-stomatal factors  probably  due to  

winter inhibition,  not  by  low  RZT, immediately  after winter storage 

(I).  During  recovery,  net  photosynthesis  increased  and gradually  be  

came dependent  on  RZT (I,II). Net photosynthesis,  transpiration  and  

stomatal  conductance were  low at  RZT of  5°C,  and still  at  tempera  

tures  of 9-12°  C  (I, II). At that time, the stomatal limitation of net  

photosynthesis  was  evident  and  was  seen as  a  lowered rate  of  tran  

spiration  and stomatal conductance and  low internal C0
2 concentra  

tion at low RZT  (I). 

The limitation of  net  photosynthesis  by  low RZT  has  been demon  

strated earlier in Scots  pine (Lippu  and  Puttonen 1991,  Vapaavuori  

et  ai.  1992).  The lowered rate  of  gas exchange  at low RZTs is proba  

bly  due to  several  factors including  limited  rate  of  water  and nutrient 

(I, 11, IV)  uptake, limitation of  root  growth  (I, 11, IV)  as  well as  low  

demand for photosynthates  (III). At  RZTs below  12°  C,  the water  

potential  of  Scots  pine  shoots and roots  is  low (Vapaavuori  et  ai. 

1992), which might  be due to  the  high  viscocity  of  water  and the  

high  resistance  of  roots  to water  transport  (Kaufmann 1977).  The 

high  resistance  of  roots  to  water  transport  at  low RZTs  is  caused by  

delayed  formation of  new unsuberized roots  (Häussling  et  ai. 1988, 

Wan  et  ai. 1999, 1, II),  low permeability  of  the PM lipid  bilayer  (Fin  
kelstein  1987)  and  possibly  also  by  limited activity  of  the  PM water  

channels,  aquaporins  (Wan  and Zwiazek 1999).  At  low RZTs the 

lowered  rate  of photosynthesis  may also  be due to  reduced demand 

for  photosynthates  for  root  growth.  Because  at  moderate stress  pho  

tosynthesis  is reduced less  than  growth  of  the seedling  (Wardlaw 

1990),  photosynthates  accumulate in needles and  stem because pro- 
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duction is  greater than demand (Kursanov  1984, III). Accumulation 

of  an excess  of  photosynthates  in  the form of  starch  in chloroplasts  

can  also  reduce photosynthesis  (DeLucia  1986).  

Growth  of  the  seedlings  

The inhibition of  initial root  growth  by  low RZT has been demon  

strated  earlier in several pine  species  (Bowen  1970, Larson 1967, 

Grossnickle  and Blake 1985, Andersen et  al.  1986,  Lopushinsky  and 

Max 1990)  including  Scots pine (Prokushkin  1982,  Vapaavuori  et  al.  

1992,  Ryyppö  et  al. 1994, Lyr  and  Garbe 1995).  This  was  also  seen 

in the present  investigation  in which  root  growth  was  clearly  depend  

ent  on  RZT in spring,  being  strongly  restricted  at RZT of  5°C  and 

limited  at  RZTs  below  13° C  (I,  II).  For  one-year-old  Scots  pine  seed  

lings,  the threshold temperature for  the appearance of new root  tips  

and  root  elongation  in spring  has been shown to  be  5°C  and 8-12°  C,  

respectively  (Vapaavuori  et  al. 1992);  and the  results  of  the present 

study  confirm  these observations. It  has  been suggested  that the low  

er  threshold temperature for  root-tip  initiation compared  to  that for 

root  elongation  is  due to  separate factors  controlling  these process  

es.  Root-tip  initiation can  be  energized  by  stored  carbohydrates;  but 

for  elongation  growth  of  the roots  current  photosynthates  are  neces  

sary  (van den  Driessche  1978,  Andersen et al.  1986, Vapaavuori  et 

al. 1992).  In  addition to reduced rate  of  net  photosynthesis  with low  

RZT (I,  II),  in Scots  pine  seedlings  the translocation of  current  pho  

tosynthates  to  roots  is  also  reduced at RZTs  of  5-B°C  (Lippu  1999).  

The limited rate of  translocation of  photosynthates  to  roots  at low 

RZTs  can  be  partly  due to  low PM-ATPase activity  (I,  II),  which  is  

needed for  phloem  unloading  of  photoassimilates  in roots.  Further  

more,  PM-ATPase is also  needed for  the  extension growth  of  the 

root  cell,  which at low  RZTs  is limited (Pritchard  et al.  1990).  Re  

duced extension growth  leads to  low growth  demand of  the  roots for 

carbohydrates,  which,  in  turn,  at  low RZTs  can  limit translocation of  

photosynthates.  In  addition to  reduced rate  of  cell extension growth,  

the inhibition of  root  growth  can  be  due to  prolonged  cell-division  

cycle (Barlow  1987).  In spring,  the rate  of  root  biomass production  

is related to  the cumulative temperature sum of  the root  zone (II). 

Because  in boreal forests the RZTsum normally  develops  more  slowly  

than the air temperature sum,  a  lag  in root  growth,  compared  to  shoot 

growth,  seems  to  be  characteristic for  Scots  pine  seedlings  planted  
in springtime.  

Shoot growth  was not  as  sensitive  to  RZT as  root growth;  howev  

er, at constant  RZT of 5°C it was  limited (I) and  when the RZT in  

creased slowly  in spring  it  was  delayed  (11,  Fig. 1). Thus,  shoot growth  

in spring  is determined both by  air  temperature and RZT in  spring.  
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The decreased  shoot growth  was  probably  due to  delayed  formation 

of  current needles (unpublished  data,  Lyr  and Garbe 1995),  because 

the  timing  for bud burst  and duration of shoot  sprouting  seem to be 

strongly  influenced by  air  temperature  (Vapaavuori  et  ai. 1992,  Lyr  

and Garbe 1995).  

The benefit from high  nutrient supply  was  seen as  accelerated 

growth  of  the roots  and  shoot only  after  the  RZT was  increased to 

13° C  (II).  This is in agreement with an  earlier field study  with Pinus 

strobus  which showed that application  of  fertilizers has  no  effect  on 

growth  of  seedlings  in cold soil  (Brand  and  Janas 1988).  

6.2 Changes  in  lipid structure  of  the  root 
plasma membrane  are necessary  for  an 
active  root  system  

In  this study,  no significant  changes  in PM lipid composition  oc  

curred at RZT of  4-5°  C  (I,  Figs.  4A,  4C,  4E,  SA),  which indicates 

that RZT s  of  4-5°  C may  be  too low  for  the cold deacclimation proc  

ess  of  the root  PM. When the  RZT increased slowly  in spring from 5 

to  9°C,  the bond index increased  in the  HN- but not in the LN-treat  

ment  (Fig.  SA). The  higher  bond index of  PM phospholipids  in the 

HN-treatment indicated higher  fluidity  of  PM in the HN-treatment 

compared  to  the LN-treatment (Thompson  1984). 

At  the same time,  changes  also  occurred  in  the relative  amounts  of  

free sterols.  The sitosterol/stigmasterol  ratio of  free sterols  was  higher  

in the  HN-treatment than in the  LN-treatment  (Fig.  6A  and 6E).  This 

is  consistent with data from nitrogen-deprived  wheat roots.  Carvajal  

et  al.  (1996  a)  found a higher  sitosterol/stigmasterol  ratio in the PM 

of  control roots  than in nitrogen-deprived  roots, and a  decrease of 

PM fluidity  was  observed in  the latter roots.  However, the  roles  of  

different sterol  classes  in  regulating  PM properties  are  still  obscure.  

It  has been suggested  that sitosterols  are  able to order the fatty  acid 

chains of  the phospholipid  bilayer  (i.e.  are  able to  decrease fluidity),  

while  stigmasterols  have been found to  exhibit less  ordering  ability  

(Grandmougin-Feijani  et  al. 1997).  This suggestion  does not  agree 

with  the idea that the decrease in PM fluidity  is  linked to  the de  

crease  in the sitosterol/stigmasterol  ratio in nitrogen-deprived  roots.  

Since  the  changes  in PM lipid composition  may have complex  ef  

fects  on  the  membrane fluidity  and no fluidity  measurements  were 

made  in this study,  differences in the PM  fluidity  between nutrient 

treatments  cannot  be evaluated. In addition,  because the  bond index 

also  fluctuated at  higher  RZTs (Fig.  5B),  these results  in the  context  

of  low temperature acclimation must  be  interpreted  with  caution. In 

spite  of  these facts,  it  is worth noting  that an increase in phospho-  
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lipid  fatty  acid  unsaturation and an  increase  in sitosterol/stigmasterol  

ratio  after  long-term  exposure  to  low RZTs  might be  the  coping  mech  

anism that limits the negative  effects  of  low RZT under conditions 

of  high  nutrient  supply.  

Differences in PM lipid structure  between the LN-  and HN-treat  

ments  may  explain  some of the changes  found  in gas exchange  of  the 

seedlings  at  RZT of  9°C (II).  In this  study,  the benefit of  net  photo  

synthesis  with a high  nutrient supply  became evident  when RZT of  

9°C  was  exceeded (II). At  that time,  net  photosynthesis  was  1.5 times 

higher  in the HN-treatment than in  the  LN-treatment,  but  the nitrogen  

concentration of  needles was  only  slightly  higher in the HN-treat  

ment.  Therefore,  higher  transpiration  and stomatal  conductance (II) 

may  indicate that under conditions of  high  nutrient supply  more  effi  

cient water  uptake enables higher  net  photosynthesis.  According  to 

earlier  studies,  high  nutrient supply  can  increase  hydraulic conduct  

ance of  the root  system  as  well as  the PM fluidity  of  the roots  (Radin  

1990,  Carvajal  et  al.  1996b).  A  high  supply  of  nutrients  can  promote 

water uptake  by  increasing  the activity of  aquaporins  in root  PMs 

(Carvajal  et  al.  1996  a),  probably  due to  structural  interaction between 

bilayer  lipids  and aquaporins  (Carvajal  et  al.  1996b),  while an  increase 

in unsaturation of  PM fatty  acids  seems  to  increase the water  perme  

ability of  the bulk  lipid  bilayer  (Markhart  et al. 1979, 1980). 

A decrease in the phospholipid/sterol  ratio and an increase in fatty 

acid saturation have been reported to  contribute to  a reduction of  

bilayer  fluidity  (Thompson  1984).  A decrease in  the phospholipid  

content, an increase in phospholipid  fatty  acid  saturation and  a  de  

crease in the phospholipid/free  sterol  ratio (Table  5  in I,  Figs.  4  and 

5)  occurred  at  RZTs  that allowed root  growth  (I,II). These changes  

are  consistent with earlier observations  in aboveground  organs of  

extremely  cold-hardy  trees  (Yoshida  1986, Sutinen 1992).  At  RZTs 

of  12 and  20°  C,  the proportion  of  CI 8:3  of  phospholipid  fatty  acids  

decreased in the  root  PMs  of  Scots  pine seedlings.  In  contrast  to these 

results,  during  cold  deacclimation an  increment in the proportion  of  

CI  8:3  takes  place  in the needles of  Austrian pine  ( Pinus nigra)  and 

red pine  (Pinus  resinosa)  (Sutinen 1992)  and  in living  bark  tissue of 

Mulberry  tree (Morns bombysis)  (Yoshida  1986).  Fatty  acid  compo  

sition  of  PM phospholipids  in soybean  roots have been found to  dif  

fer  depending  on  the developmental  stage  of  the root  tissue;  in par  

ticular,  the  proportion  of  CI 8:3 is higher  in mature  root  tissue  than 

in meristematic root  tissue (Whitman  and  Travis 1985).  When root  

growth  is  accelerated in spring,  the  proportion  of  meristematic  tis  

sue  in the  root  system  increases.  Therefore,  in addition to the satura  

tion of  the phospholipid  fatty  acids  that is  linked to  cold deacclima  

tion,  the  decrease of  CI 8:3  in  root  PMs of  Scots  pine  seedlings  might  

be  associated with changes  in the  fatty acid  composition  of  phos  

pholipids  that are  linked to development.  
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The decrease in sitosterols  and the corresponding  increase in 

campe- and stigmasterols  are  changes  opposite  to those occurring  

during  cold  acclimation  (Uemura  and Yoshida 1984,  Lynch  and Ste  

ponkus  1987,  Paita et  al. 1993),  which indicates that these changes  

are  related to metabolic adjustment  of  the PM to  increasing  RZT. 

However,  because current  roots  were  not  separated  from older roots  

in this  study,  it  is  not  possible  to differentiate clearly  the lipid  changes  

related to the developmental  stage of  the roots  from changes  that 

may result  from metabolic adjustment  of  PM to  increasing  RZT.  It  is  

obvious  that some changes  observed in free sterols  after  long-term  

exposure to  RZT of  1 8°  C (FW-treatment)  might  be  linked to devel  

opmental  changes  instead  of  metabolic adjustment  of  the  PM to  in  

creasing  RZT. Travis  and  Berkowitz  (1980)  reported  that  the campes  

terol level in the root  PM decreases with the differentiation of  root  

tissue,  which can  explain  the similar levels of  campesterols  in  the 

fast  warming  treatment at the beginning  and end of  the  experiment  

(Fig.  6D).  

6.3 Hydrolytic  activity  of  root  PM-ATPase  is  
not  modulated  by  bulk  lipid structure  

Lipid  modulation has been proposed  as  one of  the mechanisms by  

which the activity  of  PM-ATPase can  be regulated  (Carruthers  and 

Melchior 1986,  Cooke and Burden 1990).  The results  of  the present 

study,  however,  indicate that there is  no  clear relationship  between 

potential  PM-ATPase activity  and bulk lipid  composition  (I, Figs.  
5C and 5F in 11,  Figs.  4,  5  and 6),  suggesting  that the  PM-ATPase 

activity  of  Scots  pine  roots  is  not  regulated  by  the bulk membrane 

composition.  Similarly,  in the roots  of  herbaceous species,  the PM  

ATPase  activity  appeared  to be independent  of  the bulk PM sterol/ 

phospholipid  -ratio (White  et  al.  1990)  and of  the phospholipid  fatty  

acid  saturation (Burgos  and Donaire  1996).  Due  to  the lateral heter  

ogeneity  of  the PM,  changes  in the bulk  lipid  composition  do not  

necessarily  reflect events  in the  lipid  composition  surrounding  the 

enzyme  (Cooke and  Burden 1990).  Therefore, comparison  of  the  PM  

ATPase activity  and bulk  composition  of  the membrane lipids,  as  

done in this study,  does not  take into account  the individual lipid/  

protein  interaction,  which may affect the activity  of  the enzyme. Fur  

thermore,  the lipid  composition  of  the  PM can  affect coupling  factor 

of  the PM-ATPase,  which  was  not  examined in this  study.  In  simul  

taneous  measurements  of  the H
+

-pumping  and hydrolytic  activity  of  

PM-ATPase of  corn  roots,  Grandmougin-Feijani  et  al.  (1997)  found 

that H
+

-pumping  is more  sensitive  to  the sterol environment than ATP 

hydrolysis  is. 
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6.4 Seasonal  growth of  shoot  and  roots  
in  Scots  pine  seedlings is episodic 

The results  of  this  study  show that  the seasonal  growth  of  the  stem, 

needles and  roots  of  one-year-old  Scots  pine  seedlings  occurs  in phas  

es,  which  leads  to  episodic  growth  of  the shoot and roots  (III). Epi  

sodic  growth of  shoot and roots  has  also  been found in  the seedlings  

of  other  northern  pine  species  (Cannel  and  Willet 1976,  Drew 1982).  

Drought,  low soil  temperature  and  lack  of  currently  formed  photo  

synthates  for  root  growth  have commonly  been proposed  as  factors  

that suppress  root  growth  during  the growing  season  (Ritchie  and 

Dunlap  1980,  Deans and  Ford 1986,  Dougherty  et  al. 1994, Eissen  

stat  and  van  Rees  1994).  It  has  been suggested  that the mid-summer 

depression  of  root  growth  is  caused  by  drought (Sword  et  al.  1997).  

Since  root  growth  had an  episodic  growth  pattern in hydroponic  cul  

ture  where the  drought-effect was  excluded, apparently soil mois  

ture  is  not  the principal  factor limiting  root  growth  of  Scots  pine  

seedlings  during  the growing  season.  

Root growth  of  the seedlings  was very  slow  in May and  early  June,  

when most  of  the  structural dry mass  (= total dry  mass  -  content  of 

soluble sugars and starch)  production  was  allocated to the  elongat  

ing  stem  (III). At  this  time,  the  production  of  photosynthates  exceed  

ed the demand, and photosynthates  accumulated in the previous-year  

needles. This indicates that the  low rate  of  root  growth  in spring  is 

not  due to limited rate  of  production  of  current  photosynthates.  Rather,  

it  is  due to limited rate  of  translocation of  current  photosynthates  to  

the roots  (Andersen  et  al.  1986,  Lippu  1999), which  may be  caused 

by  low metabolic activity,  and thus low sink  strength  of  the root  sys  

tem (Hurewitz and Janes 1983,  IV).  At the end of  the  June, at which 

time RZT was  increased to  14° C,  growth  of  the current  roots  was  

accelerated. The formation of  new roots leads to  increasing  PM-AT-  

Pase  activity  of  the whole root system,  because  the PM-ATPase ac  

tivity of  the current roots  is  much higher  than the activity  of  the  pre  

vious-year  roots  (IV).  The higher  PM-ATPase activity  in current  roots  

compared  to  the previous-year  roots  is due to the greater amount  of 

the enzyme (IV). Furthermore,  a  greater amount  of  PM proteins  in 

current  roots  compared  to  the previous-year  roots  (IV) is  an  indica  

tion of  the higher  biological  activity  of  the  current  roots  (Morris  and  

Clarke 1987).  

The increased rate  of  root growth  and increased PM-ATPase activ  

ity  of  the root  system  facilitated water  uptake  (Häussling  et  al.  1988) 

and nitrogen net  uptake  (IV),  which  led  to  an  increase  in  gas exchange  

(III). Elongation  of  the  current  needles started  at  almost  the  same  time 

as the growth  of  the current  roots  (III). In  the  early  stages  of  develop  

ment, net  photosynthesis  of the  current  needles is  low and they  con- 
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tain high  sink  activity  of  current  photosynthates  (Troeng  and  Linder 

1982,  Lippu  1999). It has  been estimated  that the carbohydrate  pro  

duction of  the current  needles is  high  enough  to  meet  the  demand of 

other  organs  only  when the  half of  the final length  of  the needles has 

been reached (Ericsson  1978).  If  the  current  photosynthates  are  neces  

sary  for  root  elongation  (Vapaavuori  et  ai.  1992),  then the root  growth  

of  Scots  pine  seedlings  is  dependent  on  photosynthates  produced  by  

the  previous-year  needles until the  end of  July  when current  needles 

have reached half of  their final length  (III). During  the time of  inten  

sive  needle elongation,  only  15-36% of  the total dry  mass increment  

was  allocated to  roots,  with no  net  accumulation of  soluble sugars 

and starch  to  the roots  (III). Structural growth  of  the roots, as  well as  

net  accumulation of  soluble sugars  and starch,  was  most  intense after  

the  period  of  intensive needle elongation,  at  the time  when most  of  

the shoot growth  had taken place (HI).  This confirms  the suggestion  

that root  growth  is  slowed down  during  the time of  intensive shoot 

growth because the  growing  shoot is a strong consumer of pho  

toassimilates  (Lyr  and Hoffmann 1967, Mattson 1986).  

6.5 Nutrient  supply  affects  growth  but  
not  the  growth rhythm  of  Scots  pine  
seedlings 

The nutrient supply  does not  significantly  affect the  seasonal pattern 

of  dry mass  allocation to the roots  (III). However, the total growth  of  

the root  dry  (ID)  and fresh (IV)  mass  is favoured by  a  high  supply  of  

nutrients,  mainly  due to the  later cessation  of  root  growth  under condi  

tions of a high  supply  of  nutrients.  The delayed  cessation  of  fine root  

growth  by  fertilization has  been observed earlier in  Scots  pine (Pers  

son  1980)  and loblolly  pine  (Pinus  taeda)  stands  (Sword  et  al  1996).  

High  nutrient supply  stimulates  the PM-ATPase activity  of  the roots  

(Kuiper  et  al. 1991,  II,IV) leading  to  efficient nitrogen  uptake of  the 

seedlings  (IV).  Nitrogen  enrichment in the  needles (HI)  increased the 

net  photosynthetic  rate  of  the seedlings  (Linder  and Rook  1984,  

Paquin  et al. 2000,  II,III), resulting  in more  carbon allocation for 

needle production  (Field  and  Mooney  1986, Rikala and  Huurinainen 

1990, Lambers et al. 1998,  III). High  nitrogen  concentration of  the 

needles increased the rate  of  net  photosynthesis  by  increasing  the effi  

ciency  of  the PSII (HI)  and possibly  the amount  of  RuBP carboxylase  

(Gezelius  1986).  Furthermore,  the low efficiency  of  net  photosynthe  

sis  under conditions of  low nutrient supply  can  be  the  result  of  a low 

concentration of  chlorophyll  in  the needles (Gezelius 1986). 

It  is  well documented that plants  allocate relatively  more  biomass 

to  roots  and less  to the shoot  in response to nutrient shortage,  partic- 
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ularly nitrogen  and  phosphorus  (Wilson  1988,  Levin et al. 1989,  Lam  

bers  et  al. 1998),  and this  was  also  seen in the present  study  (II,IV).  

Van der Werf and Nagel  (1996)  presented  a  hypothetical  model to  

account  for  the positive  effect  of  nitrogen  shortage  on  biomass allo  

cation to roots.  According  to  this  model, an  early  response of  a  plant  

to nitrogen  shortage  is  a  decrease in  the  synthesis  and export  of  cyto  

kinins  (Salama  and Wareing  1979,  Kuiper  1988, Kuiper  et  al.  1989).  

This leads to the decreased rate  of  needle growth (Lambers  et al. 

1998, III) and  hence  to  the accumulation of  carbohydrates  in the  nee  

dles (III), which,  in  turn, leads to down-regulation  of  photosynthesis  

(III). The  increased level of  carbohydrates  in  the needles,  however,  

may imply  that a larger  fraction of  photosynthates  is  available for 

translocation to  the roots.  In the  roots, a high  level of  sugar may 

induce genes encoding  for  respiratory  enzymes  and possibly  other 

enzymes  (Farrar  1996),  resulting  in enhanced root  growth  in  relation 

to shoot growth. 

6.6 Temperature  dependence of  root  growth 
and  PM-ATPase  activity  varies  during 
the  growing season 

It  is  generally  known  that root  growth  and other enzymatically  driv  

en processes  in the roots are  limited  by  low RZT.  To  ascertain the  

minimum, maximum or optimal  RZTs  for  root  growth  and activity,  

the temperature dependence  of  root  growth  and metabolic activity  

has  generally  been observed in relatively  short  studies at a  certain 

stage of development.  However, it has recently  been discussed (Fit  

ter et al.  1998, Pregitzer  et  al. 2000)  that there is  sometimes little 

correlation between temperature and root  growth,  which  is  probably  

related  to  the phenological  pattern  of  root  growth  and to  limitations 

of  root  growth by  other  growth-limiting  factors. In  the present  study,  

it was  observed  that the response of  root  growth  to RZT does not  

remain the same  throughout  the  growing  season;  and consequently,  

RZTs  that inhibit or  retard root  growth  in spring  may  be  favourable 

for  root growth in autumn  (in,  Fig.  2A-B).  This may also  indicate  

that low RZT may not  be the primary  factor limiting root growth  in 

spring.  Furthermore,  the sensitivity  of  PM-ATPase activity  to RZT 

seems to  be  dependent  on  the stage  of  seedling  development  (IV).  At  

RZTs  over  9°C, neither  root  PM-ATPase activity  per  unit  fresh mass  

nor  total PM-ATPase activity  can  clearly  be  shown to  be  dependent  

on  temperature (Fig.  5  in 11, IV, Fig.  3).  It  can  be suggested  that  at  

RZTs  which  favour root  growth  and root  PM-ATPase activity  these 

activities are  more  dependent  on  the  growth  demand for nutrients 

than on  RZT per se. 
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7  Conclusions 

This research  was  conducted in order to  obtain better knowledge  of  

the seasonal pattern of root  growth  and activity  and  information on 

whole-tree physiological  responses  of  one-year-old  Scots  pine  seed  

lings  to RZT and  nutrient supply.  Better knowledge  might  help  refor  

estation practises  to find out  the periods  when  the  root  growth  and  

activity  is  high  enough  to  lead into rapid  establisment  of  seedlings  to  

the planting  site.  This study  was  done in hydroponic  culture,  which 

allows  plants  free access  to water  and  available nutrients and thus 

may permit  more optimal  growing  conditions compared  to  solid 

growth  medium. Furthermore,  hydroponic  cultures do not  favour the 

growth  of  mycorrhizas  that are  normally  involved  in  water  and nutri  

ent  uptake  from  forest soil.  These  facts should be taken into account  

when the  results of  this  study  are  compared  to  studies  where mycor  

rhizal  Scots  pine  seedlings  grown in solid growth  medium are  used. 

In spite  of  the artificial growing  conditions used,  the following  con  

clusions  from the study  could be helpful  for reforestation practise.  

In  spring,  low RZT limited gas exchange,  root  PM-ATPase activi  

ty  and nitrogen  net  uptake  and  delayed  the cold deacclimation proc  

esses  of  root  PM lipids  in  one-year-old  Scots  pine  seedlings.  This 

led  to  inhibition of  root  growth  at  RZT  of  5°C  and to delay  of  root  

growth  at  RZTs  below 13° C. Shoot  growth  was  not  as  sensitive to 

RZT as  root  growth,  but  was  to some extent delayed  by  low RZT. 

Scots  pine  seedlings  were able to  recover  from the negative  effects  

of  low RZT as the RZT increased and  the  recovery  could  be  speeded  

up by  supporting  the high  fertility of  root  zone.  Already  at  RZT of 

9°C,  greater gas exchange  was  seen in the HN-treatment compared  

to  the LN-treatment, although  the benefit  from high  nutrient supply  

was  not  seen  in the growth  of  the  seedlings  until  RZT of  13° C  was  

reached. At  RZT  of  9°C,  the  higher net photosynthesis  in HN-treat  

ment  compared  to  LN-treatment may be  due to  more  efficient  water  

uptake  facilitated by  changes  in lipid  composition  of  the PM. In  field 

conditions,  where water  availability  is  not  as  high  as  in hydroponic  

culture,  delayed  formation of  new roots  may have a  prolonged  nega  

tive  effect  on  establishment of  the seedlings  to  the planting  site.  

The present  study  provides  evidence that root  growth  of  one-year  

old  Scots  pine  seedlings  is  strongly  related to the  shoot phenology.  

Growth  of  the roots  was slow  in spring  and early  summer  when most 

of  the structural biomass was  allocated to  the  stem. At  that time,  photo-  
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synthates  accumulated in the shoot,  which indicates that  the  low rate  

of  root  growth  was  not  due to  limited  production  of  current  photo  

synthates.  Rather, slow  root  growth  was caused by  low metabolic 

activity  of  the root  system  in spring.  Root growth  was accelerated at  

the end of  June,  when RZT of  14° C  was  reached. Rapid  formation of 

the current  roots  led to increased PM-ATPase  activity  of  the  root  

system  and net  uptake  of  nitrogen,  because  the current  roots  have a 

higher  metabolic activity than previous-year  roots.  In mid-summer, 

during  the time of  intense needle elongation,  root  growth  was  sup  

pressed,  presumably  due to the competition  between growing  shoot  

and roots  for  photosynthates.  The most  intense  period  of  root  growth  

was  at  the end of  the growing  season  after  the  period  of  intense needle 

elongation.  At  the  end of  the  growing  season,  growth  of  the  roots  

and the  PM-ATPase activity  of  root  system  remained high  until the  

RZT fell  below 9°C.  Nutrient supply  did not affect  the seasonal  pat  

tern  of  root  growth,  but  the total growth  of  the roots,  root/shoot ratio 

and activity  of  the roots  were affected  by  nutrient supply.  

According  to  the  results  of  this  study,  the  dependence  of  root  growth  

and PM-ATPase activity  on  RZT do not  remain the same during  the  

growing  season. RZTs that limit root  growth  and  PM-ATPase activ  

ity  in  spring  can  be  favourable for  root  growth  and  activity  at  the end 

of  the  growing  season.  During  the growing season,  growth  and PM  

ATPase  activity  of  the roots  are  controlled  by  several  factors,  of  which  

RZT is  not  always  the  primary  one. 
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Responses  of Scots  pine seedlings  to  low  root  zone temperature 

in  spring 

A.  Ryyppö,  S.  livonen, R.  Rikala,  M.-L. Sutinen  and E. Vapaavuori 

Ryyppö, A., livonen, S., Rikala, R„ Sutinen, M.-L. and  Vapaavuori, E. 1998.  
Responses of Scots pine seedlings to  low  root zone temperature in spring. -  Physiol. 
Plant. 102: 503-512.  

The  effects of root  zone temperature (RZT)  on growth, gas exchange, H + -ATPase 
(EC  3.6.1.3; PM-ATPase) activity  and fatty acid  composition of plasma membrane  

(PM) phospholipids in  the  roots  of one-year-old seedlings of Scots pine (Pinus  
sylvestris  L.)  were studied  for 10 days during flushing in  spring. Nursery-grown 
seedlings were transferred  to cold  storage (— 5°  C)  in mid-October, thawn in  a cold  
room at 5°C in  May, and  transferred  to hydroponic cultures  at an air  and  root  zone  

temperature  of 5°C  for  a 3-day  adjustment period.  The  experiment started  when  the  
RZT was changed to either 5, 12  or 20°  C and  the  air  temperature  was increased  to 

20/15° C (day/night). RZTs of  5 and  12° C were suboptimal for root  growth, and  also 
shoot  growth  was  suppressed  at  5°C.  The  degree and rate  of  phospholipid fatty  acid  
saturation  in  the  PM of roots  was highest at RZT of 20°  C  and  intermediate  at 12° C, 
while  no change in  the  degree of saturation  occurred  at 5°C. PM-ATPase activities,  

measured  at 5 and 12° C (real activities) were severely  temperature-limited, but  the 

increasing  potential activities  (measured at  38°  C)  at these  RZTs indicated  delayed 
deacclimation  of the  root  system. At RZT  20°  C,  the  decline  of  C18:2/C16:0  ratio  in  
combination with  decreasing potential and  real  PM-ATPase activities indicated, 
instead, fast  deacclimation  of the  root system. Net  photosynthesis of the seedlings 
was limited  by  non-stomatal  factors  at the  beginning of the  experiment, but  recovered  
from winter inhibition  and later became  limited  by low  stomatal  conductance  at 
RZTs of 5 and I2°C. Instead, at 20°  C the  net photosynthesis increased  with  

increasing  stomatal  conductance  during the experiment. We conclude  that  low  RZT 
suppresses  growth of roots  and  such  changes in the  PM as are needed  for efficient  
uptake  of water  and  nutrients.  This, in  turn, limits net photosynthesis  and,  thus, the 

availability of photosynthates for root  growth in spring. On the other  hand, a rise  in  
RZT  can rapidly  induce  the  structural  and  functional  changes  in  PM of  the  roots that  
are needed  for  the  efficient  gas  exchange and growth of  the  Scots pine seedlings. 

Key  words  -  Fatty acids,  gas  exchange, phospholipids, Pinus  sylvestris,  
plasma membrane, roots,  Scots pine, temperature.  

A. Ryyppö, S. livonen, R.  Rikala and  E. Vapaavuori (corresponding author, e-mail  
elina.vapaavuori@metla.fi), Finnish  Forest Research  Inst., Suonenjoki Research  Sta  

tion, Juntintie  40, FIN-77600  Suonenjoki, Finland;  M.-L. Sutinen, Finnish  Forest  
Research  Inst., Rovaniemi  Research Station, P.O. Box  16, FIN-96301  Rovaniemi,  
Finland. 

Introduction  

In Finland conifer seedlings  are typically outplanted  
prior to bud  break  in May, when  soil  temperature is  
below 10° C  (Finnish Meteorological  Institute 1979) and 

suboptimal for root  growth (Andersen et al. 1986, 

Nambiar  et  al.  1979, Ritchie and  Dunlap  1980). Rapid  

formation of  permeable,  unsuberized  roots  is  important 

for successful  establishment of  newly  planted  seedlings, 

because new roots  provide the  most efficient uptake of 

water  and nutrients (Häussling et al. 1988). Resistance 
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to the flow of water into the roots  is enhanced in cold 

soil, not only  because  of the suberized state of  the  old  
roots  and the  high viscosity  of water,  but also  due to 
the composition  of root  cell membranes (Chung and 
Kramer 1975, Grossnickle 1988, Kaufmann 1975, 

1977). The cell  membranes of  overwintering plants  un  

dergo seasonal  changes  connected with  cold acclimation 
and deacclimation (Uemura and Steponkus 1994, Ue  

mura and Yoshida  1984, Yoshida 1986). Changes in 

lipid  unsaturation have  an important  role in determin  

ing the thermotropic  properties  of the  plasma  mem  

brane (PM) and, thus, the  competence of  the cells for 

maintaining  metabolic activity,  especially  in plant spe  
cies  capable of  extreme  cold  hardiness of  cells  (Yoshida 

1984). A  shift of the PM towards a phospholipid  

enriched state during cold acclimation, and a decline in 

phospholipids  during deacclimation, may  be observed 

as  general features of cold  hardiness in  these plants  
(Uemura and  Yoshida  1984). 

Modification of the chain length  and changed desatu  

ration  of  the phospholipid  fatty  acids  in the  PM have  
been  observed in connection with the changes in the 

amount of phospholipids (Sutinen 1992, Uemura and 
Yoshida 1984, Yoshida 1984). The modifications are  

manifested as  increases in the  proportion of  di-unsatu  
rated species  of  phosphatidylcholine  and phosphatidyl  
ethanolamine (Uemura  and Steponkus  1994). Further  

more, seasonal changes in the  degree of fatty  acid 

saturation may  modulate the activity  of PM bound 
H  

*
 -ATPase (PM-ATPase) (Palta and Weiss 1993), 

which  serves  as the  major ion pump  in plants and 

energizes  PM for secondary active  uptake  and transport 
of ions  and nutrients. PM-ATPase has  been  described 

also as a key regulatory  enzyme  in cellular  events  

during hardening  and dehardening (Sussman and 

Surowy 1987, Sutinen 1992). Rapid growth of  roots  

and differentiation of  root  cells  facilitate the uptake 

and transport of ions  by increasing the amount of 
PM-ATPase in  the  root  tissues  enriched in the  enzyme  

(Roldän et al. 1991). Large amounts of PM-ATPase 

have been found in certain root  cells,  e.g.  in epidermis, 
endodermis and  central  cylinder,  which have a  vital role 
in ion  uptake  and transport (Parets-Soler  et  al. 1990, 
Villalba et al.  1991). 

The  threshold  temperature for root  tip initiation is  

5°C  and  that for further  lengthening of the  tips  in  Scots 

pine seedlings  is between 8 and 12° C in spring (Va  

paavuori et al.  1992). At such  low  RZTs,  phospholipid 

fatty acids  extracted from a microsomal membrane 

fraction of Scots pine roots retain a high degree of 
unsaturation (Ryyppö et al. 1994). On the  other hand, 

at an RZT that  promotes root  growth, changes in  the 

degree of fatty  acid  saturation and  in  metabolic activity  

in  the  roots  can be rapid. Furthermore, high metabolic 

activity  in the  roots,  measured as  potential  PM-ATPase 

activity  of the  microsomal fraction depends, in the  long 

term, on the growth  of  new, unsuberinized roots  

(Ryyppö et ai. 1994).  

The most  obvious changes in the  H  +  -ATPase activity  

in the microsomal fraction of  roots  occur  during the 
first week  of flushing (Ryyppö et ai. 1994). In the 

present study  we provide  more detailed information on 

the early  effects  of  low RZT and high  air temperature 

on deacclimation and  root  growth. The effects  of  RZT 

on root  deacclimation were assessed  by  determining the 

degree of fatty  acid  saturation in the plasma  membrane 

phospholipids.  At the same time, the  effects  of  RZT on 

growth initiation and metabolic activity  in  the roots  
were  measured  as  the activity  of PM-ATPase. Finally, 

to study the  effects  of  low RZT in combination with 

high air  temperature on  the recovery  of photosynthesis  

from winter inhibition, gas  exchange of the seedlings  

was measured. Hydroponic  cultures were  used for accu  
rate  control of RZT; allowing at the same time free  

access  of water and  nutrients and facilitating the  sam  

pling  of  the roots.  

Abbreviations  -  ATP, adenosine  triphosphate;  BHT, butylated  
hydroxytoluene; PM.  plasma membrane;  PM-ATPase,  plasma  
membrane  H

+-ATPase;  PMSF, phenylmethylsulfonyl fluoride; 
RZT, root  zone temperature.  

Materials and methods 

Plant  material  and experimental treatments 

One-year-old seedlings of Scots  pine ( Pinus sylvestris  

L.),  sown 1992-05-14, were grown  at  a density of  620  

seedlings m~
2 in  fertilized peat  (Finnpeat  M  6, Kekkilä  

Corp., Tuusula, Finland) at the Suonenjoki  Research 
Station (62°05'N, 27°00'E, 130 m  above sea level),  using 

normal nursery practices. The seeds were  from a  seed 
orchard  (Toivakka 62°05'N,  26°10'E) established with 

material  from different sites  located in Finland between 

61°70'N and  64°20'N. During the growing season, the 

seedlings obtained  6.9 g N  m -2,  4.4 g  P m -2  and 1.5 g 
K m -2 (plus micronutrients)  in  the irrigation water  

(1992-06-16-1992-09-07). In mid-October the seedlings  

were  transferred to cold storage  (— 5°  C)  for 5 months, 

and for  the  second growing season they were  thawed in  
darkness in a cold room at 5°C for 7 days. After 

thawing, the rootballs were washed  free from peat with  

cold  tap water. After washing, 1  128 seedlings  were  

divided among  twelve 40-1 containers  (94 seedlings  per  
container). The vessels were filled with aerated tap 

water  and  moved  to  a growth chamber (Weiss,  type 10 

Sp/5 DU-Pi,  Lindenstruth, Germany).  The seedlings 

were kept  at 5°C and in continuous light (PAR 125  

(imol  m~
2  s_l ,  HQI-T2SOW/D 3994/003 lamps,  Osram,  

Berlin,  Germany)  for the  first three  days. The  10-day 

experiment started  when the tap water  was replaced by  

nutrient solution (Ingestad and Lund 1986), which was  

thermostated to 5,  12 or  20°  C  (4 containers per  temper- 
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ature)  by  circulating  through cryostats  (MGW,  Lauda, 

Germany). The  daily photoperiod during the experi  
ment  was  18 h (PAR  300  nmol m"

2 s"',  HQI-T2SOW/  
D 3994/003 lamps, Osram), air temperature 20/15° C  

(day/night) and  RH  40-45%/70-75% (day/night).  

Growth determination 

Growth of the seedlings was  determined by the dis  

placement method (Burdett 1979), by weighing 10 

seedlings  from each  container at the beginning and end  
of  the  10-day experiment.  The mean initial volume  of 
the  roots  was 1  043  ±25  mm

3 (±SE, n= 120) and the  

mean weight  of  the shoots 2115 + 51 mg (±SE, n = 

120). 

Gas exchange measurements 

Gas  exchange of  the whole shoot was measured with  a 
closed system infrared  gas  analyzer  (Li-Cor 6200, Li-  

Cor,  Lincoln,  NE,  USA) on days 1, 4 and  10. During 

the measurements,  the RZT was  maintained at 5,  12 or  

20° C  and shoot temperature at 22° C.  Irradiance was 

550 |imol m~
2 s~'  PAR (cool  beam halogen lamps 

FTY GX5.3, Sylvania,  Erlangen, Germany)  and RH  
40-50%. Gas flow in  the closed system was  adjusted 

through the desiccant, so that RH in  the  cuvette  was  

constant  and C0
2 concentration decreased  at a con  

stant rate.  After constant  RH  and  a C0
2 concentration 

of about 370 (xl l_l  were obtained, gas exchange was 

measured  for a  period of 1 min. Gas  exchange rates  

were  calculated on the basis of  the silhouette areas of 

the shoots, which were measured  by a video camera 

connected  to a graphic monitor (Vapaavuori et al.  

1992). 

Isolation of plasma membranes  

Material for PM isolation was  collected on  days 0, 1,4, 
6,  8 and 10. Each sample consisted of  the roots  of 12 

seedlings from one container; thus four replicate  sam  

ples per RZT were collected on each sampling day.  The 

samples were frozen  in  liquid nitrogen and stored  at 
80°  C. 

Microsomes  were prepared as  described  by Ryyppö  
et al.  (1994) and  the PM-enriched fraction  was obtained 

by  aqueous  polymer two-phase partitioning (Iswari  and 
Palta 1989, Sutinen 1992). The  final concentrations  of 

both Dextran  T-500 (M
r
 500  000) and polyethylene  

glycol (M
r
 3 500) in the phase systems  (in 0.25 M 

sucrose-phosphate buffer,  pH 7.4)  were  5.7% and  that  
of NaCl  0.3  M. The upper PM-phase was  separated 

from the lower  phase containing endomembranes by 
centrifugation in a swing-out rotor  at 1 500  g for 15 
min at 4°C. Both membrane fractions were washed 

once  and  resuspended in phosphate-free buffer  (0.53 M 

sucrose,  5 mM MOPS-NaOH, 1 mM EGTA,  10 mM 

KCI,  0.2 mM PMSF, 10  mg  l" 1 BHT and 1 m  M DTT, 

pH 7.3), then centrifuged in a  fixed-angle rotor  at 
48  000 g for  1.5 h at 4°C. The  pellets obtained  by  
centrifugation were resuspended in the phosphate-free 
buffer and stored  at 80°  C. 

PM-ATPase activity and  assays  of marker  enzymes  

PM-ATPase (EC  3.6.1.3)  activity  was measured as  de  
scribed  by Ryyppö et ai. (1994), as  the amount of P, 
released  from ATP hydrolysis  (Hodges and  Leonard 

1974) in the presence  of  5mM NaN
3, 100 m  M K.N0

3 
and  0.1 mM (NH

4
)6M0

7
0

24,
 and in the presence  or 

absence  of 100 \iM NaV0
4 and 3mM MgS04 . PM  

ATPase  activity  was  measured at 38°  C,  representing the 

potential activity  of  the enzyme,  and at  5, 12  or  20°  C,  

representing  the real activity  at the actual  root growth 

temperatures. The results  are calculated in  terms of 

vanadate-sensitive ATPase  activity.  

The purity  of the  PM fraction was  determined by  

measuring  the activities of  cytochrome  c oxidase (EC 

1.9.3.1; inner mitochondrial membrane; Hodges and  
Leonard  1974), antimycin A-insensitive  NADH  cy  

tochrome c  reductase (EC 1.6.2.4; outer mitochondrial 

membrane, endoplasmic  reticulum; Hodges  and Leon  
ard 1974), N0

3

~ -sensitive  ATPase (EC 3.6.1.3; 

tonoplast; Briskin  et al. 1987) and  Triton  X-100  stimu  

lated UDPase  (EC 3.6.1.6; Golgi  apparatus; Nagahashi 
and  Kane  1982). The substrate specificity  and inhibitor 

sensitivity  of the fraction  were measured  as described  

by Mattheis and Ketchie (1990). Membrane protein 
was  determined according to Bradford  (1976). 

Fatty  acids of phospholipids 

Total lipids  were  extracted from  the PM-enriched frac  

tions  according to Bligh and  Dyer  (1959). Phospho  

lipids  were  separated and their fatty  acids  identified as  
described by Ryyppö  et al.  (1994). The  fatty  acids  were  
converted  to methyl  esters  and  separated  by GC  (Carlo 

Erba  Instruments.  Milan, Italy;  capillary  column, fused  

silica 2-4018, Supelco,  Bellefonte, PA, USA). Because 
of the  small  amount of  plasma  membranes left in each  
sample, two replicate samples, separately isolated, were 

pooled for  each lipid extraction. Furthermore,  the  re  

sults  of  the same RZTs on days 0-1, 4-6 and  8-10  

were combined to obtain three or four extractions of 

each  treatment combination  (RZT, day) for  statistical  

analyses. 

Chemicals 

Cytochrome c  and the substrates for the determination 

of  PM purity,  PEG  3350, MOPS, EGTA, PMSF and  

BHT, were  purchased from Sigma Chemical Co. (St.  
Louis, MO, USA), Dextran  T-500 from Pharmacia 

Biotech  (Uppsala, Sweden), and  other  chemicals  from  
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Merck (Darmstadt, Germany) and BDH (Poole, 

Dorset, UK).  

Statistical  analyses 

The  effects  of RZT on shoot weight and root  volume 

were tested by analyses  of covariance, in which the 

initial  weight of the  shoot  or  the  initial  volume of the 

roots was used as the  covariate. The  effects  of  RZT, 

duration of  the  treatment and their interaction on gas  

exchange, PM-ATPase activity,  bond  index and CI 8:2/  
16:0  ratio  were  tested by  two-way  analysis of  variance.  
The  pairwise  differences between the  treatment means 

were analyzed with  Tukey's multiple range  test. The 
statistic program  used  was SYSTAT (1992) for Win  

dows v. 5 (Systat  Inc.,  Evanston, IL, USA). 

Results 

Growth 

The growth of roots  and  shoots during the 10-day 
experiment was  dependent on root  zone temperature 

(P  < 0.001), and  significant  differences  in root  volume 

were  also  found between  the  RZTs (Fig. 1).  Initial  root  

volume as covariate was not significant  ( P = 0.057), but 

initial shoot weight  was  (P = 0.001). At  the  end of  the 

experiment, the  mean root  volume  increments at RZTs 

of 5, 12 and 20°  C were  20, 130 and 290  mm
3,  respec  

tively.  The mean fresh weight increment of  the shoot 

was significantly  lower  at 5°C (0.19 g) than at 12° C  

(0.48 g) and 20°  C  (0.51 g) (Fig.  1). 

Gas  exchange 

RZT had a significant  effect on net photosynthesis  
(P  = 0.002),  transpiration (P 0.038) and  stomatal  con  

ductance (P  = 0.042). Furthermore, net photosynthesis  

(P  < 0.001), stomatal conductance (P 0.013) and  in  

tercellular C0
2 concentration (P < 0.001) changed sig  

nificantly during the 10-day experiment. Also the  
interaction between RZT  and  day of measurement af  
fected net photosynthesis (P  =  0.049),  transpiration  

(P  = 0.024) and stomatal conductance  (P  =  0.026)  of  the 

seedlings. 

At the beginning of the  experiment, air temperature 
was increased  from 5 to 20° C whereas the  RZT was  

either  maintained  at 5°C, or increased to 12 or 20°  C. At 

that  time net photosynthesis  was low, while  intercellular 
C0

2 concentration, transpiration and  stomatal  conduc  

tance were high (Tab. 1). Later, net photosynthesis  

increased, while transpiration, intercellular C0
2 concen  

tration and stomatal conductance started to decrease  at 

5  and 12°  C. At 20° C, net photosynthesis, stomatal  

conductance  and  transpiration increased, at the same 
time as intercellular CO, concentration decreased (Tab. 

1). As  the changes in  gas  exchange parameters were 

highly time-dependent, significant differences between  
the  RZTs were found only  on day  10. At that  time net 

photosynthesis  was  significantly  higher at 20° C  than at  

lower RZTs,  and stomatal conductance and transpira  
tion  were  significantly  higher  at 20°  C  than  at 5°C  (Tab. 
1). 

Purity of the plasma membrane fraction  

The PM fraction of  the roots,  obtained by the two-phase 

partitioning technique, contained  9%  of the  amount  of 
membrane protein  in  the  microsomal fraction (data not  
shown). The PM fraction had a high degree of  purity  
with respect to  the  enzyme  activities of mitochondria, 

non-specific phosphatases, ER, tonoplast and  vacuole, 

in that 94-98% of the activity  of these  enzymes  was 

found in the lower,  Dextran-rich fraction (Tab.  2).  The 

PM-ATPase activity  (>90%) was  inhibited by  vanadate 
but only  slightly affected by inhibitors of vacuolar  

(KNO,) or  mitochondrial (NaN 3
)  ATPase or  by  those 

of  non-specific  phosphatases  [(NH4)6M0
7
0

24] (Tab. 3).  
Furthermore, PM-ATPase showed high  substrate spe  
cificity  for ATP, for which the other  substrates  tested 

were poor  substitutes  (Tab. 4).  

PM-ATPase activity  and fatty acids of phospholipids 

The  potential PM-ATPase activity  (measured at 38°  C) 

at days 1 and 4 was  slightly  higher at an RZT of 20° C  

than  at 5  and  12° C,  while  at day 10 it was  lowest at 

,20°  C  (Fig. 2). These differences were, however, not 

statistically  significant.  Real PM-ATPase activity,  deter  
mined  at  5,  12  or  20°  C,  was dependent on RZT (P < 

0.001); the  activity  measured at 5°C being the lowest. 

Fig. 1. Mean  root  volume and shoot  weight increment (n = 40, 
vertical lines indicate  + SE)  of Scots  pine seedlings exposed to 
root zone temperatures of 5,  12 or 20° C  and  shoot tempera  

tures of 20/15° C  (day/night). Within  the  root and  shoot  series, 

respectively,  bars  with  a common  letter  are not significantly 
different at P < 0.05 when  analyzed with  Tukey's  multiple 

range test.  
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Tab. 1. Gas  exchange of Scots  pine seedlings (n  = 12, means ±  se)  at  the  beginning of the  second  growth season. The  roots  of 
the  seedlings were maintained  at  5, 12 or 20°  C  during the  10-day experiment,  while  the  shoots  were at  20/15° C  (18-h  day/6-h  
night). Gas  exchange was  measured  using a closed-system infrared  gas  analyzer  for  a period of 1 min  after  constant  RH and  a  
C0

2 concentration  of about  of 370  |il  l _l  (22° C,  RH  40-50%  and  photon flux  density 550  |imol  m -2 s_l
)  was  obtained.  Gas  

exchange was calculated  on the  basis  of  measurements  of  shoot  silhouette  area. Values  with  a common letter  are not  statistically  
different  (P  <  0,05)  when measurements  of  the  same date  are analyzed by  Tukey's  multiple range  test.  

followed  by  the  levels  at  12 and  20°  C  (Fig. 3). The  real  

PM-ATPase activity  measured at 5  and 12° C  did not  

change during the experiment, but that measured at  

20° C  decreased  during the 10-day culture period (Fig. 

3). 

The most common fatty acid of the PM phospho  

lipids in the roots  of Scots  pine seedlings was  C  18:2 

(36-46%), followed by C  16:0 (21-32%),  C18:l (15- 

21%) and  by  C  18:3, C16:l and C  18:0 (3-8%), with a 

small fraction  of C  20:0 (1-2%)  (Tab. 5).  At an RZT of 

5°C, the proportions of  the fatty  acids,  and the CI 8:2/  
CI 6:0  ratio, as  well  as  the  bond index, remained almost 

unchanged during the 10-day experiment,  whereas the  

proportions  of C  16:0 and  C  18:0 increased and those of 
CI 8:2 and CI 8:3 decreased  at 12 and 20°  C. Thus, the 

C18:2/C16:0 ratio and the bond index declined at 12 

and  20°  C  (Tab. 5).  

RZT and time  had significant  independent effects on 

the  08:2/06:0 ratio  (P  < 0.001 and  P < 0.05, respec-  

tively)  and  bond  index (P  < 0.001).  Also the  interaction 

between time and RZT affected the bond index (P < 

0.05). As  the  changes  in fatty acid saturation were  

time-dependent, statistically  significant  differences be  

tween  the treatment means were found only on days  
8-10 (Tab. 5). At  that  time, the proportions of C 16:0,  

C  18:0 and C18:l were  the  highest and those  of  C16:l,  

C  18:2 and  C  18:3 the lowest  at 20°  C.  Thus,  RZT af  

fected the  C18:2/C16:0  ratio and bond index at the end  

of  the  experiment,  although initial changes  were already 
to be seen on days 0-1 at 20°  C  and  on days 4-6  at  

12° C (Tab. 5). 

Discussion 

The increment in root volume of the Scots pine  

seedlings  depended  on RZT  during the  spring flushing  
(Fig. 1). Although both  5 and 12° C  were suboptimal 

RZTs for root  growth, the effect on shoot fresh weight 

Tab. 2. Distribution  of marker  enzyme  ('tonoplast, Endoplasmic reticulum  and  outer  mitochondrial  membrane, 'inner  
mitochondrial  membrane,  4Golgi vesicles)  activity  after aqueous  two-phase partitioning of  the  microsomal  fraction of Scots  pine 
root  homogenates. Values  represent  the  percentage  of  enzyme activity  found  in  each  phase in  relation  to  the  combined  total  from 
both  phases.  Six  randomly  selected  samples, each with  three  replicate measurements,  were used  for  the  analyses.  

Parameter  

5°C 

Root  temperature 

12°C 20'C 

Net  photosynthesis 

(limol m _J s -1
)  

Day 1 1.7 +0.4a 2.6 +  0.4a 1.7 ± 0.3a  

Day 4 1.8 +0.6a 2.8 ± 0.5a 3.4 + 0.5a  

Day 10 2.6 ± 0.4a 3.6 ± 0.4a 5.0  ± 0.5b  
Intercellular  C02 
(Ml I"')  

Day 1  306+  18a 280 + 7a 291 +9a 

Day 4 289 + 28a 255 + 6a 257 + 11a  

Day 10 182 ± 11a 200  ± 9a 205  ± 8a 

Transpiration 
(mmoi  m~

2 s"')  
Day 1  0.96  +0.13a 0.96+ 0.1 la 0.83  +0.05a 

Day 4 0.66 + 0.07a  0.79 +0.12a 0.88  +0.07a 

Day 10  0.48  ± 0.07a  0.71  ±0.1 lab 1.01  ± 0.11b  
Stomatal  conductance  

(mmol m~
2
 s

-1) 
Day 1  65.5 + 10.6a 70.4 + 9.4a 55.2 + 3.8a 

Day 4 42.7 + 4.8a 55.9 + 10.2a 59.7 + 5.2a 

Day 10 26.8 + 3.9a 43.4 + 7.lab 65.6  + 7.9b  

Marker  enzyme  Upper phase, % Lower  phase, %  

(PEG-rich) (Dextran-rich) 

NOf  -sensitive  ATPase' 6 94 

NADH  cytochrome c  reductase 2 5 95 

Cytochrome c  oxidase3
 3 97 

Triton X-100 stimulated  UDPase4 2 98  
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Tab.  3.  Inhibitor  sensitivity  of PEG-rich  upper  phase ATPase  activity  after  aqueous  two-phase  partitioning of the  microsomal  
fraction  of Scots  pine roots.  Inhibitors for 'non-specific  phosphatases, Mitochondrial ATPase, 'tonoplast ATPase, 

4

plasma 
membrane  H + -ATPase. Values  are the  mean specific  activities  ± se of 6 samples,  each  with  two replicate assays, without  
(control) or  with  inhibitor.  Randomly selected  different  samples were used  for  each  inhibitor.  

was observed only  at 5°C,  as earlier  found for hydro  

ponically  cultured Scots  pine  seedlings (Ryyppö et al. 

1994, Vapaavuori et  al. 1992). A low  RZT inhibits  root  

growth by lengthening the  duration of the cell  division 

cycle (Barlow  1987) and by reducing the synthesis  of 

growth  substances  in  the  roots  (Atkin  et  al. 1973).  Also,  

growth of the  roots is  determined by RZT, whereas 
both air  and soil temperature can  control the growth of  

the shoot (Larson 1967). A  low RZT affects neither the 

timing of bud burst  in  Scots pine  seedlings nor the 

duration of  shoot  sprouting in  spring  (Lyr  and Garbe  

1995, Vapaavuori  et al.  1992), but it reduces the  

biomass of the current  shoot  (Ryyppö et al. 1994, 

Vapaavuori et  al.  1992). 

Gas  exchange of the  Scots  pine seedlings was  mainly 

dependent on the RZT (Tab. 1). The  patterns of  net 

photosynthesis, transpiration, stomatal conductance 

and intercellular C0
2
 concentration showed that the 

RZT of  5°C in particular,  but to some extent also  that  

of 12° C, was  suboptimal  for photosynthesis,  although  

shoot  growth was  affected  only  at 5°C. The  low  rate  of  

net photosynthesis  at 5 and  12° C,  which restrained root  

growth, may indicate that  allocation of  photosynthates 

to the  roots  was limited  by  the  low  RZT, and  that  the  

supply of  photosynthates was  inadequate and  did not 

Tab. 4.  Substrate  specificity of upper phase ATPase activity  in 

the  roots  of Scots  pine seedlings. Values  are the  mean specific  
activities ±  se from 6 assays,  each including two replicate 

measurements,  in the  presence of 1 mM  phosphorylated sub  

strate; and  the  percentage  of activity compared with a control  

having ATP as the substrate.  

allow  optimum shoot growth at 5°C.  Initially,  root  

growth  may  be  facilitated by  carbohydrate  reserves,  but 

currently  produced  photosynthates are  necessary  for  

further elongation (Andersen et al. 1986). Thus, low 

RZT leads to competition for photosynthates  between 
the root and  shoot of  northern pines, an effect which 

may be pronounced  during the spring growth period 

(Eissenstat  and Van  Rees  1994). 

At the  beginning  of the  experiment, net photosynthe  
sis of  the seedlings  was primarily  limited by non-stom  
atal factors (Tab. 1). At that  time, high intercellular  

C0
2 concentration, transpiration  and  stomatal conduc  

tance indicated that  the high  mesophyll  resistance  low  
ered the rate  of  carboxylation  (DeLucia  and Smith  

1987). During  the recovery  from winter  inhibition  of 

photosynthesis  (Strand and  Lundmark 1995) net  photo  

synthesis  increased and led  to a controlled gas  exchange  

pattern, which was  dependent  on RZT. Due to increas  

ing stomatal conductance,  the  rates  of  net photosynthe  

sis and transpiration increased at 20°  C,  causing  the  

decrease of the  intercellular C0
2 concentration on days  

4 and 10. The uptake of water  at this RZT was  then 

facilitated by the rapid growth of  new roots  (Fig. 1),  

although the  temperature-induced changes in PM struc  

ture and function may also lower the resistance to 

water flow in the roots  (Fig.  3,  Tab.  5). At 5 and 12° C,  

transpiration was  reduced  by lowering stomatal  con  

ductance  on days 4  and  10, which  indicates that the  low 

RZT became the  main limiting  factor for net photosyn  
thesis (DeLucia and  Smith 1987). Low  RZT affects the  

transfer of water  to roots because  of the  higher viscos  

ity  of  water,  lower permeability  of root  cell membranes, 

smaller amount of unsuberized roots,  and reduced 

metabolic activity  in  the roots  (DeLucia et al. 1991, 

Häussling et al. 1988, Kramer  1983). Furthermore, a  

difference  in  temperatures between the root  and  shoot  

(5/20° C  and 12/20° C,  respectively),  which  is a  common 

day-time phenomenon in  boreal  forests in  spring,  may  

lead to an imbalance between  water  uptake and transpi  
ration  and cause  a water  deficit  in  the elongating shoot 

(Lopushinsky and Kaufmann 1984, Vapaavuori  et al.  

1992). 

Inhibitor  Specific  ATPase  activity,  
limol (mg protein)" 1 min -1 

Control With inhibitor  

% of control 

(NH 4 )6Mo
7
0

24 (100 \iM)'  1.1+0.3 1.2+0.3 107 

NaN, (1 mMY 1.0 + 0.2 0.9 + 0.2 89 

KNO,  (50 mA/)' 2.2 + 0.4 2.0 + 0.7 89 

NaV0
4  (190 n  A/)

4
 1.1+0.2 0.1+0.0 6 

Substrate Specific  ATPase  activity,  
nmol  (mg  protein)

- '  min -1 

% of control  

ATP (control) 0.62  + 0.11  100 

ADP 0.20  + 0.07 32 

IDP 0.11  +0.01  17 

UDP 0.10  ±0.01 16 

GTP  0.08 ± 0.02 13 

UTP 0.05  ±0.01 8 

ITP 0.04  + 0.02 6 

AMP  0.03+0.01  5 

CTP  0.03  ± 0.00  5 
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Fig.  2.  Potential  plasma membrane  H
+

-ATPase  activity  (measured at 38°  C)  on day 1 (A),  day 4 (B)  and  day 10 (C).  The  roots  
of  Scots pine seedlings were  exposed to root  zone temperatures of 5, 12 or 20° C and shoots  to  temperatures of 20/1 5°  C  
(day/night).  Vertical  lines  indicate +se  (n  =  4).  Bars  carrying  the  same letter  are not significantly  different  (P <  0.05) when  the  
samples of  the  same day are analyzed with  Tukey's  multiple range test. 

Saturation of  phospholipid fatty  acids  in the plasma  
membrane of  Scots pine roots  was  dependent on RZT 
(Tab. 5), as  previously  observed in a microsomal frac  
tion  of  root  cell membranes (Ryyppö et  ai. 1994). The  

degree of phospholipid fatty acid saturation  in the 

aerial parts of  cold hardening species  decreases  in au  
tumn  (Sutinen 1992, Yoshida 1984), and  these  changes 

are reversed during  deacclimation in spring (Sutinen 

1992, Yoshida 1986). RZT of 5°C, which inhibited 

root  growth and retarded shoot growth, also re  

strained the saturation of PM phospholipids  in the 

roots.  At the higher RZTs  the degree of fatty acid 
saturation increased, mainly on account  of  the decline 

in the C18:2/C16:0 ratio  in the course  of  the experi  
ment  (Tab. 5).  

Changes in  the degree of phospholipid fatty  acid  

saturation  in the  PM, and  especially  the  change in the  

C18:2/C16:0 ratio, are connected  to frost hardening 

and  dehardening of pine  (Paita et al. 1993, Sutinen 
1992). In our  study,  the RZT of 20°  C  caused  a small  
increase in the degree of  saturation and a decrease of 

the C18:2/C16:0 ratio one day after transfer of the 

seedlings to the experimental  conditions, which may 
indicate a rapid dehardening process  in the roots  

(Palta et al. 1993, Sutinen 1992). At  12° C  these 

changes occurred later, after 4-6  days,  which indicates 

Fig.  3. Plasma membrane  H
+

-ATPase  activity of  Scots  pine roots measured  on day 1 (A),  day 4 (B)  and day 10 (C)  at  the  real  
root  zone temperatures  of  5,  12 or 20°  C.  Vertical  lines  indicate  +se  (n  — 4). Bars  carrying the  same  letter are not significantly  
different at P < 0.05  when  samples of  the  same day are analyzed with  Tukey's  multiple range test. 
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different

 
at

 
P

 
<

 
0.05

 
when

 
measurements

 
made

 
on

 
the

 
same

 
day
 are analyzed by Tukcy's 

multiple

 
range

 
test.

 

that  the rate of root dehardening  was  dependent on 
RZT. In the  course of the experiment, the propor  

tion of CI  8:3 in the pine  roots  decreased at 12 and 

20°  C  and at the end of the study the proportion  
remained  significantly  higher at 5°C than  at 12 or  

20°  C  (Tab.  5).  The opposite response, an increment 
in the proportion of CI 8:3,  takes place  in the aerial 

parts during deacclimation (Paita et al. 1993). 

The measurements  of PM-ATPase activities at real  

RZTs (5, 12 or 20°  C) as compared to those at 

38°  C, showed  that the catalytic  activity  of the en  

zyme was  strongly  limited by low  temperature (Figs 

2 and 3).  An increase  in temperature caused  activa  

tion of PM-ATPase, which can be  concluded from 

the  high potential  activity  (measured at 38°  C)  com  

pared with  the activity  measured at real RZT from 
the same  sample.  The potential and real PM-ATPase 

activity  (measured at 38 and 20°  C,  respectively)  de  
creased  in roots  maintained  at 20° C  (Figs 2 and  3).  

In Scots pine needles such a decrease in the PM  
ATPase  activity, as  well as the observed saturation 

of  PM phospholipids,  is connected to dehardening 
(Hellergren et al.  1983, Sutinen 1992). The  modula  

tion of  phospholipid fatty acids may alter the en  

zyme activity  in the membranes  (Cooke and  Burden  
1990, Palmgren et al. 1988) and, in particular,  

changes  in the C18:2/C16:0 ratio  in PM phospho  

lipids may regulate PM-ATPase activity  (Palmgren et 
al. 1988, Sutinen 1992). If no changes in CI 8:2/ 

CI 6:0 ratio  occur,  as observed at 5°C in  the present 
study, the potential PM-ATPase activity  may even 
increase  (Fig. 2), indicating delayed dehardening of 
roots.  

We  conclude that low  RZT delays the structural 

and functional changes in PM  of Scots  pine  roots,  

such  as  saturation  of PM phospholipids,  increase in  
real activity  and decrease  in potential PM-ATPase 

activity,  which may  be  connected to dehardening in  

spring. Low  RZT inhibits root growth and causes  

an imbalance between  water uptake and transpira  

tion, leading  to water  shortage in the shoot, lower  

rate  of net photosynthesis and  decreased availability  
of photosynthates  for  growth. A rise in RZT in  
duces fast changes in  the saturation of PM phos  

pholipids, and especially  reduces  the C18:2/C16:0 

ratio. These changes may modulate PM-ATPase ac  

tivity  and fasten root growth, allowing efficient up  
take of water  and nutrients from the root medium.  

Such alterations may be  crucial for  fast and  success  

ful acclimation of Scots  pine seedlings to a new 

planting site  in spring.  
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Day  

Root  temperature,  °C  

Fatty

 
acids
 of phospholipids, 

%

 
of

 
total

 

CI8:2/C16:0  

Bond 
index  

CI 
6:0 

C16:
1

 

CI8:0 

C18:
1

 

C18:2  

CI 
8:3 

C20:0 

0
 

1

 

5 

22.3
 + 

0.7a

 

4.30+ 
1.08a

 

4.17
 + 0.21a  

17.1
 + 

1.1a

 

44.5
 + 

1.5a

 

6.36
 ± 0.30a  

1.18
 +0.03a  

2.00
 ± 0.08a  

130
 ± 

2a

 

12 

20.8
 + 

1.4a

 

3.76
 + 0.22a  

3.83
 +0.26a  

21.1
 + 

2.2a

 

42.1
 + 

2.4a

 

7.87
 + 0.29a  

1.45
 ± 0.26a  

2.05
 + 0.24a  

130
 + 

4a

 

20 

24.1
 ±0.8a  

4.64
 + 0.18a  

3.87
 ± 0.46a  

18.9
 + 2.8a  

39.3
 ± 

1.4a

 

8.80
 ± 1.23a  

1.36
 ± 0.09a  

1.63
 ±0.01a  

126
 ± 

4a

 

4-6  

5 

23.1
 ± 

0.6a

 

4.04
 +0.33a  

4.02
 + 0.85a  

14.5
 ± 0.8a  

45.6 + 
1.4a

 

7.40
 ± 0.41a  

1.30
 ± 0.09a  

1.98

+ 0.1 
la

 

132
 ± 

3a

 

12 

25.3
 ± 

0.7a

 

5.96
 + 0.57a  

3.43
 + 0.29a  

16.6
 +0.7a  

40.4 + 
1.1a

 

7.01
 ± 0.46a  

1.36
 +0.28a  

1.60
 +0.07a  

124
 +2a  

20  

23.1
 ± 

0.7a

 

6.20+ 
1.65a

 

4.84
 ± 0.53a  

21.0
 ± 

3.5a

 

36.0
 + 

5.7a

 

7.14
 ± 0.88a  

1.63
 ± 0.25a  

1.55
 + 0.21a  

120
 ± 

5a

 

8-10 

5 

22.1
 + 

0.9a

 

5.15
 + 1.14a 

5.22
 +0.1

5ab

 

15.8
 +0.2a  

42.8
 + 

2.2a

 

6.95
 + 0.27a  

1.80
 +0.47a  

1.95
 + 0.17a  

128
 +4a  

12 

25.8
 + 

2.0a

 

5.10
 +0.89a  

4.72
 + 0.82a  
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 +3.3a  

38.5
 + 2.1ab  

5.33
 +0.41b  

1.32
 +0.06a  

1.50
 +0.08a  

117
 + 

3a

 

20  

31.6
 +0.6b  

3.30
 + 0.45a  

7.37
 + 0.59b  

19.6
 +0.6a 

32.6
 ± 

1.2b

 

3.54
 +0.36c  

1.90
 +0.33a  

1.03
 + 0.06a  

99
 +3b  



511 
Physiol. Plant.  102. 1998 

References  

Andersen, C.  P., Sucoff, E. I. &  Dixon,  R. T. 1986. Effects of 
root  zone temperature  on root initiation  and  elongation in 
red  pine seedlings -  Can.  J. For. Res. 16: 696-  700.  

Atkin.  R. K.,  Barton,  G. E.  &  Robinson,  D. K. 1973. Effect  of 

root-growing temperature on growth substances  in  xylem 
exudate  of Zea  mays.  -  J. Exp. Bot. 24: 475-487.  

Barlow,  P. W. 1987.  The cellular  organization of roots  and  its 

response  to  physical  environment.  -  In  Root  Development 
and  Function  (P. J. Gregory,  J. V. Lake  and  D. A. Rose, 

eds),  pp. 1-26. Cambridge Univ. Press,  Cambridge. ISBN 
0-521-32931-0.  

Bligh. E. G. & Dyer, W. J. 1959.  A rapid method  of total  lipid 
extraction  and  purification.  -  Can.  J.  Biochem. Physiol.  
37:911-917.  

Bradford,  M. M. 1976. A rapid and  sensitive  method  for the 

quantitation of microgram quantities of protein utilizing 
the  principle of protein-dye binding. -  Anal.  Biochem.  72: 
248-254.  

Briskin,  D.  P.,  Leonard, R.  T. &  Hodges,  T.  K.  1987.  Isolation 
of  the  plasma membrane:  Membrane markers  and general 

principles.  -  Methods  Enzymol.  148:  542-557. 
Burdett. A. N. 1979.  A nondestructive  method  for measuring 

the volume  of intact plant parts. -  Can.  J. For. Res. 9: 
120-122.  

-  1990. Physiological processes  in plantation establishment 
and  the  development of specifications for  forest planting 
stock. 

-
 Can. J. For.  Res 20: 415-427.  

Chung, H.  H. & Kramer.  P. J. 1975. Absorption of water and  
12

P through suberinized  and  unsuberinized  roots  of  loblolly 
pine.  -  Can.  J. For. Res. 5:  229-235.  

Cooke,  D. T. & Burden, R. S. 1990.  Lipid  modulation  of 
plasma membrane-bound  ATPase. -  Physiol. Plant.  78:  
153-159.  

DeLucia,  E. H. & Smith. W. K. 1987. Air and  soil  limitations  

on photosynthesis in Engelman spruce  during summer. -  
Can.  J. For. Res.  17: 527-533. 

-  
,
 Day,  T.  A &  Öquist, G. 1991. The  potential for  photoin  
hibition of Pinus  sylvestris  L. seedlings exposed  to  high 

light and  low  soil  temperature. -  J. Exp.  Bot.  42:  611-617.  
Eissenstat,  D.  M. &  Van  Rees,  K. C.  J. 1994.  The growth  of 

pine  roots.  -  Ecol.  Bull.  43:  76-91.  
Finnish  Meteorological Institute. 1979. Results  of soil  temper  

ature measurements in  Finland  1961-1970.  Soil  tempera  

ture measurements 3. -  Havaintoja maan lämpötilasta 3: 

1-59. 

Grossnickle, S. C. 1988. Planting stress in  newly planted jack 

pine and  white  spruce.  1.  Factors  influencing water  uptake. 
-  Tree Physiol. 4:  71-83.  

Häussling, C.  A.,  Jorns. C.  A.,  Lehmbecker,  G., Hecht-Buch  
holz. C. & Marschner, H. 1988. lon  and  water uptake in 

relation  to root development in Norway spruce (Picea 

abies  [L.] Karst.).  -  J. Plant  Physiol.  133:  486-491.  
Hellergren, J.,  Widell,  S., Lundborg, T. & Kylin, A. 1983.  

Frost hardiness  development in  Pinus  sylvestris:  The  in  

volvement  of  K +-stimulated  Mg
2 *  -dependent ATPase  

from purified plasma membranes  of pine. -  Physiol. Plant. 
58: 7-12. 

Hodges,  T. K. & Leonard, R. T. 1974. Purification  of  a 
plasma membrane-bound  adenosine  triphosphate from 
plant roots.  -  Methods  Enzymol. 32: 382-406.  

Ingestad, T. &  Lund,  A.-B. 1986. Theory and  techniques in  
steady-state mineral  nutrition  and  growth  of plants. -  
Scand. J. For.  Res. 1: 439-453.  

Iswari, S. 1989.  Plasma membrane ATPase activity  following 
reversible  and irreversible  freezing injury. -  Plant  Physiol. 
90: 1088-1095.  

-  & Paita, J. P. 1987. Plasma  membrane  ATPase is a site  
alteration  after cold  acclimation  and freezing injury. -  
Plant Physiol. 87:  S-498.  

Kaufmann,  M. R. 1975. Leaf  water stress  in Engelmann 

spruce. Influence  of the  root  and  shoot environments.  -  
Plant  Physiol. 56: 841-844.  

-  1977.  Soil  temperature and drying cycle effects on water 

relations of Pinus  radiata. -  Can.  J. Bot. 55: 2413-2418.  

Kramer, P. J. 1983.  Water Relations  in Plants. - Academic  

Press,  London,  pp.  120-145.  ISBN 0-12-425040-8.  
Larson,  M. M. 1967. Effect of temperature  on initial  develop  

ment of Ponderosa  pine seedlings from three  sources. -  
For.  Sci. 13: 286-294.  

Lopushinsky, W. & Kaufmann, M. R. 1984. Effects of cold 
soil  on water relations  and  spring growth of  Douglas-fir 

seedlings. -  For. Sci. 30: 628-634.  

Lyr,  H. & Garbe, V. 1995. Influence  of root temperature on 

growth of  Pinus  sylvestris,  Fagus sylvatica, Tilia  cordata 
and Quercus robur.  -  Trees  9: 220-223.  

Mattheis, J. P. & Ketchie, D. O. 1990. Changes in  parameters  

of the  plasmalemma ATPase  during cold  acclimation of 
apple (Malus domestica) tree bark  tissues.  -  Physiol. Plant.  
78: 616-622.  

Nagahashi, K.  & Kane, A. P. 1982. Triton-stimulated  nu  
cleoside  diphosphatase activity:  Subcellular  localization  in  
corn root  homogenates. -  Protoplasma 112:  167-173.  

Nambiar, E. K.  S., Bowen,  G.  D.  &  Sands, R. 1979. Root  

regeneration of plant water status  of  Pinus radiata  D.  Don  
seedlings transplanted to different soil  tempratures. -  J. 

Exp. Bot. 30: 1119-1131.  
Palmgren, M. G.,  Sommarin, M., Ulvskov,  P. &  Jörgensen, P. 

L. 1988. Modulation  of plasma membrane  H
+ -ATPase 

from oat roots  by  lysophosphatidylcholine, free  fatty acids  

and  phospholipase  A. 
-
 Physiol. Plant.  74:  11-19.  

Paita, J. P. & Weiss, L. S. 1993. Ice  formation  and  freezing 

injury:  An overview  on the survival  mechanisms  and  
molecular  aspects  of  injury  and  cold  acclimation  in herba  
ceous plants. -  In Advances  in  Plant  Cold  Hardiness  (P. 
H.  Li and  L. Christersson, eds),  pp. 143-176.  CRC  Press, 

Boca  Raton, FL. ISBN 0-8493-4050-8.  
-  

,
 Whitaker, B. L. & Weiss, L.  S. 1993. Plasma membrane 

lipids associated  with  genetic variability in  freezing toler  
ance and cold  acclimation  of Solanum  species. -  Plant 

Physiol. 103: 793-803.  

Parets-Soler,  A., Pardo, J. M. &  Serrano,  R. 1990. Immunocy  
tolocalization  of plasma membrane  H

+
-ATPase.  -  Plant 

Physiol. 93: 1654-1658.  

Ritchie, G. A.  & Dunlap, J.  R. 1980. Root  growth potential: 
Its development and  expression  in forest tree  seedlings. -  
NZ J. For. Sci. 10: 218-248.  

Roldän, M., Donaire,  J. P., Pardo, J. M. & Serrano, R. 1991.  

Regulation of  root  plasma membrane  H + -ATPase in  
sunflower  seedlings. -  Plant Sci.  79:  163-172.  

Ryyppö,  A.,  Vapaavuori, E. M., Rikala, R. &  Sutinen, M.-L. 
1994. Fatty  acid  composition of  microsomal  phospholipids 

and H +-ATPase activity in  the roots  of Scots pine 
seedlings  grown at different root  temperatures during 
flushing. 

-
 J. Exp.  Bot. 45: 1533-1539. 

Strand, M.  & Lundmark, T. 1995. Recovery of  photosynthesis 
in  1-year-old  needles  of unfertilized  and  fertilized  Norway 
spruce  (Picea abies  [L.] Karst.)  during spring. -  Tree 
Physiol. 15: 151-158.  

Sussman,  M. R. & Surowy, T. K. 1987. Physiology and  
molecular  biology of membrane ATPases. -  Oxford Surv.  
Plant  Mol. Cell Biol. 4: 752-762.  

Sutinen,  M.-L. 1992.  Physiological  changes in  the  needles  of 
Pinus  nigra and  Pinus resinosa  with  seasonal  changes in 
freezing  stress  resistance.  Doctoral  Thesis.  -  Acta Univ.  
Oulu, Oulu. A  240: 15-39. ISBN 951-42-3456-1.  

Systat  for  Windows:  Statistics, Version  5 Edition.  1992.  (L. 
Wilkinson,  M.-A. Hill.  J. P.  Welna  and G. K. Birkenbeuel, 

eds),  pp.  212-379.  -  Systat, Inc. Evanston.  IL. ISBN 
0-928789-14-4. 

Uemura, M. & Steponkus, P. L.  1994. A contrast  of  the  

plasma  membrane  lipid  composition of  oat  and  rye  leaves  
in  relation  to freezing tolerance.  -  Plant  Physiol. 104:  
479-496.  

-
 & Yoshida,  S. 1984. Involvement  of plasma membrane 

alterations  in  cold  acclimation  of winter  rye  seedlings 

(Secale eereale  L. cv. Puma). -  Plant Physiol. 75: 818-826.  



512 
Physiol. Plant. 102, 1998 

Vapaavuori, E.  M., Rikala, R.  &  Ryyppö,  A. 1992.  Effects of 
root  temperature  on growth and photosynthesis in  conifer  
seedlings during shoot  elongation. -  Tree  Physiol.  10: 
217-230.  

Villalba, J. M„ Liitzelschwab, M. & Serrano,  R. 1991.  Immuno  

cytolocalization of plasma membrane  H + -ATPase  in  maize  

coleoptiles and  enclosed  leaves. -  Planta  185: 458-461.  

Edited by  A. Kylin 

Yoshida, S. 1984. Chemical  and biophysical changes in  the 

plasma membrane  during cold  acclimation  of  mulberry bark  
cells  (Morus bombycis  Koiz.  cv.  Goroji). -  Plant  Physiol.  76:  
257-265.  

-  1986.  Reverse  changes in  plasma  membrane  properties upon  
deacclimation  of mulberry trees  (Morus bombycis  Koidz.). 
-  Plant Cell  Physiol. 27: 83-89.  



II 





Tree Physiology 19, 951-958 
© 1999 Heron  Publishing—Victoria, Canada 

Responses  of  Scots  pine  (Pinus  sylvestris)  seedlings  grown  in  different  

nutrient  regimes  to  changing  root  zone temperature in spring 

S.  lIVONEN,
1  R.  RIKALA,

1  A.  RYYPPÖ
1
'

2  and  E.  VAPAAVUORI
1,3 

1 Finnish  Forest  Research  Institute, Suonenjoki  Research  Station,  Juntintie 40,  FIN-77600 Suonenjoki, Finland  
2 Faculty of  Forestry,  University  of Joensuu,  POB  111, FIN-80101  Joensuu,  Finland 
3 Author to whom  correspondence  should be  addressed  

Received  November 9, 1998 

Summary We examined  effects of  nutrient  availability  and 

changing root  zone temperature (RZT) on growth, gas  

exchange and  plasma membrane  H*-ATPase  (PM-ATPase)  ac  

tivity of  roots  of  1-year-old Scots  pine (Pinus  sylvestris  L.) 

seedlings  during spring  flushing.  The  6-week  growth-chamber 

experiment was carried  out  in  hydroponic cultures that  sup  

plied  the  seedlings  with low  (0.5  mM  N) or  high (3 mM  N) nu  

trient concentration and two  rates  of increase  in RZT were 

simulated:  slow  warming (SW-treatment) and  fast  warming 

(FW-treatment). Air  temperature, humidity,  and light condi  

tions  were similar  in  all  treatments. Growth  of roots  and shoots 

was retarded  at  low  RZT, and  fresh  mass  increment  of roots  was 

closely correlated  with  RZT  sum.  High  nutrient availability  in  
creased  nitrogen concentrations  of  needles  and stems,  but  only  

at  RZTs >l3  °C.  Low  RZT and  low  availability  of  nutrients  

suppressed gas  exchange of  the  seedlings .  Real  PM-ATPase  

activity  was highly dependent on RZT. At high RZTs,  real  
PM-ATPase activity  was  affected by  nutrient  availability  but  
this effect was  related  to  root  growth. We  conclude  that,  under  
conditions  of high nutrient  availability,  Scots  pine seedlings 

can compensate  for  the  suppressive  effects  of long-term expo  

sure to  low  RZT by  rapidly  accelerating  growth, gas  exchange 

and  root  metabolism, but  only  when  RZT  has  increased  above  a 
threshold  value, which  was 13 °C  in  this  study.  

Keywords:  gas  exchange, growth, H*-ATPase,  nitrogen, nutri  

ent availability,  plasma membrane, roots.  

Introduction 

In  boreal  forests,  conifer  seedlings  are  usually  planted in  early  

spring before  or  during  bud  burst.  An  important event  affecting  

the  further  survival  of  the  seedlings is  the  formation  of good 
root-soil  contact,  which  is  necessary  for  water  and  nutrient  up  
take (Burdett 1990).  However,  at  the  time of  planting,  soil  tem  

perature is  usually much  lower  than  air  temperature and  

warming of  the  soil  occurs slowly,  especially  when the  soil  is 

deeply frozen.  Low  soil  temperatures may  seriously  retard  es  
tablishment  of  newly  transplanted seedlings.  Low.  nonfreez  

ing root  zone temperatures (RZT) can delay both  root  and 
shoot growth (Lopushinsky and Kaufmann  1984, Vapaavuori 

et  al.  1992, Ryyppö  et  ai.  1994, 1998) and  decrease  shoot  gas  

exchange  (DeLucia 1986, Ryyppö  et  al. 1994,1998) as  well  as  

water  (Lopushinsky and  Kaufmann  1984) and  nutrient 

(Kramer 1983) uptake. 

Previously,  we showed  that  plasma membrane  H*- ATPase  

(PM-ATPase)  activity  of  roots  is  limited  at  low  RZTs (Ryyppö 

et al. 1994, 1998). Root  PM-ATPase is  involved  in  several  

physiological  processes  including nutrient  uptake, regulation 
of intracellular  pH, cell  wall extension, and various  

turgor-related phenomena (reviewed by Michelet  and  Boutry 

1995). Transport of  many  solutes (ions,  metabolites, etc.)  in  
and  out  of  the  root  cell  involves  secondary transporters whose 
function  PM-ATPase  energizes  directly  by creating an electro  
chemical  gradient between  the  outer  and  inner  side  of  the 

plasma membrane  (Michelet  and  Boutry  1995). 

Solute  flow  through the  roots  is  also  affected  by  nutrient  de  

privation,  as a  result  of  decreased  root hydraulic  conductance  

(Chapin et  al. 1988. Radin  1990, Carvajal  et  al.  1996). Accord  

ing to  Carvajal  et al.  (1996) nutrient deprivation can decrease  

hydraulic  conductance  of wheat  roots  by changing both  lipid 

composition of  the  plasma membrane  and  membrane  fluidity.  

Changes in  lipid  composition  can also  modulate  PM-ATPase  

activity  (Sandström and  Cleland  1989, Cooke  and  Burden  

1990). Thus,  it  is  possible  that  nutrient  deprivation also  affects 

PM-ATPase  activity  directly  by  modulating lipid composition 
of the  plasma membrane.  

Photosynthetic  capacity  of  leaves  is  related  to  their  nitrogen 
concentration  (Evans  1989). The  efficiency  of gas  exchange, 
which  is  affected  by  water  and  nutrient  availability, affects not  

only  shoot  growth  but  also  root  growth because  a supply  of 

current photosynthates from  the  shoot  seems  to be  necessary 
for  root  elongation in  conifer  seedlings  (Andersen et  al.  1986, 
Eissenstat  and  Van Rees 1994). Thus, nutrient  availability  
from  the  soil  may  affect growth initiation  of  the  seedlings dur  

ing spring  flushing. 

Previously,  we  focused  on responses  of  Scots  pine (Pinus  

sylvestris  L.)  seedlings to  various  but  constant  RZTs during  

growth initiation  in  spring  (Vapaavuori et  al.  1992, Ryyppö  et  
al. 1994, 1998). However,  such  temperature conditions  do  not  

occur in  nature,  because  soil  temperature generally follows  
with a delay the  changes in  air  temperature.  Therefore,  we 
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have  simulated  more "natural"  RZT conditions, slow  warming 
and  fast  warming,  to  mimic  deep-frost and  no-frost  conditions  
in  spring.  To  test  the  hypothesis  that  retardation  of  root  growth 
and  physiological performance by  low  RZT can  be affected  by  

increasing nutrient  availability,  we examined  the  interaction  of  

RZT  and  nutrient availability  on  growth and gas  exchange of  
Scots  pine seedlings. 

Materials  and  methods  

Plant  material  

The  experiment was  conducted  with  one-year-old Scots pine 
(Pinus  sylvestris  L.)  seedlings grown in  peat-filled  paper  pots  

at  the  nursery  of  Suonenjoki Research  Station.  The  seed  origi  
nated from a seed  orchard in Central  Finland  (62°05' N, 

26°10' E)  that  has  been  established  with  seed  from  different  

sites  located  in  Finland  between  61°70' N and  64°20
/

 N.  In 

mid-October, the  seedlings were transferred  to  cold  storage  
and  kept  at  -5  °C  over winter.  At  the  beginning of  April  1996,  
the  seedlings were thawed  in  darkness  at  4  °C  for  7 days.  Peat  

was  removed  from  the  roots  of  the  thawed  seedlings  by  gentle  

washing with  cold  tap  water.  After washing, 192  seedlings  

were  randomly sampled (Day  0  samples).  Thereafter. 1152  

seedlings were placed in  40-dm3 plastic  containers  (96 seed  

lings  per  container) filled  with  aerated  nutrient  solution  con  

taining a low  concentration  of nutrients  (0.5 mmol  N  dm"') 

(Ingestad  and  Lund  1986). 

Experimental design 

The  containers  with  the  seedlings were placed in  a growth 
chamber  (Weiss,  type  10 Sp/5 DU-Pi, Lindenstruth, Ger  

many).  For  the  first  three  days, the  seedlings were  kept contin  

uously in  dim  light  (125 umol  m  ~ s"'), and air and  root 

temperatures were  maintained  at  4  °C.  After three days,  the  ex  

periment  was  conducted  in  a factorial  manner. The  containers  

were first  grouped into  two RZT treatments,  slow  warming 

(SW-treatment) and  fast  warming (FW-treatment), each  hav  

ing  six  containers.  In the  SW-treatment.  RZT  increased  from  4 

to  6  °C  during Days  0-14. from  6  to  13 °C  during Days  15-28  

and  from  13 to  18  °C  during Days  29—42.  In the  FW-treatment.  

RZT  increased  from  4  to  14 °C during Days 0-14, from  14 to  

18 °C  during Days  15-28  and remained  at  18 °C  during Days 
29-42.  Containers  were further  divided  into high-nutrient (3 
mmol  N  dm

-3

;  HN-treatment) and  low-nutrient  (0.5 mmol  N  

dm" 3
;  LN-treatment) treatments. Both  nutrient  solutions  

(Ingestad and  Lund  1986) contained  nitrate  and  ammonium  
ions  in  the same proportion. 58  and  42%  of  the  total  nitrogen, 

respectively.  Concentrations  of other  nutrients  were propor  
tional  to  the  nitrogen concentration.  The pH  of  the  nutrient  so  
lutions  was  adjusted to  4.5-5.5  by  adding 1 N NaOH  or 1 N 
HCI.  The  concentrations  of the  nutrient  solutions were kept  

constant  throughout the  6-week  experiment. The  daily fluctua  

tion  in  air  temperature was  similar  in  all  treatments (Figure 

1A). The  RZTs were  controlled  by  circulating  the  nutrient  so  
lution  through cryostats (MGW. Lauda,  Germany) (Figure  2A)  

Figure 1. Average, minimum and  maximum daily air temperatures  

(A) and daily fluctuation in photon flux density  (B) in the growth 
chamber  during the 6-week  experiment. 

Figure 2. Root  zone temperature  (RZT)  (A),  and  mean fresh  mass in  

crement of shoots  (B)  and  roots (C)  of Scots pine  (Pinus  sylvestris L.) 

seedlings exposed  to  slow (SW) or fast  warming (FW) of the root 

zone and grown at  high (3  mM N)  or  low (0.5  mM N)  nutrient avail  

ability during the 6-week  experiment. Solid line = HN-treatment (3  
mM N) and broken  line = LN-treatment (0.5 mM N). Data are means 

(± SE)  of 30  replicates. 

and were measured  daily with  a digital thermometer  

(Sensotherm  100, Sensotherm,  Numberg,  Germany).  Day / 

night relative  air  humidity  was  45/70%  and the photoperiod 

was 20  h.  Chamber  air  temperature and relative  humidity were  

continuously recorded  by  a thermohygrograph. Maximum  

daily photon flux  density at  the  top  of the  seedlings was 
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450  umol  m"
2 s" 1 (PAR,  LI-1858, Li-Cor, Inc.,  Lincoln, NE)  

(Figure IB). 

Growth  analysis  

Root  volume  was  determined  by the  displacement method  

(Burdett 1979), which  allows  repeated measurements of the  

same  seedlings. Measured  root  volume  was assumed  to  equal 

the  fresh  mass  of  roots  in  hydroponic culture.  Shoot  fresh  mass  

was determined  by  subtracting  root  mass  from  whole-seedling 

mass.  

Growth  was  determined  by  weighing ten  seedlings per  con  
tainer  at  the  beginning of the  experiment and  14, 28  and  42  

days  later.  The  initial  fresh  mass  of  roots  was 2.05  ± 0.66  g 

(±  SD,  n = 120), and  the  initial  fresh  mass  of  shoots was 2.58  

± 0.55  g  (n  = 120). Relative  growth rates  (RGR)  of  shoots and  

roots  were calculated  as RGR = (InWj -  \nW\)!(ti -  t\) 

(Ingestad 1982), where  W2  and W, represent  the  fresh  mass  of 

shoots  and  roots  at  sampling  times  h  and  t\,  respectively.  

Gas  exchange measurements 

Gas  exchange of the  whole  shoot  (12 seedlings per  treat  

ment) was determined  by  repeated measurements  with  a 

closed-system  infrared  gas  analyzer (LI-6200, Li-Cor,  Inc.)  22  
and  42  days after  the  start  of  the  experiment. During  measure  

ments,  RZT was maintained  at  the  same temperature as the  

treatment  temperature, shoot temperature was  22  °C and  pho  

ton flux  density  was 600  umol m  2 s"
1

 PAR  (cool-beam halo  

gen  lamps FTY GX5.3, Sylvania,  Belgium).  Gas  exchange 

was measured  for  1 min  after a constant  relative  humidity of 
40-50%  and  a  CO2  concentration  of  370  (U 1" 1 had  been  estab  
lished.  Gas  exchange rates  were  calculated  on the  basis  of 

shoot  silhouette  area, which  was measured  with  a video  cam  

era  connected  to a graphic monitor.  

Determination  of total nitrogen 

On Days  0,10,22 and  42,  seedlings were sampled for  total  ni  

trogen determinations.  Altogether 16  seedlings  were sampled 

systematically  from  each  container  and  the  shoots  were  sepa  

rated  into  stems  and  needles.  The  fresh  masses of  pooled stems  

and needles  were determined  and  the  plant  parts were then  
dried  at  60  °C  for  48  h and  weighed. Total  nitrogen of the  

pooled  samples was measured  with  a CHN-600  Analyzer  

(Leco Co.,  St. Joseph, MI). 

Isolation  of  plasma membranes  from  roots  

Material  for  plasma  membrane  isolation  was  sampled on Days  

0,  4, 10, 16, 22.  30  and  42.  Sixteen  seedlings were sampled 

systematically  from  each  container  and  the roots  were excised.  
The  excised  roots  from  each  container  were pooled, frozen  in  

liquid nitrogen and  stored  at  -80  °C. 

Plasma  membranes  were isolated  by  a two-phase aqueous  

polymer  technique (Widell 1987).  About  30-40  g  of  frozen  

roots  were ground with a pestle  in  a mortar  filled  with  liquid 

nitrogen. The  finely  ground roots  were  thawed  by  stirring  in  
100  ml  of ice-cold  homogenizing buffer  pH 7.3 (Uemura and  

Yoshida  1983) containing 0.5 M sucrose,  75 mM 

MOPS-NaOH,  5  mM  EGTA, 1  mM PMSF in  isopropanol, 2 

mM  salicyl  hydroxamic acid,  2.5  mM  sodium bisulfite, 

1.5% ( w/v)  PVP (Mr  24,000). 0.5  % (w/v)  defatted  BSA and  

10  mg  l" 1  BHT.  The  ground roots  were  further  homogenized 
with a Polytron PT  3000  homogenizer at  13,000 rpm for  3  x  

20  s  in  an  ice  bath.  To  remove  starch  grains, nuclei,  unbroken  

plastids  and  mitochondria, the homogenate was  filtered  twice  

through cheesecloth  and  centrifuged at  8500  g  for  20  min  at  
4  °C.  The supernatant was centrifuged at 48,000 g  for 2  h  at  
4  °C  to  yield  a pellet  containing  microsomal  membranes.  The  

pellet  was  resuspended  in  10  ml  of  ice-cold  sucrose-phosphate 
buffer  (0.25 M  sucrose  in  10  mM  K-phosphate buffer, 0.2  mM  

PMSF, 10  mg  T 1 BHT, and ImM  DTT, pH  7.3). An  aliquot 
(4.5 ml) of  the  suspension was  added  to  an  aqueous  two-phase 
mixture  producing a 36-g  two-phase system with  a final  com  

position of 5.7%  Dextran  T-500  (Pharmacia Biotech),  5.7% 

polyethylene glycol 3500, 0.3  M NaCl  and  0.25  M su  

crose-phosphate buffer. The  phases were  separated  by  

centrifiigation in  a swing-out  rotor  at  1500  g for 15  min  at  

4 °C.  The  separated upper  phases were collected  and  diluted  

with  a phosphate-free buffer (0.53 M sucrose,  5 mM 
MOPS-NaOH. 1 mM EGTA, 10 mM KCI. 0.2  mM PMSF, 

10 mg  l" 1 BHT  and  1 mM DTT, pH 7.3) and  centrifuged at  
48,000 g  for  2 h  at  4  °C.  The  resulting pellets  were  suspended  

in  phosphate-free buffer  and  stored  at  -80  °C.  This  isolation  

procedure produces a highly  pure  plasma membrane  fraction  
from Scots pine  roots  (Ryyppö  et  ai.  1998). 

Assay  of  PM-ATPase  activity  and  determination  of  

membrane  proteins  

Activity  of  PM-ATPase was measured  as described  by  

Ryvppo  et  ai.  (1994) with  slight  modifications.  The  assay  is  

based  on colorimetric  measurement of the amount of Pi re  

leased  from  ATP hydrolysis  (Hodges and  Leonard  1974). Ac  

tivity was assayed  in  the  presence  of 5mM NaN3,  100  mM 

KNO3  and  0.1  mM and in  the presence  or  ab  

sence of 100  mM NaVOj and  3mM MgS04. The  detergent 
used  was  0.1%  Brij  58.  Activity  of  PM-ATPase  was  measured  

at the actual RZT and at 38 °C. Vanadate-sensitive  

PM-ATPase  activity  was calculated  based  on the  amount of 

plasma membrane  proteins.  The  activity  measured  at  the  ac  

tual  RZT is  a measure of the  enzyme  activity  at  real  RZT  and  
hereafter  is  referred  to as "the real  PM-ATPase  activity."  The  

activity  measured  at 38  °C  shows  the  maximal  capacity  of  the  

enzyme  and  hereafter  is  called  "the  potential  PM-ATPase ac  

tivity." The  amount of membrane  protein was estimated  ac  

cording to  Bradford  (1976). 

Statistical analyses  

Effects of  rate  of  increase  in  RZT and nutrient  availability on 
fresh mass increment  of  shoot and  roots  were tested  by 

three-way analysis of  covariance  with  temperature treatment 

(SW- and  FW-treatment), nutrient treatment (LN- and  HN  

treatment) and  duration  of treatments as factors. The initial 

fresh mass  of  shoot  or roots  was  used  as a covariate.  Mean  val  

ues for fresh  mass  of  roots  and  shoots  of  ten  seedlings in  each  
container  were  used  as  independent observations  in  the  statis  
tical  analysis.  Three-way analysis  of  variance  was used  with  
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temperature treatment, nutrient  treatment and  duration of  

treatment as factors when the effects  of rate  of increase  in RZT 

and  nutrient  availability on gas  exchange,  nitrogen concentra  

tion, PM-ATPase  activity,  root/shoot  ratio  and  relative  growth 

rate  (RGR)  were tested.  Values  for  nitrogen concentrations, 
PM-ATPase activities, root/shoot  ratios  and RGR of the  

pooled samples  for  each  container  were used  as independent 
observations.  When  gas  exchange was measured, each  seed  

ling  was  used  as an independent observation. We  used  the  sta  
tistical  program  SYSTAT (1992) for  Windows  5.0. 

Results  

Root  and  shoot  development 

Shoot  growth  was significantly  affected  by  rate  of RZT  incre  

ment  (P  < 0.001) and  duration  of  treatment  (P  < 0.001). There  

was  also  a significant  interaction  between  rate  of  RZT incre  

ment and  duration  of treatment (P  = 0.005). Initial  fresh  mass 

of  the  shoot  as a covariate  was  not  statistically  significant.  

Shoot  fresh  mass  increment  was higher in  seedlings in  the  
FW-treatment  than  in  the  SW-treatment  (Figure 2B).  Shoot  

growth was significantly  affected by  nutrient  availability  (P  <  

0.001). In HN-treatments, shoot  growth was accelerated  at 
RZTs above  13 °C.  Shoot  RGR  was  affected  by  RZT,  nutrient  

availability  and  duration  of  treatment (P  = 0.002, 0.041  and  

< 0.001,  respectively). In all  treatments, shoot  RGR was  

higher during Days  15-28  than  during Days 29-42  (Table 1). 

Rate  of  RZT increment  and duration of treatment signifi  

cantly affected  root  growth (P  < 0.001  for  both). There was 
also  a significant  (P  = 0.003)  interaction  between  rate  of  RZT 

increment  and  duration  of treatment. Initial  fresh  mass of roots  

as a  covariate was not statistically significant.  In  the  
SW-treatment. root  growth was slow  until  RZT exceeded  
13 °C  (Figure  2C).  Root  flushing started  earlier  and  root  mass  

increment  was  higher in  seedlings in  the  FW-treatment  than  in  
the  SW-treatment.  Root RGR  was  significantly  affected  by du  
ration  of  treatment  (P  <  0.001), and  there  was  also  a significant  
interaction  between  RZT and duration  of treatment  (P < 

0.001). In  seedlings in  the  SW-treatment.  root  RGR  was low  

during Days  1-28, but  increased  markedly  during Days   

(Table 1). In contrast,  in  seedlings in  the FW-treatment,  root  
RGR  was highest during Days  15-28.  

Nutrient availability  affected  the  allocation  of  growth be  

tween shoots  and  roots  more  when  RZT was  increased  rapidly  

than  when RZT was  increased  slowly  (P = 0.023) (Table 2).  
The root/shoot  ratio  decreased  in  the HN-treatment  and in  

creased  in  the  LN-treatment  in  response  to fast warming. 

To  determine  whether  the  slow  rise in  RZT suppressed  root  

growth, fresh  mass  increment  of  the  roots  was  plotted against 

the  effective  temperature sum  (d.d.) of  the  root  zone (d.d. = de  

gree  days above  a threshold  5 °C,  Figure  3B).  The  RZT sum 

was 229  d.d.  in  the  SW-treatment  at the end of  the  experiment 

(Day  42), whereas  in  the  FW-treatment the  same temperature 

sum  was  obtained  on Day  27.  The  fresh  mass  increment  of  the  

roots  was  closely  correlated  with  RZT sum,  regardless of  the  

rate  of  RZT increment  (Figure 3B).  In contrast,  the  fresh  mass  
increment  of  the  shoot  was  not  affected  by  the  RZT  sum  (Fig  

ure  3A), but  it  was affected  by the  effective air  temperature 

sum, which  developed in  the  same way in  all  the  treatments  

(data not shown). 

Gas  exchange 

Rate  of  RZT increment,  nutrient  availability,  and duration  of 

treatment  all  significantly  affected  net  photosynthesis,  transpi  
ration  and  stomatal  conductance  of  the  seedlings (P < 0.001) 

(Table 3). Intercellular  CO2  concentration  showed  a signifi  

cant response  to  rate  of  RZT  increment  (P  =  0.011) and  nutri  

ent availability  (P  = 0.038). Low  RZT and  low  nutrient  

availability  suppressed gas  exchange:  and the  highest  values  

for  net  photosynthesis,  transpiration and  stomatal  conduc  

tance were observed  in  the FW + HN-treatment.  There were 

also  differences  in  gas  exchange  parameters  between  the  nutri  

ent  treatments  in  the  SW-treatment  on Day 22  when RZT was 

only 9 °C.  

Nitrogen concentrations  of  the  needles  and  stem 

Needle  nitrogen concentration  was  significantly  affected  by  

rate  of RZT increment  (P  < 0.01), nutrient  availability  (P  <  

0.001) and  duration  of treatment (P  < 0.001).  The  interactions  

between  rate  of RZT increment  and  duration  of treatment and 

between  nutrient  availability  and  duration of the  treatment 

were  significant  (P  <  0.001  for  both).  Needle  nitrogen concen  
tration decreased  with time  in the LN + SW and LN +  FW 

treatments  (Figures  4A  and  4C).  In  the  SW + HN  treatment, 
needle nitrogen concentration  decreased  during the first 

Table  1. Effects  of rate of RZT  increment  and nutrient availability on the relative growth rates (RGR)  of roots and  shoots  of Scots  pine seedlings 

(Pinus  sylvestris)  during the 42-day experiment. The  RGR  is  given as the  relative  daily increase  in shoot  and  root  fresh  mass  (mg  g" 1 day
-1

) 
(n  = 30, mean ± SE). When the rate  of RZT  increment was slow,  RZT  increased  from  4 to 6 °C during Days  0-14,  from  6  to 13  °C  during Days 
15-28 and from 13 to 18 °C  during Days  29-42.  When the rate  of  RZT increment  was fast,  RZT  increased  from 4 to 14 °C  during Days  0-14,  from 

14 to  18 °C during Days  15-28  and  remained at 18 °C  during Days  29-42.  Abbreviations: HN = high nutrient and LN  = low nutrient. 

Days  of treatment  Slow warming (SW-treatment)  Fast  warming (FW-treatment)  

RGR in HN-treatment RGR in LN-treatment RGR in HN-treatment RGR in LN-treatment 

Roots Shoots Roots Shoots  Roots Shoots Roots Shoots 

1-14 

15-28 

29-42  

0±0 

4.3 ± 2.2 

31.7 + 4.9 

4.8 ± 1.4 

13.1 ± 1.9 

10.7 ± 1.0 

4.2 + 4.2 

2.4  + 2.4 

21.2 ±2.7 

3.1 ± 1.6 

16.0 ± 1.9 

2.1 ±0.9 

9.5 ± 3.7 

22.5  ± 4.7 

5.4 ± 2.7 

10.3 ± 2.4 

27.9 ± 2.3 

8.5 ± 2.8 

2.3 ±2.3 

31.1 ±9.4 

12.7 ±3.1 

3.6 ± 1.8 

22.1 ±5.8 

8.6 ± 2.2 
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Table  2. Root/shoot  fresh mass  ratio  of  Scots  pine  (Pinus  sylvestris)  seedlings sampled during the 42-day experiment (n = 30; values are means ± 

SE). Abbreviations:  HN = high nutrient,  LN  = low nutrient,  and RZT  =  root  zone temperature.  

Figure 3. Mean fresh  mass  increment  of shoots  (A) and roots  (B)  of 
Scots  pine (Pinus sylvestris ) seedlings  versus root  zone temperature  

sum in degree days (d.d.).  The seedlings were exposed to slow  (SW) 

or fast  warming (FW) of  the root  zone  and grown at high (3  mM  N, 
solid line)  or  low (0.5  mM N, broken  line)  nutrient availability. Data 

are means (±  SE)  of 30 replicates. 

22  days but  increased  when  RZT increased  from  9  to 18 °C  

during Days 23-42  (Figure  4A). In  the  FW + HN  treatment,  
needle  nitrogen  concentration  remained  constant  during the  
first 10  days and  increased  at  the end  of  the  experiment (Fig  

ure AC).  

Nitrogen concentration  of the  stem was significantly af  
fected  by  nutrient  availability  (P  < 0.001) and  duration  of  

treatment  (P < 0.001). In addition, the  interaction  between  nu  

trient  availability  and  duration  of treatment was significant  

(P  <  0.001). Nitrogen concentration  of the  stem decreased  
with  time  in all  treatments,  but  was higher in  HN-treatments  

than  in  LN-treatments  at  the  end  of  the  experiment (Figures 
4B and 4D). 

Plasma  membrane  PM-ATPase  activity  of  the  roots  

Real  PM-ATPase  activity  was  significantly  affected  by  rate  of 

RZT increment  (P  = 0.001) and  duration  of  treatment (P  < 

0.001),  but  not  by  nutrient  availability (P  = 0.052) (Figures  5B 
and  SE). In addition, the  interaction  between  rate  of RZT in  

crement  and  duration of treatment  on  real  activity  was signifi  

cant  (P <  0.001) (Figures 5B and  SE).  

In the  SW-treatment, real  activity  was low until  RZT was  
9°C  (Figure 5B ).  At the  end  of  the  experiment,  when  RZT had  
increased  to  18 °C,  real  PM-ATPase  activity  was strongly  af  

fected  by  nutrient availability,  being almost  twice  as high in  
the  HN-treatment compared  with  the  LN-treatment.  In  the  

FW-treatment, real  PM-ATPase activity  increased  in  parallel  
with  increasing RZT until  RZT exceeded  18 °C  (Figure SE).  

During the  last  20  days when  RZT had  reached  a temperature 
of  18 °C,  real  PM-ATPase  activity  decreased.  The  reduction  in  

real  PM-ATPase  activity  occurred  earlier  in  the  LN-treatment  

Table 3. Gas  exchange of Scots  pine (Pinus sylvestris)  seedlings  22 and 37 days after  the start  of the experiment (n  =  12, values are means ±  SE).  
At Day  22, RZT  was  9 °C  in the SW-treatment  and 18 °C  in the FW-treatment. At Day 37, RZT  was 18 °C  in all treatments.  Abbreviations: HN  = 

high nutrient and LN  =  low nutrient. 

Days  of treatment Slow  warming (SW-treatment) Fast  warming (FW-treatment) 

RZT, °C HN-treatment LN-treatment RZT, °C HN-treatment LN-treatment 

0 4 0.77 ± 0.05 0.81 ±0.04 4 0.81 ±0.02 0.80 ± 0.04 

14 6 0.69 ± 0.04 0.82 ±0.12 14 0.79 ± 0.07 0.76 ±0.11 

28 13 0.60 ± 0.02 0.63 ± 0.02 18 0.74 ± 0.06 0.87 ± 0.03 

42 18 0.80 ± 0.04 0.82 ± 0.01  18 0.70 ± 0.04 0.92 ± 0.03 

Parameter Slow  warming (SW-treatment)  Fast  warming (FW-treatment)  

HN-treatment LN-treatment HN-treatment LN-treatment 

Net photosynthesis  fimol m ~2  s  -1 

Day  22 5.9 ± 0.3 4.0 ± 0.4 7.8  ± 0.3 6.4 ± 0.4 

Day  37 9.4 ± 0.5 7.3 ± 0.9  12.7 ± 0.7 9.3 ± 0.5 

Intercellular CO2HII '  
Day  22 187.6 ± 5.4 203.5  ± 8.1 204.1 ±4.4 211.2 ±3.0 

Day  37 207.8 ± 5.2 199.0 ± 6.2  202.1 ±4.6 219.6 ± 3.0 

Transpiration mmol m 2  s  

Day  22 1.4  ±0.1 1.1 ±0.1 2.1 ±0.1  1.9  ±0.1 

Day  37 2.6 ± 0.2 2.0 ± 0.3 3.2 ±  0.2 2.7 ± 0.2 

Stomatal conductance  mmol m -v  

Day  22 66.5  ± 5.6 49.5 ± 5.2 102.7 ± 6.9 87.3 ± 6.9 

Day  37 130.1 ± 10.6 95.1 ± 14.9 172.5 ± 12.5 139.8 ± 9.5 
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than  in  the HN-treatment,  but the reduction  was smaller  in  the  

LN-treatment  than in  the HN-treatment. 

Potential  PM-ATPase  activity  demonstrated  a more  variable  

pattern than  real  PM-ATPase  activity  (Figures  5C  and  SF).  Po  
tential  PM-ATPase activity  was  not  significantly  affected  by  

rate  of RZT increment, nutrient  availability  or duration  of  

treatment. 

Discussion  

Root  growth of  Scots pine  seedlings was  more  sensitive  to  low  
RZT than  shoot  growth (Figures  2B and  2C).  Reduced  root  

growth at  low  RZTs has  previously  been  reported for  conifers  

(Lopushinsky and  Kaufmann  1984, Lopushinsky and  Max  

1990, Vapaavuori et  al. 1992, Ryyppö  et  al. 1994,1998). Root  

growth accelerated  when  RZT  increased  above  13 °C (Ta  
ble  1).  In  all  treatments,  root  growth depended strongly  on the  
RZT  sum  (Figure 3B).  In contrast  to  root  growth,  shoot  growth  

is  affected more by  air  temperature than  by  soil  temperature. 

Similarly,  in  several  conifers,  low  RZT  reduces  biomass  pro  
duction  of  the  current shoot,  but  timing of bud  break  and  the  

start  of  shoot  elongation are  not  greatly influenced  by  RZT 

(Lopushinsky  and  Kaufmann  1984,  Vapaavuori et  al.  1992, 

Lyr  and  Garbe  1995). 
Nutrient availability  had  no effect on fresh mass  increment  

of the  shoot  at  low  RZTs (4-13 °C in  SW-treatment), indicat  

ing that  inhibition  of shoot  growth at  low  RZTs is  probably  a 

Figure 4.  Nitrogen concentrations  of needles and stems  of Scots  pine 

(Pinus  sylvestris)  seedlings during the  6- week  experiment. The seed  

lings  were  exposed to slow (SW-treatment; A, B) or fast  (FW  
treatment; C. D)  warming of the root  zone and were  grown at high 

(3  mM N; HN) or low (0.5  mM N; LN)  nutrient availability. In the 

SW-treatment,  RZT was  4,5,9 and 18 °C  at Days  0,10,22  and  42, re  

spectively.  In  the FW-treatment,  RZT  was 4,12,  18  and 18 °C  at  Days  

0, 10, 22 and 42, respectively.  Data are means (±  SE) of three  repli  

cates. 

consequence  of  low  temperature rather than  low  nutrient  

availability. This  supposition is  supported by  the  finding that  

nitrogen concentrations  of  needles  and  stem  were  not  affected 

by nutrient  availability  at  low  RZTs. When  RZT was above 
13 °C,  both  shoot  and  root  growth accelerated  rapidly  in  the  

HN-treatment, whereas  only  root  growth was  accelerated  in  

the  LN-treatment.  Thus, at low  RZTs, the balance  between 

shoot  and  root  growth is  determined  primarily  by temperature, 
whereas  at  higher RZTs the  balance  is  determined  by  the  ex  
ternal  supply  of  nutrients  (Macduff et  al.  1994).  The  effect of 

RZT and  nutrient  availability  on growth and  nitrogen  concen  
tration  of  the  shoot suggest  that initiation  of growth in  Scots 

pine  seedlings  only  becomes  dependent on high nutrient  avail  

ability after a  threshold  RZT is reached.  In this  study the  
threshold  was 13 °C. 

Inhibition  of gas  exchange  at  low  RZTs has  been  reported 
for  several species,  including conifers  (DeLucia  and  Smith  

1987, Day  et  al.  1989, 1990,  1991, Ryyppö  et  al.  1998). Cold  
soil  prevents  efficient  uptake of  water  by  roots  by  affecting  the  

physical properties of water, by  preventing biochemical  

changes in  root  cell  membranes  and by  inhibiting root  growth 

(Kramer 1983, Häussling  et  al.  1988). According  to  Häussling 

et  al.  (1988), a high rate  of  water  uptake is  confined  to  growing 

Figure 5. Real (B,  E)  and  potential (C,  F)  PM-ATPase  activity  in Scots  

pine ( Pinus sylvestris)  roots during the 6-week  experiment. The  roots  

were exposed to slow (A)  or fast  (D)  warming of the root zone and  

grown at high (3 mM N; HN)  or  low (0.5  mM N; LN)  nutrient avail  

ability. Data are means (±  SE) of three  replicates. 
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root  tips,  and  thus factors that  inhibit  root  growth will  also  in  
hibit  water  uptake. Decreased  water  uptake limits  net photo  

synthesis because  shoot  water  deficit causes stomatal  closure  

(Lopushinsky and  Kaufmann  1984). In  the  present  study,  net  

photosynthesis, transpiration, and  stomatal  conductance  were 
lower  in  seedlings in  the LN-treatment  than  in  the  

HN-treatment  (Table 3). Similarly,  nitrogen  concentrations  of 

needles  and  stem  were  lower  in  seedlings in  the  LN-treatment 

than  in  the  HN-treatment  (Figure  4). A decrease  in  gas ex  

change may  be  the  result  of  decreased  amount and  activity  of 

RuBP  carboxylase  and  reduced  concentrations  of  soluble  pro  

tein  and  chlorophyll.  All of  these  parameters are low  in  Scots  

pine seedlings grown  under  conditions  of  nutrient  deficiency 

(Gezelius 1986). Nutrient  availability  had  a significant  effect 

on gas  exchange in  the  SW-treatment  on Day  22. At that  time, 
RZT  was  only  9 °C  and  seedling  growth had  not  responded to  

the  HN-treatment; however, foliar nitrogen concentration was  

slightly  higher in  the  HN-treatment than  in  the  LN-treatment.  

The  timing of these  responses  imply  that  nutrient  uptake by  

seedlings in  the  HN-treatment  began at  low  RZTs,  leading to  

higher foliar  nitrogen concentration  and  photosynthetic  capac  

ity  in  the  HN-treatment  compared with  seedlings in  the  

LN-treatment.  

Data from  several  studies suggest that  roots  can acclimate  to  

low  RZTs by  increasing their  capacity  for  nutrient  uptake, 

translocation  and xylem  exudation  (Clarkson 1976,  Siddiqi et  

al.  1984. Bigot  and  Boucaud  1996, Engels and  Marschner  

1996). For  example, the  capacity  of roots  to take up  
macronutrients  like  K  (Siddiqi  et  al. 1984.  White  et  al.  1987), 

N  (Deane-Drummond and  Glass  1983, Engels et  al.  1992, 

Bigot and  Boucaud  1996)  and  Ca  (Engels et al.  1992)  in  

creases during  exposure  to low  RZT. If ion  uptake increases  at  

low  RZT  s as a consequence  of acclimation, PM-ATPase activ  

ity  may  also  increase  because  of  its  role  in  active  ion  uptake. 

However,  we did  not observe  an increase  in  potential 
PM-ATPase activity,  indicating  that the capacity of 

PM-ATPase  does  not  change  significantly  as a consequence  of 

long-term exposure to low  RZT (Figure SC).  In contrast, real  

PM-ATPase  activity  increased  with  increasing  RZT (Fig  

ures  5B  and  SE).  At  low  RZTs,  real  PM-ATPase  depended on 

temperature and  was independent of  the  external  supply  of nu  

trients  and  the  nutrient  demand  of  the  shoot.  At  high RZTs,  nu  

trient  availability affected  real  PM-ATPase  activity,  which  was 

almost  doubled  in the  SW + HN  treatment  at an RZT of 18 °C 

(Figure  5B). The  increase  in  real  PM-ATPase activity,  which  
has  multiple  functions  in  growing root  cells,  was  correlated  

with  an increase  in  root  growth (Table 1. Figures 2C  and  3B). 

In Scots pine seedlings, low  RZTs suppressed growth of 

roots  and shoots,  root  PM-ATPase  activity  and gas  exchange 
of  the  shoot.  Gas  exchange  increased  with  increasing  RZT,  es  

pecially  when  nutrient  availability  was  high,  indicating  the  im  

portance  of  seedling nutritional  status  in  recovery  after 

long-term exposure  to suboptimal RZTs. We conclude  that  

long-term inhibition  of  root  growth by  low RZT  may  be  over  

come and  compensated for  when  RZT  and nutrient  availability  

become  favorable  for  growth.  
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Seasonal  root  growth of Scots  pine seedlings  in  

relation  to  shoot  phenology, carbohydrate status,  

and  nutrient  supply  

S. livonen, R.  Rikala,  and E. Vapaavuori 

Abstract:  To ascertain  whether the growth rhythm of roots  differs from that of the shoot,  the seasonal  pattern  of dry 

mass  allocation was determined  in 1-year-old Scots  pine (Pinus sylvestris  L.) seedlings. Gas exchange, chlorophyll 

fluorescence,  and the dynamics of starch and soluble sugars  were examined to understand the role of stored carbon and  
that of current photosynthates in meeting the sink  demand  of plant  organs.  In this  growth-chamber experiment, hydro  

ponic cultures supplied the seedlings  with low (0.25  mM N) or high (2.5  mM N) nutrient level.  The climatic condi  

tions in  the chamber simulated the weather conditions from May to mid-October  in  southern Finland. Root  growth was 

most  intense at the end of the growing season, at which time shoot growth slowed down. Nutrient level did not  affect  
the growth rhythm  of the roots,  but  the total production of root biomass  was favoured by  high level of nutrients.  The 

response  of root growth to root  zone  temperature  (RZT) was not the same  over the growing season, indicating that the 

sensitivity of root growth to RZT  depends on the growth phase of the seedling. The  growth rhythm of the roots  is 

probably regulated  by  several internal  and external factors  and their interactions,  including RZT  and availability of 

photosynthates. 

Resume :  Les  auteurs ont determine le patron  saisonnier d'allocation de masse seche  chez des semis de pin  sylvestre  

(Pinus  sylvestris  L.)  ages d'un  an dans  le but de verifier si le rythme de croissance  des  racines  diff&re de celui des  

pousses.  Les  echanges gazeux, la fluorescence  de la  chlorophylle et la dynamique de l'amidon et des sucres solubles 

ont ete examines afin de comprendre le role des reserves de carbone et des produits  courants de la photosynthese face  

au puits  que  represente  la demande par  les  organes de la plante. Dans  cette experience en chambre  de croissance,  les  

semis  en culture hydroponique ont ete exposes  ä des niveaux faible  (0,25  mM N)  ou 61ev6 (2,5 mM N) de nutriments. 
Les  conditions climatiques dans les  chambres de croissance  correspondaient aux conditions  climatiques du mois de mai 
ä la mi-octobre dans le sud  de la Finlande. La croissance des racines  6tait plus  intense ä la fin de la saison de crois  

sance au moment oil la croissance  des pousses  ralentissait.  Le niveau de nutriments n'a pas affect£ le rythme de crois  

sance des racines  mais  la production totale de biomasse  racinaire  6tait favoris6e par  un niveau £lev£ de nutriments. La 

reponse  de la croissance  racinaire ä la temperature dans la rhizosphdre n'6tait  pas  la meme pendant toute la  saison de 

croissance.  Cela indique que la sensibilite de la croissance  racinaire ä la  temperature dans la rhizosphdre depend de la 

phase de croissance  dans laquelle se  trouve le semis. Le rythme de croissance  des  racines  est  probablement regule  par  

plusieurs facteurs  internes  et externes et leurs  interactions,  incluant  la temperature  dans la rhizosphdre  et la disponibi  

lite des produits de la photosynthese. 

[Traduit  par  la Redaction]  

Introduction 

In  boreal  regions, conifer  seedlings  are  usually outplanted 
in  early  spring. Increasing use  of planting machines  and  im  

proved possibilities  to control  seedling growth in  nurseries  
emphasizes the  need to enlarge planting windows.  Therefore, 
better  knowledge of the  seasonal  pattern of  root  growth in  re  
lation  to  growth  of other  organs  might serve in  finding the op  
timal  periods  when  root  growth is  favoured  and would lead  to 

rapid  establishment  of  the seedling on a  site.  In  northern  coni-  
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fers,  the  seasonal  changes in  growth of the aboveground or  

gans  are well-studied  (Lanner  1967;  Garret  and  Zahner  1973; 
Raulo  and  Leikola  1974; Junttila and  Heide  1981; Dougherty 
et al. 1994; Gower  et  al. 1994), while less  information  is 

available  about  the  root  growth. Opinions about  root  growth 
rhythm during the growing season differ considerably, which  

is  not  surprising  considering the  wide  range  of sampling tech  

niques, environmental  conditions, and  tree  species  used in  dif  
ferent  studies. According to several  authors, there  is no 

characteristic  seasonal  pattern  of root  growth (Persson  1978, 
1980 a; Ahlström et al.  1988; Makkonen  and Helmisaari  

1998), and  fluctuations  in  root growth are caused  by  changes 

in environmental  conditions  (Persson 1978). On the other  

hand, it  has  been shown  that the seasonal  pattern  of root  

growth differs from  that of  the  shoot  and  that  the  variation  in  
root  growth during the growing season is closely linked  to 

phenology  and  growth of the  shoot  (Krueger and Trappe 
1967; Lyr  and Hoffmann  1967; Drew  and Ledig 1980; Sword  

et al. 1996). Root  growth can continue  even after shoot  dor- 
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mancy  begins to  develop; therefore, it  has  been  suggested that 
cessation  of root  growth is  determined mainly by  decreasing 
root  zone temperatures (RZT) at  the end  of  the  growing sea  
son (Lyr  and  Hoffmann  1967). 

Plant growth and  the  distribution  of biomass  throughout 
the plant are dependent on allocation  of assimilated  carbon  

among  various  sinks  and  on the  sink  strength of the  organs.  
Whether  newly assimilated  carbon or stored  carbon  is uti  

lized  in  growth processes  depends on the  effectiveness  of 

photosynthesis  and  on the  carbon  cost in  growth and  mainte  
nance of metabolic  functions  (Luxmoore et al. 1995). Nutri  

ent availability  strongly affects growth of the  needles  (Rikala 

and  Huurinainen  1990) and  roots  (Coutts and  Philipson  
1977); thus,  the  sink  strength of  the  organs  and the utiliza  
tion  of carbohydrates for growth and respiration may vary,  

depending on nutrient  availability.  
In  this study,  our objective  was  to  determine  the seasonal  

pattern of dry  mass  allocation  among  the  organs  of Scots  
pine (Pinus  sylvestris  L.)  seedlings subjected to  low  or high  
nutrient  level. The experiment was performed in  a growth 

chamber  where  the conditions  of "average growing season"  
could  be simulated.  Hydroponic  culture  was used  and served  

as a model  system  enabling maintenance  of constant  supply  
of nutrients  and  water,  as  well  as maintainance  of the desired  

RZTs. Special emphasis  was  placed on questions  of whether  
root growth is related  to aboveground phenology and  
whether competition between various  sinks  results  in a dif  
ferent  seasonal  growth  rhythm  in  the root system compared 
with  that  of  the  shoot. Gas  exchange  of the  seedlings, chlo  

rophyll fluorescence  of the needles, and  dynamics of starch 

and  soluble  sugars  were examined  to  ascertain  the  roles  of 
stored carbon  reserves and of current photosynthates in  

meeting the sink  demand  of the organs.  

Materials and  methods  

Plant  material  

The experiment was conducted with  1-year-old Scots pine seed  

lings grown in peat-filled Ecopots (PS-508, Lännen Tehtaat Co.,  
Finland;  growing density 620 seedlings/m

2 ) in the nursery of  
Suonenjoki Research  Station  (62°40'N. 27°00'E). The seed mate  
rial originated from a seed orchard  (62°05'N, 26°10'E) established 
with  material obtained from different sites in Finland between 

and 64°20'N. In mid-October  1996 the seedlings were 
transferred  to cold  storage and were kept  there at -3° C over  winter.  
In the beginning of February 1997, the  seedlings were thawed in 
darkness  at 4°C  for 2 weeks.  Thereafter,  the peat  surrounding the 
root system  of the seedlings was removed  by  gently washing the 
roots  with cold  tap water. The seedling population used in the 

study  was  standardized by  rejecting the shortest  and longest  seed  

lings, and in the experiment the initial shoot length of  the seedlings 

was 14.8 ± 1.8 cm (mean ± SD). 

Experimental design 

Immediately after root washing, a total of 1152 seedlings were 

placed into  12 plastic  containers  (volume  40 dm3 ,  96 seedlings per  
container)  in  a growth chamber (Weiss,  type 10 Sp/5 DU-Pi,  
Lindenstruth,  Germany). The containers were filled with aerated 
nutrient solution containing a low level  of nutrients (0.25  mM  N 
and other essential nutrients in proportion to nitrogen) (Ingestad 
and Lund 1986). Air and root zone  temperatures  were adjusted to 
4°C and the seedlings were kept  in  continuous dim light 
(100  fimol-nr

2
s

_l
)  during the first  3 days.  Thereafter,  the contain- 

ers were grouped into three  blocks,  each having four  containers. 
Each block  was then divided into two nutrient treatments: low nu  

trient  level (0.25  mM N; LN treatment) and high nutrient  level 

(2.5 mM N; HN treatment), two containers for each.  In the nutrient 
solutions (Ingestad 1979;  Ingestad and Lund  1986), nitrate and am  
monium ions made up 58 and  42% of the total nitrogen, respec  

tively. The concentrations of all other essential nutrients were 

supplied in  proportion to the amount of nitrogen. The mass  propor  
tions of  macronutrients in the nutrient solutions were 100 N : 

60 K : 18 P :  6 Ca :  6  Mg :  9 S. The pH of the  nutrient  solutions 

was adjusted to 4.5-5.5 by adding 1 M NaOH  or 1 M HCI. To 
maintain target  nutrient concentrations, electrical conductivity (40-  
50 and 240-270 in  LN and  HN  treatment, respectively)  and  pH 
of  nutrient solutions were measured twice a week  and according to 
these measurements, when necessary,  nutrient solutions were 
added. Also,  the concentrations of  NH

4
-N and NO3-N of the nutri  

ent solutions were checked  by  liquid  chromatography (Flow  Injec  
tion Analyzer, Tecator, Höganäs, Sweden)  several times during the 

experiment and  at monthly intervals the total  nutrient  solutions 
were changed. During the experiment,  the nutrient solutions  were 

continuously bubbled with compressed air (livonen et  al. 1999) to 

ensure good  supply  of oxygen  for roots.  
The daily  and  seasonal fluctuation in  air and  root zone  tempera  

ture, relative air humidity, and  light intensity were the same  in all 

treatments. Air and root zone temperature  and photoperiod were 
simulated,  with slight modifications,  to follow the average weather  
and light conditions in Jokioinen (60°49

/

N, 23°30/

E), based  on me  

teorological data measured during 1961-1990 (Finnish Meteoro  

logical Institute 1991) (Fig. 1). The simulated growing season 
started immediately after  a 3-day adjustment period. In  the simu  
lated conditions,  the length of a month was  26 days;  and the total 

temperature sum  developed during the simulated growing season  
was  1044  degree-days (DD;  threshold of 5°C) (Fig. 1), which was  
the lower  limit in the temperature  sum zone of 1000-1300  DD in  
southern Finland between 64 and  60°N  (Statistical  Yearbook of 

Forestry 1998). Relative  air humidity in the growth chamber was  
60-80% in May-June, 60-90% in July-August, and 70-90% in  

September-October, being lowest in  the middle of  the day and  

highest in the middle  of the night. To  control the root zone temper  
ature,  a water-filled plastic  coil was placed into the bottom of each  
container. The coils were connected to cryostats (MGW, Lauda. 

Germany) that circulated water  in the coil,  thus  maintaining the de  
sired temperature  in the nutrient solutions.  The temperature of the 
nutrient solutions was measured daily  with  a digital thermometer 

(Sensotherm  100, NUrnberg, Germany). Air temperature  and rela  
tive humidity in the chamber were recorded  continuously by a 

thermohygrograph. Maximum daily  photon  flux  density at the top  
of  the seedlings  was 300  p.molnr

2
-s

_1  photosynthetically  active  ra  
diation (PAR) (LI-1858,  LI-COR, Inc.,  Lincoln,  Nebr.). 

Growth  and  nitrogen analyses 
Before the growing season (day 0 samples), the dry mass was  

determined by weighing 96 randomly sampled seedlings. During 
the experiment, the dry mass  was  determined nine times by  weigh  

ing at each time eight seedlings per  container,  which means a total 
of 48 seedlings per  nutrient treatment. Current-  and previous-year 
roots,  needles,  and stems of  the eight seedlings were separated and 

weighed, and thereafter,  the organs were pooled and stored at -80°  C. 
Current  roots were separated when the length of the new roots was  
>1 cm.  Dry mass  of roots  was determined from a subsample of 
frozen, homogenized roots that was  then dried at 60° C for 48 h. 
After drying, the nitrogen concentration of the needle and stem  

samples was measured with  a  CHN-600 analyzer (Leco  Co., St. Jo  
seph,  Mich.)  and  that of  the root samples with a CHN-900  analyzer 
(Leco  Co., St. Joseph, Mich.). For  the  results,  data of nitrogen  con  

centration were recalculated as N concentration of shoot  and  roots.  

The length of the stem was  measured  repeatedly from five seed- 
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lings per  container  (altogether 30 seedlings per  treatment)  at the 

beginning of the experiment and nine times after that, and the 

length of a single  current  needle was measured  repeatedly from 
five seedlings per  container 12 times  during the experiment. 

Gas  exchange and  chlorophyll fluorescence  
measurements 

The gas  exchange of the whole shoot was  determined (18  

seedlings/treatment) in repeated measurements with a  closed-system 
infrared gas  analyser  (LI-COR  6200,  LI-COR, Lincoln,  Nebr.)  five 
times during the experiment. During the measurements, the root 

system of the seedlings was maintained at same  temperature  and 

kept  in the same nutrient solution as in the growth chamber. The 
shoot  temperature  was 22°  C  and  saturating light 700  (imol m"

2 s_l  
PAR (cool  beam halogen lamps FTY GX5.3,  Sylvania, Belgium). 
Gas exchange was measured  for 1 min after a constant relative hu  

midity of 40-70% and  C0
2  concentration of 360  ttL L"

1
 were 

reached.  During each  measurement period,  relative  humidity was 
the same in the two nutrient treatments, with the exception of the 
August measurement when RH  was 19% higher in  the HN treat  

ment than in the LN treatment. Gas-exchange rate  was calculated  
on the basis  of the silhouette area of the shoot, which was mea  

sured after  each  gas-exchange measurement using a video camera 
connected to a  graphic monitor. 

The fluorescence  induction  of  needles at room temperature  were 
measured with a MINI -PAM fluorometer (Heinz  Walz GmbH, 

Effeltrich, Germany). During the experiment, measurements were 
made on current- and previous-year needles of eight seedlings per  
container (altogether 48 seedlings per  treatment)  six  and nine times, 

respectively.  Each  sample consisted of  about 10 needles from each 

seedling. The needles were dark  adapted at room temperature  for  
20 min before fluorescence  was  measured using a 1-s saturating 

pulse  of  9000 p.mol m~
2  s_l . The  ratio  of  variable (Fs

)  to maximal 
(F

m
) chlorophyll fluorescence  was used as a quantitative measure of 

the photochemical efficiency of the photosystem II (PS  II).  

Carbohydrate analyses 
Soluble sugars and starch  were analyzed in pooled samples of 

current-  and previous-year needles,  stems, and roots of  eight seed  

lings seven times during the experiment.  A total  of  six  pooled  sam  

ples per  treatment were dried at 60° C for 48 h and ground  to a 

powder. The samples were extracted  and analyzed as  described by 
Hansen and  Moller  (1975).  Soluble sugars were extracted from a 

ground sample (30-40  mg dry  mass)  with a total volume of  15 mL 
of 80%  aqueous ethanol. First,  3  mL  of ethanol was  added to the 

sample, which was  then heated  for  5 min at 60° C  and centrifuged 
for  4 min at 1880 x g. The supernatant was collected and  the extrac  
tion procedure  was repeated four  times. Total soluble sugars in  the 

pooled supernatant  were determined colorimetrically at 630  nm with 
anthrone using D-glucose (alpha-D-glucose, anhydrous, analytical 

grade, Serva)  as a standard. Starch  was  extracted  from the residue 
with  20 mL of 30% perchloric  acid. The residue  was  first shaken  for 

20 h  at room temperature with 10 mL of 30% perchloric  acid.  After 

centrifugation for  4 min at 1880 x g, the supernatant  was collected. 
The extraction was repeated twice with 5 mL of  30%  perchloric 
acid. From the pooled supernatant,  starch was determined 

colorimetrically at  625 nm with anthrone and using starch (Starch  

soluble,  pro  analysis,  Merck)  in 30% perchloric acid  as a  standard. 

Statistical  analyses 
The mean values  for dry mass of the organs,  the proportion  of 

dry mass  increment  allocated to the roots,  gas exchange parame  
ters,  FJFm

 ratio, and  needle and stem  length of  the sampled seed  

lings in each container were used as independent observations  in 
the statistical analysis (n  = 6). For  statistical analysis  of soluble 

sugars  and starch, each measurement was  used as  an independent  

Fig. 1. Air and  root zone temperature  (RZT)  sum in degree-days 

(days  above a threshold of  5°C); minimum,  maximum,  and mean 

daily  air; and mean RZT  (A) and length of  the photoperiod 

(B)  in the growth chamber during the experiment. Seedlings 

were kept  in  dim light for  2  h  before  (1  h  at 100 nmol m"
2  s"'  +  

1h at  200  nmol'm"
2  s_l )  and after  (1  hat  200  Llmol-m  2 -s~'  +1  h 

at 100 (imol  m"
2 s_l

)  a  period of  full light  (300  jimol m"
2 s"').  

observation.  For  each variable,  the homogeneity of variance  among 
treatments was tested using Bartlett's  test (Sokal  and Rohlf 1981). 
When there was heteroscedasticity, the data were transformed to 

logarithms using the equation, X = log  (X + 1). To test  whether 

growth of the roots is  periodic, the  proportion of dry  mass incre  
ment allocated to the roots was used as a test parameter.  Before 
statistical analysis,  the proportions were transformed  using angular 
transformation of the square roots  of the values. Three-way analy  
sis of variance was used to test the effects of nutrient level, block  

factor, and  sampling day  on  shoot and root dry mass, gas exchange 
of the seedlings, chlorophyll fluorescence of the needles,  needle 

length, and concentration of soluble sugars and starch.  Untrans  
formed mean values  are shown in the figures. When  the effects  of 
nutrient level and sampling day  on stem length were tested, three  

way  analysis  of covariance  was used with nutrient level,  sampling 

day, and block  as factors  and initial stem length as covariate.  Be  

cause gas  exchange and  needle and stem length were measured re  

peatedly from the same seedlings, in the statistical analyses  the 
values for these parameters  were regarded as repeated measures.  
The  analyses  were conducted using SYSTAT for Windows,  ver  
sion 5.0 (SYSTAT,  Inc. 1992). 

Results 

Nitrogen concentration of shoot and roots  

The  initial  nitrogen concentration  [N]  of shoot  and  roots  
was approximately 1.1 and 1.3%, respectively (Table  1). 
During the  growing season, the  effects of the two nutrient  
treatments were  clear  the HN treatment causing a signifi  

cantly higher [N] in  shoot  and roots.  In the LN  treatment, 

[N]  of  shoot  decreased  during the  growing season. In  the HN  

treatment, [N]  of shoot  decreased until  early  June  and, there-  
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Table 1. Nitrogen concentration (%  of dry mass) of shoot and roots  during the growing season. 

Note: Values are  mean ± SE of six  replicates.  Scots  pine  seedlings were grown at low (0.25 mM N; LN 

treatment) or high  (2.5 mM N; HN treatment) nutrient level. 

Fig. 2.  Mean cumulative dry mass  of current  and  previous-year needles,  stem, and roots of Scots  pine  seedlings during the simulated 

growing season.  Seedlings were  grown at low (A; LN treatment; 0.25  mM N) or high (B; HN  treatment; 2.5 mM N)  nutrient level.  
Values are mean ± SE of six  replicates, each consisting of eight sample seedlings. 

after, increased  to  value  of 1.2%, which was maintained  un  

til the  end  of the  growing season. 

Dry  mass  allocation  to  shoot  and  phenology of the  
shoot 

The  dry mass  of current  needles, previous-year  needles, 

current  stem, and  previous-year  stem were  all  significantly 

affected both  by  sampling day (p < 0.001) and  by  nutrient  

level  (p <  0.001, p  = 0.011, p  <  0.001, and  p  <  0.001, re  

spectively;  Figs.  2A  and  2B).  There  were also  significant in  
teractions  among  factors for  current  and previous-year stem 

(p  <  0.001) and current  and  previous-year needles  (p <  0.001  
and  p  = 0.001;  Figs.  2A and 2B). Stem  length was signifi  
cantly affected by  sampling  day (p  <  0.001) but  not  by  nutri  
ent level,  whereas the length of the  current needles  was 

significantly  affected by  both  sampling  day  (p <  0.001) and  
nutrient  level  (p  < 0.001), and  their  interaction  (p <  0.001) 

(Fig. 5).  During the  growing season most  of the  total  cumu  
lative  dry  mass increment  was allocated  to the shoot  

(Figs.  3A  and  3B), and  only  at  the  end  of the  growing sea  
son did  allocation  to the roots  exceed that to the shoot  

(Figs. 4A and  4B). In  early  May, the  total  dry  mass  of the  

previous-year needles  and  stem increased  (Figs.  2A and  2B)  
but this increase was mainly due to accumulation of 

nonstructural carbohydrates while  increment of structural  
dry  mass  was  slow  until  mid-June  (Figs. 3A and  3B).  Elon-  

gation of the stem started  in mid-May and  continued  until  
mid-July (Fig. SA). Current  needles  started to elongate in  

mid-June, and  their  growth ceased  at  the end of August in  
the LN  treatment but  continued  until  the end of growing sea  

son in  the HN treatment (Fig. 5B). 

Dry  mass allocation  to roots  

The dry mass of current  and  previous-year roots  was  sig  

nificantly  affected by  sampling  day (p  < 0.001)  and  nutrient 
level  (p < 0.001  and  p = 0.005,  respectively)  and  by  their in  

teraction  (p = 0.018  and  p < 0.001, respectively; Figs. 2A  

and  2B).  Growth  of the roots  accelerated  in  June  (Figs.  3A 
and  3B), and  the  current roots flushed  rapidly at the  end  of 

June  after a period of rapid shoot  elongation (Figs. 2A,  28, 
and  SA).  The  proportion of dry  mass  increment  allocated  to 
the  roots  was significantly affected by  sampling  day (p < 

0.001) and decreased  at the time  of  intense  needle  elonga  

tion, which  was from  the  end  of June to mid-August in the 

LN  treatment and  from mid-July  to mid-September in  the 

HN treatment (Figs. 4A, 48, and  5B).  The  increment  in  root  

dry  mass was  highest when  the  increment  in  shoot  dry  mass  
was retarded (Figs. 3A, 38, 4A, and  4B). In LN  treatment, 

growth of the  roots  peaked at  the  end  of  August and at the 
end  of  September (Fig.  4A),  while in  the  HN  treatment  there  
was  only  one peak at  the end  of September (Fig. 4B).  How  

ever,  the differences  between  nutrient  treatments  were not  

Date 

LN treatment HN treatment 

Shoot Roots Shoot Roots 

May 1 1.15±0.04 1.35±0.03 1.10±0.04 1.26±0.03 

May 18 0.97±0.03 1.61±0.04 1.01±0.05 2.01±0.05 

June 5 0.82±0.01 1.52±0.07 0.91±0.03 l.89±0.08 

July 17 0.71 ±0.04 1.74±0.07 1.22±0.04 2.37±0.02 

August 29 0.69±0.02 1.70±0.10 1.24±0.03 2.53±0.07 

September 17 0.65±0.03 1.47±0.08 1.24±0.04 2.37±0.06 

October 15 0.63±0.02 1.40±0.04 1.21±0.03 2.58±0.06 
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Fig. 3. Cumulative total and  structural  dry  mass  increment  of shoot and roots  of Scots pine  seedlings during the simulated growing 

season. Structural dry mass  = total dry  mass  (g) -  content of soluble sugars  and starch  (g). Scots  pine seedlings were  grown at low 

(A; LN  treatment; 0.25  mM N) or high (B; HN treatment; 2.5 mM N) nutrient level. Values are mean ± SE of six  replicates, each 

consisting of eight sample  seedlings. 

Fig. 4. Distribution  of dry mass increment  between needles,  stem, and roots  during the simulated growing season, expressed  as a per  

centage  of total dry mass increment.  Scots  pine  seedlings were grown at low (A; LN treatment;  0.25 mM N)  or high (B; HN treat  

ment; 2.5 mM N) nutrient level. Values are mean + SE  of six  replicates, each consisting of eight sample seedlings. 

statistically significant (Figs.  4A and 4B). Interestingly,  no 
accumulation  of nonstructural  carbohydrates occurred  in  the 

root  system  until  the  end  of  September when  in  both  nutrient  
treatments  the  content of  soluble  sugars  and  starch  increased  

markedly  (Figs. 3A, 38, 7E,  and  7F).  

Gas  exchange and chlorophyll fluorescence 

The  effect of  nutrient level  and  sampling day, and  their  in  
teraction,  on net photosynthesis and maximum photochemi  

cal  efficiency of PSII (FJF
m

) was statistically significant  

(p  <  0.001). In  both  nutrient  treatments,  net  photosynthesis 
was slow  until the end of  June  (Fig.  6A).  Thereafter, in the 
HN  treatment,  net  photosynthesis  increased  rapidly and  was 
high until the  beginning of October.  In the  LN treatment,  net 

photosynthesis  also  increased  but  was  about  half of that  in  
the HN  treatment.  Intercellular  C0 2 concentration  started to 
increase at  the end of June and continued  to increase  until 

the end  of the  experiment, being significantly affected by 
both  the sampling day (p < 0.001) and  nutrient  level  (p < 

0.001;  Fig.  6D).  Stomatal  conductance  (Fig.  6B)  and  transpi- 

ration  (Fig. 6C)  were low  until  the end of  June and, 
thereafter, increased  significantly (p <  0.001). 

Already 2 weeks  after the start  of the  experiment the  ef  
fect  of  nutrients  was  seen as lower  FJF

m values  in  the  previ  
ous year  needles  of  the  LN treatment  (Fig. 6E),  and  a similar  
difference  between  nutrient  treatments was  also seen in the 

FJF
m
 ratio  of the  current-year  needles  (Fig. 6F). There  was 

also  a strong  seasonal  variation  in  the  maximum  photochem  
ical  efficiency of PSII: in  spring FJF

m increased  rapidly  
with  highest photochemical efficiency at  the  beginning of 
August and, thereafter, decreased significantly, especially  in  
the LN  treatment. 

Soluble  sugar  and  starch  contents 

In current  needles  the content of soluble  sugars  was af  

fected  by  sampling  day and  nutrient  level  (p <  0.001). It in  
creased  until  the end  of September and  declined  rapidly in  

October  in both  nutrient  treatments  being all  the  time  higher 

in  HN  treatment  (Fig.  7A).  In  the  current  and  previous-year 
stem the content of soluble  sugars  was affected  by  sampling 
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Fig. 5. Length of stem (A)  and current  needles (B)  of Scots  pine  seedlings during the simulated growing season.  Seedlings were grown 

at low (LN;  0.25  mM N) or high (HN;  2.5 mM N)  nutrient  level. Values are mean ±  SE of six  replicates, each  consisting of five  sam  

ple seedlings  or needles. HN treatment, solid symbols; LN treatment, open symbols. 

Fig. 6. Net photosynthesis (A),  stomatal conductance (B),  transpiration (C),  intercellular C0
2 (D),  and chlorophyll fluorescence  of  the 

previous-year (E) and current (F) needles of  Scots  pine seedlings during the  simulated growing season. Seedlings  were grown at low (LN;  
0.25 mM N) or high (HN;  2.5 mM N) nutrient level. Values are mean ± SE of  six  replicates, each  consisting of three sample  seedlings. 

time, nutrient  level  and  their  interaction  (p <  0.001). Accu  

mulation  of  soluble  sugars  was particularly marked in  HN 

treatment from mid-July to the  end of the growing season 
(Fig. 7C).  The content of soluble sugars  in current  roots  was 

affected by  sampling day  (p  <  0.001) and  nutrient  level  (p  = 

0.004), but  in  the  previous  year  roots  it  was  affected only  by  
sampling day (p <  0.001). Sugar content of  the roots  was 
low until  the end  of August (Fig. 7E), when it started to in  

crease peaking at  the  end  of September and  decreasing again 
in October. 

The starch  content of current  and previous-year needles  

was affected by sampling day  (p  <  0.001), nutrient  level  (p < 

0.001), and  their  interaction  (p  = 0.004  and p < 0.001, re  

spectively).  The  starch  content of  previous-year needles  and 
stem increased  8.5- and 4.3-fold in May, respectively,  

(Figs. 7B  and  7D).  When  shoot  growth started, starch  con  
tent of  the  needles  in  the HN treatment declined, while  in 
the LN  treatment the starch  content of needles  was high until 

mid-July and even afterwards remained  higher than  in  the 

HN treatment. The starch content of current needles  in  

creased  from mid-July onwards  and was 2.7- and  9.4-fold 

higher at  the  end  of the growing season in  the LN  and  HN 

treatments, respectively (Fig. 7B). Starch contents of the 

current  and  previous-year roots  were both  affected by sam  

pling  day (p <  0.001) and  also  by nutrient  level  (p  < 0.001) 
in the previous-year roots.  The starch  content of roots  was 

high at  the  beginning of the  experiment (Fig. 7F)  but  de  
clined  in  both  nutrient  treatments  the  decline  being more 
rapid in  the  HN treatment. However, at the end  of  the grow  

ing season there  was  a marked  accumulation  of  starch in  the  
root  system, and  then  starch  content was significantly higher 

in HN than in LN treatment.  

Discussion 

In natural  growing conditions  the examination  of seasonal  

root  growth in  trees is laborious, and  because  of different  

methods, studies  have  given contrasting results.  In the pres  

ent  study  we used  hydroponic culture  technique  as  a model  
system that enabled  continuous  examination of the roots  
with simultaneous  measurements of the shoot  growth and 

physiological  performance. The  experimental technique also  
allowed  us to  simulate  a  full  growing season using  the  long  
term  records  of air and  soil  temperature, relative  humidity, 
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Fig. 7. Soluble sugar contents  of current (circles)  and  previous-year (squares) needles (A),  stem (C),  and roots (E)  and  starch  contents 
of current  (circles)  and previous-year (squares) needles  (B), stem (D),  and roots (F) of Scots  pine seedlings during the simulated grow  

ing season. Seedlings were  grown  at low  (LN;  0.25  mM N;  open symbols)  or high (HN;  2.5  mM N; solid symbols)  nutrient level.  
Values are mean +  SE of six replicates. 

and  photoperiod. Our  growing season simulation  shows that, 
in  Scots pine seedlings,  growth of stem, needles, and  roots  

occur  in  phases,  each  having their  own "window  of dry  mass  
accumulation".  The  episodic growth of shoot  and  roots  has  
been  found  also  in  the  seedlings of other  northern  pines,  
Pinus  contorta  Dougl. ex Loud.  (Cannel and  Willett 1976) 

and  Pinus  resinosa  Ait.  (Drew 1982). According to previous  
studies  with  15- to 20-year-old Scots pine trees  it  was con  

cluded  that  no part of the  growing season is  especially  fa  
vourable  for  root  growth, and  root  growth takes  place 
whenever  soil  moisture  and  temperature conditions  permit 

(Persson 1978, 1980 a).  Our  results  with  Scots  pine seedlings 
do  not  support this  suggestion; in  hydroponic culture  where  
the  drought effect was  excluded  and root  zone temperature 
was  controlled, root  growth demonstrated  a clear  periodic 

behaviour.  It is  difficult  to  assess whether  the  conflicting  re  
sults  are due  to different  ontogenetic phase of the  trees,  
since  at  present  there  are no results  of simultaneous  mea  
surements with  seedlings and  bigger trees.  

The dry  mass growth of a plant organ  can be divided  to 

growth of structural  biomass  and  increase or decrease of 
nonstructural  carbohydrate reserves. In  Scots  pine  seedlings 
the  growth rate  was low  in  May, and  the production of 

photosynthates was  higher than the  demand.  This  led to  ac  
cumulation  of  starch  in  the previous-year needles  and  stems,  

causing an increase  in  the  dry  mass  of  the previous  year  nee  
dles. In contrast  to the aboveground parts, starch  content in  
the roots  was already high  after winter storage, and there  

was  no net nonstructural carbohydrate accumulation  in  May. 

In conflict  with  our results,  however, several  authors have  re  

ported  of starch  accumulation  in  the  roots  of  well-established  
conifers before bud  break (Krueger and Trappe 1967; 

Ericsson  and  Persson 1980; Deans  and  Ford  1986). In the  

present  study,  seedlings  were  kept  in  winter storage (-3°  C)  
for  3.5 months before  the start  of  the  experiment, and  thus, 
only  small  amounts of carbohydrate reserves might have  
been  lost  in  maintenance  respiration  during storage period if  
compared with  normal  winter  conditions.  Because  starch 

content of  the roots  was  high already at  the  beginning of the  
experiment, the  root  system  did  not serve as a sink,  and net  
translocation  of solutes could  not  be  observed  in  May. 

In  June  and  early  July,  when shoot  elongation was rapid 
and  elongation of the  current  needles  had  initiated, the starch 

content of  previous-year needles  and  stem declined  with  the  

exception  of  previous-year  needles  in  the  LN  treatment. Pre  
vious  studies  also  show  that  shoot  growth is  facilitated  by  
current  photosynthates and that  reserves from the  previous  
autumn play  only  a  minor  role  in  shoot  elongation (Hansen 
and  Beck  1994; Lippu 1998). In the HN treatment,  increased  

nitrogen concentration  of the  shoot  led  to increased  photo  
synthesis  and content  of soluble  sugars;  therefore, growth 
was accelerated.  In contrast,  in the  LN  treatment,  nitrogen 
deficiency decreased  the  photochemical efficiency  of PSII 
and  net photosynthesis  leading to  reduced  growth  and  starch  
accumulation.  According to Ericsson  (1979),  fertilization in  

creases the  sink  activity  of  the  tree, causing either  decreased  

rate of accumulation  or increased  utilization  of starch re  

serves. Adams  et  al. (1986) also  demonstrated  that  loblolly 
pine with  high foliar  nitrogen concentration  uses starch  re  
serves earlier  in  the  growing season compared with  pines 
with  low  nitrogen concentration  in  the  foliage. In  the  present 

study, starch  reserves in  the  previous-year  needles  were 
probably consumed  during elongation of the current  needles, 
which  occurred  more  rapidly in  the HN treatment than  in  the 
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Fig. 8.  Root dry mass  versus  root zone temperature  of Scots  

pine seedlings  during the simulated growing season. Seedlings 

were grown at low (LN;  0.25 mM N)  or high (HN;  2.5 mM N) 
nutrient  level. Values are mean ± SE of six  replicates, each con  

sisting of eight sample seedlings. 

LN  treatment.  Therefore, the  more  rapid  hydrolysis  of  starch  
reserves reflects  enhanced  metabolic activity and growth 
when the  nutrient  supply  is ample. 

The  elongation of current  needles started  in  mid-June, and 

a month  later, net  photosynthesis  of the  whole  shoot  had  in  
creased  considerably; the differences  between  nutrient  treat  

ments were also  apparent. In the  early  stages  of development, 

net photosynthesis of current  needles  is  low, and  they are net  

importers of current  photosynthates (Troeng and  Linder  
1982). Only when  current  needles  have  reached  half  of their  
final  length is the carbohydrate production of the current  

needles  high  enough to  meet  the  demand  of  the  other organs  
(Ericsson  1978). In  the  present  study  the whole  shoot  was 
enclosed  in  the  chamber during the  gas-exchange measure  
ments, and therefore,  the contribution  of different needle  

groups  cannot be separated. Our measurements  show  that  

current  needles  reached  half  of their  final  length at the  end  
of July,  when also  their  dry  mass  reached  the  same value  as 
in  the  previous-year needles.  According  to  previous studies  
(Ericsson  1979; Gezelius  and  Hallen  1980, Vapaavuori et  ai.  
1995), we reason that, at  the  end  of  July and onwards, most  
of the  measured  net  photosynthesis  was  due  to  current  nee  
dles.  If the  carbohydrate production of the current  needles  is  
not  high enough to meet  the  demand  of other  organs  until  
the end of July (Ericsson 1978), then  this means that the  

photosynthates produced by  the previous-year foliage, the  
starch  reserves,  or  both  are important for  root  growth during 
the  first half  of the growing season. According to  an earlier  
suggestion (Vapaavuori et ai. 1992), carbohydrate reserves 

can be  used  for formation  of root  tips,  but  the  current  

photosynthates are needed  for  root  elongation. In  the  present 

study,  formation  of new  root  tips  in  early June coincided  
with  a decrease  in  the starch  content of the  roots,  which in  

dicates  that  carbohydrate reserves can be  used  for  root  tip 
formation.  Increased  dry mass allocation  to the  current  roots  

was seen at the end  of June, at the same time as  elongation 

of the stem was almost completed. Also  a previous  study 

with  1-year-old  Scots  pine seedlings shows  that  root  growth 

capacity  of 1-year-old Scots  pine seedlings is  depressed dur  

ing the time  of intensive  shoot  elongation (Mattsson  1986). 
Therefore, we suggest  that current  photosynthates became  

available  for  root  growth only  after the  sink  activity  of the  
elongating stem decreased.  

In midsummer, during the time  of formation  of new nee  

dles, only  15-36%  of total  dry  mass  increment  was  allocated  
to  roots.  At that  time, root  growth was  composed of struc  
tural dry  mass with  no net accumulation  of nonstructural  
carbohydrates to  roots.  This  confirms  the suggestion that  the  

root  growth is  slowed  down  when  new needles  are  formed,  
because growing shoots  are  strong consumers of assimilates  

in  Scots  pine seedlings (Lyr  and  Hoffmann  1967). In both  
nutrient  treatments, growth of the  current  needles  continued  

in  August, when  net  photosynthesis and  the  photochemical 

efficiency  of PSII  of the needles  reached  their  maximum.  
Nutrient  treatment  had  a marked  effect on the  chlorophyll 
fluorescence  of current  and previous-year  needles, and  ap  
parently  the  lower  net  photosynthesis in LN  treatment was 

partly  due to the  lower  photochemical efficiency of PSII. 
The  higher intercellular  C0 2 concentration  in  the  LN  treat  
ment  compared with  the  HN  treatment  indicates  that  the  rate  
of carboxylation also  limited  net photosynthesis in  the  LN  
treatment. Stomatal  conductance  and transpiration  did  not  
differ significantly  between  nutrient treatments, indicating 
that  there was  no stomatal  limitation  of  photosynthesis  in  the  
LN  treatment. At the  end  of August, elongation of the  cur  
rent  needles  ceased  in  the LN  treatment  and  was  delayed in  
the  HN  treatment. Thereafter, the  dry  mass  increment  of the  
shoot  in the LN treatment was mainly due to  diameter 

growth of the  stem and starch  accumulation  and, in the HN 

treatment,  also  due  to  needle  elongation. After shoot growth 
had  ceased, the  dry  mass  allocation  to  the  root  system was 
accelerated.  Simultaneously with  a shift  in  the allocation  of 

below-  and  above-ground biomass, the  content of soluble  

sugars  increased significantly in the current needles  and 

roots.  The  excess current  photosynthates formed in the nee  

dles  were eventually translocated  to  the  roots.  At  this stage, 
translocation  of carbohydrates to roots  was greater than  
could  be  used  in  structural  growth leading to accumulation  
of nonstructural carbohydrates. Since  at the  same time, sub  

stantial  amounts  of nonstructural  carbohydrates also accu  
mulated  in  aboveground organs,  the  proportion of  structural  
dry  mass increment  allocated  to root  system  was  high, 49  
and 73%  of the total  structural  dry mass increment  in  LN 

and  in  HN  treatment, respectively  (data not  shown). 

The  most  intensive  period of root  growth was  at the  end  
of the  growing season after the major part  of shoot growth 
had  taken  place.  By  that  time  the  RZT had already started to 
decrease  but  was  higher than  air  temperature. At low RZTs 
in  spring, root  growth is  low (Vapaavuori et ai. 1992; 

Ryyppö  et  ai. 1998; livonen  et ai. 1999), and  this  was  also  
demonstrated  in  the  present study.  Our  results  from  the pres  
ent study show  that  the response  of  root  growth to RZT does 

not  stay  the  same  throughout the  whole  growing season,  and  
RZTs that inhibit  or retard growth in  spring can  be  favour  
able  for  root  growth in  the  autumn (Fig.  8).  This  indicates  
that  the  sensitivity  of  root  growth to  RZT depends on the  de  
velopmental stage  of the seedling. Our  results  also  show  
that, in  both  nutrient  treatments,  there  was competition be  

tween shoots  and  roots  for  photosynthates,  but  nutrient  avail  

ability  did  not  significantly affect the  pattern of dry mass  
allocation  to roots.  However, the  total  growth of  root  dry  
mass was greater  in  HN treatment than in  LN treatment, 
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mainly  due  to  later  cessation  of  root  growth in  the  HN  treat  

ment. Persson  (1980&) has  also  reported that,  in  a Scots  pine 
stand  with  near-optimum availability  of nutrients  and  water, 
fine  roots  continue  to  grow  for  a longer time.  

In conclusion, the  results  of  this  study,  performed in  the  

hydroponic culture, show  that  root  growth  is  closely linked  

to shoot  growth in  Scots  pine seedlings.  The  coincidence  of 
retarded  shoot  growth and  intense  root  growth indicates  that  

root  growth is  controlled  internally  by  availability  of photo  

synthates during the  time  when  decreasing RZT does not 

significantly  restrict  the  metabolic  processes  in  the  roots.  It 
is  well  known  that  hormones  are important in  internal  coor  
dination  of growth and  development of different  organs  (see 
Davies  1995; see Lambers  et al. 1998), and  therefore, a  hor  

monal  mechanism  may have  a central  role  in  controlling 

growth allocation  between shoot  and  roots. Thus, root  

growth is  probably  regulated by  several  internal  and external  
factors  and  their  interactions, including RZT and  availability  
of photosynthates. The  response  of  root  growth  to  environ  
mental  factors  is dependent on the  growth phase  of  the seed  

ling and, therefore, can differ at different  times of the 
growing season. In  the present study  this  was  clearly demon  
strated as the  different  growth response  of roots  to RZT in 

spring and  in  autumn. 
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Summary We  examined  changes in  nitrogen  (N)  net  uptake 

and activity  and  amount of  plasma membrane  H
+-ATPase  

(PM-ATPase) in  roots  of  hydroponically  cultured  Scots pine 
(Pinus  sylvestris  L.)  seedlings throughout a simulated  second 

growing season. Seedlings were  grown  with  low  (0.25 mM  N) 

or high  (2.5  mM  N) nutrient  availability  to  determine  whether 

root  PM-ATPase  is  dependent on an external  nutrient  supply.  

Climatic  conditions  in  the  growth  chamber  simulated  the  mean 

growing season from  May  to  mid-October  in  southern  Finland.  
Root  PM-ATPase activity  varied  considerably during the  

growing season and was higher in  current-year roots  than  in  

previous-year  roots.  Total  PM-ATPase activity  of  current-year  

roots  was highest at  the  end  of the growing season,  whereas  
PM-ATPase activity  per  unit fresh  mass  of  current-year roots  

and specific  absorption  rate  of  N  were highest in  mid-July  and 
decreased  at  the  end of the  growing season. This  indicates  that 

the  decrease  in  PM-ATPase  activity  per  unit fresh  mass  of  the  

roots  at  the  end  of  the  growing season was  compensated by  the  

increased  size  of the  root  system. Seasonal  variation  in  
PM-ATPase activity  had  no clear  dependence on root  zone 

temperature. The  response  of  PM-ATPase  to  root  zone temper  

ature  was dependent on the  developmental stage  of  the  seed  

ling. High nutrient  availability  resulted  in  increased  root  
PM-ATPase activity  and  an extended  period  of  root  growth  in  

autumn. 

Keywords:  hydroponic culture, Pinus  sylvestris,  potential ac  

tivity, real activity, root zone temperature, shoot.  

Introduction 

Nutrient  uptake is  influenced  by  environmental  factors  includ  

ing nutrient supply (Jensen and  Pettersson  1980), soil  water  

(Oren and  Sheriff  1995)  and  root  zone temperature  (RZT) 

(Bowen 1970, Engels and  Marschner  1996 a,  livonen  et  al.  

1999), and  it  is  also regulated internally.  Acclimation  of up  

take and  translocation  of nutrients  to growth-related demand  

has  been  described  for  several  macro- (Engels et  al.  1992, 

Imsande  and Touraine 1994, Engels and  Marschner  1996 b)  

and  micronutrients  (Engels and  Marschner  1996 a).  In conifer  

seedlings, the  demand  for  mobile  nutrients  for initial  growth 

can also  be  satisfied  by  remobilization  of  nutrients  from  older  

parts  of  the  plant (Millard and  Proe 1993).  

During growth and  maturation, roots  undergo extensive  an  

atomical  changes that  greatly  affect their  permeability to  water  
and  solutes  (Kramer  1983). Although water  (Häussling  et  al.  

1988) and  ion  uptake (Chung and  Kramer  1975, Jensen  and  
Pettersson  1980) occur primarily  in root  apical zones where  

the  roots  are  newly formed  and  unsuberized, the  importance  of 

older  suberized  roots  in  water and  nutrient uptake should  not 

be underestimated  (Chung and  Kramer  1975.  Van  Rees  and  

Comerford  1990, MacFalletal.  1991). During the  growth pro  

cess,  the  most  active part  of  the  root system  is  continuously  re  

newed, and at the  same time  the  activity  of  the older  parts  
decreases.  Because  of the  dynamic behavior  of  the  root  sys  

tem,  its  nutrient  uptake activity  may  vary  considerably  during 

the  growing season. 
Plasma  membrane  H

+

-ATPase (PM-ATPase)  plays  a major 

role  in  nutrient uptake and loading because  it  pumps  protons  
outside  the plasma membrane, producing an electrogenic  pro  

ton  gradient across the membrane  and  thus  providing energy  

to  secondary  transporters  (Serrano 1990, Michelet  and  Boutry  

1995). The  expression  of  root  PM-ATPase is  regulated by  root  

developmental stage and  environmental  conditions  (Roldan et 
al.  1991). The  activity  of  the  enzyme  is  dependent on environ  

mental  conditions, including RZT  (Ryyppö et al. 1998, 
livonen  et  al. 1999) and  nutrient  availability  (Kuiper et  al.  

1991, Santi  et  al.  1995, Qiu  and  Su  1998), but  may  also  be  

stimulated  by  the  growth hormones  auxin  (Gabathuler and  

Cleland  1985, Santoni  et  al. 1991) andcytokinin  (Kuiper et al.  

1991). 

Recently,  we found  that  the most  intensive  period of  dry 

mass allocation  to roots  in  Scots pine (Pinus sylvestris  L.)  

seedlings is  at  the  end  of  the growing season after  the  period  of  

intense  shoot  growth, at which  time  RZT is  already  decreasing 

(livonen et al.  2001). Because  nutrient uptake  must  match  the  

nutrient requirement of  the seedling for  growth, acclimatory 

changes must  occur in the  root  system  to meet  the  growth de-  
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mand  for  nutrients  throughout the  growing season. 

The present study was  undertaken  to  determine  (1)  the  time  

of the  growing season when  roots  are metabolically  most  ac  

tive; (2)  the  relative  roles  of current-  and  previous-year roots  in  

the  metabolic  activity  of  the  root  system; and  (3)  the  relation  

ship  between  metabolic  activity  of  roots  and  RZT. We  focused  

on  the  activity  and  amount of  PM-ATPase  in  current-  and  pre  

vious-year  roots  as an indicator  of  metabolic  activity,  and on 

nitrogen (N)  net  uptake and  growth of seedlings throughout 

the  simulated  growing season. In  addition, the  seedlings  were 

grown  with  low  or high nutrient  availability to  determine  the  

importance of  nutrient  supply  for  growth and  metabolic  activ  

ity of the  root  system. 

Material  and methods 

Plant  material  

The  experiment was  conducted  with 1-year-old Scots  pine 
( Pinus sylvestris)  seedlings grown  in  peat-filled Ecopots  

(PS-508, Lännen  Tehtaat, Iso-Vimma,  Finland;  growing  den  

sity  620  seedlings m~
2

)  in  the  nursery at  Suonenjoki Research 
Station  (62°40' N,  27°00'  E).  The  seed  originated from  a seed 

orchard  (62°05' N, 26° 10' E) established  with  material ob  

tained  from different sites in  Finland  between  61°70'  N and 

64°20' N.  In  mid-October  1996, the  seedlings were  transferred  

to  cold  storage and kept  at  -3  °C  over winter.  At  the  beginning 
of February 1997, the  seedlings  were thawed  in  darkness  at 

4  °C  for  2  weeks.  Thereafter, the  peat  surrounding the  root  sys  

tems  of  the seedlings  was  removed  by  gently washing the  roots  

with  cold  tap water. 

Experimental design  

A total  of 1152  seedlings were placed in  12 plastic containers  

(volume 40  dm 3, 96  seedlings per  container) in  a growth cham  

ber (Weiss,  Type 10 Sp/5 DU-Pi, Lindenstruth, Germany). 

The containers  were filled  with  aerated nutrient  solution  con  

taining a low  concentration  of  nutrients  (0.25 mM  N  and  other  
essential  nutrients  in  proportion to  N)  (Ingestad and  Lund  

1986). Air and  root  zone temperatures were-adjusted to  4  °C 
and  the seedlings were  kept  in  continuous  dim  light  (100 umol  

m~
2  s~')  during the  first  3  days.  Thereafter, the  containers  were  

grouped in  three  blocks,  each  comprising four  containers.  
Each  block  was then  divided  into  two nutrient  treatments, low  

nutrient availability  (0.25  mM N;  LN  treatment)  and  high nu  

trient  availability (2.5 mM N; HN  treatment), with  two con  

tainers per  block  per  treatment. In the  nutrient  solutions  

(Ingestad and  Lund  1986). nitrate  and  ammonium  ions  made 

up 58 and  42%  of  the  total  N,  respectively.  The  concentrations  
of all  other  essential  nutrients  were  supplied in  proportion to 

the  amount of  N.  The  pH  of  the nutrient solutions  was  adjusted 

to  4.5-5.5 with  1N NaOH  or 1N HCI.  Electrical  conductivity  
and pH of nutrient  solutions  were  measured  twice a  week;  nu  
trient solutions  were added  based on these measurements. In 

addition, the concentrations  of NH
4
-N and  NO3-N  of the  nutri  

ent solutions  were occasionally checked  by flow injection 

analysis.  The  nutrient  solutions  were changed monthly.  Daily 

and seasonal  fluctuations  in  air and  root  zone temperature, rel  
ative air  humidity and  photosynthetic  photon flux  density 

were similar  in all  treatments.  Air and  root  zone temperature 
and photoperiod were  simulated, with  slight  modifications, to  

follow  the  mean weather  and  light  conditions  in  Jokioinen  

(60°49' N,  23°30'  E),  based  on meteorological data  measured  

during 1961-90  (Finnish Meteorological  Institute  1991) (Fig  

ure  1).  In  the  simulated  conditions, the  length  of  a month  was 
26  days;  and the total  temperature sum  that  developed during 

the simulated  growing season was  1044  d.d. (d.d. = degree 

days above  a threshold  of  5 °C)  (Figure 1), which was  the  

lower  limit  in  the  temperature sum  zone  of  1000-1300  d.d.  in  
southern  Finland  between  latitudes  60°  and  64° N (Finnish  

Forest  Research  Institute  1998). Relative  air humidity  in  the  

growth chamber  was 60-80% in  May and June, 60-90%  in  

July and August and  70-90%  in  September and  October, be  

ing lowest  in  the  middle  of  the  day and  highest in the  middle  of 
the night. Air  temperature and  relative  humidity  in  the  cham  

ber  were recorded  continuously by  a thermohygrograph. Max  
imum  daily  photon flux  density at the  top of  the  seedlings was  
300  |omol  m~

2 s"
1  (PAR,  Li-1858, Li-Cor,  Lincoln, NE).  To  

control  root  zone temperature, a water-filled  plastic  coil  was 

placed in  the  bottom  of  each  container.  The  coils  were con  
nected  to  cryostats  (MGW, Lauda,  Germany)  that  circulated  

water  in  the  coil, thus  maintaining the  nutrient  solutions  at  the  

desired temperature. The  temperature of  the  nutrient solutions  

was  measured  daily  with  a digital thermometer  (Sensotherm 

100, Niirnberg,  Germany).  

Figure 1. Maximum,  minimum and  mean daily  air  temperatures,  and  

mean RZT  (A)  and  length of  the photoperiod (B)  in the growth  cham  
ber  during the experiment. Seedlings were  kept  in dim light  for  2  h  be  
fore  (1  hat 100 umol m~

2  s"
1  and  1h at 200  umol  m~

2 s-1 )  and  after  

(1 hat2oopmolm~
2

s~ l  and  1 hat  100  |jmol m"
2

s
-1

)  a  period of  full 
illumination (300  umol  m~

2  s"
1
). 
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Growth and  nitrogen analysis  

Fresh  mass  of  the  seedlings  was  determined  by  weighing eight  

seedlings per  container  (48 seedlings per  treatment)  at  the be  

ginning  of  the  experiment and  nine  times during the  experi  

ment. At each  weighing, new seedlings were sampled for  
biomass  analysis.  After  the  current-  and previous-year  roots,  
needles  and  stems of  eight sampled seedlings had been  

weighed separately,  the  organs  were pooled and  stored  at 
-80  °C.  Current-year  roots  were separated when  the length of 
the  new roots  was  > 1 cm.  Dry  mass  was determined  from a 

subsample that  had  been  dried  at  60  °C  for  48  h.  After  drying,  
total  N  of the needle  and  stem samples was measured  with  a 
CHN-600  analyzer  (Leco Co.,  St.  Joseph, MI) and  that  of  the  

root  samples  with  a  Leco  CHN-900  analyzer.  Specific  absorp  
tion  rate  of N  (SARN )  was calculated  as:  

SAR
n =(M

:
-Afl )(lnW,-lnH()/(r2 -7JXW2 -H{),  

where  M\ and  M  2  represent  total  N  content in  the  plant  and  Wt 
and W2 represent fresh  masses  of roots  at sampling  times  Tt 

and T2,  respectively  (Welbank 1962). 

Isolation  of  plasma membranes  from roots  

Material  for  isolation  of the  plasma membrane  was  sampled 
10 times  during  the  experiment. Altogether eight  seedlings  

were sampled systematically  from each  container  and  the  

roots  of  the  sampled seedlings were  excised  and separated into  

current-  and  previous-year  roots.  Thereafter,  roots  from  each  
container  were  pooled, frozen in  liquid N  and  stored  at  -80  °C.  
Plasma  membranes  were isolated by  a two-phase aqueous  

polymer  technique (Widell 1987) from 10-15 g of  frozen  

roots  as described  by  livonen  et ai. (1999). 

Assay of  PM-ATPase  activity  and  determination  of 

membrane  proteins  

Activity  of PM-ATPase was  measured  as described  by  

Ryyppö  et ai.  (1994) but with  slight  modifications.  The  assay  
is  based  on colorimetric  measurement  of  inorganic phosphate  
released  from  ATP hydrolysis  (Hodges and  Leonard  1974). 

Activity  was  assayed  in  the  presence  of  5  mM NaN3 ,

100  mM 

KN03  and  0.1  mM and  in  the  presence  or ab  

sence of 100  (jM NaV04 and 3mM  MgS04. The detergent 

used  was 0.1%  Brij  58.  The  PM-ATPase  activity  of  the  roots  

was measured  at the actual RZT (hereafter  called  real  

PM-ATPase  activity)  and at  38  °C. The  activity  measured  at  
38  °C  shows  the  maximal  capacity  of the  enzyme (hereafter  
called  potential PM-ATPase activity).  The  PM-ATPase  activ  

ity was calculated  per  unit  fresh  mass of the  roots  and  on the  

basis  of  total  root  fresh  mass  (hereafter called  total  activity).  
The  amount of  plasma  membrane  protein  was  estimated  ac  

cording to  Bradford  (1976). 

SDS-PAGE and  Western blotting 

Plasma  membrane  samples were precipitated with  10% (w/v) 

trichloracetic  acid for  15 min  in  an  ice  bath  and pelleted  by  

centrifugation at  4  °C.  The  pellets  were suspended in buffer  

containing 62.5 raM  Tris-HCI  (pH 6.8), 2% (w/v)  sodium  

dodecyl sulfate  (SDS),  10% (v/v)  glycerol,  5%  (v/v)  2-mer  

captoethanol, 20 mM dithiothreitol, 10 mM  EGTA, 0.02%  

(w/v)  bromophenol  blue, 1 mM  PMSF and  50  ng  ml" 1 chymo  
statin.  A  5  |jg  sample  of  plasma membrane  proteins  was  sub  

jected to SDS-PAGE  (polyacrylamide gel electrophoresis) 

according  to  Laemmli  (1970). The  gel system consisted  of a  
4.8% stacking  gel and  an 8%  resolving  gel. 

After gel electrophoresis,  polypeptides  were transferred  

electrophoretically  to a nitrocellulose  membrane  (Hypond 

ECL, Amersham  Pharmacia  Biotech, Piscataway,  NJ).  The  
transfer  buffer  contained  25  mM Tris, 192 mM glycin and  
20%  (v/v)  methanol.  Transfer  was  performed at  a  constant  

current  of 20  mA for 1 h  at  4  °C. After transfer,  the membrane 

was  incubated  for  1 h at  room  temperature in  a  blocking  buffer  

(5% (w/v) defatted milk  powder  in  TBS-T: 140 mM NaCl, 
20  mM  Tris-HCI  (pH 7.6)  and  0.1% (v/v)  Tween  20).  Thereaf  

ter,  the membrane  was washed with  TBS-T for 1 x 15 min  and  

2x5  min.  After washing, the  membrane  was incubated  over  

night at  room temperature with  rabbit  antiserum  (No.  721, 
used  at  a dilution  of  1/10,000;  a gift  from  Prof.  Ramon  Ser  

rano,  Universidad  Polytechnica,  Valencia,  Spain) against the  

central  domain  of  Arabidopsis thaliana  (L.)  Heynh. The  anti  

serum was raised  against  fusion  proteins  containing amino  
acid  sequences  340-650  of AHA 3  (Pardo and  Serrano  1989) 
and  specifically  recognized the same  size  of polypeptide 

(around 100  kD)  from  the  plasma membranes  of  A. thaliana  
leaves  and  Scots  pine roots  (data not  shown).  After incubation, 
the  membrane  was  washed  again and  then  incubated  with  a 

secondary  antibody (Anti-rabbit IgG,  peroxidase-linked anti  

body  from  donkey,  ECL, Amersham  Pharmacia  Biotech) for 
1 h  at  room  temperature. The  secondary antibody  was  used  at  a 
dilution  of  1/3000. Both antibodies  were diluted  in a buffer 

containing 1%  (w/v)  defatted  milk  powder, 140  mM NaCl  and  
20  mM Tris-HCI  (pH 7.6).  After incubation  with  secondary 

antibody, the  membrane  was washed  again. Thereafter, the  

membrane  was treated with  ECL  Western  blotting reagents  

(Amersham Pharmacia  Biotech) and  then  exposed  to  Kodak  

X-ray  film  for  1 min.  The  bands  on the film  were  quantified by  

image analysis (Snap Scan 1236, Agfa-Gevaert  Group,  

Mortsel,  Belgium). 

Statistical  analyses 

Three-way  analysis of  variance  was  performed to  test  (1)  the  
effects of  nutrient  treatment,  age  of  the  roots,  block  factor  and  

sampling day on PM-ATPase  activity  and  on the  amount of 

plasma membrane  protein (n = 6);  (2) the  amount of PM  

ATPase,  with  age  of  the  roots,  nutrient  treatment  and  sampling 

day as factors (n  = 3); and (3) the effects of nutrient  treatment, 

block  factor  and  sampling time on  root/shoot  ratios,  increment  

in  N  content and  SAR N  (n  =  6).  Values  of  PM-ATPase  activity,  

amount  of PM-ATPase, protein concentration  in the plasma 

membrane, N  content and  SAR
N  in  pooled samples for each  

container  were used  as independent observations. In the statis- 
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tical  analysis,  the mean values  for  root/shoot  ratio  of  the  sam  

pled  seedlings in  each  container  were used  as independent 
observations  in  the statistical  analysis. When a significant in  

teraction  between sampling day and  nutrient treatment  or  age  

of  the  roots  was detected, the  pairwise  differences  between  

treatment  means were analyzed with  Tukey's  multiple  range  

test.  The  analyses  were  conducted  with  SYSTAT 5.0  for  Win  

dows  (SYSTAT, Evanston, IL). 

Results 

Growth of  the  seedlings 

Initial  fresh  mass  of  the  seedlings was  3.95  ±  0.20  g  (±  SD),  

and final  fresh  mass  at the end  of the  growing season was  
16.59 ± 2.30  g  in  the  LN  treatment  and  29.74  ±  3.50  g  in  the  
HN treatment,  indicating  that  the total  fresh  mass  increment  of 
HN seedlings was twice  that  of  LN  seedlings.  In both  nutrient  

treatments,  the  seedlings  grew  vigorously from June  to  the end  
of  August (Figures 2A  and  2B);  thereafter,  growth of  the  seed  

lings declined  rapidly. Root  growth started in  early  June, 

peaked at the end  of August, declined  in  early  September and  

again showed  a small  peak  at  the  end  of  September. Compared 
with  LN  seedlings, root  growth of HN seedlings  was greater 
and  continued  longer at  the end  of the growing  season (Fig  

ure 2B). In both  nutrient treatments, root growth decreased  at 

the  end  of  July,  when  shoot growth  was most  intense, and  ac  
celerated  subsequently. Compared with  HN  seedlings, LN  

seedlings allocated  proportionally more  biomass  to root  

growth than  to  shoot  growth after mid-July (Figures  2A  and  

28, Table 1). 

PM-ATPase  activity  per  unit  fresh  mass  of  the  roots  

In both  nutrient  treatments,  potential  PM-ATPase  activity  (i.e.,  
measured  at 38  °C)  was  higher in  current-year roots than in  

previous-year roots (P  <  0.001) (Figure  3A). Potential  PM  

ATPase  activities  of current-  and  previous-year roots  were  

higher in  the HN treatment  than  in  the  LN  treatment  (P <  0.001  

and  P =  0.04, respectively).  Seasonal  changes in  potential  ac  

tivity  were  similar  in  both  nutrient  treatments,  with  two  excep  
tions:  first,  in  the HN  treatment, the  potential  activity  of  cur  

rent-year roots  was much  higher at the end  of  June  but  
decreased until  mid-July; and second, in  the HN treatment the 

decrease  in  potential  activity  started  2  weeks  later,  at the  be-  

Table  1. Root/shoot  ratio  (fresh  mass)  of  Scots  pine seedlings  during 

the simulated second  growing season. The seedlings were grown at 

low (0.25 mM N; LN treatment)  or  high (2.5  mM N; HN treatment)  
nutrient availability. Each  value is  the mean (± SE)  of  six  replicates. 

Three-way  ANOVA indicated  a statistically significant interaction  
between sampling time and nutrient treatment. Within a  row,  values 

followed by  different letters  differ significantly from each other at 

P <  0.05 (Tukey's  multiple range  test). 

ginning of October. 

Real PM-ATPase activity (i.e.,  measured  at the actual  

RZTs)  of current-year roots (P < 0.001) and  to some extent 

real  activity  of  previous-year  roots  (P  = 0.01) were higher in  
HN seedlings than  in  LN  seedlings (Figure 3B).  In  both  nutri  

ent  treatments,  real  activity  was  higher in  current-year roots  

than  in  previous-year  roots  until  the end  of  September (P  < 

0.001). In the  HN  treatment,  real  activity  of  current-year roots  

was  high from the  end  of  June  to  the  end  of  August when  RZT 

was  13.5-16.5  °C,  decreased  in  mid-September and  peaked at  

the end  of September before  it  decreased  rapidly. In the LN  

treatment,  real  activity  of current-year roots  was  highest in 

mid-July but  then  decreased  steadily showing  a small peak at 

the end of  September. Real  activity  of  previous-year roots  de  
creased earlier  and  at  a higher rate  in  the  LN treatment than  in  

the HN treatment (P <  0.001 for the interaction between  nutri  

ent availability and  sampling day), and  in  both  HN and LN 

seedlings real  activity  was low  in  mid-October.  

Total  PM-ATPase  activity  of  roots  

We calculated  total  PM-ATPase  activity  to  describe  activity  
of the  whole  root  system and  that  of  current-  and  previous- 

Figure 2. Fresh  mass  incre  

ments  of shoot,  roots  and  

whole seedlings of  Scots  pine 

during the growing season at 
low (A;  0.25  mM N) or  high 

(B; 2.5  mM N) nutrient avail  

ability.  Each  value represents  
the mean (+  SE)  of six  repli  

cates. 

Date LN treatment HN  treatment 

May 1 0.56 ± 0.02 a 0.56 ± 0.03 a 

May 18 0.68 ± 0.04 a 0.68 ± 0.05 a 

June 5 0.72 ± 0.07 a 0.62 ± 0.02 a 

June 23 0.77 ± 0.04 a 0.77 ± 0.05 a 

July 17 1.11 ±0.06 a 0.97 ± 0.02 a 

August 11 1.21 +0.04 a 0.88 ± 0.03 b 

August 29 1.62 ±0.05 a 0.97 ± 0.03 b 

September 17 1.65 ± 0.04 a 1.05 ± 0.03 b  

October 1 1.75 ±0.08 a 1.17 ± 0.05  b 

October 15 1.70  ±0.13 a 1.22 ± 0.06 b 
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Figure  3. Potential (A) and  
real  PM-ATPase  activity  (B)  

per  unit fresh  mass  of current  
and  previous-year roots during 
the growing season. Seedlings 

were grown at  low (0.25  mM 
N;  LN)  or  high (2.5 mM N; 

HN)  nutrient  availability. Each  
value represents  the mean  (±  

SE)  of six  replicates, each  with 

two replicate assays.  Real  ac  

tivities were  measured at ac  

tual  RZTs, which are marked 

at the bottom  of (B). 

year  roots  separately.  In both  nutrient treatments,  total  real  

(i.e., measured  at the actual RZTs)  activity  of current-year 

roots  was significantly  higher  than  that  of  previous-year  roots  

(P<  0.001) (Figures  4A  and  4B).  Total real  activity  of  all roots  

was  low  until  the  end of  June; thereafter,  it increased  rapidly  in  

the  whole  root  system  and  in  current-year roots  and  continued  

to  increase  until  the  end of  August.  It then  decreased  at  the be  

ginning of  September and  peaked again at  the  end  of  Septem  
ber  before  declining in  October  (Figures 4A and  4B). Al  

though total  real  activity  was higher in  HN  seedlings than  in  
LN  seedlings (P  <  0.001), the  trends  over the  growing season 

were similar.  In  both  nutrient  treatments,  total  real  activity  of 

previous-year roots  was low  and  did  not vary  markedly during 

the  growing season. 

In  both LN  and HN  seedlings, total  potential  activity  (i.e., 

activity  measured  at  38  °C)  was  higher  in  current-year  roots  
than  in  previous-year  roots  (P  <  0.001;  Figures  4C  and 4D). 

Furthermore,  total  potential  activity  was  significantly  higher 

in  HN seedlings than  in  LN  seedlings (P <  0.001). In  the LN  

treatment,  total  potential  activity  of  the whole  root  system  and  
of current-year  roots  increased  until  August and  decreased  

thereafter  (Figure  4C).  In  the  HN  treatment,  total  potential  ac  

tivity  of  the  root  system  and  of current-year roots  increased  
from June  to the  end of September, and  decreased  rapidly 
thereafter  (Figure 4D).  In contrast  to  LN  seedlings, total po  

tential  activity  of previous-year  roots  of HN  seedlings in  
creased  at the  end  of the  growing season (P  <  0.001  for the  
interaction  between  nutrient  availability  and  sampling day). 

Changes in  amount  of  plasma  membrane  proteins  and  
PM-ATPase 

The  amount of  plasma membrane  (PM) proteins  was signifi  

cantly  higher in  current-year than in  previous-year  roots  (P <  
0.001  in  the  LN  treatment and  P = 0.004  in  the  HN treatment; 

Figure  5).  However, the  amount of PM proteins in  current  

year  roots  was  unaffected  by  nutrient  treatment  and sampling 

Figure 4. Total real  (A, B) and 

potential (C,  D)  PM-ATPase 

activity  of  current-year  roots,  

previous-year roots and the 
whole root system  of  Scots  

pine  seedlings during the 

growing season. Seedlings 

were grown at low (0.25  mM 

N; LN)  or  high (2.5  mM N; 
HN)  nutrient availability. Each  
value represents the mean  

(+  SE)  of  six  replicates, each 
with two replicate assays.  Real 
activities were  measured at ac  

tual RZTs. which are marked 

on (A)  and (B). 
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Figure 5. Amount of plasma membrane proteins  in the current- and 

previous-year  roots  of Scots  pine seedlings grown at  low (0.25  mM N;  

LN)  or  high (2.5  mM N; HN)  nutrient availability. Each  value repre  

sents the mean (+ SE)  of  six  replicates, each  with two replicate assays.  

day,  whereas  the  amount of  PM  proteins in  previous-year  roots  
differed  significantly  between  sampling days. 

The amount of  PM-ATPase  was  significantly  higher in  cur  

rent-year roots  than  in  previous-year  roots  in  both  LN  (P  < 

0.001) and HN seedlings (P  =  0.005) (Figures 6A  and 6B).  In 

previous-year  roots,  the  amount of PM-ATPase  varied  over  

the  growing season (Figure 6A)  and  in  September it  was  sig  

nificantly higher in  HN seedlings than  in  LN  seedlings (P  = 

0.008). In contrast, the  amount of PM-ATPase  in  current-year 

roots  was  not  affected  by  nutrient  treatment  and  it  remained  in  

high  amounts  until  mid-September when it  began to  decrease  

(Figure 6B). 

Nitrogen net uptake 

At  the  beginning of  June, when  growth of  the  seedlings started  

(Figures 2A and  2B),  seedling N  content increased  rapidly  

(Figure 7A)  and  was much  higher in  the  HN  treatment than  in  

the  LN  treatment  (P  <  0.001) (Figures  7C  and 7D).  In  LN  

seedlings, N content  increased  until  the end  of August, 

whereas  in  HN  seedlings N content  increased  until  the end of 

the growing  season (Figure 7A).  At  the  end of the  growing 

season, the  N  content of  current- and  previous-year  roots  in  

creased  markedly in  the  HN  treatment (Figure 7D).  

The  specific  absorption rate  of  N  (SAR
N

)  was significantly 

higher in  HN  seedlings  than  in LN  seedlings (P  <  0.001) (Fig  

ure 7B).  In seedlings  in  both  nutrient  treatments, SARN 

peaked in  mid-July  and  thereafter  decreased  until  mid-Sep  

tember.  From  mid-September to mid-October,  SAR
N was 

steady  but  low  in  HN  seedlings,  whereas  no N  uptake was  ob  
served  in  LN seedlings. 

Nitrogen concentrations  of all  tissues  were higher in  HN  

seedlings than  in  LN  seedlings.  In  May, the  N  concentration  of 

previous-year needles  and  stem decreased  and  that  of  the  roots  
increased  (Figures 7E and 7F).  Thereafter, in  both  LN and  HN  

seedlings, the  N concentration  of previous-year  tissues  re  

mained  relatively  stable, whereas  that  of  current-year tissues  

declined.  

Discussion  

Current-year  roots  are  more  active than  previous-year  roots  

Both  real  and  potential PM-ATPase  activities  and  the amounts  
of PM-ATPase  and  total  plasma  membrane  proteins  were 

higher in  current-year roots  than  in  previous-year roots  until  

the end of September, confirming the  importance of cur  

rent-year roots  in  nutrient uptake. The  PM-ATPase is  abun  
dant  in  the  root  cap,  pericycle,  epidermal,  endodermal  and  

phloem companion cells  (Parets-Soler  et  al.  1990, Jahn  et al.  

1998). The  anatomy  of the  root  changes during secondary  

growth (Kramer 1983), which  affects the  surface  area of the  

plasma membrane  accessible  to  the  soil  solution  (Kamula et  

al. 1994), and therefore metabolic  activity  varies along the 

length of  the  root  (Travis  et al. 1979, Rolddn  et  al.  1991,  see  

Figure 6. Changes in amount 
of root PM-ATPase  in previ  

ous- (A)  and  current-year  (B)  

roots of Scots  pine seedlings 

grown at  low (0.25 mM N; 

LN) or  high (2.5  mM N;  HN)  

nutrient availability.  Upper  

panel: Each  value represents  
the mean band  intensity (± SE)  
of three  replicates. Lower  

panel: Western  blots  of 
PM-ATPase (M

r
 ~ 100 kD)  of 

previous- and  current-year  

roots.  Five  |ag  of  protein was 

applied to  each  well. 
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Figure 7. Increment of total N 

content (A),  specific absorp  
tion rate of N (B), N content 

(C, D) and N concentration  (E, 

F)  in different plant parts  of 
Scots  pine seedlings during the 

growing season. Seedlings 

were grown at low  (0.25 mM 

N; LN  treatment)  or  high 
(2.5  mM N; HN treatment) nu  

trient availability. Each  value 

represents  the mean (±  SE)  of 
six  replicates. 

Marschner  1995). Because  current-year roots  are more active 

than  previous-year  roots,  the  seasonal  variation  in  metabolic  

activity  of  the root system is  strongly  linked  to  the  formation  
of  new roots,  and  thus  to  the  growth rhythm  of  the  roots.  

Activity of  PM-ATPase  per  unit  fresh  mass of roots  is  
acclimated  to  the  size  of  the root  system 

Nutrient  uptake rate  is  generally balanced  by  the  demand  of 

the  plant  for  nutrients  required  for  growth (White  et  al.  1991,  
Laine  et al. 1995); however, an accumulation  of  nutrients  in  

the  autumn is  characteristic  of conifer seedlings growing  at  

high nutrient supply (van  den  Driessche  1985,  Rikala and 

Repo 1997). We  found  a  strong  correlation  between  increment  

in  N  content and increment  in total  seedling  biomass  (r-  0.74  
in  the  LN  treatment  and r  = 0.72  in  the  HN  treatment, data not  

shown). Total  PM-ATPase  activity  of  current-year roots  was 

greatest at the  end  of the growing season, whereas PM  
ATPase  activity  per  unit  fresh  mass  of  current-year  roots  and  
SAR

N peaked earlier,  indicating that  a  decrease  in  PM  
ATPase  activity  per  unit  fresh  mass  of  roots  can  be  compen  

sated  by  increasing the  size  of  the  root  system.  In  response  to  
nutrient  limitation, pines  usually  allocate  more  biomass  to  the 

root  system than  to the  aboveground organs, which  leads  to an 

increase  in  the  root/shoot  ratio  (Squire et al.  1987, Gower  et  al.  

1994, livonen  et al. 1999). An increase  in  the  root/shoot  ratio  

was observed  in  LN  seedlings in  the  present study  (Table 1). 

Under  nutrient-limited  conditions, regulation of  the root/shoot  
ratio  seems to  be  of  major importance in  matching the  meta  
bolic  activity  of  the  root  system to  the  requirement  for nutri  

ents. 

High  nutrient  availability  stimulates  PM-ATPase  activity  

Between the end  of June  and mid-September, when RZT was 

over 9  °C,  real  PM-ATPase  activity  per  unit  fresh mass  of  cur  

rent-year roots  was 1.2-2  times  higher in  the  HN  treatment 
than  in  the  LN  treatment;  however, this  difference was  not  par  
alleled  by  a similar  difference  in  the  amount of  the  PM  

ATPase.  This  finding indicates  that  high nutrient  availability  

may  regulate PM-ATPase  by  increasing  its  activity  without  
obvious  changes in  the amount  of PM-ATPase (cf.  Roldän  et  

al.  1991,  Palmgren 1998).  In  several  herbaceous  species  in  

creases in  root  PM-ATPase  activity  (Kuiper et  al.  1991) and  
microsomal  ATPase  activity  (Kähr et  al.  1977, Kuiper 1982, 
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Wignarajah et  ai.  1983) have  been  reported in  response  to  an 

increase  in external  nutrient  supply.  Such  changes may  be  as  
sociated  with differential activation  of isoforms of PM  

ATPase  that  differ  with  respect  to  their kinetic  parameters 

(Palmgren and  Christensen  1994, Palmgren 1998) and  might 

be  specialized  to  function  under  different  environmental  con  

ditions  (Michelet et al. 1994). 

Sensitivity  of PM-ATPase  activity  to  RZT is  dependent on the  

stage  of seedling development 

In  early  September, shoot  and  root  growth declined  in  both  nu  
trient  treatments,  resulting  in  a low  growth-related demand  for  
nutrients.  Simultaneously,  real  PM-ATPase  activity  of  the  root  

system  and N  net  uptake decreased.  At the end  of  September, 

root  growth was again accelerated  in both  HN and  LN  seed  

lings.  At  the  same time, real  PM-ATPase  activity  and  net  up  

take  of  N  increased, although RZT  decreased  from  11 to  9  °C.  

Earlier  studies  have shown  that  PM-ATPase  activity  is  de  

pendent on RZT in  spring (Ryyppö et  al.  1998, livonen  et  al.  

1999). In  contrast,  we found  that,  although total  real  PM  

ATPase activity  was dependent on RZT in  spring, this  temper  

ature dependence disappeared in  August and total  real  
PM-ATPase  activity  was  highest at the  end  of  the growing sea  

son when  RZT was decreasing (Figures  4A and 4B).  Our data 

strongly suggest  that root growth (livonen  et al.  2001) and  sen  

sitivity  of root  PM-ATPase  to  RZT vary  during the  growing 

season and are dependent on the  developmental stage  of the 

seedling. In  October, when  RZT decreased  from 9 to 6 °C, 

both  the  real  and  potential PM-ATPase  activities  decreased  

rapidly. This  decrease  was  not  linked  to  changes in  PM pro  

teins,  which  showed  no change at  the  end of  the  growing sea  

son. We suggest that both the amount and activity of 

PM-ATPase decreased  to basal values  because  of a reduction  

in  growth-related demand  for  ion  uptake and  transport. 

High nutrient  availability  extends  growing period  of  roots  

During the growing  season,  total  net  uptake of  N  was  5.3 times 

higher in  HN  seedlings (133.0 ±  22.7  (SD)  mg) than  in  LN  

seedlings (25.1  ± 7.5  mg),  whereas  increment  in  fresh  mass  of 

seedlings only  doubled  in  the  HN  treatment (25.7 ± 3.5  g  (SD))  

compared with  the  LN  treatment  (12.75 ± 2.4  g). During the  

growing  season, N  concentration  of  current-year needles  de  
creased  from 1.7 to 1.4% in  the HN treatment and from 1.0 to 

0.7%  in  the  LN  treatment.  An  adequate range  of  N concentra  

tion  for  shoot growth of 1-year-old  Scots  pine seedlings is  
1.6-2.0% (Rikala 1982). Thus, N  deficiency limited  growth in  

LN  seedlings  but  not  in  HN seedlings. 
In  May, when  PM-ATPase  activity  and  N  net uptake of  roots  

were low, the  demand  for N for  growth was  met  by  retrans  

location  from previous-year needles  and  the  stem. At the  end  

of the growing season,  real  and  potential PM-ATPase activi  

ties were higher in  HN  seedlings  than  in  LN  seedlings, en  

abling roots  of  HN  seedlings to  grow  for a longer period and  to  

take  up  N  until  the end  of the growing season. In contrast, only 

a very  small  amount of  N  was  taken  up  after August in  LN  

seedlings.  Studies  with  Sitka spruce  (Picea  sitchensis  (Bong.)) 

and  Douglas-fir  (Pseudotsuga menziesii  (Mirb.) Franco) have  

shown  that  fine  root production,  in  particular,  increases  in  re  

sponse  to high nutrient  availability  (Coutts and  Philipson  

1977, Friend  et  al.  1990). Although previous-year roots  have  a 
minor  role  in  N uptake, both  the  amount and activity  of  PM  

ATPase  in  previous-year  roots  were stimulated  by  the  HN  

treatment  from  the  end  of  August to  the  beginning of  October.  

This  stimulation  might be  associated with  root  branching, 
which  is  increased  when nutrient  availability  is  high (Coutts 

and  Philipson  1977, Rikala  and Huurinainen  1990), leading to  

increases  in  the amount and  activity  of  PM-ATPase  in  seg  

ments of  previous-year  roots  where  the  lateral  roots  develop 

(Travis  et  al. 1979). 

In  conclusion,  PM-ATPase  activity  of  the  root  system  and  
N net  uptake of  Scots  pine seedlings varied  considerably  dur  

ing  the  growing season,  and  were  highly  dependent on  forma  

tion  of  current-year roots.  Activity  of  PM-ATPase  of  the  root  

system  was low  in  spring  and  early  summer and  peaked at  the  
end  of the  growing season when  RZTs were decreasing. At 

RZTs below  9 °C,  PM-ATPase  activity  of the  root  system  was 

low,  but  no clear  dependence of  metabolic  activity  on temper  

ature  was found at  higher RZTs. High nutrient availability  

promoted PM-ATPase  activity  of  current-  and  previous-year 

roots,  allocation  of  biomass  to  aboveground organs  and  also  

extended  the  growing period  of  the  seedlings.  Stimulation  of 

PM-ATPase  activity  by  high nutrient  availability could  not  be 

explained by  increased  amount of  the  enzyme,  indicating ad  
ditional  regulation of  PM-ATPase activity  under  conditions  of 

high nutrient  availability. 
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