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Photosynthetic Acclimation of Leaves of
Three Apple Cultivars as
Affected by Growth Under Different Light Regimes

EsMAEIL FaLLaHI! J. W. MooN, Jr.Z AND K. JORDAN?®

Abstract

Photosynthetic acclimation of leaves of young
‘Delicious, ‘Golden Delicious, and apple trees
(Malus domestica Bork.) as affected by growth
under full sun or 15% sun and subsequent transfer
to the contrasting light regime was studied.
Photosynthetic capacity was reduced in ‘Granny
Smith, ‘Golden Delicious’ and ‘Delicious’ apple
leaves when grown under 15% sun. Leaf nitngen
per area (N) was highly correlated with CO;
assimilation (A), CO, assimilation at saturating
CO; (Amax), and carboxylation efficiency (g'm).
The highest N was in leaves grown under the
highest photosynthetic ghoton flux (PPF). Pho-
tosynthetic capacity under 15% sun was reduced
to a greater extent in ‘GrannB Smith’ compared
to ‘Golden Delicious’ or ‘Delicious. ‘Granny
Smith, however, acclimated photosynthetically
to shade-to-sun transitions, whereas ‘Delicious’
did not acclimate. Since photosynthetic capacity
was greatly reduced by shade in ‘Granny Smith’
and since ‘Delicious’ and ‘Golden Delicious’ did
not acclimate to shade-to-sun transitions, the
greatest photosynthetic productivity in these
apple cultivars would be obtained by exposing

e greatest tlE)ortion of the canopy to full sun
throughout the season.

Introduction

There has been a world-wide trend
favoring high-density orchard systems
in the production of fruit crops. High-
density orchards come into production
earlier and maximize yield per unit
area. As canopies develop in fruit trees,
interior leaves receive much lower
PPF than leaves in exposed positions
(10, 38). Observations of early leaf
senescence inside the canopies of a
variety of fruit species perhaps indicate
that reduced light intensity in some
high-density trellised systems may have
long-term negative effects on produc-
tivity as dense canopies develop (16).

Shade has been shown to reduce
flower initiation (5, 20), fruit set (7
35), fruit size (3, 17), spur quality and
longevity (3, 14), and fruit quality (11,
14). These negative effects of shade in
fruit tree canopies likely are related to
the reduction of photosynthetic capac-
ity described in shaded leaves of many
plants (4).

Leaves growing in high-light envi-
ronments are light saturated for A ata
higher PPF and have higher light com-
pensation points than those growing
in low light environment. Differences
in sun-and-shade plants have been re-
lated to protein content, leaf anato‘l'lv%
and Ehysiology (1, 4, 6, 27). Gro
PPF has been correlated with leaf
matter per area (LMH) (9, 21, 22, 23,
37’ 38)’ Amu (23)’ N (8’ 9 38), A (8’ 9:
10, 22), g’ (9, 23), an matter

roduction in apple (28). Mooney and

ulmann (25) hypothesized that growth
PPF would integrate photosynthetic
capacity by re-distributing N to leaves
exposed to the highest light to maxi-
mize daily carbon gain. A similar hy-
pothesis was proposed by Neumann
and Stein (26{ which states that the
most fully exposed leaves have the
highest transpiration and receive the
greatest proportion of mineral nutrients
and hormones associated with high A.
These hypotheses have been su go ed
by the studies of Hunt et al., 8 ) in a

4+ species, Amaranthus powellii, by
Field (15) with a drought-deciduous
chaparral shrub, and by Dejon% and
Doyle (9) in peach tree canopies. Since
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nitrogen acquisition, translocation, and
assimilation is costly in terms of energy,
lants such as deciduous trees would
enefit most by allocating more nitro-
gen to leaves exposed to the greatest
PPF. This strategy, however, may not
be cost effective in trellised orchard
environments where limbs that devel-
oped under full sun exposure are
trained and tied down to wires in the
shaded parts of canopies, or where
summer pruning immediately exposes
leaves w%ich eveloped in shaSe to
full sun. Canopy shade has been shown
to reduce A and LMA in apple (29),
grape (16), and citrus (36). Shade-
induced loss of photosynthetic ability,
however, is not readily reversible with
all plant species. Skene (34) has shown
that grana thickness in apple leaves
increases, and thereby reduces photo-
synthétic electron transport capacity,
when sun leaves are transferred to
shade, whereas shade leaves do not
have the capacity to reverse this trend
when transferred to bright light. This
relationship is not true of all fruit
trees, as Syvertsen (36) has shown that
for citrus leaves, density and carbox-
ylation efficiency was increased upon
transfer from 90% shade to full sun.
The purpose of this study was to
characterize N, LMA, and photosyn-
thetic gas exchange in three common
apple cultivars grown in full sun or
15% sun (85% shade), and then evaluate
changes in these parameters when trees
were transferred to the light regime
opposite of the growth PPF. This work
will allow to test the hypothesis of
Mooney and Gulman (25) that N and
photosynthetic capacity are greatest
in leaves grown under the highest
PPF, and it will allow to test a second
hypothesis that apple does not have
the capability to recover photosyn-
thetic capacity by redistribution of N
when transferred from shade to full
sun. This work also should provide
information relevant to managing
densely planted trellised apple orchards.
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Materials and Methods

Plant Material. One year old trees
of ‘Redspur Delicious” (‘Delicious’),
‘Golden Delicious’ (Standard), and
‘Granny Smith’ (standard) apple on
M.7 were planted in to 201 pots (67
pots per cuf:ivar in a 1 soil:2 sphagnum
peat:2 perlite (by volume) medium,
pH 6.2. The medium was amended
with 744 g of treble superphosphate,
496 g potassium nitrate, 496 g magne-
sium sulfate,4 kg ground calcitic lime-
stone, and 62 g Peters Frit Industries
Trace Elements No. 555 SPeters Fertil-
izer Products, Fogelsville, PA) per
cubic meter. Potted trees were pruned
to one shoot and fertilized at each
watering with 200 mg-liter-1 each of
N and K supplied from 517 mg-liter
KNO; and 367 mgiliter' NH/NO:.
Fertilizer solution was maintained at
pH 6.0 by injecting 75% (w/w) technical
grade phosphoric acid into the irriga-
tion system.

Trees of all three cultivars were
randomized and grown for 10 weeks
following bud break in full sun or in
shade covered houses providing 85%
reduction in light intensity (15% sun).
Midday irradiance (10 AM - 2 PM
PST) during the course of the expe-
riment averaged 2430 and 290 mol m™
s”! for full sun and 85% shade, respec-
tively. Leaf length was measured every
other day as they approached full
expansion and were tagged when leaf
length was the same for consecutive
measurements. Three fully exposed
leaves per tree were tagged at full
expansion and gas exchange response
to increasing CO; was measured. Three
different trees served as replicates with
three leaves per tree serving as a com-
posite sample for each tree. These
same three leaves per tree were re-
moved and dried in a 80°C air forced
oven for 48 hours and measured for
dry weight and leaf nitrogen. Three
leaves per tree that were fully ex-
panded were then tagged. After-which,
trees grown in shade were moved to
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full sun, and those grown in full sun
were moved to shade. Three weeks
after this transfer, tagged leaves were
again measured for gas exchange, dry
weight, and leaf nitrogen. Data were
analyzed as a completely randomized
factorial design with each tree being a
replication and factors being: grown
in 100% sun, grown in 15% sun, grown
in 100% sun and transferred for 3 weeks
to 15% sun, and grown in 15% sun and
transferred for 3 weeks into 100% sun.

Gas Exchange. Gas exchange mea-
surements were made using an open
system and Plexiglass chamber coated
on the inside with clear Teflon tape to
reduce water vapor adsorption and
absorption. Temperature within the
chamber was controlled with a peltier
plate (Thermoelectric Corporation of
America Model 150HC, Chicago, IL
and air circulation over a nickel-plate

aluminum heat exchanger was supplied-
with a small DC fan. 8’:](Iygen, N2, and
CO; were mixed manually using multi-

ple valves, and flow rates into the
mixing chamber were measured with
mass flow meters (Hastings Models
ST 2663 and ST 2664, Hampton, VA).
Response of A to increasing CO; was
monitored by measuring CO, gas ex-
change in 8 to 10 step increments from
low (< 100 gmol.mol™) to high CO,
(1000 pmol.mol™). The reference,
sample, and the CO, differential con-
centrations between the inlet and outlet
gas from the chamber were measured
with an infrared gas analyzer (ADC
Model LCA-2, Anaf ical Development
Co., Hoddesdon, Herts, U.K.). Flow
rate into the chamber was controlled
at 4-liters min" and the air temperature
inside the chamber was controlled
throughout at 25 +/-0.5C. Air and leaf
temperature were monitored using
thin-wire thermocouples. Vapor pres-
sure deficit (VPD) was maintained at
0.5 to 1.0 KPa by saturating the gas
stream in a temperature-controlled
water bath, and then drying part of
the air stream with silica gel. Vapor
pressure of the inlet gas was measured

with a dew point hygrometer (EG &
G Model 911, EG&G Co., Burlington,
MA). Outlet vapor pressure was mea-
sured directly within the chamber using
an EG & G Model 200 dewpoint
hygrometer. Light supplied by a 1000
V&, metal halide lamp was filtered
through 8 cm of water and neutral
density screens. The irradiance level
was measured with a quantum sensor
(LiCor Model LI-180, Lincoln, NE) at
the top of the leaves and was main-
tained between 1400 and 1600 (PPF
pmol. m™%s™). Gas exchange was cal-
culated using standard equations (24).

Data analysis. A logarithmic curve
was fitted to the data for A versus
intercellular CO, (C;) as reported b:
Farqzuhar and Sharkey (12;1. Anmax (G
> 580 mol mol™) was calculated from
the plateau phase of the A/C; curves.
Reductions in Amsx following an envi-
ronmental stress are indications of non-
stomatal limitation of A due to damage
to (f)hotos thetic electron transport
and thereby regeneration of the sub-
strate RuBl¥ Carboxylation efficiency
was determined from linear regression
using the linear portion of the A/C;
curve (0 to 250 umol.mol* CO;). Esti-
mates of g'n provide a means of assess-
ing the non-stomatal process limiting
A tollowing a change in environment,
e.g. imposition of water or temperature
stress.

Results

Effects of Light: CO, assimilation,
%’m, max, and stomatal conductance to

O; (g’s) were lower in leaves grown
in 15% sun or grown in 100% sun and
transferred to 15% sun for 3 weeks
comu%ared to controls grown and kept
in full sun (Table 1). Leaf dry matter
per area was also reduced by shade
and the response to changes in growth
PPF were similar to gas exchange
responses (Table 1). Leaf nitrogen per
area was lower in shade-grown trees
(Table 1).

Effects of Cultivars: When means
of cultivars over all light regimes were
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Table 1. Gas exchange, leaf nitrogen per area, and leaf dry matter per area
({.l.lMA) under different light regimes for pooled values over three apple
cultivars’

Light A . A _ . s Leaf N_
Condition (umolm™s™")  (mmolm™s™) (umol™s™) (mmol.m™s™") (mg.cm™) (mmol.m™)
1002 21.5 a’ 150.0 a 38.0a 169.0 a 99a 210 a
15% 142b 85.7b 26.3 b 1016 b 74b 150 b
15 to 100% 20.7 a 152.3 a 32.7a 1633 a 9.7a 195 a
100 10 15% 153 b 943b 26.0 b 141.6 ab 8.8 ab 170 ab
*CO; assimilation (A) was d at 365 umol.mol™ CO;, 1500 umol.m™s™ PPF, 25 C, and vapor pressure deficits < 1 KPa. A
d at i | CO; (C; > 600 umol.mol™"). Carboxylation efficiency (g'=) was estimated from the linear

was al g
portion of A/C; curves (0 to 250 gmol.mol ' CO;).

"Mean separation within columns by Duncan’s Multiple Range test at 0.05%.

pooled, ‘Golden Delicious’ had higher
A, €n, Anax, g5, and LMA than other
cultivars (Table 2). These differences
were, however, only significant for g’
between ‘Golden Delicious’ and ‘Deli-
cious’ and for Amax between ‘Golden De-
licious’ and ‘Granny Smith’ (Table 2).

Shade (15% sun) reduced gas ex-
change more in ‘Granny Smith’ (A =
100, g'n = 70, Amax = 20.1, g’ = 73),
compared to ‘Delicious’ (A =16.0, dg m
=T79.0, Amax = 28.5, g’s=139), or ‘Golden
Delicious’ gg =16.3, §’m =105, Amax =

.8, g's = 86); Units for A, g'm, Am},
and g’s are: umol.m s, mmol.m™s ",
pmol.m %~", mmol.m™s™, respectively.

Changes in Cultivars When Trans-
ferred to the Opposite Light Regime:
CO: assimilation, g'm, N, and LMA in
all cultivars and Anmax and g, in ‘Golden
Delicious’ and ‘Granny Smith’ increased
when trees were transferred from 15%
to 100% light and decreased when
transferred from 100% to 15% light
(Table 3). In ‘Delicious, however, Amax
did not change and g’s decreased when

Table 2. Gas exchange, leaf N per area, and leaf d

trees were transferred from 15% to 100%
light (Table 3), and the interaction be-
tween cultivars and light for é’s was
significant. When leaves from ‘Granny
Smith’ were grown in 15% sun and trans-
ferred to full sun, A increased by 135%,
g'm by 139%, Amx by 71%, and g’ by
138%, whereas increases in ‘Golden De-
licious’ were not as great (Table 3). Gas
exchange in ‘Delicious’ leaves showed
very little response to the transfer from
shade to full sun (Table 3).

Transfer from full sun to shade (100
to 15%) reduced N by 19 and 27%,
respectively, in ‘Golden Delicious’ and
‘Granny Smith; but by only 7% in ‘Deli-
cious’ sTable 3). Transfer of shade
grown leaves to full sun caused N to
increase 18% in ‘Golden Delicious’, 30%
in ‘Granny Smith, and 42% in ‘Delicious’
(Table 3).

Photosynthetic gas exchange was
highly correlated with N (Table 4).
Carbm?'lation efficiency, g’s, and LMA
were also good predictors of A and
photosynthetic capacity (Table 4).

matter per area (LMA) in

three cultivars of apple for pooled values over different light regimes’

A ) Arax s L
(umolm?s™") (mmolCO,.m™s") (umolCO2m™%s™") (mmolCOm™s™) (mgem?)  (mmolm?)

Cultivar

‘Delicious’ 180 a’ 102.0 b 30.0 ab 1475a 88a 1925 a
‘Golden Delicious’ 189 a 1430 a 34.5a 155.0 a 94a 177.5 ab
‘Granny Smith’ 169 a 116.8 ab 275b 129.2 a 87a 1738 b

*CO; assimilation (A) was measured at 365 umol.mol™ CO3, 1500 mol.m %™ PPF, 25 C, and vapor pressure deficits < 1 KPa. Axu
was d at ing i |

portion of A/C; curves (0 to 250 gmol.mol ' CO;).

CO; (C; > 600 gmol.mol™). Carboxylation effici

(g'=) was esti d from the linear

"Mean separation within columns by Duncan’s Multiple Range test at 0.053.
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Table 3. Percentages of changes in
CO; assimilation (A), carboxylation
efficiency (g'n), CO; assimilation at
saturating CO; (A ), stomatal con-
ductance (g’s), leaf N per area (N)
and leaf dry matter per area (LMA)
in three cultivars of apf)les when
trees transferred from 15% sun to
100% and from 100% sun to 15%.

Light
Condition/Cultivar A gn Ami g N LMA
15 to 100%

‘Delicious’ +8 +38 0 -7 +42 +32

‘Golden Delicious’ +29 +72 +17 +114 +18 +26

‘Granny Smith®  +135+139 +71 +138 +30 +33
100 to 15%

‘Delicious’ -27 25 -22 -18 -7 -5
‘Golden Delicious’ -19 -34 -23 -22 -19 -14
‘Granny Smith’ -41 53 -49 -9 -27 -16
*CO, assimilation (A) was d at 365 gmol.mol™ CO;,

1500 pmol.m™s™ PPF, 25 C, and vapor pressure deficits < 1
KPa. Anas was measured at saturating internal CO; (C; > 600
umol.mol™’). Carboxylation efficiency (g'») was estimated
ggu; the linear portion of A/C; curves (0 to 250 gmol.mol™
2).
*+ indicates an increase and - shows a decrease as compared to
the condition under the previous light regime.

Discussion

Leaves of all three apple cultivars
had higher A, gm, Amsa, and LMA
when grown under high PPF. Since
these %arameters are associated with
high photosynthetic capacity, we sug-
gest that growth PPF determines pho-
tosynthetic potential and efficiency in
apple leaves. Photosynthetic photon

ux level has been correlated with
both A and g'n in peach (9), and in
tropical timber trees (23). The higher
LMA in leaves grown under high PPF
observed here i‘Table 1), and reported
for leaves of other tree species (9, 21,
23, 37, 38) could be due to increased
soluble protein, but could also be due
to structural changes affecting the leaf
anatomy.

Stomatal conductance to CO, was
about 39.8% higher in high-PPF-grown
apple leaves (Table 1). Higher transpi-
ration rates expected with high g’
may contribute to the high photosyn-
thetic potential of the sun leaves by
virtue of the fact that more nutrients

and phytohormones associate with high
A are accumulated via xylem conduc-
tance (16). One such nutrient that would
be accumulated through the transpira-
tion stream would be leaf nitrogen.
Leaf nitrogen tﬁer area has been highly
correlated with A (9, 18, 30, 33), Amax
(32, 37), and g'm (9). The fraction of
nitrogen invested in carboxylation en-
zymes has been shown to increase
with increasing N (31, 32). In this
study, N was about 28.6% higher in
high PPF grown leaves (Table 1), and
these higher levels of N were correlated
with A, Anas, and g'm (Table 4). The
higher N and photosynthetic capacity
observed here in apple leaves supports
the hypothesis of Mooney and Gulman
(25), which states that nitrogen will be
distributed to leaves growing in the
highest PPF in order to maximize daily
carbon gain.

Photosynthetic gas exchange was
lower in ‘Granny Smith’ leaves grown
under low PPF (15% sun) compared to
‘Delicious’ and ‘Golden Delicious. When
grown under high PPF and transferred
to 15% sun, A, Amax, and g'n were re-

Table 4. Summary of linear regres-
sions of ?ooled data of all cultivars
over all light regimes relating leaf
nitrogen gN), carboxylation effi-
ciency (g’'m), and stomatal conduc-
tance to CO; (g’), and leaf dry
weight per area (LMA) to gas ex-
change measurements.”

Coefficient of
Dependent Independent determination
iabl jable Y- pt Slope (r2)
N A -333 019 0.50°°
N gn 2681 081 0.30°°
N Anax 306 015 0.37°°
gm A 684 0.09 0.68°°
gn Amax 13.29 0.15 0.74°°
g’ A 512 . 009 0.69°°
LMA A -6.06 269 0.52°°
LMA Anmax 328 297 0.29°°
LMA gm -98.72 2450 0.55°°
*n =38

“units: A(umol COz.ms™!), g'n (mmol COz.m%5™"), Amss (umol
CO..ms™), N (mmol.m™) g’, (mmol CO,.m™s™).
°°, NS: Significant at P = 0.01 or nonsignificant, respectively.
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reduced from about 40 to 50% in ‘Granny
Smith, whereas the reductions in these
arameters were about half as great in
Delicious’ and ‘Golden Delicious’

(Table 3). We suggest that shade during

growth or repositioning limbs into
shade could have a greater negative
effect on the photosynthetic produc-
tivity of ‘Granny Smith’ compared to
‘Delicious’ or ‘Golden Delicious’

When grown in low PPF and trans-
ferred to full sun for three weeks,
leaves of ‘Granny Smith’ apple dra-
matically increased A (135%), g'm (139%),
and Amx (71%), whereas there was no
increase in A or Amax, and only a small
§38%) increase in g'n in ‘Delicious’ apple
Table 3). Thus, it appears that ‘Granny
Smith’ has an acclimation potential to
enable high A upon transfer from
shade-to-sun, whereas ‘Delicious’ does
not. Leaves of most fruit-tree crops
are similar to ‘Delicious’ in that they
cannot acclimate photosynthetically to
shade-to-sun transitions (16, 34). How-
ever, increases in LMA and photosyn-
thetic capacity have been reportecr?n
‘Red Yorking’ apple (2) and citrus (36).
Ferrar and Osmond (13) observed that

a sun clone of Solanum dulcamara

could increase photosynthetic capacity
by increasing Rubisco protein upon
shade-to-sun transitions, whereas a
shade clone could not acclimate and
was damaged by photoinhibition. Since
an increase in the amount and activity
of the principal leaf protein, Rubisco,
almost invariably accompanies accli-
mation to bright f;ght (4), leaf nitrogen
could be an indicator of sun-to-shade
acclimation capacity. Leaf nitrogen in-
creased by 30% in ‘Granny Smith’ and

2% in ‘Delicious’ when transferred
from 15 to 100% sun (Table 3). Thus,
the increase in N may not be associated
with Rubisco or other enzymes of
photosynthetic machinery in ‘Delicious’
apple leaves. The increased N in ‘Deli-
cious’ leaves is perhaps associated with
structural proteins as indicated by the
32% increase in LMA, and/or in defense
compounds. ‘Golden Delicious’ apple

FRUIT VARIETIES JOURNAL

leaves also increased photosynthetic
capacity when transferred from shade-
to-sun, but the magnitude of the in-
crease was only 29% while the increase
in ‘Granny Smith’ was 135% (Table 3).

The inability to respond photosyn-
thetically to shade-to-sun transitions
indicates that ‘Delicious’ and ‘Golden
Delicious’ may not respond produc-
tively to summer pruning. ‘Granny
Smit%’ can acclimate to increases in
PPF (Table 3), but photosynthetic ca-
pacity i$ reduced to a much greater
extent when grown in shade compared
to ‘Delicious’ or ‘Golden Delicious. An
orchard management strategy that
allows for dense canopy shade to de-
velop for most of the season with
summer pruning to increase light just
before final sizing of fruit may not
result in an increased fruit size in
‘Delicious’ and ‘Golden Delicious’ be-
cause they cannot respond to the light
increase. The same strategy would
also be deleterious in ‘Granny Smith’
because of the dense canopy shade
most of the season which drastically
reduces CO; assimilation. However, it
should be kept in mind that summer
pruning is not usually done to enhance
photosynthesis, but rather to reduce
regrowth, and enhance red color de-
velopment in the fruit. For a solid
recommendation for tree training in a
high density system and the impact of
light penetration on the canopy devel-
opment, thus fruit quality and bud
initiation, several years of data prefer-
ably from mature and bearing trees is
needed. In this experiment, models
for one-year-old trees that are grown
with all leaves in the sun or all in the
shade are presented. In the orchard
situation and in the mature trees, re-
gardless of how dark the canopy inte-
rior becomes, many leaves are well
exposed that stay that way. Also, in
the orchard, form and orientation of
hedgerow set an upper limit to poten-
tial light interception and also set an
upper limit to the extent to which one
hedgerow will shade its neighbor (19).
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However, based on the conditions and

results of this experiment,

hotosyn-

thetic productivity would be best max-
imized by training and pruning systems
that exposed the greatest amount of
foliage to full sun over the entire grow-
ing season.
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Improved Rooting of Ottawa 3 Apple Rootstock by
Soft Wood Cuttings Using Micropropagated Plants as
a Cutting Source
H. A. QuamME AND E. J. HoGUE!

Abstract

The rooting of Ottawa 3 apple rootstock by
softwood cuttings under intermittent mist was
improved by using a source of micropropagated
plants (63%) in comparison to two conventionally
propagated sources (47 and 42%). Softwood
cuttings from the micropropagated plants also
developed larger root masses than softwood
cuttings from the conventional sources. Basal
%Jg)ings rooted better than tip cuttings (71 vs.

Ottawa 3 (0.3) is a precocious apple
rootstock between M.9 EMLA and
M.28 in size-controlling potential (6, 9,
13). The main advantage of O.3 is its

resistance to winter injury (2, 12, 15).
However; it has the disadvantage of
being difficult to propagate by stool-
bed-layering (2, 13), the preferred
commercial method of apple rootstock
propagation. It has been successfully
propagated by root cuttings (4), but
results with softwood cuttings have
been variable. Spangelo et al. (13)
reported that rooting of softwood cut-
tings taken from conventional beds
ranged from 34 to 62%, whereas Nelson
8) reported that rooting ranged from
9 to 100%. A 94% success rate was

l%Igriscsl:‘ll:ure Canada, Research Station, Summerland, British Columbia VOH 1Z0. Contribution
0.854.
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