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Abstract

Key message Fruit photosynthesis in both hickory and
pecan significantly contribute to the carbon require-
ments of late growth stage (corresponding to seed
development).

Abstract Plant parts other than leaves can perform pho-
tosynthesis and contribute to carbon acquisition for fruit
development. To determine the role of fruit photosynthesis
in fruit carbon acquisition in hickory (Carya cathayensis
Sarg.) and pecan (Carya illinoensis K.Koch), we studied
changes in dry mass, surface area and CO, exchange rate in
these fruits during fruit development. Fruit development
was divided into two phases: phase one involves the rapid
increase of fruit size (from 0 to 59 days after pollination
(DAP) for hickory; from 0 to 88 DAP for pecan); phase two
involves seed development (from 59 to 121 DAP for
hickory; from 88 to 155 DAP for pecan). The net photo-
synthetic rate (P,) in hickory leaves decreased by 48.5 %
from 76 to 88 DAP, while the P, in pecan leaves decreased
by 32.3 % from 88 to 123 DAP. The gross photosynthetic
rate (P) in hickory fruit was significantly greater than that
of the leaf during the late stage (88 to 121 DAP) of fruit
development. Pecan fruit had a significantly higher P, than
leaves during ontogeny. The contribution of fruit photo-
synthesis to fruit carbon requirements increased during
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fruit development, which was estimated by the gross fruit
photosynthesis divided by respiration and increased dry
mass. The contribution of fruit photosynthesis to pecan
carbon requirements was significantly greater than that of
hickory. Fruit photosynthesis in both hickory and pecan
significantly contribute to the carbon requirements of late
growth stage.

Keywords Different growth stages - Fruit
photosynthesis - Surface area - Carbon requirement

Introduction

Hickory (Carya cathayensis Sarg.) and pecan (Carya illi-
noensis K.Koch), belonging to the Juglandaceae family, are
important and widely planted crops in Zhejiang and Anhui
provinces. Hickory is popular because its seeds have a high
nutritional value, good taste, and a unique flavor. The seeds
of hickory are relatively small (length 35.4 4+ 1.04 mm;
width 31.1 4+ 2.25 mm), but pecan seeds are large (length
40.4 + 2.13 mm; width 36.0 & 0.85 mm). Pecan, which
originated in America, has been cultivated in large areas of
China because of its wide adaptability and its suitability. The
market demand for hickory and pecan nuts now exceeds the
supply. Therefore, increasing the nut yields of hickory and
pecan tree is would be very useful for the Carya industry.

Although green leaves are the main sites of photosyn-
thate production, other parts of plants, such as greenish
flowers, stem or developing fruits can be photosyntheti-
cally active (Blanke and Lenz 1989; Ogawa et al. 1995;
Weiss et al. 1988; Kocurek et al. 2015). Photosynthesis of
non-foliar green plant tissue can provide an important
additional contribution to carbon requirements (Aschan
and Pfanz 2003).
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Analysis of the time-course of photosynthetic rate in
both leaves and fruits has the potential to quantitatively
reveal temporal changes in carbon requirements for fruit
development (Hieke et al. 2002; Imai and Ogawa 2009).
For example, Lychee fruit contribute about 3 % of the total
carbon requirement during fruit development (Hieke et al.
2002). Many studies demonstrate a significant photosyn-
thetic contribution by developing fruits to their own carbon
requirement for growth and maintenance (Pavel and
DelJong 1993; Blanke and Whiley 1995; Marcelis and
Hofman-Eijer 1995).

Although the photosynthetic characteristics of leaves of
hickory and pecan have been studied (Crews et al. 1980; Li
et al. 2007; Lombardini et al. 2009; Huang et al. 2011; Ling
et al. 2014), there is little information about the photo-
synthesis of fruits. The fruits of hickory and pecan are light
green or green before maturity, and contain chlorophyll
which can capture light energy to perform photosynthesis.
In this study, we investigated the photosynthetic charac-
teristics of hickory and pecan fruit and document how they
contribute to the carbon requirements during the fruit
development stages. We determined the changes in the
surface area and dry/fresh mass ratio of fruits of hickory
and pecan during the different days after pollination
(DAP). We also studied photosynthetic light response
curves in leaves and fruits of hickory and pecan during fruit
development. We estimated the contribution of fruit pho-
tosynthesis to fruit carbon requirement using the gross total
photosynthesis, total respiration, and dry mass of fruits.
The results will help provide a theoretical basis for
achieving higher yields using fruit photosynthesis.

Materials and methods
Plant materials

Six hickory (Carya cathayensis Sarg.) grafting trees (2-
year hu-nan hickory as rootstock and 1 year hickory as
scion grafting in 2008, began bearing fruit since 2012)
were studied at Zhejiang Agricultural and Forestry
University, Lin’an, China (30°12'N, 119°20'E). Six pecan
(Carya illinoensis K.Koch) trees (2-year pecan as rootstock
and 1 year ‘‘mahan” pecan as scion grafting in 2007) were
studied at Lianhua Village, Jiande, Zhejiang province,
China (29°29'N, 119°22’E). All trees were grown using
standard practices. Blooming season of both ‘Hickory’ and
‘Pecan’ occurred from late April to early May. The male
inflorescences were removed before pollen dispersal.
Female inflorescences were hand pollinated on May 1st
(hickory) and May 3rd (pecan) in 2014. Pollen of hickory
and pecan was collected from Linlong Mountain in Lin’an
city. Prior to experiment initiation, fruits of ‘hickory’ and
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‘pecan’ were thinned to one fruit per cluster and labelled on
June 5th (hickory) and July 5th (pecan) in 2014. Materials
for the measurements of gas exchange and the other
physiological parameters were collected randomly from the
outer part of the crown at a height of around 1.5-2.0 m.
Experiments were conducted from May st to August 28th
(hickory) and May 3rd to October 5th (pecan).

Surface area and biomass

The length (L), width (W) and thickness (7) of fruits were
measured with a digital caliper. According to Jindal and
Mohsenin (1978), the geometric average diameter (Dg) can
be expressed as:

Dg = (LWT)'/? (1)

The surface area of fruits was determined by the Eq. (2)
(Baryeh 2001).

S = x Dg* (2)

The fresh and dry biomass (oven-dried at 60 °C for 48 h
to constant weight) of the fruit was weighed with an
electronic balance. The surface area and biomass of each
fruit was measured after their gas exchange measurement.

Gas exchange

Gas exchange of fruit and leaves was measured with LI-
6400 portable photosynthesis system (Li-COR, Lincoln,
NE). Readings were taken from 08:00 to 11:00 h and 14:00
to 16:00 h. A conifer chamber (6400-22, LI-COR) with a
18-RGB light source (LI-COR, Lincoln, NE, USA) was
used for fruits and a normal 2 x 3 cm chamber with a
6400-02 (LI-COR) LED light source was used for leaves.
The fruits remained attached to the stem during measure-
ment. Leaves or fruits enclosed in the chamber were first
exposed to photosynthetically active radiation (PAR) of
1300 pmol m~2 s~! for 20 min. At 20 min, the PAR was
decreased in step-wise fashion to zero to measure the net
photosynthetic rate (P,) at twelve and eleven PAR values for
leaves and fruits, respectively. During the measurements,
the chamber temperature was controlled at 28-30 °C and
was monitored at an ambient CO, concentration of about
400 pmol mol™'. Carya fruits had high respiration rates,
even in the presence of light. For calculation of the gross
photosynthetic rate (P) of fruits, the rate of respiration in
darkness (R4) was subtracted from the respiration rate in
light (Ry) of fruits (fruits respired more CO, in dark than in
light). The gross photosynthetic rate (Py) of leaves was
calculated as P, minus Ry, algebraically. For leaves, we used
the P, and Ry per leaf area, in which the leaf area was treated
as one-half the surface area of leaf. Thus, P, was divided by
half of the surface area of fruit when expressed as per



Trees (2016) 30:1523-1534

1525

surface area. The rates of P, and R4 were estimated on the
basis of the fruit surface area (umol CO, mZs Y or per
individual fruit (umol CO, fruit™' s™).

Modelling of the photosynthesis-PAR curve

The light saturation point (LSP) and maximum assimilation
rate (P, max) Of leaf and fruits areas were determined
using AQ response curve analysis software (Version 1.0,
LI-COR, 2/2008). On a fruit basis, the light response model
for photosynthesis determined the relation between P, and
PAR (Charles-Edwards 1981):

bPAR
_ AR 3
1 +oaPAR (3)

Coefficient o is the reciprocal of PAR at 50 % of the
asymptotic rate, coefficient b is the gradient of the satu-
ration curve of Eq. 3 at the origin or the maximum quan-
tum yield. The maximum P, at light saturation (Pg, max))
was determined as b/o. The CO, re-fixation (%) at light
saturation was approximately P max/r (Linder and Tro-
eng 1981).

n

RuBPC activity and soluble protein content of leaves

Leaf discs (14.38 mm diameter) were excised from the
leaves at 40, 50, 59, 76, 121 DAP for hickory and 66, 78,
88, 123, 155 DAP for pecan, respectively. Enzyme
extraction was performed, with slight modifications,
according to Sayre et al. (1979). Leaf discs (about seven
discs per sample) were ground with a mortar and pestle (at
4 °C) containing a small amount of sand and 1.0 mL of
grinding media consisting of 0.1 M Tris—=HCl (pH 8),
100 mM MgCl,, 1 mM EDTA, 20 mM mercaptoethanol,
100 kg m~ glycerin, and 10 kg m™ polyvinylpyrroli-
done. Ground material was centrifuged at 15,000g for
10 min at 4 °C, and the supernatant was used for enzyme
assays. RuBPC (Ribulose-1,5-bisphosphate carboxylase)
activity was assayed by the method of Racker (1962). The
following enzyme extract was added to the reaction mix-
ture: 100 mM Tris—Hcl (pH 8.0), 100 mM MgCl,, 1| mM
EDTA, 50 mM dithiothreitol (DTT), 2 mM NADH,
50 mM ATP, 200 pM NaHCOg;, 2 units per mL creatine
phosphokinase, 4 units per mL each of NAD-dependent
glyceraldehyde-3-P-dehydrogenase  and  3-P-glycerate
kinase in a final volume of 3.2 mL. The mixture was
incubated at 25 °C for 5 min. Reactions were initiated by
the addition of 9 mM RuBP. The soluble protein content of
leaves was measured by a spectrophotometer at 595 nm
according to the Coomassie brilliant blue G250 method
(Read and Northcote 1981).

Chlorophyll content of leaves and fruits

The chlorophyll content of leaves was determined using
leaf discs cut with a calibrated metal borer (14.38 mm
diameter). The leaf discs of leaves (one disc per sample)
were ground in the ceramic mortar, transferred to a cen-
trifuge tube with 5 mL of 95 % (v/v) ethanol (100 %,
Sinopharm Chemical Reagent Company, Shanghai, China)
in the dark for 24 h at 25 °C until it was blanched (no green
color in the leaf tissue). Absorbance of the supernatant was
measured with a spectrophotometer (UV-2550, Shimadzu,
Kyoto, Japan) at 649, 664 and 470 nm after centrifugation.
The total chlorophyll (Chlt), chlorophyll a (Chla), chloro-
phyll b (Chlb), and total Carotenoid (Car) contents were
determined according to Lichtenthaler (1987).

Estimation of carbon balance in fruits

The total carbon requirement was calculated as the sum of
the cumulative total respiration (2, expressed in mg car-
bon) and the carbon equivalent of the increment in fruit dry
matter during an interval of time. The total contribution of
fruit photosynthesis to the fruit carbon requirement was
calculated by the cumulative total gross fruit photosyn-
thesis (2,,, expressed in mg carbon) divided by the total
carbon requirement (expressed in g carbon) for a short
period. We assumed that the daily X, or X\ is constant and
the value can be determined by the mean of the values on
the first day and on the last day during an interval of time.

The X was and X, per fruit per day was calculated as
following Egs. 4 and 5, respectively (Bazzaz and Carlson
1979).

2= (Rd(30°C) X 14h —l—Rd/Z (ZOOC) X 10h) (4)
ng = ((Rd - R1)14h) (5)

Night-time respiration [R4 (20 °C)] was calculated from
respiration measured during the day respiration [Ry
(30 °C)], assuming a Qg of 2 (Lloyd et al. 1995) and a
mean day temperature of 30 °C and a mean night tem-
perature of 20 °C. The conversion of fruit dry mass to
carbon equivalents was calculated as dry weight multi-
plying by 0.436 for barely tops (Biscoe et al. 1975). The
molecular weight ratio of carbon in one carbohydrate
molecule (C¢H;¢Os) is 0.444. To convert X, or 2y, from
pmol CO, fruit™ s™' to mg CO, g~' h™', values were
multiplied by 158.4 and divided by the dry mass (umol
CO, fruit™' s™' = 44 x 3600/1000 mg CO, g~' h™'/dry
mass). The equivalent carbon content (mg g~' h™') was
calculated by dividing by 3.6(CO,/C = 44/12 = 3.6). The
P, was selected when the PAR was 1300 umol m sl
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Data analysis

Data were subjected to analysis of variance (ANOVA)
using SPSS statistical software (version 16.0, IBM, New
York, USA). The data are presented as the mean £ SE.
Differences at p < 0.05 were considered significant.

Results
Fruit development

The fruits of hickory and pecan studied during their fruit
development were as shown in Fig. 1. The surface area of
hickory fruit was very small after fruit-set, then it rapidly
increased by more 3.37-folds by 59 DAP compared with that
at 40 DAP (at rate of 72-73 mm?* day ™' fruit™") (Fig. 2a).
After 59 DAP it slowly increased during the late growth stage
of fruit development (24-29 mm?* day ' fruit™', Fig. 2a).
The surface area of pecan fruit increased rapidly from 78 to
112 DAP (69-84 mm? day ' fruit™") after which it slowly
increased to the maximum value (Fig. 2a).

The fruit dry mass and fresh mass of both hickory and
pecan showed a somewhat more linear increase from fruit-
set to fruit-maturation (Fig. 2b, ¢). The fresh mass of hickory
fruit increased rapidly from 50 to 59 DAP, then increased
slowly for about 17 days, followed by another increase until
fruit-maturation (Fig. 2b). Pecan had a rapid increase of
fresh mass from 66 to 112 DAP, then a slow increase until
fruit-maturation. The fruit dry mass of hickory increased
rapidly from 76 to 88 DAP, with a mean of 137 mg day ™'
fruit™!. Pecan had a rapid increase from 88 to 112 DAP,
followed by a stasis of about 11 days and then another
increase until fruit-maturation (Fig. 2c). The mean fruit dry
mass/fresh mass ratio of hickory decreased to its lowest value
at 59 DAP, increased until 88 DAP, and then maintained a
constant level (Fig. 2d). For pecan, the mean fruit dry mass/
fresh mass ratio decreased to its lowest value at 112 DAP and
then increased until 155 DAP (Fig. 2d).

CO, exchange of leaves and fruits in hickory
and pecan

Leaves

The photosynthetic light response curves in leaves and fruits of
hickory and pecan during their fruit development stages were as
shown in Fig. 3. The light saturation point (LSP) of hickory and
pecan leaves rose at the beginning (40 to 76 DAP for hickory;
66 to 88 DAP for pecan); attained peaks at 76 (816 pmol
photons m~%s~") and 88 (1157 pmol photons m > s~') DAP,
respectively (Figs. 3a, 4a). After the peaks, the values of LSP
for leaves in both hickory and pecan sharply decreased with age
(Figs. 3a, b, 4a). For hickory, the highest value for P, max
occurred at 76 DAP, after which it decreased and remained
almost constant after 88 DAP (Figs. 3a, 4b). The leaves of
pecan reached a peak in P, max) (9.62 umol CO, m—2 s_l) at
about 88 DAP, followed by a rapid decrease with increasing
fruit ages (Figs. 3b, 4b). For hickory, the lowest R4, on a leaf
area basis, was observed at 50 DAP, which was approximately
2.1 % of that of P, max at 50 DAP. By comparison, the two
peaks of Ry on a leaf area basis in pecan were observed at 88 and
123 DAP. Beyond 88 DAP, the P, max) of pecan was signifi-
cantly greater than that of hickory (Fig. 4c).

Fruits

The LSP in fruits of hickory and pecan decreased at first,
followed by an increase, and then a rapid decrease with age
(Fig. 5a). Figure 5b shows maximum photosynthesis CO,
re-fixation at light saturation as a percentage of dark res-
piration. Fruits of hickory had a low re-fixed rate at 40
DAP (about 19 % of respired CO,), then reached a maxi-
mum re-fixed value of 66 % of respired CO, at 59 DAP.
After that time the value decreased and then remained
almost constant from 88 DAP. The maximum photosyn-
thesis CO, re-fixation in fruits of pecan is achieved near 88
DAP (about 86 % of respired CO,), maintained at this rate
for about 20 days and then declines.

Fig. 1 Fruits of hickory (Carya illinoensis Sarg.) (a) and pecan (Carya illinoensis K.Koch) (b)
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Both the maximum P, max) per area in fruits of hickory
and pecan showed an increasing trend at first, then fol-
lowed by a decrease trend with fruit development pro-
ceeded (Fig. 5¢). The Py mayx) per fruit of both hickory and
pecan showed a significant increasing trend during fruits
development (Fig. 5d). On a fruit surface area basis, the
value of dark respiration (R4) in fruit of hickory initially
decreased, followed by a small increase, and then had a
rapid decrease with age (Fig. 5e). Similarly, the highest Ry
in pecan fruit occurred at the beginning, followed by a
rapid decrease, and then a slight increase at the end of the
fruit development. On a whole fruit basis, the value of Ry in
fruits of hickory showed a rapid increase from 40 to 88
DAP, and the R4 in fruits of pecan showed a continuous
increase trend during the fruit growth (Fig. 5f).

Chl content in leaves and fruits

The Chl content in leaves and fruits of both hickory and pecan
showed a significant initial increase followed by a rapid
decrease with age. The leaves of hickory reached a Chl peak at
50 DAP, and stayed at this level for 9 days and then declined.
It decreased by 22 % at 88 DAP (Fig. 6a). The highest Chl
content in pecan leaves occurred at about 88 DAP, remaining

Days after pollination (DAP)

at that level for 35 days (Fig. 6a). The Chl content of hickory
and pecan fruits rose initially; and attained peaks at 50 and 78
DAP, respectively. Chl content based on fruit area hickory
was significantly higher than the leaves from 40 to 59 DAP
(Fig. 6a). However, a dramatic reduction of Chl content in
fruits of hickory was observed at 88 DAP compared to 50
DAP. In hickory, the Chl content in fruits was significantly
lower than in leaves at the end of the fruit development stage.
In contrast, pecan fruit maintained significant higher Chl
content than leaves during growth (Fig. 6b).

RuBPC activity and soluble protein content in leaves

On a fresh weight and area basis, RuBPC activity in
hickory leaves showed an initial increase, followed by a
rapid decrease during fruit development (Fig. 7). The
reduction in RuBPC activity of hickory from 76 DAP to
121 DAP was 26 % on an area basis and 19.4 % on a fresh
weight basis, respectively (Fig. 7a, b). On a fresh weight
basis, leaves of pecan reached a peak of RuBPC activity at
78 DAP, then declined with age and was reduced by 20 %
at 155 DAP (Fig. 7a). By comparison, pecan maintained
stable RuBPC activity on an area basis during growth
(Fig. 7b).
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The soluble protein content in leaves of both hickory
and pecan showed a pronounced increase at first, followed
by a rapid decreased with ages. The soluble protein content
of leaves reached a peak at 50 DAP for hickory and 123
DAP for pecan (Fig. 7c, d).

Fruits and leaf photosynthesis at equal light
intensity

Hickory leaves reached a peak in gross photosynthetic
rate (10.04 pmol CO, m ™2 s~') at about 50 DAP
(Fig. 8a). After 50 DAP, the rate declined with age and
was 51.5 % at 88 DAP (Fig. 8a). By comparison, the
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PAR (umol m?s™)

gross photosynthetic rate in hickory fruit decreased at
first, then increased followed by a rapid decrease with
age (Fig. 8a). The gross photosynthetic rate of fruit on
an area basis was significantly higher than that of
leaves during the late stage of fruit development (88 to
121 DAP) (Fig. 8a). Pecan leaves reached a gross
photosynthetic rate peak (10.7 pmol CO, m > s~ ') at
88 DAP (Fig. 8b). Peaks of the gross photosynthetic
rate occurred at 78 (17.6 pmol CO, m™ 2 s~ ') and 123
(13.2 pmol CO, m™ 2 s~ ') DAP in pecan fruits of
(Fig. 8b). Pecan fruits maintained a significantly higher
gross photosynthetic rate than leaves during growth
(Fig. 8b).



Trees (2016) 30:1523-1534 1529
Fig. 4 Changes in the LSP (a), 1600 16
P, max) (b) and Ry (¢) of leaves a —@— hickory b
in hickory and pecan during the — —O— pecan —
fruit development. Hickory, '® 12001 12 o
filled circles; pecan, open C}IE ‘e
circles. Data are mean & SE, o ON
n==~6 < O
O 800 8 5
[e]
i s
2 3
o 400 -4 &
A QS
O T T T T T T T T T T 0
0 30 60 90 120 150 180
4 P Days after pollination (DAP)

R (umol CO,m*s™)
N

0 30 60 90

120 150 180

Days after pollination (DAP)

The contribution of fruit photosynthesis to the fruit
carbon requirement

Contributions of fruit photosynthesis to the fruit carbon
requirement during the fruit growth stages are shown in
Table 1. The maximum value of the contribution of hick-
ory fruit to its fruit carbon requirement occurred from 88 to
121 DAP. Pecan fruit reached a peak in contribution of
fruit photosynthesis to fruit carbon requirement from 112
to 123 DAP. Contributions of pecan fruit photosynthesis to
the fruit carbon requirement were always higher than those
of hickory.

Discussion
Fruit development

The dry mass/fresh mass ratio of fruits can be used to
assess the different phases of fruit growth (Imai and Ogawa
2009). In present study, fruit development of hickory can
be divided into two phases according to the fruit growth
pattern. Phase one is characterized by increasing fruit size
(such as surface area, Fig. 2a) and this occurred from early

May to early July (0 to 59 DAP). During this period, the
mean fruit dry mass/fresh mass ratio decreased to its lowest
value (Fig. 2d), indicating that the fruit water content
increased. Phase two, from early July to late August (59 to
121 DAP), is characterized by a slowing fruit growth and a
rapid increase in fruit dry mass. From 59 to 88 DAP, the
mean fruit dry mass/fresh mass ratio gradually increased
because of seed development. From 88 to 121 DAP, the
mean fruit dry mass/fresh mass ratio of hickory fruits
reached a plateau accompanied by rapidly increasing dry
mass. This indicated kernel filling and nutrient accumula-
tion accompanied by a decrease in water content. These
results are similar to the observations of Xie et al. (2008)
who found that hickory had fastest growth from early May
to early July, followed by kernel development and nutrient
filling during early July until late August. Pecan fruits had
slower increases in surface area and dry fruit from 0 to 76
DAP (early May to mid July), followed by a dramatic
increase from 76 DAP until maturity. This is consistent
with the findings of Diver et al. (1984). The trend of the
mean fruit dry mass/fresh mass ratio during pecan fruit
development, indicated that the majority of fruit growth
and seed development occurred from 0 to 112 DAP and
from 112 to 155 DAP, respectively (Fig. 2d).
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Fig. 5 Changes in the light
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Photosynthetic characteristics in hickory and pecan
leaves during fruit development

Leaves are the main source of photosynthesis in plants. We
found a significant decrease in LSP and P, max) in leaves
of hickory and pecan after 76 and 88 DAP, (Fig. 4a, b). In
addition, the Py, max) in hickory leaves decreased by
40.7 % from 76 to 88 DAP, while the P, max) in pecan
leaves decreased by 37.8 % from 88 to 123 DAP. Chl
content in hickory leaves decreased by 9.3 % from 76 to 88
DAP, while there was little change in Chl content in pecan
leave from 88 to 123 DAP (Fig. 6a, b). Degradation of Chl
is a characteristic of leaf senescence (Kura-Hotta et al.
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1987). Thus, a smaller decrease in P, max) and Chl content
in pecan leaves indicates a slower senescence than hickory
during its fruit development stages.

Variation in photosynthetic rate has been attributed to
the concentration and activities of RuBPC (Lawlor et al.
1989). We found that Py, max (Fig. 4b) and RuBPC
activity (Fig. 7b) per area in hickory leaves significantly
increased from 50 to 76 DAP, while the soluble protein per
unit area rapidly decreased. This suggested that the
increase in P, max) Was related to the increasing RuBPC
activity. In addition, the RuBPC activity per unit area in
pecan leaves remained stable from 66 to 88 DAP while the
soluble protein content per unit area significantly increased
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at that time (Fig. 7d). RuBPC is usually the major soluble
protein of photosynthetic tissue, comprising about 50 %
(Makino et al. 1983). Possibly, the hickory leaves had an
abundance of other soluble proteins (including RuBPC),
that might have served to store nitrogen in the form of
proteins, without being fully active (Warren and Adams
2004). An over-investment in RuBPC by Pinus pinaster is
an adaptation to temporal variation in the nitrogen supply.

Days after pollination (DAP)

The RuBPC may aid growth and photosynthesis during
periods of nitrogen deficiency (Warren and Adams 2002).
Similarly, we suggest that the significantly higher soluble
protein per unit area in pecan at 76 DAP might serve as a
useful nutrient supply reserve. That may be related to wide
adaptability of pecan trees. To test this hypothesis, further
studies are necessary to determine the susceptibility of
pecan to nitrogen deficiency.

@ Springer
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Table 1 The contribution of .
. . . Hickory Pecan
fruit photosynthesis to fruit
carbon requirement DAP % DAP %
40-50 4.92 66-78 12.6
50-59 6.73 78-88 12.3
59-76 9.61 88-110 14.4
76-88 6.85 110-123 33.8
88-121 13.3 123-155 194

The contribution of fruit photosynthesis to fruit carbon requirement was calculated as the total gross fruit

photosynthesis (2gp,

expressed in mg carbon) divided by the sum of the cumulative total respiration (2,

expressed in mg carbon) and the carbon equivalent of the increment in dry matter during an interval of time.
We assumed that the daily X, or 2, is constant and the value can be determined from the mean of the
values on the first day and on the last day during an interval of time. Data are mean &+ SE. n = 6

Photosynthesis in fruit of hickory and pecan
during the fruit development

In this study, we noted that the light saturation points (LSP)
of fruits in both hickory and pecan attained peaks of 1996
and 1802 pumol photons m~2 s~ at 50 and 88 DAP,
respectively. These values are high in comparison to the
LSP in leaves of most C; plants (Koyama and Kikuzawa
2010). The high LSP is likely related to the high CO,
availability for photosynthesis produced due to the high
respiration in hickory and pecan fruits. Similar high pho-
tosynthesis at high light intensity has been observed in
jatropha and lycopersicum (Lytovchenko et al. 2011;
Ranjan et al. 2012).

The highest values of P, mayx) per area in hickory and
pecan fruits were 13.53 and 17.10 umol m~2 s~ " at 76 and
88 DAP, respectively (Fig. 5¢). After this period, P max)
decreased with fruit age. However, the Py max) per fruit of
hickory and pecan had a continuous increasing trend with
fruit development (Fig. 5d). The increase in Py max) per
fruit is related to the increasing fruit surface area (Fig. 2a).
The dark respiration rate (Rq) on a fruit basis of hickory
significantly increased with the fruit development stage,

@ Springer

and peaked at 88 DAP (Fig. 5f). Similarly, the R4 on a fruit
basis of pecan significantly increased during fruit devel-
opment (Fig. 5f). Fruit respiration can be separated into
two components: maintenance respiration, which supplies
the energy necessary for maintaining a healthy existing
phytomass and growth respiration, which is required for the
synthesis of new phytomass (Amthor 1989, 2000). Imai
and Ogawa (2009) suggested that increased dark respira-
tion on a fruit basis is related to the fast dry mass accu-
mulation for the fruit and seed development. Thus, we
suggest that the increase of Rq on a fruit basis is due to the
growth respiration by fruit and seed development.

The maximum photosynthetic CO, re-fixation in fruits
of hickory and pecan initially increased but this was fol-
lowed by a rapid decrease with age (from 19 to 85 %)
(Fig. 5b), indicating varying efficiency of the respired CO,
re-fixation in fruit during the fruit development. Phospho-
enolpyruvate carboxylase (PEPC) has been reported to re-
fix the respired CO, in fruit (Blanke et al. 1987), which was
detected in many fruits (Blanke et al. 1986; Blanke and
Notton 1991). The PEPC activity per fruit in apple fruit
increased during the fruit development (Blanke et al.
1987). Possibly, changes in the efficiency of the respired
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CO, re-fixation related to the different PEPC activity
during the fruit development. To test this hypothesis, fur-
ther studies are necessary to explore the physical and
kinetic properties of PEPC in hickory and pecan fruits
during the fruit development.

The maximum Chl content per area in fruits of hickory
and pecan was observed at 50 and 78 DAP, respectively,
followed by a rapid decline with fruit age (Fig. 6a, b). This
may be due to dilution caused by increasing fruit size.

Contribution of fruit photosynthesis to fruit
development

The fruit as a sink acquries carbon originating from pho-
tosynthesis, both in the leaf and fruit (Blanke and Lenz
1989). P, in hickory leaves rapidly decreased after 50 DAP
(Fig. 8), and was significantly lower than the rate in fruits
from 88 to 121 DAP (corresponding to seed development
stage). For pecan, the fruits maintained a significantly
higher P, than leaves during the period of fruit growth and
seed development (Fig. 8). Fruit photosynthesis in tomato
plays an important role in seed development (Lytovchenko
et al. 2011). Similarly, the photosynthesis in hickory and
pecan fruits was very important for seed development.

In both hickory and pecan, the contribution of fruit photo-
synthesis to fruit carbon requirement during the later fruit
growth stages was significantly higher than that at the early fruit
growth stages, suggesting that fruit photosynthesis plays an
important role in the fruit development during the late fruit
growth stage (Table 1). Similar results were obtained in studies
on peach fruits and cotton fruits (Pavel and DeJong 1993; Hu
et al. 2013). The maximum value of the contribution of hickory
fruit photosynthesis to the fruit carbon requirement occurred at
the end fruit growth stage (Table 1). This increased value may
have been due to relatively low fruit respiration. Our results
show that the contributions of fruit photosynthesis to fruit car-
bon requirement in pecan were significantly higher than those
in hickory. This might be related to a higher photosynthetic
capacity in pecan. Assimilates in leaves are usually used for
current-year reproduction, maintenance and growth of woody
parts or energy storage for reproduction and new shoot growth
during the next growth season, while the photosynthesis by
fruits is important to compensate for reproductive cost (Imai
and Ogawa 2009). Thus, we suggest that fruit photosynthesis of
hickory and pecan also play an important role in offsetting the
costs of reproduction.

Conclusion
In conclusion, fruit photosynthesis made a significant

contribution to the fruit carbon requirement, especially for
seeds development. The fruit development of hickory and

pecan was divided into two phases: enlargement of fruit
size stage (from fruit setting to 59 DAP for hickory; from
fruit setting to 112 DAP for pecan) and the seed develop-
ment stage (from 59 to 121 DAP for hickory; from 112 to
155 DAP for pecan). However, the photosynthetic rate in
leaves of hickory and pecan began to significantly decrease
after 50 and 88 DAP, respectively. The P, per area of
hickory fruit was significant higher than that of leaves at
late fruit development, while the P, per area of pecan fruits
were always significantly higher than that of leaves during
the entire fruit development period. In addition, the surface
area of fruits significantly increased with fruit growth.
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