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Chapter 1

General introduction

1.1. Pear production around the world

According to the Food and Agriculture Organizatiohthe United Nations
(FAO) report (2009), from 1961 to 1991, the worlglap production increased around
100%, and from 1991 up to now the production ineeelaother 100%, reaching around
20.0 million tin 2007 (Fig. 1). In 2005, the biggeroducers of pear in the world were,
in order: China, Italy, USA, Spain, Argentina, Gamy, South Korea and Japan. In
Europe, Italian production was around 1.5 millioartil 1976, but decreased to 1.0
million t per year during following years. Spainosfed a crescent production, whereas
Germany had a constant production. In the Ameritias, production in the USA
remained around 0.8 million t from 1980s. Argentinereased their production of pear
from middle to end of 1990s. In Asia, Japan hastahilized production of pear, around
0.4 million t, whereas South Korea increased tpeaduction from the end of 1980s,
and from last 2 years they become bigger growar fiagan. In 1961, China produced
less than 10% of worldwide production, but from @9%he production increased
rapidly, and from 1997 they produce around 50%.

Brazil has only a small area of pear productiosgldan 2000 ha) and national
consumption depends largely on imports. From th@049pear production increased
during 10 years, reaching 60000 t in 1969, buteitrdased to 20000 t by the end of

1980s, when it stabilized until now. On the contramport quantity increased with



little fluctuations during all this period, showirige maximum value of 160000 t in
1998, corresponding to near 90% of the total condiam of this fruit (Fig. 2).

The worldwide biggest exporter of fresh pears igeitina (FAO, 2009), a full
member of the free trade region of South AmeridéedaSouthern Common Market
(Mercosur) and which includes Brazil. This conditiallows the Argentinean fresh pear
to be exported with competitive prices to be offete Brazilian consumers (Faoro,
2001). There are two possibilities for Braziliamrap@roducers: (1) to produce in large
scale, with high production and low costs, destiteegeneral markets and competing
with imported fruits; or (2) to produce in smalbges, with high quality fruits, aimed at
upmakets with high prices. The second option setmbBe the better choice since

Japanese pears show high potential for high quialitymarket (Faoro, 2001).
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1.2. History of Japanese pear cultivation

The Pyrus species was originated in Southeast China, andendapanese pear
[Pyrus pyrifolia (burm. f.) Nakai] cultivars share the same genk#ickground as the
native East Asian pear$.(serotina, P. ussuriensis and P. brestschneideri) (Tamura,
2006). The Japanese pear is also called “NashihdiNNashi” or “Asian pear”, which
is for P. pyrifolia Nakai andP. serotina Rehder.

An important step in modern Japanese pear cultivaitcurs in the f0century,
when two high quality chance seedlings, ‘ChoujFog. 3A) and ‘Nijisseiki’ (Fig. 3B),
were found. These two cultivars comprised over &3%ear production from 1920 to
1970. From 1971, ‘Choujuro’ was gradually substituby two newly-bred cultivars,
‘Kousui’ (Fig. 3C) and ‘Housui’ (Fig 3D). Recentlypew cultivars were bred and
cultivated locally, such as ‘Saigyoku’ in Saitam@fecture (Fig. 3E) and ‘Akemizu’ in
Kanagawa Prefecture (Fig. 3F). In 2003, ‘Kousuid aHousui’ corresponded to 40%
and 25%, respectively, of total production areaJapan, whereas ‘Nijisseiki’ was
reduced to 14% and ‘Niitaka’ (Fig. 3G) represeriesd than 10% (Tamura, 2006).

Japanese pear fruits weight between 200 and 4Qfutgsome late-maturing
cultivars such as ‘Atago’ (Fig. 3H) bear fruit oone than 1000 g. There are two types
of fruit skin: russet (‘Housui’ and ‘Kousui’) or ssoth and yellowish green
(‘Nijisseiki’). Pulp of Japanese pear is crispyicgirich texture, between 11 and 13
°Brix and also contains stone cells and fibers. Abta% of fruits were harvested and
marketed without storage during August and Septemideen is the maturation time of
the two major cultivars ‘Kousui’ and ‘Housui'.

Japanese pear growing regions in Japan have aralaanerage temperature
between 12 and 18C, rainfall between 750 and 1600 mm during growsggson

(Tamura, 2006). Some important and intensive cfitivn practices in Japanese pear



crops are: training (horizontal trellis) and prumi{Fig. 4A), hand pollination, fruit
thinning, bagging (Fig. 4B), harvesting, shippisgjl management (Fig. 4C), pest and

disease control and forcing culture in some casigs 4D).



Fig. 3. Some cultivars of Japanese pear: ‘Choujuro’ (A)ji9¥eiki’ (B); ‘Kousui'(C);
‘Housui’ (D), ‘Saigyoku’ (E), ‘Akemizu’(F); ‘Niitala’ (G); ‘Atago’ (H). The scale bars
represent 30 mm.



Fig. 4. Some Japanese pear cltivatin practices in Jaaﬁm:pruni in winter (A);
bagged fruits (B); soil management during winteasss (C); forcing culture by using
heated greenhouse (D).



1.3. Japanese pear production in Brazil

Japanese pear production in Brazil started on 9804 by the Japanese
descendants living in Sdo Paulo State, with theveus ‘Choujuro’, ‘Okusankichi’, and
‘Imamura Aki’. On the 1990s, the commercial prodoctof this kind of pear increased
in Santa Catarina State (Fig. 5) with the cultiv&teusui’, ‘Kousui’, and ‘Nijisseiki’.
The major growers, in this case, produces Japaressein small scale (each one from
1.0 to 2.0 ha in average), as an important secoooime source. The market price is
considerably high, when compared to other tempédraiis, such as apple. From last 5
years the production of high quality fruits incredsn Southern Brazil especially that of
Japanese pear, which are big, juicy, and very simgiet (Faoro, 2001).

Many production techniques developed in Japan aesl un Brazil, such as
horizontal trellis with wire or bamboo (Fig. 6A, K&, D), artificial pollination, fruit
thinning, orchard with anti-hail net (Fig. 6E); its1 packed individually by using an
expanded polyethylene packing net in a 5 kg caatédbox (Fig. 6F); fruit bagging to
reduce chemical applications and to prevent damigsesfruit flies (Fig. 6G), among
others.

In Southern Brazil, climate conditions in autumrd aminter seasons are very
variable with great temperature fluctuations in ylear and year-to-year (Petri et al.,
2002) (Table 1). This region, where the Japanese @eps are concentrated, includes
Séo Paulo, Parana, Santa Catarina, and Rio Gramd@uldStates. In Santa Catarina
State (Latitude 286’ S, Longitude 5700° W, 920 m above sea level), the most
important production area of this fruit crop, thee@ge of accumulated chilling hours
below 7.2C during the last 45 years is around 600 (Fig. 7).

Recently, due to some adaptation problems, ‘Kousmud ‘Nijisseiki’ have been

substituted or top-grafted with ‘Housui’, which st®higher adaptability and are better



accepted by Brazilian consumers. Unfortunately,uslo’ showed some physiological
abnormalities, locally called “floral bud abortigndnd it has been cited insufficient

chilling accumulation as one of the major factors.
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Fig. 6. Aspects of ‘Housui’ Japanese pear production intlgoua Brazil: horizontal
trellis with wire (A); without a fixed training sysm (B); different training systems
using bamboos (C and D); orchard with anti-hail (@8t fruits packed individually by
using an expanded polyethylene packing net in g &akd-board box (F); bagged fruits

(G).
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Table 1. Climatic data of the Cacador Agriculture ExperinaiStation, Santa Catarina

State, Brazil (Latitude 286’ S, Longitude 570’ W, 920 m above sea level). Data are
average from 1961 to 2004. Source: EPAGRI

Temperature (°C) Humidity (%) Rainfall (mm)
Month Max. Average Min. Average Average
January 30.9 20.7 10.1 77.1 178.8
February 30.6 20.5 10.1 79.5 167.7
March 29.6 19.6 8.0 79.4 132.3
April 28.0 16.5 2.9 79.1 105.3
May 25.8 13.3 -1.3 90.3 125.4
June 24.7 11.9 -3.7 90.4 119.9
July 25.1 11.9 -3.4 79.0 114.5
August 27.7 13.2 -2.7 76.2 115.5
September 28.7 14.8 -0.7 76.8 149.8
October 29.6 16.8 3.0 75.9 181.9
November  30.4 18.6 5.2 72.9 141.0
December 30.8 20.0 8.4 74.7 143.3
Total 1675.4
Average 28.5 16.5 3.0 77.6

13
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1961 to 2004. Source: EPAGRI
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1.4. Dormancy in temperate trees

Lang et al. (1987) defined dormancy as a stateddiced or stopped activity or
development of specific plant tissues that willurag in the future, and it is a basic
phase in their annual developmental cycle in teatpezone deciduous fruit trees that
allows the trees to survive unfavorable conditidnsing winter season (Erez, 2000a).
In other words, dormancy constitutes an inability resume growth (Rohde and
Bhalerao, 2007)

For discussion of dormancy stages, we have chasetilize the terminology
proposed by Lang et al. (1987), who classified thgous stages of dormant bud as:
paradormancy (correlative inhibition or apical dominance), whie growth cessation
and dormancy induction is regulated by physioldgitzators outside the affected
structure; endodormancy (winter or deep dormancy), when the dormancy causi
factor resides within the bud (chilling respons@$otoperiodic responses); and
ecodormancy, which is regulated by environmental factors (exketemperatures,
nutrient deficiency, water stress). In paradormaagiyllary buds can be forced to grow
by removing the terminal bud, which exerts apicamthance (Rowland and Arora,
1997). The temperature-related stages of dormaenglo- and ecodormancy, are
showed on Fig. 8. The endodormancy stage is indunckdl and is released by chilling
temperature in winter, but the transition from entboecodormancy stage is not visible.
After accumulation of sufficient chilling, endodoamcy concludes giving its way to
ecodormancy. At this later stage, resumption ofwgfnomostly depends on heating
accumulation, so that bud growth speed increasesiderably due to the warm
temperatures (Kester and Gradziel, 1996).

By preparing the plants to unfavorable conditiahgnables tree to accumulate

reserves, mostly carbohydrates, to drop sensitigans, e.g. leaves, to develop organs

15



to protect the meristems and to resist harsh congitoy develop cold hardiness (Erez,
2000b). Budbreak in perennial fruit trees is atecby two temperature dependent
processes: a) accumulation of chilling temperattwethe level required for dormancy
completion; and b) accumulation of heat-units regpiifor the buds to bloom and
foliation (Naor et al., 2003).

Cold temperatures are generally considered as t@roemental cue
responsible for the initial induction (in autummdasubsequent alleviation (in winter)
of chilling requirement during bud dormancy (Cralb@ Barnola, 1996). Ranges of
cold temperatures which are effective on chillingguamulation differ among species
and cultivars (Naor et al., 2003). Even within dticar there are wide differences in
chilling requirements between bud types and loatibn (Hauagge and Cummins,
1991; Erez, 2000a).

In horticulture, one of method utilized to calcelathe progression of
endodormancy and ecodormancy stages are based pmseex temperatures and
correlated to accumulation of chilling and heatargounts, but it does not take into
account the physiological status of the plant. Beeathese models are not based on
physiological processes, their accuracy may be imedfto specific environments

(Hanninen, 1995).

16
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Fig. 8. Scheme of temperature-related stages of dormamciy-eand ecodormancy,
growth and flowering potential, and both chillingnda heating requirement during
autumn-winter season in temperate-zone fruits. Kedlfrom Saure (1985), Lang et al.

(1987), Welling and Palva (2006).
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1.5. Production of temperate fruits under mild winter conditions

In temperate regions, chilling requirements argdbr met before terminate of
the cold season. However, in subtropical or trdpégaas, temperate-zone deciduous
fruit trees usually suffer from problems of bud dkeand flowering (Edwards, 1987).
The impact of an incomplete dormancy release orodemm fruit production system is
very heavy (Erez, 2000b). Insufficient chilling aocaulation during dormancy stage
leads to three major effects, whose intensitied deélpend on the level of chilling
deficiency: a) poor bud break, poor foliage devalept, sparse bloom, and frequently
abnormal flower; b) delayed foliation and bloomgan) poor fruit set, reduced leaf area
due to secondary dormancy (Erez, 1987).

Biological approaches during dormancy stage indatathat under cold
temperatures growth potential in flower buds of ghes remained high, but warm
temperature conditions did not permit to recovewgh capacity, resulting in necrosis
and death of the floral primordia (Bonhomme et 8097). Another study in peaches
grown under partial chilling deprivation (1/3 ani8 2f chilling requirements), flower
buds showed different pattern of bud break. Und&io2 chilling requirements satisfied,
flower buds showed higher percentage of bud brealenwcompared to another
treatment with lower chilling requirements satidfieBut in this study it was not
considered about differences in temperature dudhidling treatment (Leite et al.,
2004).

In warm winter climates, floral bud initiation cée a long drawn out process,
and high temperature seems to adversely affectdendlopment, and leaf buds often
break at the same time flower buds open and tkeeaalirect competition for the meager
supply of stored carbohydrates (Faust, 2000).

Recent climate changes and consequent global warsilikely to change the

18



environment in which crops are currently plante@mperatures are predicted to
increase, affecting plant growth (Richardson et 2004), and possibly spreading the

dormancy-related problems to plants grown on spited and temperate zones.

19



1.6. “Floral bud abortion” in Japanese pear crops

In regions with mild winter, one of the most immort problems in Japanese
pear cultivation, as well as other deciduous friiges, is shortage of chilling
temperatures in order to satisfy the chilling reegoient for budbreak, resulting in low
percentage of blooming (Petri and Herter, 2002).

“Floral bud abortion” has been considered as atiligifactor in Japanese pear
production, assuming great importance on the dewedémt of the pear crop in Southern
Brazil (Herter et al., 1994). It is characterizedfloral primordia abortion, in different
levels: with total destruction of buds and consedjyeno flowering (Fig. 9A, B) or
partial destruction, resulting in few number of oepé flowers and different
development velocity (Fig. 9C, D), resulting in I@roductivity (Herter et al., 2002). In
same region, but under favorable conditions fomaorcy development and release
(such as occurred in 2008 season), high perceofaggened flowers and consequently
low incidence of abortion were observed (Fig. 1BA,

A similar disorder occurs in New Zealand, known‘lagdjump”, and has been
noted in all growing areas. In this case, affecteds seem to develop normally until
late winter-early spring, when large numbers ofdlduds abort and drop from the tree
or disintegrate when touched (Kingston et al., 3990

In Thailand, Asian pears are growing satisfactoahder highland conditions.
However, insufficient chilling accumulation somenéis causes improper and irregular
breaking of dormancy, which resulted in an abnorfleabering and fruit set (Rakngan,
1995).

Possible causes of “floral bud abortion”, its irg#y and time at which it
happens, are related to the amount of chilling ecdation and the occurrence of

thermal fluctuations (Herter et al.,, 1994). It hbsen suggested that, among

20



ecophysiological factors are those related to timeate, mainly temperature fluctuation
and low chilling accumulation; nutritional factomsith emphasis on the micronutrients
and carbohydrates; flower development and morphlololy buds and water stress

(Herter et al., 2001).

21



Fig. 9. Flowering situation in conditions of Southern Brazomplete “floral bud

abortion” in mixed buds of one year old shoot (&dmplete “floral bud abortion” in
spur buds (B); spur mixed buds with few number péreed flowers (C); mixed buds
with flowers in different developmental stages,itBuand leaves (D) during 2003
season.
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Fig. 10. Flowering situation in conditions of Southern Braapparently normal
flowering (A) and tree with apparently normal flouvey (B) during 2008 season.
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1.7. Carbohydrate metabolism and water dynamics inbuds during
dormancy stage

Changes in carbohydrate metabolism and water statwe been received
special attention in recent studies on mechanisdoohancy control in buds (Young et
al., 1987; Rakngan et al., 1996; Marquat et al99] % eite et al., 2004; Anderson et al.,
2005; Bonhomme et al., 2005; Leite et al., 2006riMet al., 2007).

In plant life, carbohydrate production through msynthesis is the most
fundamental activity. They are important to provideergy during important key
stages of plant growth, such as the period betweproductive organ formation and
fruit set (Candolfi-Vasconcelos and Koblet, 1990)other species, sugar is known to
regulate (i) sink-source interactions in whole plander normal or stress conditions
(Roitsch, 1999) and (ii) plant development and gemeression (Gibson, 2004).
Photosynthetic activity level and carbohydrategridbistion are crucial to obtain high
productivity in fruit crops (Faust, 2000). Gibsd2004) cited influences of sugar on
alterations on levels, localization and/or transpdrdifferent phytohormones and also
on phytohormone-response pathways by affectingxipeession and/or activity levels
of components of those pathways.

In the past, determination of water content wassipes only by correlating
fresh and dry weight of some specific part of pdaut recently, it became possible to
determine water dynamics by using magnetic resanamaging (MRI) techniques.
During endodormancy, water is associated to madexutes and it was detected as
bound water (low transverse spin-spin relaxatioretiT,). On contrary, free state water
was found at the end of dormancy. These resulte feemd in apple (Faust et al., 1991,
Liu et al., 1993), peach (Sugiura et al., 1995;zEee al., 1998; Yooyongwech et al.,

2008a), and blueberry (Rowland et al., 1992).
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1.8. Objective of this study

Brazil has a potential market for pears, since 99%«onsumed fruits are
imported. A small area located in Southern Branmitiated recently a commercial
production of Japanese pear, but growers are faonte climatic adaptation problems,
called “floral bud abortion”. The most acceptedtisar in the local market, ‘Housur’,
showed high incidence and severity of that physjiclal disorder. Studies on dormancy
progression have been done, but usually researcloenpared plants growing under
natural condition and under totally cold depriveddition.

The main objective of this study was to investigiie effect of artificial mild
winter conditions on dormancy progression and dl@rimordia abortion” occurrence
in ‘Housui’ Japanese peatr.

Potted plants of ‘Housui’ Japanese pear were stdnto similar amount of
chilling accumulation than those observed in Brazibrresponding to 80% of
theoretical requirement. Chilling treatment staréédhree different times as described
in Chapter 2. The experiment was repeated for foomsecutive seasons, from
2005-2006 until 2008-2009, by submitting the sammeug of plants to same
temperature treatment, in order to verify the dffet chilling exposure time and
successive mild winters on “floral primordia aborti incidence and severity. Some
parameters, such as determination of dormancy essgm by using different
mathematic models (Chapter 2), morphological arehplogical observations (Chapter
3), carbohydrate contents (Chapter 4), and wateamycs (Chapter 5) on lateral buds

of current year shoots were analyzed and discussed.
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Chapter 2

Determination of dormancy progression in Japaneseqar grown under

mild winter conditions

2.1. Introduction

Recently, climate changes and global warming reduinh an increase of
temperature, affecting directly the dormancy pregien by low and/or slow
accumulation of chilling temperatures, which resdllin problems on temperate fruit
production.

Nishimoto et al. (1995) cited the value of 750 lafg hours (CH) as the chilling
amount necessary to release the endodormancy etageth ‘Housui’ and ‘Kousur’
Japanese pear mixed buds. But in this experimenswhenitted the ‘Housui’ potted
plants to 600 CH, the average amount of last 4%syebserved in the Japanese pear
production area of Santa Catarina state, locateSouthern Brazil (Petri and Herter,
2002) (Fig. 7).

This experiment was done in order to analyze tfecebf chilling accumulation
below the theoretical requirement, and also sulenhitto chilling temperatures at
different times on dormancy progression of ‘Housajpanese pear potted plants. Effect
of several seasons (from 2005-2006 to 2008-200€emsimilar condition was also
studied. For determination of dormancy progressitmee different mathematical
models were utilized: CH, chilling unit (CU), anéwtlopmental rate (DVR) models.
After chilling accumulation, potted ‘Housui’ plantgere moved to a greenhouse for

heating accumulation until flowering.
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2.2. Materials and methods

One-year-old plants of the Japanese pear cultidausui’ grafted onPyrus
pyrifolia were obtained from a commercial nursery. Each wassplanted into a
30-cm-diameter plastic pot in April 2005 and groainthe Agricultural and Forestry
Research Center, University of Tsukuba, Japan KBGF40° E). Forty-five plants were
divided into three chilling treatments (Fig. 11)jttw15 plants for each treatment:
chilling accumulation initiated under natural cdmahs (Treatment 1); one month of
cold deprivation before expose to chilling temperes (Treatment 2); and two months
of cold deprivation before exposure to chilling fmratures (Treatment 3). Same
groups of 15 plants was submitted to same treasnimtfour consecutive seasons,
from 2005-2006 until 2008-2009. Fifteen potted pdawith same age grown under
natural conditions of field (NC) throughout four ns@cutive seasons from 2005-06
were used as control. For cold deprivation, a lkaeenhouse with minimum
temperature set at 16 °C was utilized to avoid effigct of chilling temperature on
endodormancy induction. Maximum temperature was aouttrolled and plants were
submitted to natural photoperiod.

Field and greenhouse air temperatures were recdryleddata logger (TR-51A,
T and D Co., Matsumoto, Japan). For chilling treaiim each hour of temperature
below 7.2 °C under field conditions was countedluaaich 600 CH, in order to expose
potted plants to similar amount of chilling houss @ccur in Southern Brazil (Fig. 7).
Chilling calculation initiated when two consecutiveurs below 7.2 °C were detected in
field.

The CU model was proposed by Asano and Okuno (1fa®Qjetermination of

endodormancy depth in Japanese pear. Accordindhito method, also called the
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Saitama model, the temperature ranges and corréspbahilling units were calculated
considering also the seasonal factor (Table 2).

Sugiura et al. (1991) and Sugiura and Honjo (19%rbposed the DVR model,
which characterizes the relationship between dooyadevelopmental rate and
temperature range. The developmental phase canxpeessed as a function of
temperature based on the developmental stage (DX, by addition of hourly
temperature DVR (DVIXDVR). The developmental rate model is able to espre
different stages of dormancy in a uniform formatigitira and Honjp1997a). For the
endodormancy stage, temperature ranges propos&didiyra and Honjo (1997b) and
correlated hours necessary for breaking were adogteording to the Table 3 for
determination of DVI. When DVI value reaches 1.Be tendodormancy stage is
theoretically considered broken.

After the chilling treatment, potted plants werevad into a heated greenhouse
for heating accumulation until flowering, with mmum temperature set on 16 °C. For
quantification of heat-unit accumulation, the numbé growing degree hours (GDH)
was calculated by subtracting 5 °C (adopted asnimemum temperature that could
promote plant growth) from each hourly temperatangl then adding the readings
(Scalabrelli and Couvillon, 1986). The ecodormamgys considered released when
buds reached the “green tip” stage (Fig. 12) (Tametral., 1993) and the number of

opened flowers was determined when petals werbytoj@ened.
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NC % %

Treatment 1

November December January 'February' March

[0 Cold deprivation (greenhouse)
B Chilling accumulation (field)
B Heating accumulation (greenhouse)

% Sampling
NC Natural condition (field)

Fig. 11. Experimental design from 2005-2006 to 2008-2009smes Both cold
deprivation and heating accumulation were perforinea heated greenhouse with the
minimum temperature set at 16 °C. For chilling awcalation, potted plants were
moved to field and subjected to 600 h below 7.2 T@ey were then transferred to
greenhouse for accumulation of heating until reddhe “green tip” stage, indicating
the release of ecodormancy stage. NC plants weateukeler field conditions.
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Table 2. The chilling unit model (CU) or Saitama methodthaiemperature ranges and
correspondent hourly chilling units for determioatiof floral bud endodormancy
progression for ‘Housui’ and ‘Kousui’ Japanese p@aoposed by Asano and Okuno
(1990).

Chilling Units*

Temperature®C) Until 19th November After 20th November

t = 10.0 0.4 1.0
100 < t= 12.0 0.24 0.6
120 < t= 15.0 0 0
150 < t= 18.0 -0.2 -0.5
180 <t -0.4 -1.0

* Seasonal factor: 40% of chilling units until Slovember; 100% after ¥November;
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Table 3. The developmental rate (DVR) model, with tempemttanges, hours of

temperature necessary to break endodormancy aattbrebf DVR per hour, proposed
by Sugiura and Honjo (1997a, b; with modificatioriBhe developmental stage index
(DVI) was obtained by adding each hourly DVROVR).

Temperature®C) Hours* DVR (H**)

t=-3 0 0
3<t=0 1500 0.000666 (=1/1500)
0<t=3 750 0.001333 (=1/750)
3<t=6 750 0.001333 (=1/750)
6<t=< 0 750 0.001333 (=1/750)
9<t= 12 1160 0.000862 (=1/1160)
12 <t 0 0

* hours necessary for break endodormancy
** DVR (h™) = 1/Hours necessary for endodormancy break
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Fig. 12. Mixed bud of current season’s shoot at the “grephdtage. The scale bar
represents 3 mm.
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2.3. Results

Field temperature data from November to March masd in Fig. 13. Among
seasons of study, 2005-2006 season showed the ammtemperatures. The 2006-2007
season was characterized by a relative high avdeagperatures, whereas 2007-2008
and 2008-2009 seasons had great variations betwegximum and minimum
temperatures during January and February, butenage 2007-2008 season was colder
than the last season of experiment. The accumalatdtern of CH, CU, and DVI from
November to March showed differences among seaso@4$1 data, whereas CU and
DVI did not showed great differences (see Apperidix

In our experiment we adopted the start of chillmgcumulation when two
consecutive hours below 7.2 °C were detected ufidit conditions. Treatment 1
initiated on October 28 2005 (first season), Novembel" 2006 (second season),
November # 2007 (third season), and Novemb&r2D08 (forth season). Treatments 2
and 3 started one and two months, respectivelgr atiart the Treatment 1 in each
season.

At the beginning of chilling accumulation of Treant 1 (November), field
temperature (Fig. 14) was falling toward chillirenperature range (7.2 °C), but the
first season of experiment (2005-06) showed theeivtemperatures during mostly of
period. In the same first season, Treatment 2 stalve lowest field temperatures
during all the period. In Treatment 3, the firsasen showed low temperatures with
some fluctuations, whereas 2007-08 was cold witistant temperatures.

Large differences in the time taken to accumul&® 6H were observed: the
first season took 47 days to accumulate 600 CH,redsein the second and fourth
seasons it took 16 days longer (Fig. 15 and Tapl@dcause winter 2005-2006 was

cold (Fig. 14) during the chilling accumulation Bfeatment 2, it took only 30 days to
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accumulate the same amount of chill (Fig. 15 andieTd). In the subsequent three
seasons took 6 to 10 days more than the first sedseatment 3 started during the
depth winter (January), when more temperatures weffective on chilling
accumulation (Fig. 15). In this treatment there eyeéherefore, only small differences
between four seasons (time taken to accumulate@®029 to 36 days among four
seasons of study). Chilling accumulation curves dach year were therefore more
distinct in Treatment 1 but strongly resembled eattler in Treatment 3.

The DVI data showed that all treatments of thd Besason (2005-2006) and all
seasons of Treatment 3 did not reached 1.0. Fatment 2, only 2006-2007 season
reached value higher than 1.0 (Fig. 16). DVI curwese resembled among seasons in
all three treatments.

The chilling unit accumulation curves among treattaavere showed in Fig. 17.
Treatment 1 showed the most variable values for @&tumulation among seasons,
reaching 660 CU during the coldest season (200%28&3d 1000 CU in the 2008-2009
season. Treatment 2 had two distinct groups: 2@W&2and 2007-2008 seasons
accumulated less than 800 CU, whereas other twapssaeached values higher than
850 CU. 2006-2007 accumulated more CU than othesetiseasons, but with little
difference among them. Treatment 3 showed identieddcity and pattern of CU
accumulation and duration varied one week amongossa(Table 4). The amount of
CU accumulated was less than 700 during 2005-2@@8am for all treatments. On
contrary, the second season (2006-2007) reached than 800 CU in all treatments.
2008-2009 season accumulated the highest amouchikdihg units (near 1000 CU)
among all treatments of all seasons.

After 600 CH accumulations, plants were transfetoed heated greenhouse to

complete the process of dormancy release. The ewtashcy stage was considered
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release when the “green tip” was observed in mizeds (Tamura et al., 1993), and
occurred after 25 (Treatment 3) to 32 days (Treatndlg of heating accumulation
during 2005-06 season. In average, Treatment lnadated 6779.0 GDH after
received 600 CH, showing higher values comparet@iréatment 2 and 3 (5956.5 and
6475.75, respectively) (Table 4). In same seasenduration of heating accumulation
in Treatment 3 was shorter than other two treatementmost of seasons, except during
2007-2008 season, when Treatment 2 spent 16 daysaacthed the “green tip” stage
(Treatment 3 spend 20 days). In 2008-09 seasonchwhborresponded to forth
consecutive seasons of mild winter conditions, égrdip” was observed after 18

(Treatment 3) to 23 days (Treatments 1 and 2) uiadleing conditions.
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Fig. 13. Field average temperature (A), maximum (B) andimim temperature (C),
from November to March during four seasons of expent (from 2005-2006 to
2008-2009). Temperature data are plotted as wesldyages.
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Fig. 15. Progress of CH accumulation until reached 600 Gelofv 7.2 °C) during
chilling accumulation period of four seasons of@xment in all treatments 1 to 3.
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Fig. 16. Progress of DVI accumulation until reached 600 ®edlow 7.2 °C) during
chilling accumulation period of four seasons of exmpent in all treatments 1 to 3.
Dotted line indicates the theoretical requiremehthlling amount (DVI = 1.0) to
release the endodormancy stage.
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Fig. 17 Progress of CU accumulation until reached 600 Gelofv 7.2 °C) during
chilling accumulation period of four seasons of exmpent in all treatments 1 to 3.
Dotted line indicates the theoretical requiremdrtlolling amount (512 CU) to release
the endodormancy stage.
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Table 4. Relationship among treatments, seasons, duratiochiling treatment to
accumulate 600 CH, duration of heating treatmedtatumulated GDH before reach
the “green tip” stage on ‘Housui’ Japanese peaedqgtlants.

Treatment  Season Days of chilling Days of heating Accumulated

treatment* treatment** GDH

2005-2006 47 32 8020

2006-2007 63 18 5770

1 2007-2008 56 31 7256

2008-2009 63 22 6070
Average 57 25 6779.00

2005-2006 30 29 7239

2006-2007 40 17 5483

2 2007-2008 36 16 5039

2008-2009 38 23 6065
Average 36 22 5956.50

2005-2006 30 25 7827

2006-2007 36 16 5145

3 2007-2008 29 20 6825

2008-2009 33 18 6103
Average 32 20 6475.75

* Days of chilling temperatures necessary to accut@@@0 CH;
** Days of heating temperatures necessary to reléhs ecodormancy stage (“green

tip");
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2.4, Discussion

The amount of chilling necessary to release endodocy in Japanese pear
mixed buds has been estimated in many studies,hwiave yielded different values:
720 h at 10 °C for ‘Housui’ (Asano and Okuno, 19986 h below 7.2 °C for ‘Housui’
and ‘Kousui’, and 721 h below 7.0 °C for ‘HousulNighimoto et al., 1995), 750 h
between 0 and 6 °C in ‘Kousui’ (Sugiura and Hor{897b), and 780 h at 6 °C for
‘Kousui’ (Sugiura et al., 2003). In our study, wdoated the amount of 750 h below
7.2 °C (CH) as the chilling requirement of ‘Houstai’release the endodormancy stage.
By submitting the potted plants to 600 CH, we ingmb#o a theoretical 80% of chilling
requirement.

As a consequence of global warming, increasesnmpégature from September
to February have been noted in Japan and haveaegsul variations in the times of
endodormancy break and full bloom in Japanese ‘Bearsui’ (Ito and Ichinokiyama,
2005). Even in Japan, which is in a temperate ¢loveone, our results showed great
differences in chilling accumulation among yearaassult of temperature fluctuations
during autumn-winter. These variations resulted differences on duration to
accumulate 600 CH among treatments and seasonis @ab

The theoretical values of CH and DVI necessaryefatodormancy completion
of ‘Housui’ Japanese pear (750 CH and DVI = 1.8peetively) were not adapted to
our experimental conditions, since dormancy wasasdd and flowering occurred with
accumulation of values lower than the requiremerdli treatments of all seasons. Our
results indicate that 600 CH below 7.2 °C broudidua the release of dormancy stage
in lateral buds of potted ‘Housui’, contradictirtietresults obtained by Nishimoto et al
(1995). Independently of chilling exposure timeeétments), the endodormancy stage

were released even with DVI values lower than 1.0.
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Tamura et al. (2001) determined the amount bet@@érand 1000 CU by using
the Saitama model for breaking leaf bud endodormantHousui’, but leaf buds have
higher chilling requirement than floral buds in dapse pear (Tamura et al., 1993, 1995).
According to Asano and Okuno (1990), 512 CU wadaant to release the floral bud
endodormancy in both ‘Housui’ and ‘Kousui’ cultigarin this experiment, all of
treatments of all seasons reached the requireniebao release the endodormancy
stage (Fig. 17). These observations indicated $adtama method can be used even
under mild winter conditions to determine the ¢hglaccumulation with the amount of
512 CU might be the requirement of ‘Housui’ everlemsuch conditions.

After chilling, plants were moved into a heatedegrgouse, with the minimum
air temperature set at 16 °C, to release ecodoryramt induce flowering. Among four
seasons of study, the coldest season (2005-20Q6ired few days to accumulate 600
CH in Treatments 1 and 2, but needed more dayscimnaulate heating temperatures for
flowering. On contrary, relatively warm winters (#2007 and 2008-2009 seasons)
accumulated chilling amount slowly but spent fewysdldo accumulate GDH. A
correlation between duration of chilling and hegtineatment was observed in this
experiment. Independent of treatments, long dumatd chilling resulted in short
duration of heating until dormancy release (TableThe exception was observed in
Treatment 2 of 2007-2008 season, when a middletidaraf chilling accumulation
resulted in the shortest heating duration. Diffeemnon duration of the ecodormancy
stage between seasons indicate that successivéicosf mild winters reduced the

heating requirements, as observed previously ishpssa(Citadin et al., 2001).
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Chapter 3

Floral primordia abortion occurrence and abnormalities at flowering

in Japanese pear grown under mild winter conditions

3.1. Introduction

Japanese pear shows adaptation problems, espetugihg dormancy and its
release, when grown in regions with mild winters;tsas New Zealand (Kingston et al.,
1990; Klinac and Geddes, 1995), Thailand (Rakndaal.£1995), and Brazil (Petri et
al., 2002; Petri and Herter, 2002), or under fagyatonditions in greenhouses (Gemma,
1994). In New Zealand, floral buds of ‘Housui’ dngghly susceptible to a disorder
called “budjump”, incidence of which in winter 198f&s near 95% (Klinac and Geddes,
1995). In this region, affected buds were abortad drop from trees during late
winter-early spring when touched (Kingston et 8890). In some locations of Southern
Brazil, over 60% “flower bud abortion” was found2001 (Petri et al., 2002) and more
than 90% in 1999, resulting in low numbers of flosvat budburst and consequently
low production (Verissimo et al., 2002). Anothemsequence of low chilling is a
prolonged and poorly synchronized flowering, whieBults in poor uniformity of fruit
size at harvest. In 2008, it was noticed some piygical disorder in ‘Housui’ Japanese
pear cultivated under greenhouse in Fukuoka Prefeend other regions of Southwest
Japan. Detected symptoms were necrosis in both bodsshoot, and increases in
temperature during dormancy stage have been atadaajor factor (Honjo, 2007).

The aim of this study was to observe the effectload chilling response,
submitted at different times, and also the effdatansecutive seasons of low chilling

accumulation on floral primordia abortion occurreng ‘Housui’ Japanese pear mixed
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buds. Abnormalities at budburst and flowering, fanhy to those observed in Brazil or
New Zealand, were also expected to occur.

This experiment was conducted simultaneously toettpgeriment described on
Chapter 2, reason why it was adopted the classic n@idlel as a parameter for
dormancy progression and time for samplings. Moeeahe Saitama method and DVI
model, which were developed in Japan for Japaneae was not frequently adopted

overseas.
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3.2. Materials and methods

For this experiment, samples were obtained frormtplaubmitted to same
temperature conditions and treatments as desciibedhapter 2 (Fig. 11). Briefly,
potted plants of 1-year-old ‘Housui’ Japanese pezre submitted to the amount of 600
CH at different times. Once each during summer \aimder, current year shoots were
reoriented to horizontal position to promote floald formation (Ito et al., 2004).
Opened flowers were not pollinated artificially aondcasional fruits were thinned
manually every season. At the sampling of dormaiat, la vegetative bud localized in a
lower portion of shoot was kept in order to promtite development of new shoot
during the next growing seasdrorty-five plants were divided among three différen
treatments, according to the time to initiate thalliog accumulation: chilling
accumulation without cold deprivation (Treatment djie month of cold deprivation
before exposure to chilling temperatures underdfiebndition of Tsukuba, Japan
(Treatment 2), and two months of cold deprivati@fiobe started the accumulation of
600 CH (Treatment 3). Fifteen potted plants wittmesaage grown under natural
conditions of field (NC) throughout four consecetiseasons from 2005-06 were used
as control. After exposure to 600 CH, plants weamdferred to a heated greenhouse,
with minimum temperature set at 16 °C, for heaangumulation until flowering.

For phenological observations, lateral mixed bud& vud cushions were
collected randomly from the current season’s (oe@-pld) shoots (excluding terminal
buds) of Japanese pear ‘Housui’ during four consezgseasons, from 2005-2006 until
2008-2009 (Fig. 18). Buds were collected from alatments before any chilling
accumulation (0 CH), after received 300 CH (midafiehilling accumulation), 600 CH
(transition from chilling to heating accumulatior3000 GDH (middle of heating

accumulation), and 8000 GDH (just before floweringjom NC plants, buds were
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collected before any chilling accumulation, midafeendodormancy, transition from
endo- to ecodormancy, middle and before releasedbdormancy stage, and plotted as
0 CH, 300 Ch, 600 CH, 4000 GDH, and 8000 GDH, retsypaly.

Phenological observations were made immediategr aimpling in all seasons,
in order to determine the incidence and severitflavfl primordia abortion in lateral
mixed buds of ‘Housui’ Japanese pear accordingrogness of dormancy stage. After
remove all 12 scales, observations were done uadBght microscope (SZX-12,
Olympus Co., Tokyo, Japan) and a digital microso®t¢X-900, Keyence Co., Osaka,
Japan). An arbitrary scale was adopted to deterrhiaeseverity of floral primordia
abortion (Fig. 19A): grade 0 for normal primordigrden), 1 for the beginning of
primordia necrosis (yellow), 2 for primordia witlanial necrosis (some black portions),
and 3 for completely necrosed primordia (totalladi). Data were presented as a
percentage of total primordia, obtained from 1@nalt buds. In each treatment of all
studied seasons, number of flowers was also datetmivhen petals were completely

opened.
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Fig. 18. Scheme of sampled material: lateral mixed budsuofent-year shoot (except
terminal bud) with bud scales, floral and leaf midiia, bud base and bud cushion.
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3.3. Results

Symptoms of floral primordia abortion were observedall treatments of all
studied seasons, but with different severity, wagré&lC plants did not showed
abnormalities during dormancy progression (Fig. 19B treatment 1, mixed buds
showed a great reduction in percentage of normiahgodia at the end of heating
accumulation period. Keeping plants under cold i@dagion for 1 month (treatment 2)
resulted in a gradual increase in abortion, whighaited during the chilling treatment
in the first two seasons, whereas completely nedrgsimordia were found just before
initiate the chilling treatment in subsequent tveasons. Treatment 3 showed a similar
trend to that in Treatment 2, but necrosis sympta@ie observed at higher levels when
the chilling accumulation started after two montifscold deprivation. Completely
necrosed primordia (grade 3) were observed in fireat 1 when initiated the heating
accumulation in 2006-2007 season. The incidenaesofosis increased with increasing
delay to initiate the chilling accumulation (Tre&tnts 2 and 3 vs. Treatment 1).

During dormancy progression, it was found abnortiesliin buds at different
levels: few primordia with necrosis symptoms in lowinitial levels (Fig. 20A), buds
with partially necrosed primordia (Fig. 20B, E),dsuwith inflorescence duplication
(Fig. 20C, D, E), buds with completely necrosedmanidia (Fig. 20C, E), and
completely necrosed buds (Fig. 20F).

There was no difference between seasons and alsogatmeatments in the
percentage of bud break, which was higher than 9586lowering, buds of treated
plants showed less than 50% of opened flowers mpewison to plants grown under
NC (Fig. 21). Among treatments, a significant irase (P<0.05 byttest) on number of
flowers was observed only Treatment 1 of 2007-08 2008-09 seasons in comparison

to previous two seasons. Plants grown under mildexiconditions showed differences
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on number of opened flowers (Fig. 22), variationgedicel length (Fig. 22A, B, D, E),
and also flowers at different stages of developn(ieigt 22D, E).

Under NC (all time at field conditions), ‘Housuihewed green scales and
primordia until the end of dormancy stage (Fig. 23#t the flowering stage, primordia
had similar pedicel length, and a uniform flowerelepment could be observed (Fig.

23B, C, D, E).
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Fig. 19. Scale adopted to evaluate the severity of florahgrdia abortion: grade O,
normal primordia (green); grade 1, yellow primordigade 2, primordia with partial
necrosis; grade 3, completely necrosed primordia k#cidence and severity of floral
primordia abortion in mixed buds of ‘Housui’ Japs@eear grown with low chilling,
from four consecutive seasons (from 2005-06 to AW expressed as percentages of
primordia (B). (0 = 10). CH, chilling hours; GDH, growing degree hau
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Fig. 20. Some of abnormalities found during dormancy pregia in mixed buds of
‘Housui’ Japanese pears grown under mild winterdd@ns for consecutive seasons:
beginning of floral primordia necrosis in bud oéatment 3, 2008-2009 season (A);
advanced desiccation of bud scales and vyellow edloprimordia, but without
completely necrosed, in the same bud of treatme@038-2009 season (B); necrosed
primordia and development of a second inflorescémd®id of treatment 3, 2008-2009
season (C); inflorescence duplication with innesless during heating accumulation,
2008-2009 season (D); completely necrosed primaadih abscission layer in bud of
treatment 3, 2008-2009 (E); completely necrosecethixud of treatment 3, 2005-2006
season (F). The scale bars represent 3 mm.
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Fig. 22. Abnormalities at flowering found in mixed buds ‘éfousui’ Japanese pear
grown under mild winter conditions for consecutseasons: bud with visible flowers
just after release (left) and flowers with differ@edicel lengths in plants of treatment 1,
2005-2006 season (A); bud with visible flowers jafier release (left) and primordia
with different grade of necrosis in plants of treanht 3, 2008-2009 season (B); lateral
mixed buds of current year’s shoot showing one egddlower and vegetative growth in
plants of treatment 2, 2007-2008 season (C); curyear's shoot of treatment 3,
2005-2006 seasons, with terminal and lateral mixeds at the balloon stage showing
different number of flowers (D); bud of treatment2D08-2009 season, showing visible
flowers just after release (left) and duplicatedlomescence with some necrosed
primordia (E). The scale bars represent 3 mm.

54



Fig. 23. Some photographs showing mixed buds of ‘Houspadase pear potted plants
with same age of those materials utilized in oyvegdnent and growing under normal
conditions of winter in 2008-2009 season: bud at“tireen tip” stage, after remove all
scales (A); bud of current season’s shoot withblesflowers just after release showing
flowers with similar size (B); current year's showith flowers at “balloon” stage (C
and D); current year’s shoot with flowers at “fllloom” stage (E). The scale bars
represent 3 mm.
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3.4. Discussion

Samples were collected before started the chilicgumulation (0 C), middle of
chilling accumulation (300 CH), transition from kimg to heating accumulation (600
CH), theoretical middle of heating accumulationQ@@DH), and just before flowering
(8000 GDH), in order to verify the incidence ansglesdy of floral primordia abortion in
lateral buds of ‘Housui’ Japanese pear. In 2008028fason samples were not taken at
8000 GDH because the plants had already flowered.

According to our results, the amount of 600 CH tef2 °C brought about the
release of dormancy stage in mixed buds of potterlisui’, as discussed in previous
chapter. However, floral primordia abortion andloréscence duplication during
dormancy progression and at flowering were obsemeall cold deprived treatments.
The time to initiate the chilling accumulation skibbe considered as one of the most
important factors affecting the incidence and séyeaf floral primordia abortion in
‘Housui’ Japanese pear (Fig. 19). In a season, wiélaying start of chilling
accumulation, incidence of floral primordia abontinded to occur earlier with higher
severity than those plants submitted to normal sitjoo to chilling temperatures. On
the contrary, plants grown under NC, with enougtuawulation of chilling amount, did
not showed remarkable abnormalities.

In a same treatment, the effect of consecutiveossasf mild winter conditions
could be observed especially until 2007-2008 sedsoathis period, an anticipation and
intensification of abnormalities were observedhia tourse of seasons. But, 2008-2009
season showed lower levels of abnormalities orafflprimordia in the initial stage in
comparison with the same sampling stage of prevseason. It is possible that ‘Housur’
Japanese pear trees spent three seasons to adapplifisiological functions to

conditions of mild winter, with lower influence eéasonal temperature variations. After
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that (2008-2009 season), plants might be more teffeby external temperature
fluctuations.

Among treatments, trees submitted to cold depovafiTreatments 2 and 3),
showed completely necrosed primordia at the stashiling accumulation (0 CH) after
the second season. These observations can bedrétatiegree of adaptation to cold
temperatures (hardening), which is induced gragusfldecreasing of temperature and
photoperiod, resulting in a plant more resistanextreme environmental conditions
such as cold temperatures (Weiser, 1970; Bigra86)19n Treatment 1 temperature
decreased gradually, whereas other treatments madbraipt decrease of temperature,
from more than 16C to lower than 6.8C (average of Treatment 3). This observation is
not so evident in 2008-2009 season, when all treatsnshowed similar levels of floral
primordia abortion at the start of chilling accuatidn. It is possible that, after three
seasons of mild winter conditions ‘Housui’ becam@enadapted to such condition.

Under natural conditions of chilling and heatingwaulation (field), ‘Housur’
potted plants showed normal bud development: atgiesen tip” stage, floral primordia
were still green (Fig. 23A). Plants growing undatdnwinter conditions showed high
percentage of abnormal primordia (partially or lgtmecrosed), and eventually with
development of new inflorescence (Fig. 20).

According to Petri et al. (2002), in conditions $buthern Brazil floral bud
abortion disorder occurs just before floweringuiesg in a reduction in the number of
flowers, which are small and deformed, with no Esvor leaves that are small.
Experiments performed in that region have also sheariations in flower pedicel
length, as well as inflorescence duplication (\&n® et al., 2002). If any abnormality
on floral primordia was observed in Brazil at thegimning of chilling accumulation, it

Is possible that the phenomenon observed thereaused mostly by low chilling
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accumulation. A gradual decrease of temperaturénglurutumn-winter (similar to
treatment 1 in our experiment) might result in lowidence and severity of floral
primordia abortion, but caused a reduction in tlheenber of flowers and leaves in
southern Brazil. In New Zealand, a similar disordmiled “budjump” has been
described as ranging from a reduction in the nunabepened flowers per cluster to
complete necrosis, but it is more severe in therddtouds of young shoots (Klinac and
Geddes, 1995). We found similar symptoms to thoksewed in New Zealand:
inflorescence duplication, differing severitiesflafral primordia abortion, few flowers
per bud, and totally necrosed buds (Fig. 20F). ‘jBongb” in New Zealand appears to be
an abnormality more severe than that occurred &aziBrand seems to be a consequence
of delayed exposition to low chilling accumulatiofexjuivalent to treatment 3 in our

experiment, but probably without abrupt decreasemiperature).
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Chapter 4

Carbohydrate concentration in mixed buds of Japanes pear grown

under mild winter conditions

4.1. Introduction

Dormancy induction, progression, and its releaseaiscomplex process,
composed by several molecular and biochemical awsmnguch as carbohydrate
metabolism (Maurel et al., 2004a, b), cold-indugsthe expression and cold stress
tolerance (Tabaei-Aghdaei et al., 2003), osmordigulan cold-acclimated plants (Stitt
and Hurry, 2002), among others.

Carbohydrate contents of buds of plants grown uedé&t-deprived conditions
or warm winters have been investigated in peachrdivi&t et al., 1999; Bonhomme et
al., 2005; Leite et al., 2006), grape (Lebon et2005), fig (Kawamata et al., 2002), and
Japanese pear (Rakngan et al., 1996). Bonhommie (8D85) compared carbohydrate
concentrations in buds and nearby structures othpgdants grown under natural
conditions and in a totally cold-deprived enviromhgheated greenhouse with
temperature between A5 and 28C, in order to avoid any effect of chilling on
dormancy).

The objective of this study was to determine thda@laydrate content in lateral
buds of ‘Housui’ Japanese pear potted plants gromeer mild winter conditions, in
order to observe a possible effect of low chillaggumulation, different starting time of
chilling accumulation, several consecutive seas@amsl a possible correlation with

floral primordia abortion.
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4.2. Materials and methods

Plants subjected to temperature conditions as ithescin Chapter 2, from
2005-2006 until 2008-2009 season (Fig. 11). Samepy of plants were submitted to
same treatment during all seasons. Mixed buds fooment season’s (1-year-old)
shoots (excluding terminal buds) of Japanese péawmsui’ (Fig. 16) were collected in
two seasons, 2005-2006 and 2008-2009. Samplings aere after plants had received
300 CH, 600 CH, 4000 GDH, and 8000 GDH, similadytihhe method described in
Chapter 3. To determine the carbohydrate contamptes from plants were frozen in
liquid nitrogen and kept in an ultra-freezer (—89.°

For determination of sugar content, approximatety df frozen buds with bud
cushion and scales was weighed accurately, grouttd hguid nitrogen in a mill
(ForceMill, Osaka Chemical Co., Osaka, Japan), extdacted twice with 20 mL of
80% ethanol. One milliliter of 1% pentaerythritohsvadded as an internal standard.
The extracts were evaporated in a vacuum at 40PtGteins were removed with a
mixed cellulose ester filter, and the final volumias adjusted to 10 mL with deionized
water. Polyphenols were removed by adding 3 mgvuoy-polypyrrolidone (PVPP),
and purified through a membrane filter (0.45 pnwemty microliters of extract solution
was injected into a high-performance liquid chromgaaphy (HPLC) apparatus fitted
with a packed column (SCR-101C, Shimadzu Co., Kyd&pan) and refractive index
detector (RI-8000, Toyo Soda Inc., Tokyo, Japahge &@quipment was set at a flow rate
of 0.8 mL-min?, column temperature of 80 °C, and ultrapure w#l& mQ) was
utilized as the mobile phase.

For starch quantification, the pellet remainingeatthanol extraction for sugar
determination was oven dried overnight at 60 °Cpragimately 100 mg was weighed

accurately and put in a glass test tube. It wasyass by the amyloglucosidase/
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a-amylase method (AACC method 76-13, Megazyme latewnal Ltd., Wicklow,
Ireland). After mixed sample with 0.5 mL of 80% atiol, tube was stirred and 3mL of
thermo stable--amilase diluted in 3-(morpholin-4-yl) propane-1fsunic acid (MOPS)
buffer was added. After incubated in boiling wdi@r 6 min, 4 mL of sodium acetate
buffer and 0.1 mL of amyloglucosidase solution wdded. Incubation in a 50 °C water
bath was followed by adjustment of volume to 10 ard centrifuged. Three mL of
glucose determination reagent (GOPOD reagent) ddsdbefore incubated for 20min
in a 50 °C water bath. D-glucose and water weréd asea standard and blank solution,
respectively. Absorbance at 510 nm was determinedJ¥/VIS spectrophotometer

(V-550, Jasco Co., Tokyo, Japan).
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4.3. Results

Sugars detected in mixed buds of Japanese pear glaoese, fructose,
stachyose, raffinose, sucrose, and sorbitol. Césiten glucose and fructose were
pooled and expressed as hexose, and stachyosaffandse contents were presented as
oligosaccharide.

Sucrose concentrations showed little decrease s af the first season
(2005-2006), whereas an accentuated decrease was/etl during heat accumulation
of 2008-2009 (forth season) in Treatments 1 andrig. (24A). Concentration of
oligosaccharides was higher in 2008-2009 seasom 2085-2006 in all treatments,
although difference was not great in Treatment i§.(E4B). Hexose concentrations
increased during dormancy in all treatments ofsathsons, except in Treatment 2 of
2008-2009 season. Sorbitol was the most abundgat sudormant buds (Fig. 24D). In
2008-2009 (after four seasons under mild winterd@emns) sorbitol peaked at the end
of chilling treatment (600 CH), and decreased dufeating treatment. In contrast,
during the first season it peaked during heatirggttnent. Variations in total sugar
concentration (Fig. 24E) were lower during 2005@@@ason than 2008-2009 season.
Starch concentration increased slightly duringlicigland heating in Treatments 1 and
2 of 2005-2006 season, but decreased toward thefehdating in Treatment 3 (Fig.
24F). 2008-2009 season gave a reduction in stamebenitration from the beginning to

the middle (4000 GDH) of heat accumulation in edbtments.
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Fig. 24. Concentrations of sucrose (A), oligosaccharide (®xose (C), sorbitol (D),
total sugar (E), and starch (F) in mixed buds atqub ‘Housui’ Japanese pear plants
grown in each of three treatments. The experimeat wonducted during four
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done only in the first (2005-2006) and forth seas(®008-2009), except at 600 CH in
2005-2006 (not analyzed). Means = Sk H 3 assays). CH, chilling hours; GDH,
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4 .4. Discussion

Samples were collected at the middle of chillingueoulation (300 CH),
transition from chilling to heating accumulatiorOBCH), theoretical middle of heating
accumulation (4000 GDH), and just before flowerfBG00 GDH), in order to verify the
variations on carbohydrate concentrations in lateuas of ‘Housui’ Japanese pear. In
2008-2009 season samples were not taken at 8000 ligb&lise the plants had already
flowered.

Peaks of carbohydrate concentrations during chiliocumulation in Treatment
1 were generally higher than those of cold-depripéghts, more so in 2008-2009
season (after four consecutive winters of low afgllaccumulation), except for sucrose.
Delays to initiate the chilling accumulation caussdall fluctuations between the start
and end of dormancy stage in carbohydrate condemisa This result is similar to that
of Leite et al. (2006), who found small variations concentrations of several
carbohydrates in peach floral buds under cold giapan condition during dormancy.

During flower bud formation (June to Septemben, ¢t al. (2002) observed
differences in the activity of sugar-catabolizingpgmes between buds of two cultivars
of Japanese pear. Marquat et al. (1999) showedsthgke-node peach buds have low
sugar absorption potential during endodormancy,imcrieased potential at dormancy
release. Bonhomme et al. (2005) reported that Istatrose interconversion did not
occur in peach buds grown under NC or cold-deprigeddition during dormancy.
Under cold-deprived condition they also found amupb increase in carbohydrate
concentrations near flowering stage in bud cusham scales of floral buds, a slight
increase in scales of leaf primordia and floral arebetative primordia, and a
continuous decrease in stems. We found that serdhsucrose concentrations showed

variations during endo- and ecodormancy and anpalpealuction just before flowering.
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This may be explained by differences in absorppotential within mixed buds and
nearby structures. Another important point is \asies in numbers of floral primordia
and inflorescences, as observed in previous chaptach can affect carbohydrate
metabolism, competition, and distribution, as a semuence of low chilling
accumulation conditions.

Studies on plant sugar response are complicatétebfact that plants respond
by several pathways. Sugars have been postulatedjidate synthesis and/or transport
of phytohormones, to regulate expression of sommpoments of phytohormone-
response pathways (Gibson, 2004), and to regulgegsion of specific genes (Sturm
and Tang, 1999). On the other hand, Ito et al. 4280ggested a possible involvement
of plant hormones in the regulation of sugar métaiyo The oligosaccharides raffinose
and stachyose are especially associated with @ldirfess and dormancy, and sucrose
enhances both cold hardiness and desiccation naleia woody plants (Stushnoff et al.,
1997). Changes in starch content (degradation) hal® been implicated in
deacclimatization or reduction in hardiness leygklberer et al., 2006).

Soluble carbohydrates were responsible to provideugply of energy and
substrates for the early growth of shoots in spiivigshioka et al., 1988). And the
trophic hypothesis asserts that bud break capé&citgflected in the ability to buds to
acquire and use nutrients (Gendraud and Pétel,)1990

Bonhomme et al. (2005) showed that under cold degriconditions floral
primordia abortion in peach buds occurred as aemurence of their incapacity to
utilize available carbohydrates. These authors doun block on carbohydrate
importation under cold deprived condition and arsly diversion towards structures
close to primordia. High concentrations of carbahyes in plants grown over

consecutive seasons under low chilling accumulatmmditions may have been related
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to the source—sink imbalance that causes florahgndia abortion and alterations in
growth pattern from the beginning of the hardermpegod.

It can be suggested that conditions of mild winteinsch ‘Housui’ potted plants
were submitted in this experiment resulted in logvels available energy as a
consequence of block in carbohydrate supply, whikhnecessary for metabolic

processes, resulting in necrosis of floral primardi
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Chapter 5

Water dynamics in ‘Housui’ Japanese pear buds growrunder mild

winter conditions

5.1. Introduction

Dormancy in plants is an essential event to surunaer unfavorable conditions,
and it is closely related to changes on water magni\Welling and Palva, 2006).
Water dynamics were assessed by using the nuclegnetic resonance (NMR)
spectroscopy in dormant buds of apple (Faust efl@81, Liu et al., 1993) and peach
(Sugiura et al., 1995; Erez et al., 1998; Yooyongwet al., 2008a). Magnetic resonance
imaging (MRI) provides information on morphology danvater dynamics, by the
characterization of water status, in tissues oamsgallowing non-destructive (Van der
Torn et al.,, 2000). The traditional method to assester status is based on
measurements on the proton relaxation timey @nd relatively high Fvalues indicate
mobile of free water, while low values charactepzesence of bound water (Erez et al.,
1998; Yooyongwech et al., 2008a). While the valfes, are intrinsic and non-arbitrary,
the proton density (PD) predominantly representsemwanolecules which were not
incorporated to macromolecules (Van der Toorn.e2800).

However, there were few studies in Japanese plkingewater dynamics and a
possible correlation with morphological changeshsas inflorescence duplication, on
buds of whole plants growing under conditions ofdnwinter. We hypothesized that
mild winter conditions promote an abnormal movemehtwater in dormant buds,
resulting in incidence of floral primordia abortioiVe also hypothesized that the time at

which the low chilling accumulation is initiated @v several seasons is related to
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changes in dormancy progression and the occurr@habortion in the mixed buds of
Japanese pear.

The objective of this study was to study the effettdelayed mild winter
conditions and consecutive seasons on water dysamnc analyzed a possible

correlation with the floral primordia abortion ornixed buds of ‘Housui’ Japanese peatr.
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5.2. Materials and methods

One-year-old plants of the Japanese pear cultiMdausui’ grafted onPyrus
pyrifolia were obtained from a commercial nursery. Each wassplanted into a
30-cm-diameter plastic pot in April 2005 and groainthe Agricultural and Forestry
Research Center, University of Tsukuba, Japan (86140° E). Once each during
summer and winter, current season shoots wereerded to the horizontal position to
promote floral bud formation (Ito et al., 2004). éied flowers were not pollinated
artificially and occasional fruits were thinned raatly every season. At the sampling of
dormant bud, a vegetative bud localized in a lopaetion of shoot was kept in order to
promote the development of new shoot during thé geowing season. Each group of
five plants was submitted to two months of coldrdegion before exposure to 600 CH
under tow different regimes of seasons, accordifgd. 25A: for either a single season
of 2008-09 (SS) or four consecutive seasons, fr@®5206 to 2008-09 (CS). After
exposure to 600 CH (SS and CS), potted plants wansferred into a greenhouse for
heating accumulation until flowering.

MRI measurements were made in 2008-2009. Threealateids with bud
cushions were collected randomly from current seasshoots (1-year-old, excluding
terminal buds) of Japanese pear ‘Housui’ (Fig. 25mples were taken from SS and
CS after 1 month of cold deprivation (December);tte# end of cold deprivation
treatment (January) (SS only); after accumulate @B0and just before transfer to the
greenhouse (February); and just before ecodormeglease (March). Samples from
potted plants kept at all seasons under NC werentak the middle of endodormancy
(December); during the transition phase from ertidaecodormancy (January), middle
(February), and end of ecodormancy (March).

MRI measurements were performed using an NMR spaetter (DRX 300WB,

69



Bruker, Karlsruhe, Germany) equipped with a micragng accessory at a magnetic
field of 7.1 Tesla at21 °C (Fig. 26A). Magnetic resonance (MR) imagesanaequired
and reconstructed with ParaVision imaging softw@er. 3.0.2 Bruker). The sample
was placed on a homemade plastic holder and purttadl5 mm NMR coil (Fig. 26B,
C). Morphological images and 32 sequential echogaean longitudinal sections of
mixed buds were obtained by a multi-slice multieckliRI pulse program. For
morphological images the repetition time was seit sowith the echo time of 5.524 ms,
the matrix size of 256 x 256, the field of viewld x 15 mrfi or 18 x 15 mm and the
slice thickness of 0.5 mm. The sequential echo @sagere obtained with the repletion
time of 5 s, the echo time of 3.069 to 115.5 mé$waitconstant interval of 3.069 ms, the
matrix size of 128 x 128, and same field of viewl ahce thickness with morphological
images; T} (spin-spin relaxation time) and relative protomsiey (PD) maps were
calculated from 32 sequential images using the @nsgpuential tool in ParaVision.
Three regions of interest (ROIs; Fig. 27A) of flopaimordia (Fig. 27B), bud base (Fig.
27C), and whole bud (Fig. 27D) were determined mlyun a longitudinal section at
the central portion of mixed bud (that presentexlhighest bud base) and Walues of
each ROI was also calculated. ROI of bud scale® weétained by subtracting floral
primordia and bud base from whole bud (Fig. 27H)eré were three replications in
each analysis.

Phenological observations were made immediatebr &ftRl measurement, in
order to determine the incidence and severityafflprimordia abortion in mixed buds
of ‘Housui’ Japanese pear and occurrence of maliipllorescences. After remove all
12 scales, observations were made under a lightosdope (SZX-12, Olympus Co.,
Tokyo, Japan) and a digital microscope (VHX-900y&mce Co., Osaka, Japan). The

same arbitrary scale described in Chapter 3 (Rpgwhs used to determine the severity
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of floral primordia abortion. Data were presentedaapercentage of total primordia,
obtained from the three lateral buds used for Millgsis. Other five mixed buds were
collected and fixed in FAA (10% formaldehyde, 5%etac acid, and 85% ethanol
solution, v/v) for morphological observations wi#banning electron microscope (SEM;

VE-8800, Keyence Co., Osaka, Japan), after remaairtgvelve scales.
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Fig. 25. Experimental design for MRI measurements. For idgjllaccumulation,
potted plants were moved into the field and keptdhuntil they had been subjected
to 600 h below 7.2 °C. NC materials consisted dfgubplants of same age kept at all
times under natural field conditions, and samplesewtaken in the middle of
endodormancy (December), at the beginning (Januarigdle (February), and end
(March) of ecodormancy. The experiment was caroedin 2008-2009 season, and
utilized plants growing under two regimes: only 2009 season (SS) and four
consecutive seasons from 2005-2006 to 2008-09 a@hwee marked as CS (A).
Samplings and measurements were done accordii).to (
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Fig. 26. Apparatus and preparation for water dynamic measemn¢ by MRI: tank of
NMR spectrometer (DRX 300WB) equipped with a 7.5ldemagnetic field tank (A);
homemade plastic holder with sampled bud, whichewmrtted in a 15 mm glass tube
(B); MRI sample holder set in an active columnha NMR coil (C).
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Fig. 27. MR morphological image of Japanese pear bud wigiore of interest (ROI)
determined manually (A); ROI of grouped floral pardia (B); ROI of bud base (C);
ROI of whole bud (D); ROI of bud scales obtainedsiptracting floral primordia and
bud base from whole bud (E). The scale bars repté&sem.
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5.3. Results

Changes in 7 values for the floral primordia, bud base, and haoud were
shown in Fig. 28. Tvalues of floral primordia increased consideradiyhe transition
from endo- to ecodormancy stage (January) in bugsrgunder NC (Fig. 28A). Under
both SS and CS, however; alues of floral primordia increased only aftetiated the
heating accumulation (600 CH to 4000 GDH). Theseafl primordia showed an
increase in primordia abortion after 1 month ofdcdéprivation, and by March normal
primordia represented less than 50% under bothr8SC& (Fig. 28B). NC buds had
100% normal floral primordia at all samplings. Thed base of plants under NC
showed a gradual increase invRlues until the end of chilling accumulation (F28C).
T, values in the bud base of buds under SS were Itivegr those of NC until after
submitting plants to heating accumulation. Aftearf@€S mixed buds showed constant
T, values until submitting plants to heating accuriola when increased abruptly.
Multiple inflorescences, an abnormality of the boase, were observed under both
regimes after 1 month under cold deprived condtifiig. 28D). Average slvalues in
whole bud increased gradually in plants kept uidiér(Fig. 28E). In contrast, treated
plants (SS and CS) had low values at the end dofhiltieng treatment (600 CH).

T, and PD maps (Figs. 29, 30) were almost entirelgutated in detected parts
of the morphological images (Fig. 31). Water mayilas determined by,T(Fig. 29),
showed intermediate values (16 to 24 ms) in thelflprimordia, bud base, and bud
scales of NC on March. In contrast, SS (2008-0%hatend of chilling treatment (600
CH) had high 7 values (over 24 ms) in the lower portions of thal lscales, while
values were similar to NC in the bud base. Compareés and NC, Jvalues increased
(higher than 16 ms) in CS before flowering onlyspecific portions of bud base and

scales near the bud base.
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Relative amount of water, represented by PD mapg. (80), gradually
increased in the floral primordia of buds grown en&iC during the transition from
endo- to ecodormancy (January). Similar increas€hwas observed in primordia
under SS. At the end of chilling accumulation (60Bl) in CS, the PD value was
medium to high (40-70 %) in the bud base, and ughil 80%) in the floral primordia.
At 4000 GDH, PD in CS was higher in primordia amng specific portions of bud
base than in the NC or SS.

Structural changes during dormancy until floweringere observed in
morphological MR images of longitudinal sectionstlta¢ central portion of ‘Housui’
mixed buds (Fig. 31). Mixed buds of plants growrd@emnNC had single inflorescence
during all dormancy stages, with a high and unifeignal intensity of scales and floral
primordia. Bud scale and floral primordia configimas were remarkably different
among buds under NC, SS (a single season of 2008affl CS (four consecutive
seasons), from 2005—-06 to 2008—-09. Scales of budisr INC were sharply observed in
MR images over all dormant stages. However, unagh IS and CS, they were
detected partially especially near the bud badtréscence duplication was observed
since chilling accumulation (0 CH) in SS. At thiage, signals from scales could not be
detected. From the end of chilling accumulatiormanidia signals were not uniform,
and numbers of primordia and inflorescences vaaiedng samples under both SS and
CS. CS showed also variations on primordia sizee@ally during heating
accumulation (600 CH and 4000 GDH).

Morphological comparison between buds of plantsmgrg under CS and NC
was done (Fig. 32). MR images showed some abndresain mixed buds, such as
partially necrosed primordia (Fig. 32A, C) and npi# inflorescences when grown

under CS (Fig. 32A, C, D, E). Under NC, howevernmal number of floral primordia
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had similar size, bud scales were distinctly detdcand only a single inflorescence was
observed (Fig. 32B) even just before flowering (RB@F). Differences on bud scales
between mixed buds of plants grown under naturalditons and mild winter
conditions could be observed also in photographaiméd from digital microscope (Fig.
33).

Photographs obtained from SEM and digital microscsipowed morphological
and phenological differences among buds growingeumC and artificial conditions
during dormancy of both SS and CS (Fig. 34). Molpbical differences among NC,
SS, and CS during November were not found in SEMg®es. However, after one
month under cold deprivation (December), SS and lIEs developed a new
inflorescence, whereas the bud base of NC remameatbrmal conditions. Digital
photographs obtained in February (after accumul&@@ CH) in both SS and CS
showed a progression of floral primordia abortiond adevelopment of new
inflorescences in different levels. Reduced nundeypened flowers and variations on

length of pedicels were observed at flowering ithif8S and CS.
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Fig. 28. Averages of T values in ms (left column) of floral primordia (Aud base (C),
and whole bud (E), measured in mixed buds of ‘Houkpanese pear grown under
natural conditions (NC), one season of 2 monthsabfi deprivation before chilling
treatment (SS), and four consecutive seasons ofséimee cold deprivation before
chilling (CS). Percentages of normal primordia @greD) in analyzed buds (B) and
number of inflorescences (D) are also shown. Athglas were taken in 2008-2009.
Means = SEr{ = 3). In plants grown under natural conditionsnfcol), endodormancy
was released in January. In the same month, dphiiccumulation began in treated
plants under field conditions (SS and CS). Themdte measurement was taken at the
end of March, before flowering.
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Fig. 29. Transverse relaxation time maps of mixed buds phdase pear ‘Housur’,
obtained by magnetic resonance imaging. Controlspwidtained from plants kept
always under field conditions (NC) during dormancwere analyzed in
mid-endodormancy (December), at the beginning obdemmancy (January), in
mid-ecodormancy (February), and at the end of ewondocy (March) (top line in each
panel). Mixed buds obtained from plants subjecteatdld deprivation for 2 months
followed by chilling over one season (2008-2009) marked as SS (center line). Mixed
buds of plants grown under similar cold deprivatotrlling conditions for four
consecutive seasons from 2005-2006 onward are thak€S (bottom line), except in
January (not analyzed). All samples for MRI measumet were taken in 2008-2009.
The arrows indicate significant changes on wateadyics. Asterisk: not analyzed.
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Fig. 30.Proton density (PD) maps of mixed buds of Japapese ‘Housui’, obtained
by magnetic resonance imaging. NC buds, obtairmad fslants kept always under field
conditions during dormancy, were analyzed in midegtormancy (December), at the
beginning of ecodormancy (January), in mid-ecodocygFebruary), and at the end of
ecodormancy (March) (top line in each panel). MiXadds obtained from plants
subjected to cold deprivation for 2 months followkd chilling over one season
(2008-2009) are marked as SS (center line). Mixgdsof plants grown under similar
cold deprivation-chilling conditions for four corggive seasons from 2005-2006
onward are marked as CS (bottom line), except muaiy (not analyzed). All samples
for MRI measurement were taken in 2008-2009. Thewa indicate significant
changes on water dynamics. Asterisk: not analyzed.
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Fig. 31. Morphological images of mixed buds of Japanese fp¢@usui’, obtained by
magnetic resonance imaging. Control buds (NC), inbthfrom plants kept always
under field conditions during dormancy, were anetyzin mid-endodormancy
(December), at the beginning of ecodormancy (Japuan mid-ecodormancy
(February), and at the end of ecodormancy (Marp) l{ne in each panel). Mixed buds
obtained from plants subjected to cold deprivafien2 months followed by chilling
over one season (2008-2009) are marked as SS r(devde Mixed buds of plants
grown under similar cold deprivation-chilling cotidns for four consecutive seasons
from 2005-2006 onward are marked as CS (bottom),liegcept in January (not
analyzed). All samples for MRl measurement weremain 2008-2009. Asterisk: not

analyzed.
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Fig. 32. Some of abnormalities found in the mixed buds obubui’ Japanese pear
during the experiment in comparison to normal byftem left to right) photograph
obtained by digital microscope, morphological imade relaxation time map and
relative proton density maps obtained by MRI ofaatiplly necrosed bud of CS during
heating accumulation (A) and a normal bud colledteth control plants on December
(B); longitudinal and axial MR image of SS collatten February showing partially
necrosed primordia and the development of multipflorescences, separated by the
dotted line (C and D, respectively); longitudinaRMmage of apparently normal bud
sampled from plants grown under SS on March, with inflorescences, separated by
dotted line (E); longitudinal MR image of normairpordia sampled from plants under
NC on March (F). The scale bars represent 3 mmand8mm in C, E, and F.
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Fig. 33. Photographs obtained from digital microscope of edidbuds sampled on
February from plants grown under natural conditigd3 and a single season of
2008-09 under artificial mild winter conditions (Bjrom left to right: normal bud; after
removed 4 scales; after removed 8 scales; afteovedhall 12 scales; after removed
inner scales. The scale bars represent 3 mm.
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November

December

February §

Flowering
Fig. 34. Morphological and phenological images obtainedirduthe experiment 2.
Microimages of mixed buds obtained from SEM, intimg a normal development
before any chilling accumulation (November), and wmflorescence duplication
observed after one month of cold deprivation coodg in SS and CS (December).
Photographs of buds during the transition from liclgl to heating accumulation
(February) in treated plants (SS and CS), obtafnea digital microscope, showing
some primordia abortion. The arrows indicate thaf lprimordia in NC buds and
inflorescence duplication in both SS and CS. Phatdgs at flowering in mixed buds
indicate few numbers of opened flowers in both 88 @S. The scale bars represent
333 pm in SEM images (November and December) amdr3in digital microscope
images (February).
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5.4. Discussion

The state of water plays a critical role during ttemancy stage, and bound
water was coupled to the endodormancy (Faust e1@91, 1997; Liu et al., 1993). A
decrease in osmotic potential of tissues durinduleel dehydration, to provide
protection against the cold, results from the aadation of soluble sugars and other
compounds in cells (Ingram and Bartels, 1996)hla &€xperiment, plants grown under
conditions of sufficient chilling accumulation (NGhowed a gradual increase of free
water (high T values) in the whole bud, indicating a normal pss of dormancy
release (Fig. 28). However, plants grown under itams of low and delayed chilling
accumulation (SS and CS) kept high levels of bowater (low T, values) in the floral
primordia (Fig. 28A), bud base (Fig. 28C), and vehblud (Fig. 28E) until the end of
chilling treatment (600 CH), and an abrupt changefree-state water during the
afterward heating accumulation period was obseriedept for SS of bud base).
Previous studies in peach suggested a correlaétwelen the level of bound water and
cold hardiness (Erez et al., 1998) through thevattin of dehydrin, a hydrophilic
protein (Faust et al., 1997). The difference jnv@lues between treated and NC buds at
the end of chilling accumulation (600 CH) is prolyabesulted from reduction on
percentage of normal primordia (Fig. 28B) occurdeating cold deprivation in buds
grown under mild winter conditions (SS and CS)f@#&nces in 7 signal intensity with
time (Fig. 29) as a consequence of environmentabéeature variation were detected in
buds of plants grown for only one season undem@®reas response under CS tended
to occur slowly and was specific to some portidke In the duplicated inflorescence.

The proton density (PD), which is also called spiensity, indicates the
concentration of MRI-visible protons, which weresasiated with water protons

(Brown et al., 1986). PD maps (Fig. 30) showedva \later content in the bud scales
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under SS and CS, and a high water content in spguftions of the floral primordia
(600 CH) and bud base (4000 GDH) under &S8.discussed in previous chapter, a
possible loss of functionality in vascular connesti between the bud base and
primordia under mild winter conditions resulted pnogression of floral primordia
abortion (Fig. 28B). From this irregular distrilbari of water, which resulted in high
water mobility in specific portions of bud baseerafter caused the inflorescence
duplication (Fig. 28D) as a consequence of consiomif reserve substances.

Scales, which are modified leaves responsible ficlosing and protecting buds
of perennial plants, had high TFig. 29) and PD (Fig. 30) values in the NC budsrdy
all dormancy stages of our experiment. In contrthst,low water mobility (7) and low
water content (PD) detected in the scales of plexp®sed to cold deprived conditions
before chilling might have been related to an iasee on sensibility of the floral
primordia to external temperature oscillations. tBgaphs comparing buds of plants
grown under NC and mild winter conditions (SS) shdwa clear difference in
conditions of bud scales (Fig. 32). Yooyongwechle{2008b) reported that oscillation
temperature conditions accelerate water movemergeach buds, but promoted an
irregular bud growth.

Low water mobility (low ) and low relative water content (PD) detected in
scales in the MR images might have been relateshdeased sensibility of floral
primordia to temperature oscillations and/or redupeotection from freezing during
winter. Such abnormalities on bud scales were obsgeafter one month of cold
deprivation (December) in samples collected frogedrgrown under SS. Under CS
samples collected at same date showed more acteshtiegluction on signal intensity
in bud scales compared to SS, indicating an effeconsecutive seasons of mild winter

on reduction of water mobility and water contenthis organ.
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Buds under NC had all of floral primordia developsarmally, only a single
inflorescence was observed during the dormant geaad all primordia sprouted at
flowering. However, plants grown under mild wintonditions developed a second
inflorescence, resulting in more than 8 floral pridia per bud in average (data not

shown).
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Chapter 6

General discussion

6.1. Temperature and dormancy progression

From 2005 to 2009, temperatures under field comuttiof Tsukuba, Japan,
varied among seasons during period of dormancyest@pvember to March).
2005-2006 had the lowest weekly minimum temperatdoeing all period. The
subsequent 2006-2007 season showed the higheagawemperature in greater part of
time, whereas 2007-2008 showed an abrupt decrease rhiddle of January and a
rapid increase at the end of next month. 2008-2¥¥%son had a great fluctuation on
average temperature, but it was relatively warrg.(EB).

By submitting potted plants to natural start ofllaingg accumulation (Treatment
1), approximately two months were required in agerto accumulate 600 CH during
the four studied seasons. On the contrary, 36 2ndia$s in average were necessary to
accumulate same amount of chill when its accumanagiarted on December or January,
respectively. Such differences occurred becausdiftédrences on field temperature:
January has the lowest temperature of the seasdnnare hourly temperatures below
7.2 °C resulted in a rapid accumulation of chilleogount.

The amount of 600 CH, corresponding to 80% of téaecal chilling
requirement of ‘Housui’ and ‘Kousui’ Japanese p@dishimoto et al.,, 1995), was
possibly sufficient to release the endodormancgesia all treatments and all seasons of
study. In this study it was adopted the same amol@H observed in Southern Brazil,
where the Japanese pear production is faced wihlgms of dormancy progression

and occurrence of floral bud abortion.
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Other two mathematical models were used in thigexgent: DVR model (Fig.
16) and CU model or Saitama method (Fig. 17). Adicgy to Sugiura and Honjo
(1997b), endodormancy stage is considered to leasetl when DVI values reach 1.0,
but we found several treatments where values bél@wvere sufficient to release the
endodormancy stage. As lateral buds of all treatsnand all seasons released from
dormancy under conditions of mild winter of thispexment, the best mathematical
method to determine progression of endodormancgestaight be the CU model,
proposed by Asano and Okuno (1990). However, b&thddd CU models for Japanese
pear is not frequently used to calculate the cigllaccumulation during dormancy of
this fruit in Brazil. The chilling accumulation ctes showed more clear difference
among seasons, whereas CU and DVI curves were bésgifsee Appendix 1).

After accumulate 600 CH, average of 20 to 25 days heated greenhouse were
necessary to accumulate sufficient heating to selethe ecodormancy stage and
flowering in all treatments. A correlation betwedaration of chilling and heating
accumulation was observed in this experiment: duvimrm seasons, longer chilling
accumulation was followed by shorter heating acdatran, in comparison with cold
seasons (Table 4). This inverse relationship wagmed in previous studies in peaches
(Citadin et al., 2001). A possible effect of highmperatures during warm winter
seasons under field conditions needs to be comsldbecause it provokes increase of
temperatures inside the greenhouse, where only nthemum temperature was
controlled.

By keeping potted plants under cold deprived caoowlt before exposure to
chilling temperatures (Treatments 2 and 3), an@lidecrease of temperature occurred
when they were transferred to field. Such situatimhnot occur under natural condition,

even in mild winter climates of subtropics, butvas possible to detect the effect of
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both delayed chilling accumulation and severitycbilling temperatures on dormancy

progression. Variations on temperature pattereasribed above, may have resulted in
different degrees of adaptation for cold tempeeguhardening), and consequently in
abnormalities on dormancy progression.

Saure (1985) suggested that depth of dormancy umddrwinter conditions
might be more superficial when compared to plamtsvahg under sufficient chilling
accumulation conditions. It was observed that adensecutive days of relatively high
temperature during the chilling accumulation pelilo&outhern Brazil can promote the
dormancy release (flowering) in ‘Housui’ Japanesarp

During the successive seasons of mild winter camtht changes on dormancy
induction and/or depth of dormancy may have occuag a consequence of chilling
accumulation below the requirement. Previous studienducted in Japanese pear
grown during several seasons under continuoustbigperature (Rakngan et al., 1996)
demonstrated phenological changes regarding of gemtms metabolism, which
became progressively worse with timecan be hypothesized that ‘Housui’ Japanese
pear showed high sensibility and a rapid respomsgr ttemperature fluctuations, which
resulted in adaptations of their physiological fiimras to conditions of mild winter.

We suggested a hypothetical scheme of dormancygssign of this experiment
(Fig. 35). The CH accumulated were the same fdreditments in all seasons (600 CH),
but the CU and DVI data indicated the highest amadirchill accumulated during the

Treatment 1 and the lowest in Treatment 3, resultira more profound dormancy.
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6.2. Floral primordia abortion and inflorescence dulication

Lateral mixed buds of current year shoots obtaiftech potted plants were
observed during dormancy progression, and an arbisicale was adopted to determine
the severity of floral primordia abortion. Amongdtments, natural accumulation of
chill (Treatment 1) resulted in the highest peragetof normal primordia, especially
until middle of heating accumulation (4000 GDH). @ contrary, by keeping plants
under cold deprivation before exposure to chilliegiperatures resulted in the lowest
percentage of normal primordia (Fig. 19). High desce of primordia abortion in these
treatments might be related to cold acclimatizaborcold hardening, when an abrupt
decrease of temperature occurred when they warsfénraed to field, resulting in plants
less resistant to variations of extreme environ@aesdnditions (chilling temperatures).

Morphological abnormalities on floral primordia wedetected earlier and in
higher levels than previous season until the tisiedson (2007-2008). In the forth
season, initial phases of cold deprivation andliogilaccumulations presented higher
percentage of normal primordia compared to preveessons. These results indicate
that ‘Housui’ became more adapted to delayed od mihters after three seasons.

The most important Japanese pear cultivar in Jajpamsui’, showed lower
incidence of floral primordia abortion in Brazil ropared to ‘Housui’. However,
production area of ‘Kousui’ in Brazil is not inc#ag because of high susceptibility to
shoot blight and other diseases, small fruit ssrepng other factors. For comparison,
‘Kousui’ potted plants with same age were submitedame temperature treatments,
and the incidence and severity of floral primor@iortion were observed in this
experiment (see Appendix 2). Even under artifioi@ld winter conditions, results
showed lower percentage of floral primordia abartio ‘Kousui’ when compared to

‘Housui’ in all treatments and seasons. It is passthat floral bud of ‘Kousui’ had
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lower sensibility to external temperature fluctoas, which resulted in lower incidence
of primordia abortion.

Under natural condition (field), ‘Housui’ showedegn scales and primordia, a
single inflorescence, and flowers with similar mpadilength (Fig. 23). By submitting
plants to low chilling accumulation, however, weuiol abnormalities in buds at
different levels: floral primordia abortion in déffent levels, buds completely necrosed,
and buds with multiple inflorescences (Fig. 20). flswering, plants growing under
mild winter conditions showed differences on numikeopened flowers, variations on

pedicel length, and also flowers at different ssagledevelopment (Fig. 22).
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6.3. Carbohydrate and water dynamics under mild witer conditions

Late start of chilling accumulation reduced fludtoas variations in
carbohydrate concentrations between initial analfiphase of dormancy (Fig. 24).
Plants growing under mild winter conditions for eel years gave higher
concentrations of carbohydrates during the chillaggcumulation period, except for
sucrose, concentration of which was similar toJoover than, that in the first season
(2005-06). Low variations in carbohydrate concdmramay have been related to the
simultaneous absorption and consumption of carba@ltgd for respiration and
maintenance. A possible involvement of energy nadisim, such as ATP, ADP or NTP,
need to be consider. Previous studies showed tiukgricold deprived conditions during
dormancy resulted in low levels of nucleotides,ahhtan be related to the incapacity of
floral primordia to utilize available carbohydrat®onhomme et al., 2000a, b). It is
possible that reductions on metabolic processesynthesis of molecules, such as
nucleotides, which provides energy needed to groatl causes of floral primordia
abortion. Bonhomme et al. (2005) found loss of fiomality in vascular connections
between the bud base of peach and primordia dthmgrocesses of dormancy release,
resulting in a block of metabolic substances. Ipassible that similar phenomenon
occurred in mixed buds of Japanese pear grown uni@mwinter conditions; thereafter
the duplication of inflorescence could be occurdete to consumption of reserve
substances.

MRI measurements showed that scales had a highsityeof T, and PD signals
in buds growing under NC during all dormancy stagfethis experiment (Figs. 29, 30).
In contrast, plants grown under low chilling accuation conditions had similar ;T
values in floral primordia, bud base, and whole,mithough we observed increasing

floral primordia abortion and inflorescence duplica in treated plants at the beginning
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of cold deprivation (December). Differences ip Vvialues of floral primordia between
treated and control buds during February were fogbaesulted from the low
percentage of normal primordia in buds grown undiéd winter conditions (Fig. 28).
Progression of floral primordia abortion and inflecence duplication caused an
irregular distribution of water, resulting in higlhater mobility and content in few
healthy primordia present and some portions of lmage. Low water mobility @) and
relative water content (PD) in bud scales might endeen related to increased
sensibility of floral primordia to external temptree oscillations and/or reducing on
protection from freezing temperatures during wint&long with changes on water
dynamics, some translocated substances such ashgdrhtes, which were cited as
affecting dormancy level and cold hardening in peac(Durner and Gianfagna, 1991)

might be involved on floral primordia abortion.
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6.4. Possible sequence of events and methods toidvihe effect of mild

winter conditions

Our findings suggested that dormancy progressichlausui’ Japanese pear is

highly affected by mild winter conditions. A posgibsequence of events in lateral

mixed buds of ‘Housui’ Japanese pear plants gromaeumild winter conditions, such

as observed in Brazil, New Zealand, and Thailareteveuggested according to Fig. 36:

1. mild winter conditions cause reductions on wateibitity (T,) and relative water

content (PD) in bud scales;

an increase of sensibility to external temperatilwetuations occurs in floral
primordia;

alterations on water dynamics results in partitigrin specific portions of buds;

a possible incapacity to utilize available carbalayels (low variations on their
concentrations);

reduction of cold resistance (hardening level);

an unavailability (possible block) of water andetfunctional carbohydrates in the
floral primordia resulted in their necrosis (abonii

possible reallocation of water and other functiocebohydrates, which might be
initially translocated to the floral primordia, fdevelopment of new inflorescences
(probably from a leaf primordia) in mixed buds digridormancy progression (Fig.
37);

at flowering, buds had irregular number of flowendyich developed at different

stages, and flowers with variations in pedicel teng

Possible techniques, to reduce the effect of milshtexs on dormancy

progression and consequently reduction of “floramprdia abortion” incidence on
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‘Housui’ Japanese pear can be adopted by growers:

1.

1.

reorientation of shoots to the horizontal positida: accelerate the floral bud
formation by changing some plant hormone activitisssulting in a possible
increase of sink capacity and thereby stimulatedrogith (Ito et al, 2002, 2004);
increase on percentage of old shoots with spur:BHdsisui’ showed high levels of
bud loss on young wood of old trees in our expeninaad other reports (Klinac and
Geddes, 1995, Petri et al., 2002);

reduction on soil temperature during dormancy stagevious studies reported the
influence of root temperature on dormancy progoeséfoung et al., 1987; O’Hare,
2004);

improve the soil water management: it was obsereser incidence of floral
primordia abortion in ‘Housui’ Japanese pear grawnsoil with high moisture
content under mild winter conditions of SoutheraBt,

determination of dormancy progression: test of Catet (Saitama method) under

mild winter conditions;

More detailed studies will be needed in order ta fiethods to avoid the

occurrence floral primordia abortion of Japanesar pgrown under mild winter

conditions:

studies focusing water management: as water dyisaseiems to be important and
closely related to floral primordia abortion anthext physiological disturbs, further
studies on moisture content in soil under mild esrdonditions of Southern Brazil
are needed,

a comparative study between mixed buds of curresd@n’s shoot and spur buds of

old shoot: in order to observe any physiologicdfedences between these two

96



kinds of buds which contain floral primordia;

a deeper study on carbohydrate metabolism andftivgtions: in order to observe
availability in different portions inside the mixduid, including some enzymatic
activity;

create an appropriate model for determination afndmcy progression: based on
CU model (Saitama method), in order to propose themaatical model adapted to
mild winter conditions;

studies on morphology of mixed buds: especiallycanses of modification from
leaf primordia to a new inflorescence;

find a cultivar adapted to mild winter conditiongenotypic and phenotypic
characteristics, including new cultivation techreguneed to be considered under

such environmental conditions.
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Fig. 35. Hypothetical scheme of dormancy progression obusti’ Japanese pear
growing under mild winter conditions (low chillirmccumulation). Numbers 1, 2, and 3
indicates the possible depth of dormancy of Treatrite Treatment 2, and Treatment 3,
respectively. Green lines indicate flowering stabfseach treatment. Dotted line
represented the depth of dormancy and flowerirgnsity when grown under sufficient
chilling accumulation conditions. Blue color repeas chilling accumulation, whereas
red color indicate heating accumulation
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under mild winter conditions

(1) reduction on T and PD in scales

increase of sensibility to temperature fluctuations

reduction of cold resistance (hardening)

changes on carbohydrate and water mobility

(block of vascular connections to primordia?)

(2) floral primordia necrosis

reallocation of carbohydrate and water?

(3) inflorescence duplication

Fig. 36. Possible changes on mixed buds of ‘Housui’ Japapese during dormancy

progression. Buds growing under sufficient chilliagcumulation (A) have a well-

developed group for primordia, one or two leaf midia in the lower part, and green
scales in overlapped portions. Under mild wintenditons (B), scales tend to dry
(brown line, 1), one or several floral primordiaoshsome abnormalities (blue circle, 2),
some changes on initial inflorescence occur, aafl peimordia transform into a new

inflorescence with floral primordia (red circle, 3)
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Fig. 37. Morphological images obtained by MRI showing a |jusssequence for
development of a new inflorescence in mixed bud&Holusui’ Japanese pear grown
under mild winter conditions (from left to righth@from top to bottom).
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Summary

Brazil has only a small area of pear production aational consumption
depends largely (near 90%) on imports, providedAlyentina, a member of the free
trade region of South America called Mercosur. ésvobserved a potential market in
Brazil for high quality pear fruits, such as ‘Houslapanese peatr.

In temperate-zone deciduous fruit trees, accunauadif chilling temperatures
and subsequent heating accumulations are necessamglease endodormancy and
ecodormancy stages, respectively. However, unddéd winter conditions, chilling
accumulation do not satisfy the requirement, resylin an abnormal progression of
dormancy, and consequently problems on bud bredKlawering can be observed. In
Southern Brazil, where is located the Japaneseeduction area, climate conditions
during autumn and winter seasons are very variatitegreat temperature fluctuations.
The average of accumulated hours below°Z.2luring the last 45 years in this region
was 600 chilling hours (CH).

Under mild winter conditions, abnormalities duridgrmancy progression and
its release were observed in Japanese pear treemgrunder mild winter conditions,
such as in Brazil, New Zealand, Thailand, and ufaieing cultivation (greenhouse) of
Japan. In some locations in Southern Brazil, 0@&6 6flower bud abortion” was found
in 2001 (Petri et al., 2002) and more than 90% 9891 resulting in low numbers of
flowers at budburst and consequently low productiinhas been suggested that
ecophysiological (temperature fluctuations), nignal (carbohydrates), and
morphological factors (flower development) wereselly related to such abnormalities.

The main objective of our study was to analyze dffect of artificial mild

winter conditions on dormancy progression and dl@rimordia abortion” occurrence
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in ‘Housui’ Japanese pear potted plants. The amoftuB0O0 chilling hours, frequently
observed in conditions of warm winters (such agapanese pear production area of
Southern Brazil) and considered below the requirgnfer studied cultivar, was
submitted at different times and for several congee seasons. Different mathematical
models were used to estimate the dormancy progressH, chilling units (CU model),
and developmental rate index (DVR model).

During the experiment, it was detected temperatimetuations, resulting in
different velocities of chilling accumulation. 20@906 season was the coldest season,
which resulted in a rapid accumulation of chill, esas 2006-2007 and 2008-2009
were relative warm.

Accumulation of 600 h below 7.2 °C (CH), correspiogdo 80% of theoretical
chilling requirement for ‘Housui’ Japanese pearsfiinoto et al., 1995), brought about
for endodormancy release, since bud burst (floweand leafing) was observed in all
treatments of all seasons. An inverse correlatietween duration of chilling and
heating accumulation was observed. The chillindg (@U) model, proposed by Asano
and Okuno (1990), might be adapted for mild wirt@nditions, since all treatments of
all studied seasons reached the chilling requirerftr2 CU). However, such condition
of low chilling accumulation promoted floral printha abortion, which increased with
delaying to initiate the chilling accumulation (doteprivation condition). ‘Housur’
plants growing under two months of cold deprivato@iore chilling (Treatment 3) had
the highest incidence and severity of floral pridiarabortion. Several seasons of mild
winter conditions anticipated the occurrence ofdiserder.

Cumulative effect of previous season of mild wirdendition could be observed
until the third season, when floral primordia abmrtoccurrences were anticipated with

progression of such conditions. Under mild wintenditions, it was observed floral
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primordia abortion in different grades, desiccaibdmud scales, development of second
inflorescence, and completely necrosed buds, floweth different pedicel length, and
development of flowers at different stages. On toatrary, plants growing under
natural condition of Tsukuba, Japan, showed gremtles at the “green tip” stage
(dormancy release) and uniform flowering.

Carbohydrate concentrations were low and stableemunidw chilling
accumulation conditions, as a possible consequehiteapacity of floral primordia to
utilize available carbohydrates. Low levels of niebivater (%) and relative water
content (proton density) in bud scales of buds gramder mild winter conditions
might be affect the sensibility of floral primordia external temperature oscillations
and/or reducing on protection from freezing tempess (hardening level) during
winter. MRI images showed high water mobility ammhient in specific portions of bud
base. Such phenomenon might cause a partial orletammecrosis of floral primordia
as a consequence of an unavailability of water atinér functional carbohydrates,
which were possibly reallocated for developmenneiv inflorescences. Incidence of
floral primordia abortion (low percentage of norm@imordia) and inflorescence
duplication need to be considered as affecting watesorption potential. We can
suggest that ‘Housui’ is highly sensitive to ameerature fluctuations during dormancy

stage.
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Appendix 1. Field temperature data at the Agricultural andeBtry Research Center,
University of Tsukuba, Japan (36° N, 140° E). Cuwative chilling hours (A), chilling
units (B) and developmental stage index (B) wereutated from November until
March during four seasons of study: from 2005-2@062008-2009. Dotted lines
indicate the theoretical amount of chilling necegda release the endodormancy stage
in floral buds of ‘Housui’ Japanese pear: 800 CH, U, and DVI=1.0.
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Appendix 2. Incidence and severity of floral primordia necsogh mixed buds of
‘Kousui’ Japanese pear grown with low chilling acadation, during four consecutive
seasons (2005-2006 until 2008-2009). Same grouplarits were submitted to same
temperature treatment. Chilling accumulation begjadifferent times in each treatment
(Fig. 11). Results are expressed as percentagasnodrdia. Scale adopted to evaluate
the severity of floral primordia abortion: grader@rmal primordia (green); grade 1,
yellow primordia; grade 2, primordia with partiakecrosis; grade 3, completely
necrosed primordian(= 10).
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