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Abstract: Fruit quality characteristics are highly variable across kiwifruit vines due to complex
source-sink interactions. We investigated how variation in fruit quality of Actinidia chinensis (Planch.)
var. chinensis ‘Zes008” was influenced by different shoot types (short, medium or long) and rootstocks
types (Actinidia chinensis (Planch.) var. deliciosa (A. Chev.) ‘Bruno’ or Actinidia macrosperma C.F.
Liang). Short shoots had smaller leaves (—30 to —50%) and lower photosynthesis rates (—0.70 to
—3.34 umol m~—2 s71) in the first cluster of nine leaves (Zone 1) compared with leaves on medium
or long shoots. Later in the season, photosynthesis rates in Zone 1 declined with leaf age, but
photosynthesis rates were higher (+0.5 to +6.1 pumol m~2 s~!) in later developing leaves on medium
or long shoots. Fruit from short shoots had lower dry matter (—0.3 percent units) and lower outer
pericarp flesh red pigment scores than fruit from medium or long shoots. At harvest, fruit from vines
on ‘Bruno’ rootstocks were larger (+3.7 g), had higher dry matter (+1.3 percent units), soluble solids
concentration (+1.7° Brix) and firmness (+0.4 kgf) than fruit from vines on A. macrosperma rootstocks.
Factors that prioritised early development of source leaves had a direct impact on the carbohydrate
supply from photosynthesis to support flower and fruit development.
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1. Introduction

Consumers want fruit and vegetables to fit their desire for a “perfect’ product [1,2].
They use aesthetic cues such as fruit size, shape, skin colour, freedom from external blem-
ish [3,4] as well as perceived health benefits [5] as selection criteria when purchasing fruit.
However, consumer satisfaction with fruit is driven by intrinsic internal quality character-
istics such as flavour, texture and freedom from internal defects that are only evident when
fruit are consumed [6]. Variability in fruit quality parameters contributes to the perception
of many consumers that purchasing good quality fruit occurs by chance [1] and poor
consumer experiences reduce the likelihood of consumers making repeat purchases [7]. Up
to one-third of all food being wasted in the home is linked to consumer uncertainty around
the quality of purchased fruit [8].

Studies of environmental [9-12], genetic [13,14] and cultural practices [15,16] effects
on fruit traits (external and internal) have mainly focused on changes to the mean value
of fruit quality attributes across experimental units such as plants. Only a small number
of more recent studies have shown that differences in fruit quality characteristics within
plants can also be large [17-19].
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Differences in fruit quality within plants is influenced by the dynamics of source-
sink relationships [20]. Differences in fruit sink efficiency have been linked to variable
carbohydrate supply to sinks, competition between sinks and variable metabolic activity
within fruit sinks. Many factors can affect carbohydrate supply to fruit including the
position of the fruit within the canopy in relation to either source leaves or competing
fruit [21-23] as well as leaf light exposure [9,24,25]. Competition can occur between fruit
sinks [26,27] or between fruit and vegetative sinks [28,29]. Differences in the metabolic
activity of fruit sinks has also been reported in both peaches [30] and the red-fleshed
Actinidia chinensis var. chinensis ‘Zes006’ [31].

In vine crops, such as grape and kiwifruit, that have a long period of leaf develop-
ment before flowering, variation in berry size [19,32] and berry quality [18,19] originates
before berry set. However in plum, a drupe produced on a tree that flowers before leaf
development, fruit size variation is determined during post bloom cell division [33]. In
deciduous fruiting crops flowering immediately after dormancy (e.g., plum and peaches),
fruit photosynthesis during early developmental stages makes an important contribution
to fruitlet carbohydrate reserves [34]. This suggests that although the exact timing of key
phenological events may vary between different fruit crops, there is a period during early
fruit development that is very sensitive to carbohydrate supply.

In many fruit crops carbohydrate supply from photosynthesis (source strength) may
vary through factors such as leaf area, leaf position, light exposure and leaf age, and this
can have significant effects on the amount of photosynthate supplied to fruit sinks. In both
kiwifruit and grape, the vine must support both rapid canopy and flower development
over the long lag period between budbreak and flowering [35,36]. During this period vines
rely heavily on previously stored reserves to support new growth [37,38] and shoots do
not become autotrophic until at least 40 days after budbreak [28,39].

In kiwifruit vines, all dormant axillary buds of a 1-year-old cane (Figure 1A) have
the potential to become long non-terminated shoots (also defined as proleptic). However,
factors that restrict rapid growth of preformed nodes can cause shoot tip abortion and
termination of shoot growth [40]. This causes variation in shoot type within the canopy of
kiwifruit vines. Three shoot categories (for proleptic shoots) have been defined by Selezny-
ova et al. [41] (Figure 1A,B): short shoots produce up to nine nodes and are terminated;
medium shoots have between 10 and 18 nodes, and are terminated; long shoots have more
than 18 nodes and may have up to 90 nodes, and are non-terminated. Kiwifruit dormant
axillary buds have a set number of preformed leaf primordia [35], but neoformed leaf
primordia can form subsequently during shoot development [42]. Seleznyova et al. [42]
defined different leaf Zones along A. chinensis var. deliciosa ‘Hayward’ shoots according to
the origin of the leaf primordia and the timing of its development (Figure 1B). Zone 1 (<10
leaves) includes up to the first nine leaves from the preformed leaf primordia developing
from budbreak and it is present in all shoot types. Zone 2 (10-18 leaves) includes the
distal nine leaves from the preformed leaf primordia expanding later than Zone 1 leaves
and it is present in medium and long shoots. Zone 3 (>18 leaves) includes the neoformed
leaves from the nineteenth leaf onwards and it is only present in the long shoots. Rootstock
vigour can influence shoot growth, as shoots on vines grafted onto less vigorous rootstocks
are more likely to terminate and produce short shoots than shoots on vines with more
vigorous rootstocks [43]. Recent research in red-fleshed kiwifruit has linked both the effects
of rootstock and shoot type to variation in fruit properties at harvest [17].

The aim of this study was to examine more closely the growth and photosynthetic
performance of different shoot types within vines and with different rootstocks between
vines of a red-fleshed A. chinensis var. chinensis ‘Zes008’ throughout the growing season.
These differences in shoot properties were then related to variation in fruit quality at harvest.
We quantified how the seasonal pattern of shoot development on vines with two different
rootstocks affected the ability of leaves to support fruit development. Our hypothesis was
that there is less carbohydrate supply from leaves to fruit on short shoots regardless of
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rootstock type and across all shoot types from vines on A. macrosperma rootstock, both of
which contribute to differences in fruit quality at harvest.
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Figure 1. Schematic representation of Actinidia spp. branching patterns. (A) 1-year-old cane, lignified,
with examples of three different shoot types (long, medium and short; redrawn from Seleznyova
et al. [41]); (B) detailed representation of the three shoot types (new growth from dormant buds,
fruiting) and subdivision of the shoots into the Zones according to the number of leaves (based on
data from Seleznyova et al. [42]).

2. Materials and Methods
2.1. Plant Material

This experiment was carried out on vines of the red-fleshed Actinidia chinensis (Planch.)
var. chinensis ‘Zes008’ cultivar, which has a block-red (red inner and outer pericarp) flesh
colour. Vines were grafted onto either 10-year-old A. chinensis (Planch.) var. deliciosa (A.
Chev.) ‘Bruno’ seedling or 10-year-old A. macrosperma C.E. Liang clonal rootstocks in 2015.
Vines were spaced 3.6 m by 3.0 m apart in a commercial orchard in Kerikeri, New Zealand
(35°10" S 173°55’ E) which included male pollinator vines. The vines were trained on
a pergola system with a combination of 1-year-old cane and older wood laid down in
winter to form the basis of the canopy for the following season. All vines were managed
using standard commercial practices [44] including regular irrigation with mini-sprinklers.
Vines were thinned to a crop load of c. 50 fruit per square metre and trunk girdled twice:
once during rapid fruit growth (18 December 2018, 53 days after anthesis, DAA) and once
during fruit dry matter accumulation (23 January 2019, 89 DAA). Vines on A. macrosperma
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rootstocks reached 50% budbreak on 10 September 2018 and four days later on vines on
‘Bruno’ rootstocks. All vines reached 50% flowering (anthesis) on 26 October 2018. Fruit
were harvested from vines on 8 April 2019 (168 DAA).

2.2. Experimental Design

The effects of shoot type and rootstock on shoot development, gas exchange and fruit
quality were determined using a split plot experimental design. Whole vines on either
‘Bruno’ or A. macrosperma rootstocks were the main plots, whilst shoot types were used as
subplots. Measurements of shoot development and gas exchange were made on four vines
on each rootstock (biological replicates). Two shoots of each type (short, medium and long)
were randomly selected on each vine (one on each side of each vine) soon after budbreak
(when differences between shoots were evident), labelled and maintained in full sunlight
throughout the season. All selected shoots were floral at the time of selection and set fruit
afterwards. Shoot types were defined according to the three categories from Seleznyova
et al. [41]: short shoots were terminated with <10 leaves, medium shoots were terminated
with 10-18 leaves and long shoots were not terminated and had >18 leaves. Early in
the growing season (three weeks after budbreak), shoot types were selected according to
the vigour of internode extension and the appearance of the shoot apex. Fifty shoots of
each shoot type were randomly selected from a total of 10 vines of each rootstock (the
four vines used for shoot measurements and six adjacent vines) soon after flowering and
tagged for fruit quality assessments. At commercial harvest (168 DAA), the first two fruit
at the proximal end of the shoot were sampled. Fifteen fruit were also sampled from vines
on ‘Bruno’ rootstocks at two-weekly intervals to describe changes in fruit quality during
development.

2.3. Shoot Measurements

Length, basal diameter and leaf number of each shoot and the maximum width and
length (measured along the mid-rib) of all leaves on each shoot were measured at four-
weekly intervals throughout the growing season. Average internode length was calculated
from shoot length and leaf number. Shoots were divided into zones, with the initial cluster
of leaves (<10 leaves) in Zone 1 for all shoot types, while medium and long shoots also
produced leaves from the remaining preformed leaf initials in Zone 2 (10-18 leaves) and
long shoots initiated new leaves in Zone 3 (>18 leaves) [42]. The diameter at the base of
the cane and at the cane at the base of shoots were measured for all shoots that fruit were
harvested from.

Leaf area was determined using a linear regression fit between the product of leaf
lamina width and length and measured leaf area. Measurements were made on 120 leaves
of varying size that were randomly selected for vines on each rootstock type at a single
time point in December. Measured leaf dimensions were converted to leaf area estimates
using the coefficients established by obtaining the line of best fit between measured leaf
area (LI3100 Li-Cor, Lincoln, NE, USA) and the product of maximum leaf width and length
along the main vein. A previous study reported the relationship between leaf area and leaf
diameter for ‘'Hayward’ kiwifruit [45] and a linear relationship between the product of leaf
dimensions and measured leaf area has been shown for a number of other crops including
grape [46].

2.4. Gas Exchange

Gas exchange rates were measured on every second leaf along selected shoots at
4-weekly intervals using a Li-Cor 6400 open path photosynthesis system (Li-Cor Inc.,
Lincoln, NE, USA) fitted with a carbon dioxide (CO,) mixer. The CO, concentration
was set at 400 pmol mol ! at the leaf surface, the 6400-02B LED light source was set at
1500 pmol m~2 s~! and measurements were made under ambient temperature and vapour
pressure deficit conditions. All gas exchange measurements on experimental shoots were
made between 10.00 and 15.00 h [47,48]. Leaves were enclosed in the chamber in situ at
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their normal orientation, readings were allowed to stabilise and then three consecutive
measurements were made for each leaf.

2.5. Fruit Measurements

At commercial harvest (168 DAA), the two proximal fruit on each selected shoot were
harvested and fruit were individually weighed. A 2- mm equatorial slice was taken from
each fruit to determine the red pigment intensity and spread scores and to measure fruit
dry matter. The visual red pigment intensity of both the inner and outer pericarp was
measured using a scale of 0 to 5 (0 = absent; 5 = very intense red) and the spread of red
pigment throughout the fruit pericarp tissues was also scored on a 0 to 5 scale (0 = no red
pigmentation; 5 = red pigmentation spread throughout the pericarp) [49]. Dry matter of
each fruit was determined gravimetrically, each fresh cut slice was weighed immediately
and then oven-dried for 24 h at 65 °C and the dry weight of the slice was recorded [50].
Dry matter was expressed as a percentage of dry weight vs. fresh weight. Photographs
of each slice were taken prior to drying and used to count carpel number and to measure
maximum and minimum equatorial diameter and the ratio (minimum diameter/maximum
diameter) was used to determine how cylindrical fruit were.

Average soluble solids concentration (SSC) was measured using a hand-held optical
refractometer (0-20%, Atago, Tokyo, Japan) using juice squeezed from 10- mm slices from
both the stylar and stem end of fruit, as SSC varies throughout the fruit [51]. Flesh firmness
was assessed by a Fruit Texture Analyser (Giiss model G514, Strand, South Africa) with a
7.9 mm probe at 1 mm below the skin, with two measurements taken at the fruit equator at
90° to each other [52].

2.6. Statistical Analysis

Statistical analysis was carried out using a linear mixed effects model (REML) in
GenStat 17th edition for Windows (VSN International Ltd., Hemel Hempstead, Hertford-
shire, UK). Pair-wise comparisons between mean values were made using least significant
differences (LSD) at the appropriate level of significance (p-values are presented in the
text). The standard error of the mean (SEM) was calculated from the sample standard
deviation// sample size. Linear regression between the product of leaf width and length
and measured leaf area was carried out using Origin, Version 2019 (OriginLab Corporation,
Northhampton, MA, USA).

To test the relationship between the shoot and fruit datasets, partial least squares
(PLS) regression multivariate methodology was used [53]. PLS maximizes the covariance
between components from two data sets. A linear combination of variables is called
latent variables or latent components. The weight vectors used to calculate the linear
combinations are called the loading vectors. Latent variables and loading vectors are thus
associated and come in pairs from each of the two data sets being integrated. Sparse PLS
(sPLS) was developed to perform simultaneous variable selection in both data sets X and Y
data sets, by including LASSO penalizations in PLS on each pair of loading vectors. The
sPLS analysis was performed in R 2020 (R foundation for Statistical Computing, Vienna,
Austrai) [54] using the mixOmics package [55].

3. Results
3.1. Estimation of Leaf Area from Linear Dimensions

There was a strong linear relationship between the measured leaf area of “Zes008’
leaves and the product of the length and the maximum width of the leaf (Figure 2). Root-
stock type did not have a significant effect on leaf shape or the relationship between leaf
dimensions and leaf area, therefore all data were combined. The width of the leaf was
approximately 28% greater than the leaf length. Examining the relationship between the
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product of leaf dimensions and leaf area, the intercept did not significantly differ from zero
and therefore was removed, resulting in the Equation:

Leaf area = 0.899(L x W), r* = 0.996 (1)

where L = leaf length along the mid rib and W = leaf maximum width.

0.03

0.02 4

Measured leaf area (m

0.00 0‘01 0’02 0'03 064 0‘05 0‘06
Leaf length x Leaf width (m?)

Figure 2. The relationship between leaf area and the product of leaf length measured along the mid
rib and maximum leaf width of Actinidia chinensis var. chinensis ‘Zes008’ leaves, n = 240. Leaf area =
0.899(L x W), r2 = 0.996.

3.2. The Growth and Development of Shoots

Differences in shoot characteristics across the rootstock x shoot type combinations
were established during the early stages of shoot development (Figure 3). From soon after
budbreak (in October) there were significant (p < 0.05) differences in the basal diameter
of the three different shoot types, with small shoots having the smallest diameter and
large shoots the greatest diameter (Figure 3A). These differences between shoot types were
maintained, as the basal diameter of shoots increased steadily throughout the growing
season. There was also a small but significant (p < 0.05) effect of rootstock on shoot basal
diameter from January, with shoot diameters from vines on A. macrosperma rootstocks being
slightly larger than those from vines on ‘Bruno’ rootstocks.

The diameter of the cane at the position that long shoots developed from was sig-
nificantly (p < 0.001) larger (14.4 £ 0.2 mm) than the position where small and medium
shoots developed (12.1 & 0.2 and 12.2 4= 0.2 mm respectively). However, as there was no
difference in the basal diameter of canes that produced different shoot types (16.5 &= 0.4 mm
for short shoots; 16.0 & 0.4 mm for medium shoots; 16.6 + 0.4 mm for long shoots), this
suggests that long shoots developed at the proximal end of canes and small and medium
shoots at more distal locations.

Although differences in the length of the different shoot types were apparent in Octo-
ber, these effects were only statistically significant from November when medium shoots
(p < 0.05) were longer than short shoots and long shoots were (p < 0.001) longer than both
medium and short shoots (Figure 3B). Short shoots did not increase in length after October,
while medium shoots continued to grow until November and long shoots until January.
There was no effect of rootstock type on shoot length. There was a significant (p < 0.001) ef-
fect of shoot type on average internode length from October (short 16.4 &= 2.2 mm, medium
34.3 & 2.7 mm and long 51.5 £ 2.2 mm) until the end of shoot growth, where average
internode lengths on short shoots were 18.4 &+ 2.1 mm, on medium shoots 45.5 & 2.2 mm
and on long shoots 67.8 £ 2.1 mm. There was also a significant interaction (p < 0.001)
between rootstock and shoot type whereby the average internode length of long shoots on
‘Bruno’ rootstocks was greater (71.9 &= 1.2 mm) than those on long shoots from vines on
A. macrosperma rootstocks (64.2 £ 1.3 mm).
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The pattern of increasing leaf number followed that of shoot length, with the final
number of leaves on short shoots being established in October, and on medium shoots by
November, but leaf number continued to increase until January on long shoots (Figure 3C).
Soon after anthesis, in November, the leaf number across all shoot types on vines with A.
macrosperma rootstocks was significantly (p < 0.05) greater, by 1.5 leaves, than that of shoots
from vines on ‘Bruno’ rootstocks and this difference was maintained for the remainder of
the season (Figure 3C).

The effects of shoot type and rootstock on total shoot leaf area were also established
early in the growing season (Figure 3D). Total leaf area development on short shoots was
complete by October, while total leaf area continued to increase until November in medium
shoots and until January in long shoots. In October, short shoots had significantly (p < 0.001)
less total leaf area than long shoots (Figure 3D) and by November medium shoots also had
significantly (p < 0.001) more total leaf area than short shoots but less than long shoots. In
contrast to effects on leaf number, the total leaf area of fully developed long shoots from
vines on ‘Bruno’ rootstocks was 0.451 m? greater (p < 0.001) than long shoots from vines
on A. macrosperma rootstocks, but there was no effect of rootstock on the total leaf area of
short and medium shoots. These differences in leaf area were maintained over the rest of
the season.
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Figure 3. The effect of shoot type and rootstock on (A) shoot basal diameter, (B) shoot length, (C) leaf
number per shoot and (D) total shoot leaf area of Actinidia chinensis var. chinensis ‘Zes008' shoots over
a growing season. Shoots were growing on vines on either A. chinensis var. deliciosa ‘Bruno’ rootstock
(short M, medium e or long A shoots) or an A. macrosperma rootstock (short [J, medium O or long A
shoots). Data are means + SEM, n = 8.

3.3. Growth of Individual Leaves along Shoots

Throughout the growing season, the largest leaves in Zone 1 (leaves 1-9 on all shoot
types) were found at nodes 4-6, followed by nodes 7 and 3, with the smallest leaves at
positions 1, 2, 8 and 9 regardless of rootstock or shoot type (Figure 4). Leaf area was
distributed curvilinearly in this zone of shoots. The significant effects of shoot type and
rootstock on total shoot leaf area early in the growing season were due to differences in the
area of individual leaves on the first nine nodes of the shoot (Zone 1 Figure 4). Leaves on
short shoots had the smallest area (p < 0.01) across all leaves from October. Leaves on long
shoots from vines on ‘Bruno’ rootstocks were the largest (p < 0.01), with leaves on other
shoot type x rootstock combination falling between these extremes.
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Zone 2 and leaves 19 and greater were in Zone 3. Data are means + SEM, n = 8.
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In Zone 2 (leaves 10-18 on medium and long shoots only), there was a significant
(p < 0.05) linear decrease in leaf area with leaf position, with a 25% decrease in the area
of leaves from leaf number 10 to leaf 18 (Zone 2 Figure 4). The average area of leaves in
Zone 2 was greater on long shoots compared with those on medium shoots. In November
the average size of leaves in Zone 2 of medium shoots was significantly (p < 0.05) greater
for vines on A. macrosperma rootstocks compared with vines on ‘Bruno’ rootstocks but
thereafter there were no significant effects of rootstock on leaf area in Zone 2.

In Zone 3 (leaves 19+ on long shoots only), there were eight leaves in November
(total 26 leaves per shoot) and this increased to 30 by February (total 48 leaves per shoot).
Individual leaf area decreased linearly throughout this zone, with a significant (p < 0.001)
five-fold difference between the area of leaves at position 19 compared with those at the
end of shoots (position 48) in February (Zone 3 Figure 4). There were no significant effects
of rootstock on leaf area in this zone.

3.4. Photosynthesis

Soon after budbreak in October, there were significantly (p < 0.001) higher average
photosynthetic rates across leaves on medium and long shoots compared with leaves
on short shoots (Figure 5). There was also a significant effect (p < 0.001) of rootstock on
the average photosynthetic rate of leaves in October, with average rates across shoots
from vines on ‘Bruno’ rootstocks (10.5 4 0.1 pumol m~2 s~!) higher than across leaves
on shoots from vines on A. macrosperma rootstocks (9.30 £ 0.40 pmol m~2 s~ 1), These
differences were due to effects on photosynthetic rates of leaves in Zone 1 of shoots (leaves
at nodes 1-9) (Figure 6). In the following month (November) there were significant in-
teractions between rootstock, shoot type and shoot zone on the average photosynthesis
rate across leaves on shoots. Photosynthesis rates were significantly (1.1 pmol m~2 s 1)
higher (p < 0.05) across leaves in Zone 1 of shoots from vines on A. macrosperma rootstocks
(178 £+ 02 pmol m2 s 1) than in shoots from vines on ‘Bruno’ rootstock
(16.7 £ 0.2 pumol m~2 s71), in contrast to the previous month. Short shoots also had
significantly lower photosynthesis rates across leaves in Zone 1 than long shoots, while
medium shoots had lower photosynthesis rates across leaves in Zone 2 compared to long
shoots (Figure 6). By December, photosynthesis rates were higher across leaves on medium
and long shoots from A. macrosperma rootstocks and across leaves on medium shoots from
vines on ‘Bruno’ rootstocks than other rootstock x shoot type combinations (Figure 5). By
this stage of shoot development, differences in average rates of photosynthesis were due
to higher rates in leaves in both Zone 1 and also Zone 2 (leaves 10-18), where rates had
exceeded those in Zone 1 (Figure 6). Thereafter (January—March), average photosynthesis
rates were significantly lower (p < 0.001) in leaves on short shoots compared with those
across leaves on medium and long shoots, regardless of rootstock type (Figure 5). This
effect was due to both lower photosynthesis rates in leaves in Zone 1 of short compared to
medium and long shoots and also higher photosynthesis rates of leaves in Zone 2 and 3
of medium and long shoots (Figure 6). The decline in average photosynthesis rates from
December to January occurred as measurements were performed after vines were girdled.
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Figure 5. The effect of shoot type and rootstock on average net photosynthesis rates of leaves on
Actinidia chinensis var. chinensis ‘Zes008’ shoots over a growing season. Measurements were taken
from every second leaf sampled along individual shoots, to calculate an average value per shoot.
Shoots were growing on vines with either A. chinensis var. deliciosa ‘Bruno’ rootstock (short M,
medium e or long A shoots) or an A. macrosperma rootstock (short 00, medium O or long A shoots).
Data are means of measurements from individual shoots + SEM, n = 8.
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Figure 6. The effect of shoot type and rootstock on the net photosynthesis rate with leaf zone position
on shoots of Actinidia chinensis var. chinensis ‘Zes008’ over a growing season (A) A. chinensis var.
deliciosa ‘Bruno’ rootstock Zone 1—leaves 1-9 (B) A. macrosperma rootstock Zone 1, (C) A. chinensis var.
deliciosa ‘Bruno’ rootstock Zone 2—leaves 10-18, (D) A. macrosperma rootstock Zone 2, (E) A. chinensis
var. deliciosa ‘Bruno’ rootstock Zone 3—leaves 19 and greater and (F) A. macrosperma rootstock Zone 3.
Shoot types are identified by A. chinensis var. deliciosa ‘Bruno’ rootstock (short M, medium e or long A
shoots) or an A. macrosperma rootstock (short O, medium O or long A shoots). Data are means across
each zone and shot type X rootstock combination £ SEM, n = 8.
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3.5. Fruit Development

Data on fruit growth, dry matter accumulation and maturation (SSC and firmness)
were normalised against maximum values (Figure 7A). Initially fruit growth was slow
but fruit weight increased rapidly from 28 DAA to 112 DAA and then slowed again as
fruit matured (Figure 7A). The dry matter of ovaries was 12% at anthesis, decreased to a
minimum (8.7%) in fruit at 42 DAA and then increased steadily from 56 DAA until harvest
(189 DAA) when fruit dry matter reached 23.8% (Figure 7A). From 105 DAA, the SSC
increased steadily to 19.5% and fruit firmness decreased reaching 3.7 kgf at the end of fruit
development. No red pigmentation was present in the ovaries or fruitlets during early fruit
development (Figure 7B). Red pigmentation appeared in both the inner and outer pericarp
tissues, starting at 84 DAA and intensifying over the remainder of fruit development.

A

100 A
V) = g
= s o
g il ¥
g /'O RATAY
E e /" \
& ~ A\
E s0{ ©°Q v
"6 o 0 [ ‘ ‘\'\\

\ w4 / A
g o—o—7/0 p A
S &
QC) [ ]
3]
—
o
o [ ]
04 eoo®
T T T T T
0 50 100 150 200
October December February April
Time (days after anthesis)
B
Fruit age (DAA)
Onset of
Anthesis anthocyanin Harvest

accumulation

0o 7 14 21

—t M M

ey 1
» y

Figure 7. Development of Actinidia chinensis var. chinensis ‘Zes008’ fruit from anthesis until maturity.
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(A) Physiological changes in fruit were normalised as a percentage of the maximum value for fruit
fresh weight e, fruit dry matter O, soluble solids concentration A, and fruit firmness A over the
growing season. Data are means + SEM, n = 15. (B) Cross sections of typical fruit throughout
development (not to scale).

3.6. The Effect of Shoot Type and Rootstock on Fruit Weight, Dry Matter, Maturity and
Pigmentation of the Outer Pericarp at Harvest

There was a significant (p < 0.05) interaction between rootstock and shoot type on the
final weight of fruit. Fruit from medium shoots were significantly larger than those from
short shoots from vines on ‘Bruno’ rootstocks (LSD = 3.16). On vines on A. macrosperma
rootstocks, medium shoots produced significantly (p < 0.05) larger fruit than short or long
shoots. Short shoots produced fruit with significantly (p < 0.001) lower dry matter and
SSC than fruit from medium and long shoots (Table 1) regardless of vine rootstock. Fruit
from medium shoots were more mature at harvest, having higher SSC and lower firmness
values than fruit from long shoots. There was a significant (p < 0.001) effect of rootstock
on fruit quality with fruit from vines on ‘Bruno’ rootstocks having higher fruit dry matter,
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SSC and firmness at harvest compared with fruit from vines on A. macrosperma rootstocks
(Table 1).

Fruit from long shoots had fewer carpels than fruit from medium and short shoots
and were significantly (p < 0.05) more cylindrical (similar equatorial diameters) regardless
of vine rootstock. However, fruit from vines on A. macrosperma rootstocks produced fruit
with significantly (p < 0.001) more carpels than fruit from vines on ‘Bruno’ rootstocks.

Table 1. The effect of rootstock (Actinidia chinensis var. deliciosa ‘Bruno’ or A. macrosperma clonal rootstock) and shoot type

(short, medium or long) on A. chinensis var. chinensis ‘Zes008’ fresh fruit weight, fruit dry matter, soluble solids content

(SSC), firmness (kilogram force (kgf), carpel number and minimum/maximum diameter ratio at harvest (168 DAA). Data

are means + SEM, n = 50. * p < 0.05; *** p < 0.001; ns: not significant.

Fresh Dry Matter o Firmness Carpel Minimum/Maximum
Rootstock Shoot Type Weight (g) (%) SSC (%) (kgf) Number Diameter Ratio
A. chinensis
var. deliciosa Short 81.8 1.1 20.0 0.1 109 £0.2 6.19 £+ 0.08 3234+ 0.3 0.864 + 0.007
‘Bruno’
A. chinensis
var. deliciosa Medium 85.6 = 1.1 20.2 +£0.1 11.8 +0.2 6.12 = 0.08 325+ 0.3 0.867 + 0.007
‘Bruno’
A. chinensis
var. deliciosa Long 832+1.2 205+ 0.1 114 +0.2 6.49 £+ 0.08 322+ 0.3 0.878 + 0.007
‘Bruno’
A.
macrosperma Short 798 £ 1.1 18.7 £ 0.1 94 +0.2 5.71 £ 0.08 342 +0.3 0.853 4+ 0.007
rootstock
A.
macrosperma Medium 83.6 1.1 19.1 £ 0.1 10.1 £0.2 5.88 £+ 0.08 33.6 £ 0.3 0.857 4+ 0.007
rootstock
A.
macrosperma Long 76.0 = 1.1 18.9 £ 0.1 95402 6.03+:0.08 329403 0.872 4= 0.007
rootstock
Significance
Rootstock EE T EEx EE R ns
Shoot type *43% R *343% bt * *
Rootstock*Shoot * ns ns ns ns ns

Shoot type had an effect on the red pigment intensity and spread in the fruit regard-
less of the vine rootstock (Table 2). Fruit from short shoots consistently had significantly
(p < 0.001) less red pigmentation in the fruit outer pericarp and less spread of red pigmen-
tation throughout the fruit flesh compared to fruit from other shoot types. However, fruit
from short shoots also had a slightly higher red score in the inner pericarp than fruit from
other shoot types.

The data presented suggest that shoot characteristics early in the growing season
affect the final fruit quality at harvest. To verify this we have used the sparse partial
least Squares (sPLS) technique to look at the correlation-based relationship between shoot
variables (X, with data collected in November) and fruit variables (Y, with data collected at
harvest), maximising the covariance between components from two data sets using linear
combinations of variables. The seven X and the seven Y variables are listed in Table S1
with the respective loading vectors for each component. Results from the sPLS analysis
were presented by correlation circle plots (Figure 8A). In this type of plot, relationships are
stronger when variables are further from the origin, fall outside the inner circle, and less
than 90 degrees away from each other. On this basis, we observed a correlation between
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five shoot variables (shoot diameter, shoot length, number of leaves, internode length
and leaf area) and two fruit variables (flesh red spread and red intensity outer pericarp).
The variables fruit weight and mean photosynthesis did not correlate with the cluster of
five shoot variables. The variables within the inner circle were not correlated with other
variables. The sPLS xy-bivariate plot generated using the loading of the shoot and fruit
variables (Figure 8B) showed a separation of the three shoot types on the XY-variate 1,
where long shoots mostly cluster on the left hand side of the plot, short shoots cluster on
the right hand side and medium shoots are in the middle but there was no effect of vine
rootstock type on this relationship.

Table 2. The effect of shoot type (short, medium or long) of red-fleshed Actinidia chinensis var.
chinensis “Zes008’ fruit red pigment scores in the inner pericarp and outer pericarp of fruit, and the
spread of red pigment through the fruit tissues at harvest (168 DAA). Flesh colour was measured
using a scale of 0 to 5 (0 = absent; 5 = very intense red) and the spread of red pigment throughout the
fruit pericarp tissues was also scored on a 0 to 5 scale (0 = no red pigmentation; 5 = red pigmentation
spread throughout the pericarp). Data are means &= SEM, n = 50. * p < 0.05; *** p < 0.001.

Inner Pericarp Red Outer Pericarp Red

054

0.0+

Component 2

05 -

Shoot Type Pigment Score Pigment Score Red Pigment Spread
Short 4.98 + 0.02 3.14 + 0.06 4.67 +0.03
Medium 4.93 + 0.02 3.55 4+ 0.06 4.81 +0.03
Long 492 4+ 0.02 3.63 £ 0.06 492 +0.03
Significance * i i
B
2
(o]
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1 o
A ” )
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Component 1 XY-variate 1

Figure 8. Correlation based relationships between shoot variables (X, with data collected in November) and fruit variables
(Y, with data collected at harvest) for Actinidia chinensis var. chinensis ‘Zes008” vines. (A) Correlation circle plots of X
(blue—shoot) variables (SD, shoot diameter, SL, shoot length, NF, number of fruit, NL, number of leaves, IL, internode
length, LA, leaf area, MP, mean photosynthesis) with Y (red—fruit) variables (FW, fresh weight, DM, dry matter, FF, firmness,
SSC, soluble solids content, RS, red pigment spread, RI, inner pericarp red pigment, RO, outer pericarp red pigment).
Cluster of blue—shoot variables at position (—1.0, —0.1) includes: SD, SL, NL and IL. (B) sPLS xy-bivariate plot using
shoot and fruit variables. Symbol colour represents shoot type (blue—short shoots, red—medium shoots, black—long
shoots) while O represent shoots from vines with ‘Bruno’ rootstocks and A represents shoots from vines on A. macrosperma

rootstocks.

4. Discussion

Kiwifruit canopies are composed of a population of short, medium and long shoots
and the number and performance of these shoots can be influenced by rootstock and scion



Agronomy 2021, 11, 66

14 of 19

genetics as well as vine management. This study demonstrated that during the very early
stages of bud development shoot type and rootstock determined the ability of leaves to
photosynthesise and supply carbohydrate to support fruit development throughout the
remainder of the season on red-fleshed A. chinensis var. chinensis ‘Zes008” vines. During
the very early stages of rapid canopy and flower development on ‘Zes008’ vines, leaves
on short shoots were smaller and had lower photosynthesis rates than those on medium
and long shoots. These differences in the ability of shoot types to acquire carbon through
photosynthesis increased throughout the growing season as more leaves developed on
medium and long shoots. Rootstock type also altered the development of shoots, resulting
in smaller but significant differences in carbon acquisition from photosynthesis. Differences
in shoot properties were associated with variation in the size, dry matter, maturity of
‘Zes008’ fruit at harvest and early shoot properties were associated with red pigmentation
of ‘Zes008’ fruit at harvest.

4.1. Shoot and Rootstock Type Affect Early Shoot and Leaf Growth

In “Zes008’ vines, short shoots typically produced nine leaves and their growth ter-
minated in October, medium shoots produced 18 leaves and their growth terminated in
November and long shoots produced approximately 50 leaves and shoots continued to
grow until January, regardless of rootstock type. We observed that average shoot internode
length increased from short to long shoot types, suggesting that long shoots expanded
faster than short shoots. Once kiwifruit shoots stop expanding, shoot tip abortion occurs
and shoot growth is terminated [40]. The timing of the slowing of shoot expansion and
shoot tip termination determines the shoot type category (short, medium or long) [41].

Differences in the characteristics of short, medium and long shoot types of ‘Zes008’
were evident from October (three weeks after budbreak) and continued to diverge through-
out the rest of the season. The diameter, length and leaf area of the three shoot types
differed as the initial leaf cluster opened and expansion of the first preformed leaves and
the shoot axis occurred, in agreement with results from Brundell [35]. Early differences in
shoot length were due to variation in the extension of internodes rather than a difference in
node number between shoot types. The difference in internode length, measured at the
end of the shoot growth, has been used to define shoot types for Actinidia spp. [41] and
also been noted in previous studies of A. chinensis var. deliciosa ‘'Hayward” kiwifruit [56]
and in ‘Semillon’ grapevine shoots [39].

Leaf area development on shoots followed a similar pattern to internode and shoot
extension. In short shoots leaf area development was completed by October, in medium
shoots by November, but it continued to increase until January in long shoots. Previ-
ous studies of long “‘Hayward’ kiwifruit shoots have shown a close relationship between
shoot extension and leaf area development when vines were grown in controlled environ-
ments [28,57]. In the current study, shoots that developed on vines on ‘Bruno’ rootstocks
also had greater leaf area than those that developed on A. macrosperma rootstocks, regard-
less of shoot type. A previous study of ‘Hort16A” kiwifruit scions on a range of rootstocks
showed that the leaf area of terminated shoots (short and medium shoots) was reduced on
vines with lower vigour rootstocks [58].

Differences in the total leaf area of each shoot type were due to differences in the
area of individual leaves on each shoot type rather than the number of leaves. Leaves of
'Zes008” shoots developed differently in the three zones and this is similar to a previous
study of ‘Hayward’ kiwifruit vines [42]. The area of each of the first nine leaves in Zone
1 followed a curvilinear distribution along each shoot, regardless of shoot type. There
was a rapid increase in leaf area from the base of the shoot, peaking at node 4-6 and then
declining rapidly to node 10. Thereafter, there was a steady linear decline in leaf area
with increasing node number up to c. 50 nodes. This differs from previous studies of the
highly vigorous and less floral ‘Hayward’ [59] and ‘Hort16A’ [43] kiwifruit shoots, where
leaf area increased to a peak at node 10 and then gradually decreased with increasing
node number. This suggests that for ‘Zes008’, which is less vigorous and highly floral, the
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demand for carbohydrate becomes critical very soon after budbreak, and this impacts on
early development of all shoot components, including leaves, flowers and the shoot apex.
The size of the largest early developing leaves in Zone 1 was greater on long shoots of vines
on ‘Bruno’ rootstocks than other rootstock x shoot type combinations, suggesting that
early supply of carbohydrate to shoots is a key factor, as previously observed in ‘Hort16A’
kiwifruit [43]. In that study it was suggested that rootstock vigour affected the supply of
carbohydrate to developing leaves on long shoots of ‘Hort16A".

4.2. Source Strength Varies between Shoot and Rootstock Types from Soon after Budbreak

Average photosynthetic rates of leaves increased rapidly during their early devel-
opment, with maximum photosynthetic rates occurring once leaves had expanded fully.
This is in agreement with previous results with ‘Hayward’ kiwifruit [56,59] and ‘Sultana’
grapevines [60]. Maximum photosynthesis rates of 20.8 pumol m~2 s~! recorded in the
current study were similar to maximum rates of up to 20.1 pmol m~2 s~! measured on
leaves of several Actinidia species [61] but higher than maximums of 12-15 pmol m 2 s~
recorded in previous studies of A. chinensis var. deliciosa cultivars [62,63]. The peak of
photosynthesis was followed by a gradual decline in average photosynthetic rates over
time, as previously reported in a range of Actinidia species [61-63] and grapevines [60,64].
However, the dip in photosynthesis rates in January occurred after the second girdle was
applied to vines, a response to trunk girdling previously observed by Black et al. [65]. Petrie,
Trought and Howell [64] suggested that this seasonal decline in average photosynthetic
rates in Pinot noir grapevine leaves was due to the overall change in the source-sink ratio
of the plant as the canopy developed.

The effects of shoot and rootstock types on both shoot growth and leaf area develop-
ment were reflected in significant differences in the photosynthetic rates of early developing
leaves. Differences in the average photosynthetic rates of Zone 1 between shoot types oc-
curred soon after budbreak. Whilst a modelling study on peach suggested that differences
between photosynthetic rates of shoots was due to shading [66], this was not the case in
the current study as there were no effects of shading between shoots soon after budbreak
and thereafter shoots were maintained in well-lit positions within the canopy throughout
the season. We suggest that these early differences in photosynthetic rates between shoot
types, which have not been previously reported for Actinidia spp., were due to factors such
as source-sink ratios within shoots [67], transpiration rates [57] or other biochemical and
structural properties of leaves [68].

There were variable effects of rootstocks on the photosynthetic rates of leaves during
the early stages of development. Leaves on shoots from vines on ‘Bruno’ rootstocks had
higher average photosynthetic rates in October than those from vines on A. macrosperma
rootstocks, although this was reversed in the following months. This, together with
leaf area development, suggests that rootstock type may have affected the timing of leaf
development. Previous work has indicated that, in kiwifruit, root systems can affect canopy
photosynthetic performance via stomatal and biochemical processes in leaves [69,70], and
that rootstock type can affect the rate of canopy development and vigour in spring [71].

Early slowing of shoot growth in short and medium shoots shown in this study has
previously been related to reduced carbohydrate supply from vine reserves [38] or to
competition for carbohydrate between neighbouring shoots [43]. The relationship between
shoot type and the cane diameter at the base of the shoot found in this and previous
studies [41,72,73] suggests that long shoots were more likely to develop at the proximal
end of the canes, where access to stored carbohydrate reserves was likely greater, while
short and medium shoots were distributed along the more distal portions of canes. Early
breaking buds are the first to access vine reserves and also tend to produce longer shoots,
while short shoots develop from later breaking buds (Richardson unpublished data). The
termination of medium shoots was likely due to a combination of lower reserve supply
to shoots and lower production of photosynthate by leaves during the transition of the
shoot from heterotrophy to autotrophy [28,56,57]. Modifying photosynthate production in



Agronomy 2021, 11, 66

16 of 19

developing shoots through early defoliation [56] or shading [12,74] during spring has also
been shown to reduce shoot growth.

4.3. Variation in Source Carbohydrate Supply Affects Fruit Quality at Harvest

Carbohydrate supply from leaves associated with the fruit supports fruit growth and
metabolite accumulation in the red-fleshed “Zes008” kiwifruit. Fruit that developed on more
vigorous shoots (medium and long) and on vines on ‘Bruno’ rootstocks had the highest
dry matter and highest SSC at harvest, as previously observed in another red-fleshed
kiwifruit [17]. Results from the current study have suggested that early carbohydrate
supply from reserves to shoots affects both leaf area development and photosynthesis
rates of leaves in Zone 1. In kiwifruit, spring (October) is also a key period of flower
differentiation [75]. A previous study of gold-fleshed ‘Zesy(002” kiwifruit has shown that
size, dry matter and amount of outer pericarp tissue in fruit at harvest was related to time
of flowering, suggesting that competition for carbohydrate during flower development has
an important influence on kiwifruit development and quality [19].

This study suggests that there is a relationship between early shoot development
(November, Zone 2 leaves expand) and fruit characteristics at harvest. Fruit from medium
and long shoots also had more intense outer pericarp red pigmentation than fruit from
short shoots and there was a high correlation between shoot properties and fruit red
pigmentation. The higher photosynthetic capacity of leaves of medium and long shoots
contributed to a greater carbohydrate supply to fruit throughout their development. This
is in agreement with our earlier studies that leaf carbohydrate supply is important for
intensity of fruit outer pericarp red pigmentation [17,31]. From the current study, we
conclude that the carbohydrate supply to shoots in spring during the very early stages of
their development affects the capacity of leaves to supply carbohydrate to fruit throughout
the season, as well as the ability of fruit sinks to accumulate carbohydrate, thereby influ-
encing variability in fruit dry matter and fruit outer pericarp red pigmentation at harvest.
Future research should focus on understanding the impact of phytohormones balance (i.e.,
cytokinin and auxin) on shoot carbohydrate concentration and photosynthetic performance
during early fruit development in different shoot types.

5. Conclusions

The results from this study suggest that carbohydrate supply during the very early
stages of shoot development affected the subsequent performance of leaves and fruit
throughout the remainder of the season. The number, size and photosynthetic capacity
of leaves varied across shoot types, affecting their ability to supply carbohydrate to the
associated flowers/fruit throughout their development. This difference in carbohydrate
supply was manifested in the variability in size, dry matter and outer pericarp red pigmen-
tation in fruit at harvest. Rootstock type also influenced the capacity of shoots to supply
carbohydrate to fruit during their development and hence fruit quality at harvest. Further
research is needed to examine the factors that influence the very early development of
kiwifruit buds and the resulting leaves and flowers.

Supplementary Materials: The following are available online at https://www.mdpi.com/2073-4
395/11/1/66/s1, Table S1: The loading vectors of seven shoot variables and fruit variables to each
component used in sPLS analysis.
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