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ABSTRACT

This dissertation describes a series of experiments that examined: Tjydraulic
responses ofPopulus trichocarpax deltoides Populus trichocarpaand Piceaglauca
plants to change in their surrounding environment 2) Changes of aquaporin
expression in response to such changes.

In the first study, we demonstrated that changes of the transpirational
demandis related tofine adjustment of root water uptake that is associated withup-
regulation of plasma membrane intrinsic proteins isoforms (PIPs) in hybrid poplar
saplings. PIP1 proteins are mostly localized in the endodermis where they may
facilitate water movement to the stele. In the second study, we invegated the
dynamics of leaf hydraulics in P. trichocarpasaplings exposed to a dehydration
rewatering episode. Fast leaf recovery was associated with an mase in
expression of several onoplast intrinsic proteins isoforms (TIPs) localized in xylem
parenchyma. In the third study,we considered the physiological importance of
foliar water uptake in P. glaucaplants exposed to drought. In order to study the role
of aquaporin in needle water uptake, we characteriz# the aquaporin family in
white spruce. Our findings are consistent with the hypothesis that aquaporins
facilitate radial water movement from the atmosphere towards theneedle vascular
tissue, therefore providing an alternate water source for embolism repair in
conifers.

These results suggest the everal roles of aquaporin regulationin the

dynamic and fine adjustment otree-water relations.
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. General Introduction and literature review

Water is the universal solvent.It plays a fundamental role for survival, growth and
the proper function of living creatures. Within the confined space ofour body, water
constitutes a matrix involved in every single biochemical reaction.

70% of the human bodyweight is composed of water; a70 kg sedentary
adult consumes 2 L of water on a daily basigKleiner, 1999): 0.04 L per kilogram.
Water is essental to the maintenance of our metabolism: it regulates our
temperature; flushes waste products transports oxygen, minerals, vitamirs and
organic nutrients within our enclosed vascular system.

In plants, requirements are even greatericompare the two partsof Figl-1): a
plant transports up to 1000 times its dry body weight of water over its lifetime

(Hsiao and Xu, 2000). For autotrophic organisms, water is also essential foteaf
photosynthesisto reduce atmospheric carbon dioxide (Cg) into organic compourd.

For everykilogram of organic matter a plant produces, 50(tre s of water has to be
transpired into the atmosphere (Black, 1973)Indeed, the vascular system of plants
is not isolated from its surrounding environment; plants continuously absorb and
lose a considerable amount ofvater. Transpiration at the stomata levelis intimately

linked to CQ uptake from the air, but it also drives the passive movement of water

and minerals in a continuous column throughout the whole plant body



Figure 1-1: Daily consumption of water in human and plant.

Water consumption is reported as relative (%) to the organism fresh body weighaccording

to Kleiner (1999) and Hinckley et al. (1993)

Figure 1-2: Schematic representation of a water molecules column.

Atoms of oxygen are represented in red, hydrogens in whitdhe water column adheres to
the negatively charged biological membrangadhesion). Hydrogen bonding attracts waer
moleculestogether (cohesion)while surface tension occurs at the aHiquid interf ace (see

the meniscus at the top of the water column)



While several parameters affects transpiration rate (species, growth stage,
environment), Hinckley et al. (1993) estimated that a four-year old poplar tree
might lose 20 to 51 L of water per day: 0.53 to 0.75L per kilogram (total fresh
weight index according to Johansson and Hjelm, 2012yvhich is about 16 to 20
times more than the human body on a per mass basisin his Vegetable Staticks
(1727), Hales speaksabout seventeen times morePlants and? particularly ? trees
must move such a tremendous amount of water from the soil tthe foliage several
tens of metershigher, and this without the help of a heartlike pumping mechanism
How is this even posdile?

The pdar structure of a water molecule (Figure 1-2) gives it such unique
characteristics that it is the universal solvent; the exact same physical propeigs
allow the maintenance of the water column integrity.

The water moleculeis relatively small (~ 3 angstroms): it consists of an
oxygen atomcovadently bonded to two hydrogen atoms. Becausexygentends to be
more electronegative,water is a dipolar molecule (partially charged) and the two
O? H bonds form adistorted angle of 161.5°. Hydrogen bonding? the electrostatic
Van der Waalsattraction between water molecule® makes it ahighly structured
liquid with a high tensile strength: water molecules are attracted to each other
(cohesion) and this is exacerbated at the aitiquid interface resulting in the
phenomenon of surface tension Thee is also the adhesion of water to the
negatively charged biological membranee or ET  OEA AAOA 1 £ OEA

systenr cellulose molecules lining the wood conduit wallsHowever thecapillary

00/



leaves

stem

roots

Figure 1-3: Water movement within the plant body.
Water is transported in the vascular system as a continuous column driven by the negative

pressure created by transpiration at the leaf level.



action resulting from adhesion and surface tension is not strong enough to explain
how water moves up the entire plant body. The weight of the water column will
limit the capillary rise to 1 meter in a typical xylem vessel that constitutes the wood

inner vasculature (Koch et al., 2004).

1. Water movement through the plant

The water column within the vascular system of a plant createsa connection
between the soil, the plant and the atmosphere: thesoil-plant atmosphere
continuum in which the ascent of sap ispassively pulled up under tension (or
negative pressurg by a gradient of decreasing water potential generated via
transpiration at the stomata level according to thevell-supported cohesiontension
theory (Dixon, 1914;Zimmerman, 1983;Tyree, 1997). The cohesiorension theory
relies onthe transpiration driving force, the lignified structure of the xylem conduits
and the properti es of water to explain its ability toremain in a metastable liquid
phasewithin the xylem conduit system until its evaporation in the stomatal region
(Baker, 1989).

The longdistance water movement occurs passively withinthe plant
vascular system however to get a more detailed picture ofits much more complex
pathway it should be broken down into the different plant organs (Figure 13):
water uptake by roots, exitin leaves and long distance flow through the xylemin

each of these, water movement musbe finely adjusted to match the requirements



of the surroundings.

a. Water uptake in roots

The permeability of roots to water is variable. Its close contact with the soil is
necessary for maintaining the soHplant-atmosphere continuum but water uptake
should also adjust to environmental factors and avoid the introduction of unwanted
compounds. Water absorption occurs in the root hair zone. In its radial path to the
stele and the xylem within the stele, water has to traverse a series of living cell
layers: the epidermis, cortex and endodermis, each resisting more or less to the
water flow (Figure 1-4).

- The epidermis: the root hairs arise from a single layer of epidermal
cells that may surroundan inner hypodermis exhibiting Casparian strips orthe
radial cell walls (hydrophobic suberin and cutin deposits); a hypodermis with
Casparian bands is namedn exodermis Perumalla and Peterson, 1986). These
materials restrict the movement of water outside the cellsvhich is referred to as
the apoplastic pathway(in intercellular spaces in the cell walls and the lumen of
dead cell§. Depending on the species, the developmental stage or the
environmental conditions, the exodermis could constitute aarrier of variable
resistance to water flow (Ferguson and Clarkson, 1%/ Peterson, 1988).

- the cortex, on the contrary consists of a number of cell layers without

suberin; water can flow across the thin cell walls with ease.
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Figure 1-4: Water movement in root.

The left photograph shows water uptake through theroot hair zone. The schematic

transverse section on theright shows the wo pathways before reaching the vascular

system (i.e. xylem conduits): in black the apoplastic path across the cell walls;green the

cell-to-cell path where water moves throughout the intacellular continuum (symplastic

pathway) or cross the cell membraneqtranscellular pathway). The later route has to be

taken in order to pass the hydrophobic barrier of the Casparian strip (red) in the

endodermis and possibly the exodermis.



- the endodermis forms another apoplastic barrier, a single cell layer
that surrounds the stele (Moreshet and Huck, 1991); its structure is similar to
the exodermis.

To enter the inner tissues, water has to cross the cell membrane
(transmembrane pathway) of those celk. The transmembrane pathway cannot be
easily separated experimentally from thesymplastic pathway (from cell to cell
through plasmodesmata). Te transmembrane and the symplastic paths are
referred as thecell-to-cell pathway (Maurel, 1997). Water uses @aombination ofthe
apoplastic and the cell-to-cell pathway as it moves to the root xylem (the
contribution of each is variable and stillsa subject of debate $teudle and Frensch,
1996; Murphy, 2000). The celtto-cell pathway provides an opportunity to
seRAOEOAT U AT 1T 0011 xAOAO OPOAEA OI 1 AOAE

Rodriguezet al., 2011; Sakurailshikawa et al., 2011; Laurand Hacke, 2013.

b. Water flow through the leaves

Most of the waterabsorbed in roots is bourl to the foliage where ithas to leae the
vasculature and, similarto the root pathway, flow through apoplastic and cetto-cell
routes until it reachesthe site of transpiration in the substomatal cavity located in
the mesophyll (Figure 1-5). In most angiosperm species thaner vascular system is
not directly surrounded by the mesophyll but by a tight bundle sheath and
parenchymacells. In conifers,this anatomical pattern is even more similar to roots

the phloem, xylem and transfusion tissugare enclosedby an endodermis-like
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Figure 1-5: Water flow in leaf.
Theblue line shows typical water flow in the leaf, from the xylem to the atmosphere via the
stomata, the counter current CQuptake is in red.



bundle sheath. Amore or less thick waxy cuticle envelops the leaf in ordeto limit
evaporation under stressful conditions.

The whole plani Water flux is controlled at the stomata level: by decreasing
the aperture, plants tend to contain dehydration, but photosynthesis is als@duced.
Plants may or may not close their stomat in order to maintain their leaf water
status. But, to maximize the daily photosynthetic rate, an intermediate wateuse
strategy is often in use under mnimal water stress. There is someevidence that
both isohydric (strict control of stomata aperture) and anisohydric (little or no
control of stomata aperture) behaviours occuring within plant group or species
such as grapevine and poplar chultz, 2®3; Almeida-Rodriguez et al., 2010
depending on the availability of water in their natural environment (Sade et al.,
2012). Recovery from dehydration has been observed within hours in leavesf
poplar (Laur and Hacke, unpublished), rice (Stilleret al,. 2005) and sunflower
(Trifilo et al., 2003) but is inhibited by mercuric compounds? implicating the
involvement of proteins (Macey 1984; Wayne and Tazawa 1990h this adjustment

to environmental changes that occur daily in the field.

c. Water pathwaythrough the stemxylem

Both water entry and exit points are important checkpoints of the water pathIn its
long distance move to the foliage, watelflows apoplastically within the xylem.
Xylem consists ofa network of heavily lignified dead cell walls connected end to end

to form the apoplasticwater conducting pipelines.In trees,the wood (secondary

10



Perforation

Figure 1-6: Tangential section and cells of angiosperm wood .
The picture on the left is a tangential section of angiosperm woodr{lia sp); ray cells are
indicated as well asascendant water flow(in blue) along a continuous xylem vessel. On the

right, fibers and vessel elements (wood maceration) arstained with safranin.
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xylem) is anatomically designed to be efficient in terms of wateransport and to
support the whole plant body. To do so, the wood is composed of specialized
cells (Figure 16):

- Tracheids are narrow elongated cells (up to 3 millimetres long in
Picea glauca (Beaulieu, 2003)) connected through porous pits in their
overlapping end walls. In gymnosperms, wood is made up of as much & %
tracheids thatalso actto provide structural support to the plant body. The last5
% are constituted of resin canals and livingparenchyma cellsarranged in rays
that allow for storage and radialtranslocation of water and other compounds
(Kozlowski and Pallardy, 1997). Angiosperm wood is more complex with more
highly specialized cellsthe vessel elements

- Vesselelements are the chief waterconducting cells in angiosperms
They are wide and short cells forming tubular conduits through their
disintegrated end walls: the vesselsVesses walls are relatively thin; the dense
fibers act assupportive elementsand constitute more than 50% of poplar wood
(Balatinecz and Kretschmann, 2001

In both angiosperms and gymnospermsl|iving parenchyma cdls play an

important role in radial translocation of water and nutrients; they may be also
important to maintain the integrity of the water column. Xylem is constituted ofa
dead hollow cell wall in which the water is in afragile metastable state. A xylem
conduit can cavitate (water phase change from liquid to vapour as the dwesive
force between moleculess disrupted) because of adverse environmental conditions

such as drought or freezeghaw events (Tyree and Sperry, 1989; Schreiberet al.,
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2013). Recent work has focused on theefilling mechanisms of embolized xylem in
which adjacent parenchyma cells and foliar water uptake mape involved (Secchi

and Zwieniecki, 2010; Mayret al. 2014; Laurand Hacke, 2014.

d. Reguldion of water movement

Well-designed anatomical éatures are responsible forthe passive movement of
water wit hin the plant body but only active mechanismscan explain thedynamic
adjustments to an everchanging environment While the plant has little control on
water flow in the apoplast, the transmembrane path provides the opportunity for
regulatory control since membrane permeability can be actively modlated.
Rootwater uptake adjustment, rapid leaf recoveryand the use offoliar water
uptake to facilitate xylem refilling, are the three phenomena that | examine in this
thesis. All of them occur in the vicinityl £ AE AZZAOAT O O1 E @FriorG 6
all of them can be controlled by the regulation of celimembrane permeability to
water. Cell membranes consisprimarily of a lipid bilayer with embedded proteins.
Peter Agréd @roup identified in the ealy 1990s the first aquaporin, awater
channel protein, CHIP28 expressed constitutively in the red blood cethembrane
(Smith and Agre, 1991; Prestoret al., 1992). These results changed the view of how

water moves across the lipid bilayer of a biologicalmembrane and l&l to the 2003

z z A~

PAOOO

Nobel Prize inAEAT EOOOU Athd diskdheky | A O« AOAO ZA&ATT Al 06

www.nobel.se/chemistry/laureates/2003) .
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Figure 1-7: Phylogenetic analysis of MIPs.

13 different subfamilies are supported by highbootstrap values in a NeighborJoining
analysis of 44 representative MIPsfrom Arabidopsis thaliana(At), Bacillus subtilis (Bs),
Candida glabrata(Cg), Chlamydomonas reinhartii(Cr), Clostridium tetani (Ct), Escherichia
coli (Ec), Homo sapiens(Hs), Methanosphaera stdtmanae (Ms), Nicotiana benthamiana
(Nb), Oryza sativa(Os), Physcomitrella patengPp), Populus trichocarpa(Pt), Pseudomonas
aeruginosa (Pa), Rattus norvegicus (Rn), Saccharomyces cerevisia¢Sc), Selaginella
moellendorffii (Sm), Sus scrofdSs), Volvoxcarteri (Vc), Zea maygZm). The shading in the
middle of the tree marks the uncertainty of the positioning of the central nodes as inferred
AOT T AT T OOO0OAD OAI OAOG s uvce¢pbkP8 01 Al Qs figupe0sO OOA £AI
an adaptation from Danielson & Johanson, 2010.
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2. Agquaporins (AQPSs)

Aquaporins are water channel proteins that belong to the ubiquitous Major Intrinsic
Proteins (MIPs) family. They can constitute up to 15 % of total membrane proteins
(Johanssoret al., 1996; Maurelet al., 2008) and heir active regulationinfluences

the passive movement of water across cell membrasgtissues and organs (celito

cell pathway).

a. Significance otthe MIPfamily in Plant-Water relations

A remarkably large number of MIPs are expressedin plant cells. Their patterns of
expresson are complex, varying between species, organs and tissudbey are often
expressed in tissues associated with high water permeabilitysome isoforms are
encountered in primary roots (Hachez et al., 2006); fine roots and/or main roots
(Marjanovic et al., 2005); epidermis, cortical cells, xylem orthe root endodermis
(Javotet al., 2003 Sugeet al., 2003 Almeidaet al., 2010); but also leaves (Fraysset
al., 2005 Flexaset al., 2006;Postaire et al., 2010 and wood (Secchiand Zwieniecki,
2010).

So faronly 13 MIPs have been discovered ithe human genome (Gonerand
Walz, 2006), but 35 MIPs in Arabidopsis thaliana (Johanson et al.,, 2001) and
Physcomitrella patengDanielsonand Johanson, 2008), 33 ifDryza sativa(Sakuraiet
al., 2005), more than 50 in Populus trichocarpa(Gupta and Sankararamakrishnan,

2009), 71 inGossypium hirsutungPark et al., 2010).
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AtPIP1;2

AtPIP1;4

AtPIP1;2+AtPIP2;3

AtPIP2;2
AtPIP2;5

AtPIP2;1

BjPIP1
BnPIP1
CsPIP1;1

CfPIP2;1
JcPIP1
JcPIP2
GhPIP2s
GhPIP2;7
HvPIP2;1

LIPIP1
MaPIP1;1
McMIPB (PIP1)
MusaPIP1;2
NtAQP1 (PIP1)

NtAQP1 + AtHXK1
OsPIP1;1

OsPIP1;3
OsPIP2;2

OsPIP2;7
RcPIP2; 1

KO:€ root:shoot ratio
D CQ diffusion
OE:¢ growth, transpiration, stomatal density
D drought tolerance
OE D drought tolerance
¢ water flow, germination under cold
¢ cold tolerance of root cells
KO:¢ root:shoot ratio; drought tolerance
D root and leaf protoplastkh
KO:Droot Kh
OE:D drought tolerance
¢ water flow, germination under cold
¢ cold tolerance of root cells
KO:D leaf water transport, rosette hydraulic
conductivity
OE:C rosette hydraulic conducivity, vein
protoplast conductivity (not mesophyll)
OE:¢ drought tolerance
D water loss, transpiration, gs
OE:¢ drought tolerance
KO:D growth, germination, drought tolerance
OE:C salt tolerance
D drought tolerance
OE:¢ drought tolerance
KO:D drought tolerance
KO:D drought tolerance
KO:D fibre elongation
OE:¢ drought tolerance
OE:C root Kh;
D root:shoot ratio
D salt tolerance
0s, CQ diffusion, CQ assimilation
OE:¢ Kh, stomatal density, stomatal aperture
OE:C root growth, salt and drought tolerance
OE:¢ CQ assimilation, CQ diffusion
OE:C abiotic stress tolerance
OE:¢ photosynthesis, g
KO:D Bphotosynthesis, gm
OE:C leaf growth, water& CQ membrane
permeability
OE:C photosynthesis, g, g; under drought: Ly,
OE:C salt stress tolerance
KO:D Kh; drought tolerance
OE:C stresstolerance, productivity
OE:¢ drought and salt stresstolerance
OE:C salt and osmotic stress tolerance
OE:C root Kh, leafu
OE:C cold tolerance
OE:C drought and salt stres tolerance
OE:C transpiration rate, cold tolerance
OE:C dehydration rate, leaf size, mesophyll cell
size

< O

Kaldenhoff et al., 1998
Uehlein et al., 2012
Aharon et al., 2003

Jang et al., 2007

Lee et al., 2012
Martre et al., 2002

Javot et al., 2003
Jang et al., 2007

Lee et al., 2012
Prado et al., 2013

Zhang et al., 2008
Yu et al., 2005
Jang et al., 2007

Jang et al., 2007
Jang et al., 2013

Li et al., 2013
Zhang et al., 2013
Katsuharaet al., 20(B

Hanba et al., 2004
Ding et al., 2004

Xu et al., 2014

Kawase et al., 2013
Sreedharan et al., 2013
Flexas et al., 2006

Uehlein at al., 2003

Sade et al., 2014
Sade et al., 2010
Siefritz et al., 2002
Kelly et al., 2014
Guo et al., 2006
Liu etal., 2013
Lian et al., 2004
Matsumoto et al., 2009
Guo et al., 2006

Li et al., 2008
Peng et al., 208
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RcPIP2;2

RhPIP2;1

RsPIP1s + RsPIP2s
RsPIP2;1

StPIP1

PtPIP1s

TaAQPS8 (PIP1)
TaAQP7 (PIP2)

D cold tolerance
OE:C dehydration rate, leaf size, mesophyll cell
size
D cold tolerance
KO:D petal cell expansion
KO:D growth, photosynthesis
OE:¢ growth, photosynthesis
KO:D cellular water transport, drought tolerance
¢ root biomass
KO:¢ leaf hydraulic resistance
D 0O, mesophyll conductance
KO:¢ xylem vulnerability
D embolism recovery, drought tolerance
OE:C salt tolerance
OE:¢ drought tolerance

Peng et al., 2008

Ma et al., 2008
Tsuchihira et al., 2010
Tsuchihira et al., 2010
Wu et al., 2009

Secchi & Zwieniecki, 2013
Secchi & Zwieniecki, 204

Hu et al., 2012
Zhou et al., 2012

TdPIP1;1 OE:C drought and salt tolerance Ayadi et al., 2011
TdPIP2;1 OE:¢ drought and salt tolerance Ayadi et al., 2011
VIPIP1 OE:¢ drought tolerance Cui et al., 2008
VVPIP2;4 OE:C growth, root hydraulic conductance Perrone et al., 2012
AtTIP1;1 KO: plant death Ma et al., 2004

AtTIP1;1 + AtTIP1;2
BoTIP

GsTIP2;1

NtTIP1;1

SITIP2;2

PgTIP

TaTlP2;2
TsTIP1;2

KO: no clear effect

KO: no cleaeffect

KO: no clear effects

OE:¢ vacuole& cell size
OE:D sallt, drought tolerance
OE:C¢ cell growth

OE:¢ growth, yield, transpiration, stress
tolerance
OE:¢ growth, seed size
OE:¢ growth, salt stresstolerance, drought
tolerance
D cold tolerance
OE:D drought, saltstresstolerance
OE ¢ drought, salt, oxidative stress tolerance

Beebo et al., 2009
Schussler et al., 2008
Schussler et al., 2008
Reisen et al., 2003

Wang et al., 2011
Okubo-Kurihara et al.,
2009

Sade et al., 2009

Lin et al., 2007
Peng et al., 2007

Xu et al., 2013
Wang et al., 2014

Table 1-1: Impact of in planta deregulation of PIP and TIP isoforms.

Up to date overview ofin planta genetic modification that indicates their importance in

plant-water relations. For reasons of clarity,heterologous expression and overexpression

are included in the OE designation;knockout, RNA lines and knockdown mutants are

included in the KO designation.
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Among the many phylogenetic subgroups that form the MIP superfamily
(Figure 1-7), seven are plant specific (Gustavssoet al., 2005): the GIPs (Glpfike
intrinsic proteins), HIPs (hybrid intrinsic proteins), NIPs (NODZ26like intrinsic
proteins), PIPs (plasma membrane intrinsic proteins), SIPs (small basic intrinsic
proteins), TIPs (tonoplast membrane intrinsic proteins) and the XIPs

(uncategorized X intrinsic proteins).

MIPs can bepermeable to a wde range of solutes and gasesuch asCQ,

glycerol, H2O2, metalloids, nitrate, urea and water to name a few (reviewed in

Cabrey and Agre, 2009 Wudick et al, 2009. PIP (mostly found in plasma
membrane), divided into PIP1 and PIP2 subgroupsand the TIP (mostly expressed
in the vacuole membrane)soforms are true water channel proteins(Kaldenhoffand
Fisher, 2006) and are the most tudied (Figure 1-7). Thdr transcription is
significantly affected byseveralabiotic stressesthrough miRNA (Zhanget al. 2014),
hormones and transcription factors. Drought (Liu et al., 2014), flooding (Calvo-
Polancoet al., 2014), low temperature (Chenand Arora, 2014) and salinity (Xuet al.,
2014) have all been shown to impact aquaporin transcriptionTheir role in plant-
water relations is elegantly demonstrated through transgenic manipulations: in
planta gene manipulation experiments are summarized inTable 1-1. The pioneer
observations of Kaldenhoff et al. (1998), as well as numerous other studies,
illustrate  AQPs involvement in abiotic stress response.To date, more than 50
studies have investigated the effect of AQP genetic deregulation on plamater

relations. OE (over-expression) often increased hydraulic coductivity (Lian et al.,
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2004), plant growth and tolerance to water stress whilst loss-of-function
manipulation reduced overal plant fitness (Martre et al., 2002; Maet al, 2004).
Similarly , antisense NtAQP1 plants shoed reduced root hydraulic conductivity and
lower water stress tolerance (Siefritzet al.,, 2002), although some results do not
follow this rule: for example AtPIP1;2 gain-of-function in tobacco caused plarg to
wilt faster under drought (Aharon et al., 2003).Before AQPs can be used efficiently
as a selection marker or in thedevelopment of stresstolerant GMGs (genetically
modified organism), it will be necessary to compile amore complete amount of
knowledge. The diversity of plant AQPisoforms implies different functional roles. A
detailed analysis ofAQP properties may help to elucidate their significance in the

physiology of water transport.

b. AQP structure

The continuity of the water column is maintained in the celto-cell component of
the plant water path because of AQPs thatorm proteic pores in biological
membranes.The pores ofAQPsare believed to be narrow so thathydrogen bonds
between water molecules are disrupted andhe molecules can move through in

single file (Murata et al., 2000).The AQP plypeptide consists of six transmembrane
1 -helicesconnected by fve loops and theamino (NH2) and carboxy (COOH)ermini

located on the cytoplasmi side of the membrane.A number of residues are
conserved in the majority of casesOocyteswelling assays(exogenous AQPs are

expressed on the oocye membrane which hasan intrinsically low permeability to
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(288 Filter 1: NPA motifs

- Filter 2: ar/R motif

Phosphorylation sites

Figure 1-8: Schematic transmembrane structure of an aquaporin protein.
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domains and the grey lines the extrammbrane loops. The blue double arrowed hourglass

represents the water flow through the pore. The positions of the two NPA motifs
responsible are indicated in white, the five ar/R residues are in the dark grey rectangles.

Finally, the yellow circles indicateputative sites (Serine) of posttranslational regulation

(Tornroth -Horsefield et al., 2006Van Wilder et al., 2008)
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water) and sequence analyses have led to the characterisation of several amiacd
residues for their importance in solute specificity (Bansal and
Sankararamakrishnan,2007; Hoveet al.; 2011): the P1P5 residues (Frogeret al.,
1998), the aromatic/arginine (ar/R) selectivity filter, and the two asparagine
proline-alanine (NPA) boxes contained in loops B and E (LB, LE). Loops B and E
contain short J -helical domains and fold into the membrane forming a seventh
OAOT EAT 6 creakel tRe®ymdirikadhourglassshaped pore

The NPA motifs are conserved in numerous MIPs from animals, fungi, yeast
and plant PIPs and TIRs. $te-directed mutagenesis (Kongand Ma, 2001) established
their im portance in the maintenance of aradequate pore aperturethrough proton
exclusion. Among the four residues of the ar/Rfilter that form a size restriction
region of the pore the highly conserved Argiine in Loop Eis thought to provide
hydrogen bonds important to the bidirectional tr afficking of water or glycerol, while
the five P1-P5 residues differ drastically between water and glycerol MIP channels.

Generally the 2530 kDa AQPs form tetramers through interaction between
different isoforms with each monomer acting as an indepndent water-channel
(Smith and Agre, 1991;Murata et al., 2000;Sui et al., 2001; Toérnroth-Horsefield et

al., 2006; Secchkt al., 2009.

c. Translational and post translational regulation of plant
AQPproteins

Changes in the membrane protein density and activity are regulated through the
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Figure 1-9: Summary of the regulatory mechanisms of plant AQPs.

The cellular localisations of plant aguaporins regulatory mechanisms arsumerated. (1)
Gene transcription may be regulated by several environmental factoré2) Transcriptional
regulation by microRNAs has been extensively described for mammalsQPs recent work
suggests this could also occur in plants. Transcriptional and posttranscrigial regulation

of aquaporin expression can both affect the cell membrane permeability through the
resulting AQPs density. AQPs density at the membrane is also affected by the regulation of
protein trafficking (and/or degradation) through posttranslational modifications and

heteromerization (3-4) that can alsochangetheir gating behaviour.
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modulation of gene transcription (as describedabove;in Figure 1-9, @dindicates

transcriptional regulatory mechanisms and @ 6 OEA BT OOOOAT OAO
processeg and at the protein level. Interestingly, the tetramerization of

aguaporin  monomers is an active regulatory mechanism of cell water

DAOI AAAE]T EQU | Eluk E-9) A fecerk @feréncedJoriedt al& E C

2014; reviewed in Chaumontet al., 2005;Maurel 2007; Chaumont and Tyerman,

2014).

- Hetero-tetramerization positively affects the waterchannel function
of PIP and TIPisoforms (Harvengt et al., 2000 Fetter et al., 2004 and their
cellular trafficking. Tetramerization is an example of postranslational
regulation that affects both the proteinsubcellular localization andits structure.
The physical interaction between isoforms can change theonformation of the
monomers and therefore their transport properties. Notably, PIP1 relocation to
the plasma membrane and its activity is enhanced when cexpressed with
PIPZs (Zelazny et al,, 2007; Secchiand Zwieniecki, 2010); this suggested the
importance of PIP1 isoforms in fingy regulated mechanisms such as xylem
refilling (Secchiand Zwieniecki, 2014).

AQP proteins are regulated throughseveral posttranslational modifications

- McTIP2;1 glycosylation redistributes the potein to non-tonoplast
endosomicmembrane fractions (VeraEstrellaet a., 2004)

- salt-dependant  dephosphorylation of Ser283 induces the

internalisation of AtPIP2;1 (Praket al., 2008)
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and their gating (opening and closing of the pore)
The kinase-dependant phosphorylation of Seine residues notably Ser115,

Ser 274 in the PIPsubfamily, is widely reported to enhance AQP activity through
changes in the cytosolic pCédetermined by C&* concentration) or pH (Johnson and

Chrispeels 1992; Maurelet al., 1995;Johanssoret al., 1998; Térnroth -Horsefield et
al., 2006; reviewed in Gaumont et al., 2005 Liet al.,2013).
- Similarly the pH dependantprotonation of a loop D Histidine residue
(His193) of the spinach SoPIP2;1 cause the AQP to clo3®(rnaire-Rouxet
al., 2003).
Possible cetranslational acetylation or methylation (Sartoni et al.,, 2006) has
alsobeen reported for plant AQP$ut their specific impact is not yet characterized
Ultimately, MIP degradation via the proteasome can be regulated by3

ubiquitin ligasetargeting as Leeet al., (2009) has shown

3. Summary

Unlike animals, the sessile nature of plantsforces them to adjust to their
environment. One of the major challenges is to maintainraadequate water supply
to the foliagewhere most of the water loss occurs through thestomatal apertures

According to the cohesion-tension theory, the water column is pulled up by
transpiration within the whole plant body. To avoid hydraulic failure, water use

must beconstantlly adjusted.
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Water channel proteins, the aquaporins, discovered 25 years ago, are key
components of thisfine-tuning. They form a remarkably large and conserved family
in plants. PIB and TIPS are the most studied subfamilies that actively control
several developmental and plant hydraulic parameters through their own
regulation, which occurs bothat transcriptional and translational levels. Indeedthe
activity of PIP proteins, mostly located in the plasma membrane, can modulate
water flow through tissue and organs with high water permeability while TIPs,
mostly located in the vacuole membrane, are importanfior cell osmotic adjustment.
Their roles, in response to water stress, can range from the control of water uptake
at the root endodermis level, to the facilitation of xylem refilling in stem and the

overall maintenance of hydraulic functions in leaf.

4. Resarch objectives

The literature review shown above indicates that AQPs play important roles in
plant-water relations. Water channel proteins are relatively well studied in model
plants like Arabidopsis, but their functions in treewater relations are much less
understood. In this context, | studied how AQPs impact water transport in poplar
and spruce (two dominant treesin Canada). Specifically, | assessed the possible
roles of AQPs in (Figure 110):

- Physiological adjustment of root to changes in the abowground

environment (Chapter 2),
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Chapter 4

Chapter 2
Chapter 3

Figure 1-10: Thesis outline.
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- the fast recovery of leaf from moderate drought stressGhapter3),

- foliar water uptake (Chapter4).

In this thesis | also tried to answer the following questions:

- What is the absolute range oAQP transcript in poplar roots? Poplar

leaves?Spruceneedle?

- Is the protein regulation correlated with transcription in the tested

conditions?

- How many AQPs are present in the spruce genome?

The present study attempts to increase our knowledge concemng the
biology of trees, longliving organisms, which have to face severalinfavourable
environmental conditions. In the context of global warming, there is a real urge for
more comprehensive management of the forest industryThe larger scope is to
acquire information that will have a future impact on two economically important
tree species, including a more comprehensive view of theee-water relations and
the selection of poplar and spruce genotypes with superior water stress response

abilities.
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Transpirational demand affects aquaporin expression

in poplar roots.

45



1. Introduction

Plants face everchanging environmental conditions. Throughout their lifetime,
trees may not only experience graduathanges in soil moisture, temperature, and
other variables, but also have to respond to sudden changes in light and
transpirational demand. Dynamic physiological adjustments are required to
respond to sudden environmental changes, for example the openimgf a gap in the
canopy.

In isohydric plants, active stomatal control of water loss maintains leaf water
potential relatively constant during periods of water stress (Jones and Tardieu,
1998). By dynamically controlling stomatal conductance, plants can efgtively
regulate longdistance water flow and water potential over the short term (Jones
and Sutherland, 1991; Sperry and Pockman, 1993; Hacke and Sauter, 1995).

However, plants can also modulate water uptake in a dynamic fashion. Water taken
up by roots flows through living cells, and root water flow @R) is influenced by the

modulation of aquaporin abundance and regulation of aquaporin activity (Henzler
et al, 1999; Kamaluddin and Zwiazek, 2004; Aroceat al., 2012).

Aquaporins are water channel protens and are present in a wide range of
animal, microbial, and plant membranes (Henzleet al., 1999; Baige<t al., 2002).
Fifty-six full-length aquaporin sequences have been identified in thd?opulus
trichocarpa genome (Gupta and Sankararamakrishnan, 200&Imeida-Rodriguez et

al., 2010; Lopezet al, 2012). The plasma membrane intrinsic protein subfamily
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(PIPs), with their phylogenetic subgroups PIP1 and PIP2, is composed of 15
members in poplar (Supplementary Fig2S1). Both PIPitype (Siefritz et al., 2002;
Postaire et al, 2010) and PIP2type aquaporins (Vandeleuret al., 2009) show
significant water transport activity in planta. Moreover, PIP1 and PIP2 aquaporins
may interact to increase water permeability (Zelaznyet al., 2007; Secchi and
Zwieniecki, 2010). PIPs are generally localized in organs and tissues characterized
by high fluxes of water, including root tissues (Javot and Maurel, 2002; Gonmegtsal.,
2009; Secchiet al., 2009). Thus, plants have the ability to adjust their water uptake
capacity to changing environmental conditions by regulating aquaporins in the
plasma membrane of root cells. How dynamic abowvground changes are perceived
by roots and how root aquaporins are subsequently regulated is not well
understood.

In rice, root-specific aquaporins, such asOsPIP2;30sPIP2;4 and OsPIP2;5
were strongly induced by transpirational demand (Sakuraishikawa et al., 2011);
these aquaporins could play important roles in the adjustment of radial water
transport in rice roots. That transpirational demand can strongly affeckr has also
been shown in poplar (AlmeidaRodriguez et al., 2011) and other woody plants
(McElrone et al., 2007). AlimeidaRodriguezet al. (2011) identified gene candidates
in poplar that could play similar rolesto those of therice genes nentioned above.
However, in their study, plant responses were measured 4946h after plants were
exposed to higher light levels, providing little temporal resolution of molecular and

physiological changes that occurred prior to this time.
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The first objective of this present study was to measure absolute transcript
abundance of keyPIP1and PIP2genes 4 and 28 h after hybrid poplar plants were

exposed to an increase in transpirational demand, and to assess how transcriptional

responses correspondwith changes inQr and other parameters ofwater relations.

The second objective was to determine whether changes in gene expression dpd

would require an increase in light levelper se or whether such changes could also
be triggered by lowering relative humidity (RH) at a constant light level.

To test this, plants were grown under contrasting irradiance and RH
conditions, and were subsequently exposed to a sudden increase in transpirational
demand with or without changing the light level.lt was hypothesized that a step
changein environmental conditions would lead to a transient perturbation of the
water potential homeostasis, but that transcript accumulation of keyPIPs and

associated dynamic changes iQr would correspond with at least a partial recoery

of water potentials.

2. Materials and Methods

a. Plant material and growing conditions

Saplings of lybrid poplar (Populus trichocarpax deltoides clone H1111) were
produced in 2 liters pots from rooted cuttings and maintained in a growth chamber
under the following growing conditions: 18/6h day/night cycle; 24/18 °C day/night
temperature; ~75% RH. Plants were watered daily and fertilized on a weekly
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basis with a 2 g L1 solution of 15:30:15 N:P:K. Plants were grown iturface calcined
clay in order to fadlitated the separation of roots from soil particles (Almeida
Rodriguez et al., 2011)

After a 2 month period of sapling establishment, plants were randomly

assigned to one of three groups and were kept undepecific growing conditions for

6 weeks. A cotrol groupj OOAOARNOGAT O1 U OA AAIOWBEept &tlan AO Ol E(

irradiance level of 350 pmol m?2 s (measured at plant level) under the same

growing conditions as outlined above. A second group of plants (subsequently
OAZAOOAA O A@ G&GGEOA N A ARIAATEGO OEAAET ¢
80% reduction in irradiance from 350 umol m2 s to 70 umol m2 s at plant level.

I OEEOA CcOi Ob 1 &£ Pl AT OO0 } OOAOCANOGAT OI U
placed in a humidified box. The hundified box allowed the RH tobe increased to
95% while light level, temperature, and day/night cycles remained the same as in

control conditions.

b. Experimental treatments

Experiments were designed to examine changes in hydraulic parameters and
aguaporin gene expression in respose to an increase in light (shaded plants) and a
decrease in relative air humidity (high humidity plants), respectively. A subset of
plants was removed from the shde and high humidity boxes at 0700 h. This was
always done at the ame time to minimize any effect of time of day on the

physiological and molecular measurements. Measurements (or tissue sampling in
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the case of gene expressioand immunolocalization assay¥ were carried out 4 h
(same day) and 28 h (next day) after shadednd high humidity plants had been
removed from their respective environment. All measurements were conducted

between 10:30h and 11:30h. Control plants were also measured at this time.

c. Plant morphology

Morphological measurements included plant height atwe pots, root dry weight, and
total leaf area. Root dry weight was measured aftawashing and drying entire root
systems at 70Cfor 48 h. Leaf areas were determined with a EB100C leaf area
meter (Li-Cor Inc.; Lincoln, NE, USA The root dry weight to kaf area ratio is
considered as a measure of biomass partitioninfBlake and Filho, 1988 Barigahet

al., 2006).

d. Stomatal parameters
The youngest fully expanded leaf of five plants per treatment was used for
measurements of stomatal length, density, and pore aperture. Images were recorded
in eight randomly selected fields of view of each leaf. Fields of view wetocated
near the point of maximum leaf width on the abaxial (lower) leaf surface. Images
were recorded with a digital camera (DFC420C, Leic®/etzlar, Germany attached
to a light microscope (DM3000, Leica) atx400 magnification. Analysis was
performed with Fiji software (Schindelinet al, 2012). To test if there was a effect

of growing conditions on stomatal responses toabscissic acid (ABA), ABAwas
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applied to detached leavesas described by Nejacand van Meeteren(2007) and

Arend et al. (2009). Leaf samples were prencubated for 2 h under light (~100
mmol m2 s1 photosyntheic photon flux density) in a stomataopening medium

(10mM MESKOH, pH 6.15, 50 mM KCI) to achieve stomatapening. Stomatal
closure was induced by supplementing the solution with 100t M ABA (Sigma

Aldrich, St Louis, MO, USAQr 1 h.

e. Water potential and stomatal conductance

Water potential of leaves ¥ L) and stems {Y s) were measured using &cholander

type pressure chamber(Model 1000; PMSinstruments, Albany, OR, USA One leaf
per plant was measured, from five plants per group. t&m water potential was
measured after leaves had been sealed aluminium foil and plastic bags the night
before harvesting to promote equilibration of water potentials. Stomatal
conductanceand transpiration were measured with a steady state porometer (L
1600, Li-Cor) on five plants per group. High humidity plants were removed from the
humidity box (and kept inside the growth chamber) immediately prior to
measurements.Stomatal conductance and transpiration could not be measured in
the humidity box becawse the high RH was outside the recommended operating
range of the L+1600. To minimize potential artefacts which might be caused by
water desorption from the leaf surface immediately following a transition from high
to low RH, leaf surfaces were wiped withKimwipes (laboratory tissues) prior to

measurements.
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f. Rootwater flow

The @k of five plants per group was measured according to the hydrostatic pressure

method (Kamaluddin and Zwiazek 2004). Entire root systems were immersedn a
beaker filled with measuring solution (20 mM KC| 1 mM CaCl) and placed in a

pressure chamber. A constant pressure of 0.3 MPa was appliethis pressure

allowed stable flow rates to be reorded within ~15 min. The protruding stem was

fitted to a graduated pipette and the volume of exudate was measure@: was

normalized by the total leaf area of each plant. Normalizing by leaf area provides a

i AAOOGOA T £ OGEA OO0 EADH wakel tA ledves (LeEGulbEtAl, OT T OO

1998; Tyreeet al, 1999).

g. Gene transcript measurements by quantitive real time

PCR

For molecular analysis, representative root samples were collected, immediately
frozen in liquid nitrogen and stored at -80°C until analysed Total RNA was
extracted from root tissue of 3-4 plants per treatment using the RNeasy Plant
Extraction Mini Kit (Qiagen, Valacia, CA, USA) with hexadecyltrimethylammonium
bromide extraction buffer. RNA quality was assessed on an agarose gel and
guantified with a spectrophotometer (Nanodop ND-1000; Thermo Scientific;
Wilmington, DE, USA).A 1 pug aliquot of total RNA was treated with DNase |

(Invitrogen, Carlsbad, CA, USA) and used as template for fisttand cDNA synthesis
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with SuperScript Il (Invitrogen) £l 1 1 1T xET ¢ OEA [ AT O&BANAOOOAOG O

qguality was checked by PCR with intron ganning actin (POPTR_0001s45780
primers (TCCCTCAGCACTTTCCAACAGAAGCCATATTACTCGGCCT)CAC

Candidate genes were selected accordinto their expression patterns n
previous experiments(Secchi et al., 2009WVilkins et al., 2009; Almeida-Rodriguezet
al.,, 2011) and due to their close similarity to rice genes induced by transpirational
demand (Sakuratishikawa et al,, 2011) (Supplementay Table 2-S1; Supplementay
Figure 2-Sl). Specific primers (Supplemenary Table 2-S2) were designed according
to Rutledge and Stewart (2010) using the QuantPrime online tool (Arvidsson et al,
2008). PCR efficiency (E) was determined from a fiyeoint cDNA serial dilution,

according to: E = 10F1l/slope]. All selected primer pairs showed correlation
coefficients of R2 > 0.98 and primer efficiency values ranging between 1.95 and 2.01.

Reattime gPCR was performedon a 7900 HT Fast Realime PCR system
(Applied Biosystems, Foster City, CA, USA3ing cDNA equivalent to 2.5 ng of RNA
following instructions provided by Rutledge and Stewart(2008) and using lambda
genomic DNA as a quantitative standard. Each reaction was carried out in triplicate
using master mix containing 0.2 mM dNTPs, 0.3 U Platinum Taq polymerase, and
0.25x SYBR GreenThe PCReonditions were as follows: 15 min activation at 98C
40 cycles of 98Cfor 10 s, 65°Cfor 2-min and a dissociation stage including two
cycles of 95Cfor 15 s, 60Cfor 1 min. Each run was completed with a melting curve
analysis to confirm the specificity of amplification and absence of primer dimers.

Data analysis was performed accordig to the sigmoidal method withLRE (linear
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regression of efficiency)analyser software (Rutledge, 201) to assess the absolute

guantity of transcripts expressed as number of molecules per ng of total RNA.

h. Immunolocalization

Root segments were fixed in formaldehydeacetic acid medium (FAA; 10%
formaldehyde, 5% acetic acid, 50% ethanol) under vacuum for 1 h andosed in
FAA for 16 h at 4 °C. Next, samples were embedded, sectioned, dewaxed, and
rehydrated as described before (AlmeideRodriguez et al., 2011). Before the first
immunoreaction, sections were incubated for 45 min with blocking solution [BS;
1.5% glycire, 5% (w/v) bovine serum albumin, 0.1% Tweer20 in phosphate
buffered saline (PBS)] following the protocol of Gongt al. (2006). Primary antibody
directed against the first 42 Nterminal amino acids of AtPIP1;3 (Kammerloheret
al., 1994; Henzleret al,1999) was applied overnight at 4 °C. Slides were washed as
described previously (Gonget al.,, 2006). DyLight 549conjugated rabbit antk
chicken secondary antibody was preabsorbed with plant tissue extract (1:500 in
BS) before it was applied for 2 h at 37C. Slides were rinsed several times and were
coverslipped with Permount. Controls with no primary and/or secondary antibody
were also prepared. Images were taken with a Leica DMRXA fluorescence
microscope (filter cube N2.1, excitation range 51860 nm, suppression filter LP
590nm) equipped with a Nikon DXM1200 camera (Melville, NY, USA) at a

standardized exposure time.
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Experimental  Height (m) DWk (9) AL (m?2) A:DWR (M2 gl)

treatment

Light control  0.98 (0.03)a 1.14 (0.12)a 0.32(0.04¢  0.28 (0.01)a
Shade 0.73 (0.03)b 0.61(0.06)>  0.16 (0.02)>  0.27 (0.02)a
High RH 1.21 (0.05)c 1.61(0.19)2  0.27 (0.04)ab  0.16 (0.01)b

Table 2-1: Morphological traits of hybrid poplar saplings grown under control i O, ECEOD
AT 1 00T 1 8 qhhigioHaridinA h High RS nditions.

The standard error of the mean is given in parentheses, n = 5. Different letters indicate significant
differences between treatments (P < 0.05). Variables shown are plant height above pots, total root

dry weight (DWg), total leaf area (A.), and leaf area to root dry weight ratio A :DWR).

Experimental Stomatal length Stomatal density Pore aperture (um)

treatment (pm) (no. per mmne) before/after application of ABA
Light control ~ 35.18 (0.58)2 132.6 (4.5)a 6.83 (0.36)2/ 4.20 (0.36) 2
Shade 32.84(0.53) 118.1 (8.7)= 6.81 (0.30)a/ 4.18 (0.20) @
High RH 39.36(0.77) b 161.7 (6.1)b 8.55 (0.10)p/ 7.07 (0.22) b

Table 2-2: Stomatal characteristics of hybrid poplar saplings grown under control

i O, ECEO AT 1 OOhigh&uwnidity G EG\ ARG EDAditighs. All parameters were
measured on abaxial leaf surfaces.

The standard error of the mean is given in parentheses. Values are grand means of five plants.
Different letters indicate significant differences between treatments P < 0.05). In the case of pore
apertures, two separate statistical analyses were conducted; one on apertures measured before
application of ABA and one after ABA application. i.e., aperturesere not comparedbefore and after

ABA application.
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Figure 2-1: Light microscope images of stomata from poplar leaves growing in
moderate (~ 75% RH) (A) and high (95% RH) relative humidity (B). The images were
taken from the abaxial side of the leaves. Leaves that developed under high RH had large
stomatal length and aperture. While application ofl00 uM ABA triggered stomatal closure
in plants growing at moderate RH (C), the large stomata of high humidity grown plants

failed to close fully (D). Bars 0 um.
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I. Statistical analysis
Differences dueto the effect of treatments and growing conditions were analysed
usingaonex AU AT ATl UOGEO 1T &£ OAOEATAA j1!1 ./6!(Q
presented as meang SE. Differences were considered significantly different & <
0.05. All statistical aralyses were carried out using SigmaPlot 12.3 (Systat, Point

Richmond, CA, USA).

3. Results

a. Morphology and stomatal characteristics
Morphological traits of the different plant groups are shown in Table 2.. Shaded

plants had 54% lower root dry mass DWR) and 50% lower leaf area ) than

control plants. As a result of this proportional decrease, thé&_:DWkr ratio did not
differ between shaded and control plants. Plants growing at high humidity had the
lowest A_:DWR ratio of any plant group.

Stomatal characeristics did not differ between shaded and control plants
(Table 2-2), although stomatal density of shaded plants tended to be more
heterogeneous than in controls. High humidity plants had larger stomata and pore
apertures as well as higher stomatal densiés than other plant groups. Moreover,
after application of 100 uM ABA to leaves, the pore apertures of high humidity

plants remained larger than those of other plant groupsthat is, stomata of high
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humidity plants exhibited incomplete closure (Fig. 21, Table 2-2).

b. Water potential and stomatal conductance

~ A

#1171 0011 Dl of -0%7 +B.AMPAFigyz ' h O, ECEO Al 1 001 18Qs

OEAAAA bpi AT 00 xAOA Agobi OAA Olsdropded flarh AOAAOA

0.51 + 0.02 MPa to-0.71 = 0.03 MPa (Fig. 2B). Leaf water potential showed a
similar dOT B § AAOA 1
to -0.46 £ 0.03 MPa. Plants experiencing a sudden drop in RH showed a very similar
wspattern (Fig. 2-2C).

Shaded plants exhibited a temporary increase in stomatal conductance
after the increase in light level (Fig. Z3B). In contrast, plants that were exposed to

decreasing RH maintained high stomatal conductances and transpiration rates

throughout the experiment (Fig. 23C, Supplementary Figure 2S2).

C. Root water flow and aqiaporin expression patterns in light
exposed plants

Qr increased in response to increased evaporative demand. In shaded plants, this
increase was significant 28 h after the increase in light level, but not after 4 h (Fig. 2
4B). The delayed increase irQr corresponded with aquaporin expression patterns

(Fig. 25). The total amount of PIP transcripts and the relative proportions of

transcripts remained unchanged after4 h (Fig.» ! h AT i PAOA O3 EAAAS
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Figure 2-2: Effect of a sudden change in transpirational demand on stem water

potential.

(A) Stem water potential of control plants grownunder full light conditions in the growth

AEAT AARO | O, EEEE B OAIIT 6N G MBagspi OAT OEAT O 1T £ OEAAAA
removed from shade after4f O, ECEO ET AOAAOAh tE&8Qqh AT A T £ bl Al
¢y E j O, ECEO O $temOnater(pdiéntials of plantsrowing at high relative

EOI EAEOU j O(ECE 2(86qqh T &£ P11 AT 6O OAI T OAA &EOI T EE
plantsremi OAA A£OI I EECE 2( AEOAO cy E j 02( AAAOAAOAN

plants. Significant differences are indicated by unique letters?(< 0.05.
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Figure 2-3: Effect of a sudden change in transpirational demand on stomatal

conductance.

(A) Stomatal condu® AT AA T £ AT 1 OA@I I O.08) BBnth@l conductahe@ O

OEAAAA DI AT OO0 j O3EAAAS8Qh 1T &£ bl AT 6O OAI T OAA EOT I
bl AT 6O OAI T OAA MEOT i OEAAA EA®®AMatalccdnduBtange®f, ECEO E1
pl AT OO COI xET C AO EECE OAI AOEOAR EOI EAEOU j O( ECE
E j 62( AAAOAAOAR t1E&8Qqh AT A 1T &£ Pl AT OO0 OAIi T OAA &EO
Data shows means + SE; n = 5 plantsg&ficant differences are indicated by unique letters

(P <0.05.
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Figure 2-4: Effect of a sudden change in transpirational demand on root water flow

(scaled by leaf area).

(A) Root water flow of AT T OOT 1 BI1 AT O QB)jRat Hydzaklid coAdudtafc® bfi 6 q 8
OEAAAA Pi AT OO0 j O63EAAAS8Qh T &£ bl AT 6O OAI T OAA AEOIT I
Pl AT 60 OAI T OAA EOI I OEAAA A &EOAORoot Wydratlic § O, ECEO

conductance of plants growing at high relatve hunh EOU j§ O( ECE 2(86qQqh T £ bl AT «
EECE 2( AZEOAO 1 E j02( AAAOAAOGAR tE&8Qh AT A 1T £ E
AAAOAAOAh ¢uyEBQ8 $AOA OEI xO TAATO C 3N 1T E v E
by unique letters (P < 0.05).
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Figure 2-5: Effect of a sudden change in transpirational demand on aquaporin

transcript amounts in poplar roots

(A) Cumulative aquaporin transcript amounts in roots. Individual genes are labeled with

different colors. One subset of lants was grown at adequate light level in the growth

AEAI AAO j O, ECE0C8Q8 / OEAO OOAOCAOGO 1T £ Pl AT OO xAOA
ATd AO x wobp OAI AGEOA EOI EAEOU | O(ECE -f@d 6Qq8 3 EA,
increase in light level'” AT A A@POAOOEI 1T xAO 1 AAOOOAA 1 E O, E
i O, ECEO ET AOAAOAR ¢uwES8Qq AZEZOAO OEA ET AOAAOA EIT 11
removed from their humidified box and were exposed to a ~fowfold increase in vapor

pressure deficit while light levels remained adequate. Gene expression was measured 4 h

and 28 h after the decrease in relative humidity. (B) Transcript abundance d#tPIP1;1,

PtPIP1;2, PtPIP1;3, PtPIP2;3, PtPIP2;4nd PtPIP2;5 Values are means + SE from three

biological samples which were tested in triplicate. Significant differences are indicated by

unique letters (P < 0.05.
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the aquaporin genes studied hereRtPIP1;3ranked first in terms of its proportion to
the total number of mRNA molecules (Fig. -BA, yellow portion of the bars).
Moreover, this gene contributed substantially to the dynamic response shown in Fig.
2-5A.PtPIP2;5was also highly expressed in roots (Fig.-8A, dark blue portion of the
bars), but did not show significant changes in expression in response to an increase
in light level.
Fig.2-5B shows the expression patterns of individual genes. All of the three
PIP1genes exhibited a significant 5266% increase in expression after 28 h relative
to plants that remained in shade; expression oPtPIP2;3 even increased>2-fold

after 28 h (Fig.2-5B, black bars).

d. Root water flow and aquaporin expression patterns in
plants experiencing a sudden drop in humidity

In plants that were removed from the high humidity environment,Qr increased by
35% after 4 h and remained unchanged after 28 h (Fig@-4C). The rapid increase in
Qr corresponded to a 75% increase in the cumulative transcript copy numbers of all

six PIPs(Fig. 2-5A). This increase in transcripts after 4 h was mainly due to a-@Id
increase in the transcript copy numbers of the thredPIP1 genes (Fig. 25B, grey
bars). No significant changes in the expression &iP2soccurred after 4 h.

After 28 h, expression ¢vels ofPIP1genes had returned to values found prior

to the change in RH whil&)r remained relatively high. While transcript copy
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Figure 2-6. Immunolocalization of PIP1 protein in root cross -sections.

Transverse sections were taken at 2830 mm from the root tip. PIP1 antibody is specific

to all PIP1s. (A) Roots of control plants growing at full light in the growth chamber. (B

D) Roots of shaded plants before (B) and after a step change in light level (C, DYQE

Roots of plants growing at high reléive humidity before (E) and after a step change in

humidity (F, G). (H) Control with no pimary antibody indicates minimal background

AOOT £ O1 OAGAAT AA8 Ai h AT 0OO6A@n AAh AT AT AAOI EON
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numbers of PtPIP2;3and PtPIP2;4did not changesignificantly in response to the
change in humidity, transcript numbers ofPtPIP2;5had decreased sharply after 28 h

(Fig. 2-5B).

€. Immunolabelling

Immunofluorescence labelling was performed on crossections taken at 2330mm
from the root tip (Fig. 26). The intensity of the red colour is equivalent to the
abundance of PIP1 protein. In roots of control plants, PIP1 was present in epidermis
and cortex cells as well as in the endodermis and in vascular tissue (Fig62&). Weak
labelling was observed in rootsof shaded plants (Fig. #B). In contrast, root
sections taken after the increase in light level exhibited strong immunolabeling of
the epidermis, endodermis, and of cells adjacent to the endodermis. Labelling was
particularly abundant after 28 h when acontinuous fluorescence signal occurred in
the epidermis (Fig. 26D). A similar trend was observed in plants that were exposed
to decreasing humidity (Fig. 2 6E-G), although strong signals were already detected
after 4 h (Fig. 26F). Controls without primary antibody exhibited minimal

fluorescence (Fig.2 6H).

4. Discussion

Although much has been learned about the possible physiological roles of

aquaporins in plants, many questions remain unanswered (Baiged al., 2002 Aroca
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et al., 2012. The present study was conducted to gain a better understanding of
how aquaporins in roots are regulated and how their function relates to whole

plantzwater relations in woody plants (Hackeet al., 2012).

a. Aquaporin gene expression and root hydraulisare affected

by charges in transpirational demand

The first objective of this present study was to measure absolute transcript
abundance of key PIP1 and PIP2 genes 4 h and 28 h after hybrid poplar plants were

exposed to an increase in transpirational demand, and to assdssw transcriptional
responses correspondo changes inQr and other parametersof water relations. To

minimize the effect of a circadian rhythm (Henzleet al., 1999;Clarksonet al., 2000;
Lopez et al.,, 2003) on the data collected in this present study, atheasurements
were conductedbetween 10:30 and 11:30 h.

Among thell PIPgnesthat were studied by AlmeidaRodriguez et al. (2011),
the authors reported the differential expression of ninePIPgenesin roots of poplars
exposed to different light regimes. Bsed on this and on availablditerature data
(Secchi et al, 2009; Supplementary Table 51),e six PIPs that were highly
expressed in rootswere chosenfor gene expression analysis.

The three PIP1genesexhibited remarkably similar expression patterns (Fg.
2-5B). Interestingly, these genes are orthologs of the ricéDsPIP1lswhose
transcription in roots increased with transpirational demand (Sakuratlshikawa et

al., 2011). Furthermore, the closely relatedPtPIP1;1and PtPIP1;2(95% amino-acids
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identity ; Sugplementary Fig. 2S1) were found to be induced in response to xylem
embolism (Secchi and Zwieniecki, 2010) and by osmotic stress (Ba¢ al., 2010).

Expression changes of the studie®IP2 geneswere smaller and more variable than
those of the threePIP1 genes, a pattern which has also been described in drought
stressed stems oP. trichocarpa (Secchi and Zwieniecki, 2010).

In terms of transcript copy numbers, PtPIP1;1 and PtPIP1;3 ranked first
among thePIPgenes measured in this study (Fig2-5B). The trarscripts of all three
PIP1genesrepresented nearly threequarters of the total transcript amount while
QR increased. It is therefore suggesed that these genes play crucial roles in
modifying root water uptake in poplar in response to changes in transpirabnal
demand. Aquaporin activity is regulated at both the transcriptional and the post
translational levels. Whilethe presentstudy focused on transcriptional regulation,it
is noted that responses to a change in environmental conditions can also be readd
by other mechanisms, including aquaporin gating, translocation of aquaporins into
the membrane, and interactions of membrane proteins (e.g., Hedfatt al., 2006;
Zelazny et al., 2007 Maurel et al., 2008). Nonetheless, the fact that expression
patterns, particularly those of PIP1genes closely corresponded with changes i1QR,
suggests that transcriptional control was an important mechanism involved in the
regulation of root physiology.

Striking differences between trends in transcript abundance and: only
occurred 28 h after plants were transferred to lower humidity (compare Fig2-4C

and Fig2-u! O02( AAAOAAOGAR c¢ywESQ8 ' O OEAO OEI Anh
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genes reached low levels (Fi@-u " h COAU 02 ( AAAOAAMGStl ¢ YES

nearly as high as it was 4 h after the change in humidity (Fig-4C, grey bars).tlis
suggesed that the peak in transcription seen 4 h after the change in humidity
resulted in an accumulation of water channel proteins, and that proteins were still
present 24 h later.This conclusion is supported by immunolabeling experiments,
which revealed that PIP1 protein remained highly abundant in root crossections

28 h after the transfer to lower humidity (Fig. 26)

b. Differences between plants grown in shade rad in high
humidity

The adaptive significance of aquaporirmediated changes inwhole-plant hydraulic
conductanceis that it would provide plants with a mechanism to maintain their
water potential homeostasis despite changing environmental conditions throug
modifying water transport in roots. While the present study focused on roots, it is
noted that whole-plant hydraulic conductance will probably also be affected by
aguaporins in leaves (Heineret al., 2009).A fine-tuned balance between water loss
and water uptake is especially important in plants that are vulnerable to xylem
cavitation and lack efficient mechanisms to repair xylem dysfunction. The poplar
clone studied here (H1%11) is very vulnerable to cavitation. In a previous study
(Plavcova and Hacke2012) on H11-11 plants growing under similar conditions,
50% loss of hydraulic conductivity occurred at-1.14 MPa and-0.62 MPa in basal

and distal stem segments, respectively. This is close to or within the range of stem
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water potentials measured in tre present study. It is therefore concluded that the
recovery of stem water potentials 28 h after the increase in transpirational demand

was necessary to prevent excessive and irreversible levels @inbolism.

Shaded plants would likely have benefited from aakter increase inQr to take
advantage of increased light levels (Almeid&odriguez et al., 2011). The relatively
slow increase ofQr in shaded plants may be due to the stressful growing conditions

that these plants experienced. Poplars are ligkdemanding plants, and shadegrown
plants were probably energy-starved. To the degree that new expression and
activation of aquaporins are energy dependent, water uptake dynamics may have

been constrained by limited resources in the roots of shaded plants.
Interestingly, changes in the transcript levels ofPIP1 genes and in Qr

occurred sooner in high humidity plants than in shaded plants. This may in part be
due to the fact that stomatal conductance in high humidity plants remained high
throughout the experiment (Fig 2-3; Supplementary Fig. 252). Stomata of these

plants were larger and more frequent than in other plant groups, and were unable

to close (Fig.2-1; see also Arveet al, 2013. Hence, fast aquaporirmediated
responses of Qr to changes in the aboveground environment may have

compensated for a lack of stomatal control.

c. An increase in light level is not required to trigger changes

in gene expression and root hydraulis

69



The second objectiveof this study was to determine whether changes in gene
expressionand Qr would require an increase in light levelper se or whether such

changes could also be triggered by lowering RH at a constant light level. Altering RH

without changing irradiance had a profound effect on botlPIPtranscript levels and

Q= (see above) It was therefore concluded that an increase in light level is not

required to trigger changes inPIP expression andQr in poplar. This conclusion

agrees with recent work on rice (Sakurailshikawa et al., 2011). Levinet al. (2009)
found that some aquapom genes were differentially expressed inArabidopsis
thaliana plants subjected to low RH. How exactly changes in the aboegeound
environment are transmitted to and sensed by roots remains unknown. The most
parsimonious hypothesis is that root cells sensgylem pressure pulses (McElronest
al., 2007) or changes in water potential (Leviret al., 2009), and/or cell turgor (Hill
et al., 2004), which all would correspond with changes in transpirational demand.

In conclusion, hybrid poplar plants were subjectd to a sudden increase in
transpirational demand, either by increasing light level or by reducing RH. Both
treatments led to a transient perturbation of water potentials.At 28 h after plants
were removed from shade or from their high humidity environment,respectively,

stem water potentials recovered to their original values (measured prior to
treatments). The recovery of water potentials was associated with an increase @r
and an increase in the transcript abundance of aquaporin genes in roots. In both
experiments, transcript levels of threePIP1 genes closely matched trends irQr.

While stomata of plants grown in high humidity were unable to close properly, the
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Qr of these plants quickly responded to increased transpirational demandin

contrast, the Qr of shaded plants increased 28 h after the increase in light, but not 4
h after the removal from the shade environment. The fact that aquaporin gene
expression andQr responded to a drop in RH while light levels were unchanged

indicates that an unknown sigal was involved in this case of shoetoot
communication. Future work will probably be directed atunravelling the nature of
this signalling process and will study how the signal is perceived by root

aguaporins.
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Dynamics of leaf hydraulic conductance and aquaporin
expression in Populus trichocarpa leaves with

dehydration and rehydration
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1. Introduction

High gas exchange rates can only be sustained when leaves are kept well hydrated.
This, in turn, depends on the properties of the xylem pipeline and on the way in
which water moves through living cellsin roots and leaveqTyree and Sperry 1988;
Sperry et al, 2002). Leaf hydraulc conductance is emerging as an important
component of wholeplant hydraulic conductance (Brodribb and Holbrook, 2004;
Heinen et al., 2009; Scoffoni et al., 2012; Prado and Maurel, 2013 Nardini and
Luglio, 2014). Likein roots and stems, hydraulic conductance of leaves declines as
the water potential becomes more negative. This loss of hydraulic conductance is
due to embolism formation in leaf veins(Stiller et al., 2003; Johnson et al2011),
collapse of xylem conduitgBrodribb and Holbrook, 2005), and/or to decline in the
permeability of extra-xylary tissues (Shatil-Cohen et al., 2011). Compared with
stems, leavegqBrodribb et al, 2003) and roots (Hacke et al., 2000) are often more
vulnerable to hydraulic dysfunction. In some cases, however, the hydraulic
conductance of these plant organs may also be able to quickly recover from the
effects of drought( Stiller et al., 2005 Scoffoniet al., 2012).

This recovery of hydraulic function may be facilitated bythe activity of
aguaporin (AQP) water channelgdMartre et al.,, 2002; Northet al., 2004 Galméset
al., 2007; Janget al., 2013; Laur and Hacke 2014). AQPs belong to the major
intrinsic protein (MIP) superfamily, a family of protein pores present in the

membranes of almost all biological cells to facilitate the diffusion of a wide range of
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small uncharged solutes. Plant MIPs form a particularly large family of proteins,
with 28 members in Vitis vinifera (Fouquet et al, 2008)h | ot | AT AAOO
Arabidopsis thaliana Picea glaucaand Oryza sativa(Quigley et al., 2002; Sakurai et
al., 2005; Laur and Hacke2014), and >50 members inPopulus trichocarpa(Gupta
and Sankararamakrishnan 2009). The plantspecific plasma membrane intrinsic
proteins (PIPs), with their highly conserved phylogenetic subgroups PIP1 and PIP2,
and tonoplast intrinsic proteins (TIPs) show signifi@ant water transport activity in
vitro and in planta (Danielset al.,1994; Vandeleuret al., 2009 Postaire et al., 2010).
Regulation of AQPs via transcription, translation, postranslational modifications or
trafficking allows plant cells and organs to respond to hydraulic changem their
surrounding environment (Chaumont and Tyerman2014).

In this present study, Populus trichocarpaplants were exposed to moderate
drought and then rewatered. The objective was totady the recovery of Kieat from
water stress at both physiological and molecular levels. We hypothesized that leaves
would quickly (i.e., within hours) recover from water stress, and that this would be
associated with modulation of AQPactivity. To test this hypothesis, we monitored
Kieaf @and Wwiear during a dehydration-rehydration episode. We also explored the
regulation of 12 leafexpressedAQPisoforms as well as the tissuespecific location
of PIP1, PIP2 and TIP2 proteins. Recovery #ear Was assessed in two ways:i)
intact plants were taken through a drying-rewatering cycle, and (ii) detached leaves

were bench-dried and subsequently xylemperfused with AQP inhibitors.
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2. Materials and Methods

a. Plant material and growing conditions

All experiments were carried out with P. trichocarpa clone 664042 (IUFRO
collection). Rooted cuttings were produced and established in the greenhouse for 2
months in 3.8 L containers with sunshine mix 4 (Sun Gro Horticulture Canada Ltd.)
under semicontrolled conditions (22/20 °C day : night cycle, 18/6 h light :dark,

watered daily, and fertilized (2g ! NPK15-30-15) once a week).

b. Leaf hydraulic conductance measurements

Leaf hydraulic conductance was measured using the evaporative flux method (Sack
and Scoffonj 2012) on six plants per treatment. A filtered (02 um) 20 mM KCI + 1

mM Cadl solution (subsequently referred to asQ artificial xylem sapi , AXS) was

used for these measurements. Flow rate through leaves was measured with a
balance (model CP 224S, Sartorius, Gottingen, Germany), which logged data every
30 s to a computer. The air was well stirred by a fan as explained by Saakd
Scoffoni (2012). Leaes were illuminated with ~1000 pmol m?2 s?
photosynthetically active radiation (PAR) at the leaf surface by an LED worklight
(Husky, distributed by Home Depo, Atlanta, GA, USA). Leaf temperature was
monitored by a thermocouple. Leaf water potential was masured using a pressure
chamber (PMS Instruments, Albany, OR, USA). Leaf area was determined with a

scanner. A leaf vulnerability curve was generated with pihts experiencing different
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levels of water stress following methods of Sackand Scoffoni 2012). Fully
expanded leaves corresponding to leaf plastochron index (LPI) 8 (Larson and
Isebrands 1971) were used to measureWeas; Klear Was then measured on leags

corresponding to LPI 9. The curve was fitted with a Weibull function.

c. Recovery of leaf hydraulic conductance after dehydration

To study the recovery ofKiear In intact plants, plants were randomly assigned
to different watering regimes in the greenhowse. One group of plants was kept well
watered (control). Another group of plant was subjected to a drought treatment.
7A0R0 xAO xEOEEAT A A O OAOAOAD77ABWOPOT OEI D
i T AAT M3 %h s Was @sSocidtdsl Bvith awgubsintial reduction in Kiear. A
subset of droughtOOOA OOAA DI AT OO  x A Ocar &nH BRels wetehkex AOAOAAR
measured 2 h and 26 h after rewatering.
To assess the effect of AQP inhibitors and abscisic acid (ABA) on the recovery
of Keat, €xcised leavesvere benchdried for 1h and then perfused for 2 h with AXS,
AXS + 0.2 mM Hggl AXS + 50 mM #0, or AXS + 50 pM ABA. Solutions were
introduced into the transpiring leaf by immersing the petiole inside 50 mL
containers. Leaves were placed near a fan; lightas provided at a light level of
~1,000 pmol m2 s1 PAR. Mercury chloride and KO, have been widely used as AQP
inhibitors; ABA may also reduce AQP activity in leavesShatil-Cohenet al., 2011,
reviewed in Chaumont and Tyerman, 2013 Control leaves wee always kept

hydrated and wereperfused with pure AXS for 2 himmediately after perfusion with
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these solutions,Kieaf Was determined using the evaporative flux method as described
above. All measurements were conducted at the same time of day (10921:30 h).
After perfusion with the different solutions, stomatal pore aperture of leaves
was measured as described in Lauand Hacke @013). Images were recorded in six
randomly selected fields of view of each leaf. Fields of view were located near the

point of maximum leaf width on the abaxial leaf surface.

d. Dye uptake experiments

The extent of dye uptake in excised leaves was used as an additional method to
assess xylem refilling during the rehydration phase. We also used the dye uptake
experiments in an dtempt to study how embolism reversal in leaf veins is impacted
by mercury and ABA, respectively. Excised leaves were bendhed for 1 h and
rehydrated for 2 h by immersion of the petioles in filtered safranin solutions.
Transpiration during dye uptake was promoted by placing leaves near a fan at a
light level of ~1,000 umol m2 s1 PAR (i.e., conditions similar to the protocol used to
measureKiear). Dye (0.1 % (w/v) safranin) was dissolved in pure AXS, AXS + 0.2 mM
HgCb. Control leaves were excised frorwell-watered plants and then perfused for 2

h with 0.1 % safranin-containing AXS without prior dehydration treatment.

e. Gene transcript measurements by quantitative reatime

PCR

Fully expanded leaves corresponding to LPI-I0 were collected, immediately
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frozen in liquid nitrogen and stored at-80°C until analyzed. Samples were always
collected between 10:00 h and 11:30 h to minimize any diurnal effect on AQP
expression. Total RNA was extracted from 3 plants per treatment following the
CTAB method of Pavet al. (2008). RNA quality was assessed on an agarose gel and
guantified with a spectrophotometer (Nanodrop ND1000, Thermo Scientific,
Wilmington, DE, USA). RNA was treated as previously describ@caur and Hacke
2014). cDNA quality was checked by PCR with intrespanning actn primers.
Putative leafexpressed AQP genes were selectddWilkins et al., 2009; Almeida-
Rodriguez et al, 2010; Cohenet al, 2013), specific primers (Table 3-S1) were
designed according to Rutledgeand Stewart (2010) using the QuantPrime online
tool (Arvidsson et al., 2008). PCR efficiency was 100+7% for all primer pairs and
specificity was checked using melting curves. Reséime gPCR was performed on a
7900 HT Fast Reallime PCR system (Applied Biosystems, Foster City, CA, USA) as
described previously (Laur and Hacke 2013). Relative gene expression was
measured according to Livakand Schmittgen(2001) OOET ¢ OEA ¢33 #j OQ
expression values were normalized to the geometric mean of four housekeeping
genes (actin (POPTR_0001s31700), cyclophilin (POPTR_0005s26), TIP4like
(POPTR_0009s09620.1) and ubiquitin (POPTR_0005s09940)). Relative gene
expression was determined as the fold change of an AQP isoform at a given
condition relative to its expression under control conditions. Reatime PCR was

carried out using three biological replicates each with three technical replicates.
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f. Immunolocalization

Samples were fixed informaldehyde-acetic acid and embedded in paraffin as
described previously (Almeida-Rodriguez et al, 2011). Transverse sections, 10 pum
thick, were prepared with a microtome. Immunoreactions were performed
following the protocol of Gonget al. (2006). Primary antibodies directed against the
42 N-terminal amino acids of AtPIP1;3(Kammerloher et al, 1994) and the
conserved 10 amino acids of the @®rminal of PIP2s(Laur and Hacke 2014) were
used. In addition, we applied a commercially available anfiIP2 antibody (Sakurai
et al, 2008); Agrisera AB, Sweden; alignmenshown in Fig. S1). AlexaFluo 488
conjugated goat antichicken, anttmouse and anti rabbit secondary antibodies(Life
Technologies Inc., Burlington, ON, Canada) were respectively applied for 2 h at 37°C.
Slides were mountedwith Permount. Images were taken with a Zeiss LSM 700

confocal microscope (Carl Zeiss, Oberkochen, Germany).

g. Statistical analysis

All statistical analyses were carried out using SigmaPlot 11.0 (Systat, Point

Richmond, CA, USA). Differences due to the effeof treatments and growing

conditions were analyzed usingaonc< AU | . /6! A 11T xAA AU A 40
physiological data, andaone<c AU ! . / 6! A 11T xAA AU "11 £ZO0O0T1
gene expression analysis. For all tests, differences were consideA OECT EZAZEAAT O A

0.05.
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3. Results and Discussion

a. Leaf hydraulic conductance is highly sensitive to drought

To assess howKeat AAAT ET AO A O e weiBticdnirEcied a vulwErali|ity
curve. Water was withheld from plants in the greenhouseuntil plants reached
different levels of water stress. Leaves were highly vulnerable with 50% and 80%
1700 1T &£ EUAOAOI EA AT 1A&CADAT MBRa ahddAMOOET ¢ A
MPa,respectively (Figure3-1, insert). The droughtinduced loss in Kieat Shown in
Figure 3-1 may have been due to xylem cavitation, reduced water permeability of
cell membranes and/or other factors (Heinen et al., 2009; Prado et al.,, 2013). The
water potentials at 50% and 80% loss of hydraulic conductanceP§o and Pso,
respectively) are well within the range of water potentials that trees experience
under natural conditions ( Pezeshki and Hinckley1982; Sparks and Black1999). It
therefore appears thatKiear is subject to substantial diurnal changes under natural
conditions, similar to what has been observed in rice and other speci€srifilo et al,
2003; Stiller et al., 2005; Scoffoni et al, 2012). Our data also indicates that leaf
hydraulic conductance is more sensitive to decreasing water potentials than the
hydraulic conductance of stemgSparks and Black1999). However,since we only

worked with young greenhousegrown plants, it remains to be seen whether leaves

of field-grown trees are similar in their response to water stress.

b. Leaves of intact plants quickly recover from drought
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Figure 3-1 Effect of a change in water availability on leaf hydraulic conductance (K |ear)

in Populus trichocarpa saplings. Kleaf and the associated leaf water potential (@leaf) were

measured in 6 wellwatered control plants (blue squares), 6 droughistressed plants (red

circles), and drough-stressed plants 2 and 26 h after rewatering (grey squares and

diamonds, respectively). Each data point represents a single measurement of Kleaf. The

solid line shows the previously established vulnerability curve for Kleaf. An overview of the

complete vunerability curve is shown in the upper right corner of the figure. Individual

measurements are shown as crosses; the mean values for each group (+SE, n=6) are shown

using the same symbols as explained above.
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We next tested whetherKieas Wwould recover dter a drought treatment when plants
were left intact during the dehydration-rehydration episode. In this experiment,
leaves of welkx AOAOAA AT 1T OOT lka 00.38 12003 MEaA(ESE, A=6)y
which was associated with aKear Oof 3.37 £0.41 mmol m? s MPa! (£SE, n=6)
(Figure 3-1, blue s AOAOGQ8 4EA AOI OCEO OOA Ai-0&77 O
+0.05 MPa (£ SE, n=6) and a sfld drop of Kiear to 0.55 +0.12 mmol m? s1 MPa?
(xSE, n=6) (Figure3-1, red circles). These values were in good agreement with the
previously established vulnerability curve (Figure 3-1, insert). Only 2 h after
rewatering (Figure3-p h COAU ON QAdddAK:dEachdd values that were
not statistically different from well -watered control plants (t test, P = 0.083 forKaf),

indicating that leaves completely recovered their hydraulic function.

c. AQPexpression in leaves collected from intact plants

To study the role of water channels in the recovery oKear, AQP expression was
measured in leaves at different stages during the dehydratierehydration
experiment. ThreePIP], three PIP2,and six TIP candidate genes were selected for
analysis. Among themPtPIP1;1 PtPIP1;2 PtPIP1;3 PtPIP2;4and PtTIP2;1exhibited
the highest total number of MRNA molecules in leaves of control plants (Tal8el).
The drought treatment resulted in a significant reduction in the expression of all

tested genes (Fig3-2). In leaves collected 2 h after rewatering, there were two
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Figure 3-2 Relative expression of aquaporin genes in leaves of plants exposed to a

drying -rewatering cycle. Gene expression was measured in leaves of wallatered control

plants (C), droughtstressed plants (D), and 3 h after droughstressed plants were

rewatered (RW). The geometric mean of the expression levels of four reference genes
(ACT2,CYC063, TIP44ike, UBQ7) was used to normalize the results. Asterisks denote

significant differences in expression level compared to control levels (oreay ANOVA,
AlT1TTxAA AU "11 £ZAOOTTEB8O0 PI OO OAOOh sc0Sm8muN 66
thr ee biological replicates.
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Aquaporin name Expression (copies [fgof total RNA)

PtPIP1;1 112,960 +9,067
PtPIP1;2 272,111 +32,575
PtPIP1;3 229,960 44,252
PtPIP2;3 85,667 +15,402
PtPIP2;4 273655 +33,728
PtPIP2;5 11,536 +1,738
PtTIP1;3 23,105 +2,540
PtTIP1;5 11,840 1,675
PtTIP1;6 2,330 +121
PtTIP2;1 153,689 +19,669
PtTIP2;2 24,863 +3,451
PtTIP4:1 517 +9

Table 3-1 Transcript abundance of 12 aquaporin genes expressed in leaves of well
watered control plants.
Values are the means +SE from three biologicghmples which were tested in triplicate.
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Figure 3-3: Response of leaf hydraulic conductance (K ) to different perfusion
solutions.

Control conditions refer to the Kesr that was measured after leaves were xylem perfused
with filtered (0.2 um) 20 mM KCI + 1 mM Caglsolution (subsequently referred to as
OAOOEAEAEAT @QUI Adiwadalsb hdasutedBdh @avekithéx were beradried

for 1 h (Dehydrated) and on leaves that were bencHried for 1 h and subsequently
perfused for 2h with AXS (RW AXS), AXS + 0.2 mM Hg@&W HgCl), AXS + 50 mM kD,
(RW HO,) or AXS + 50 uM ABA (RW ABA). Values are means +SE (n=6). Different letters

denote statistically significant differencesbyonex AU | . / 6! xEOQOE 40EAU8O0 OAO(
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patterns of expresson between the 12 isoforms. One group of genes (among them
all PIP1s) remained downregulated while the expression of a second group of genes
matched or exceeded the transcript levels measured in control leaves. With the
exception of PtTIP2;1, all tested TIPs were significantly upregulated after 2 h.
Among thePIPs, only the expression level oPtPIP2;3increased to match the control

level.

d. Recovery ofKearin detached leaves is impaired by inhibitors

Another set of experiments was conducted on leavethat were excised from the
plant prior to the dehydration-rehydration treatment. Working with detached
leaves allowed us to study the effect of AQP inhibitors and ABA on the recovery of
Kieat. Fully hydrated control leaves exhibited &ear Of 8.49 £0.57 nmol m2 s1 MPa?
(xSE, n=6), which is higher than the values shown in Figure 1. One difference
between the data shown in Figures3-1 and 3-3 is that all data in Figure3-1 was
derived from leaves that were excised (petioles were cut under water) from
transpiring plants immediately beforeKieat Wwas measured while the control leaves in
Figure 3-3 were perfused with AXS for 2 h prior to measuringKeat. Hence, the
absolute Kieaf values shown in Figures3-1 and 3-3 may not be readily comparable.
Benchdrying of leaves caused a ~1@old decline in Kear relative to fully
hydrated control leaves (Figure 33). Dehydrated leaves that were subsequently
xylem-perfused for 2 h with AXS exhibited a significant recovery to 50% of the

hydraulic conductance measured in @ntrol leaves. The fact that recovery remained
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incomplete in detached leaves is consistent with an involvement of phloem
transport in embolism repair (Nardini et al., 2011; Christmaret al.,2012).

Application of commonly used inhibitors allowed us to assess the impact of
AQPs orKiear during leaf rehydration. Leaves fed with HgGland HO. did not exhibit
any recovery of hydraulic conductance, indicating that AQPs were involved in the
recovery of Kear after dehydration. A role of AQPs in embolism repair has also been
proposed for other species and plant organgMartre et al., 2002; Secchi and
Zwieniecki, 2010; Chitarra et al,, 2014; Mayr et al., 2014; Laur and Hacke2014).

We also used the dye uptake experiments in an attempt to study how
embolism reversal in leaf veins is impacted by mercury. Nearly all veins ofel-
watered control leaves were stained and functional (Figure3-4A). In leaves that
were benchdried and subsequently supplied with ASX + safranin for 2 h, many
minor veins exhibited incomplete staining (Figure3-4B). Staining was even less
complete in leaves that were benchdried and subsequently perfused with ASX +
safranin + HgCl (Figure 3-4C). These findings suggest that embolism formation in
minor veins had a substantial impact on the dynamics oKear. Studying water
transport in rice leaves, Stille et al. (2003) reported that the leaf xylem experienced
high embolism levels, even in watered controls. Nardinet al. (2003) found that
minor veins of Cercis siliquastrumleaves underwent extensive embolismat leaf
water potentials <-1.5 MPajndicating that leaf vein embolism was closely related to
Kieat changes. Recently, Johnsaoet al. (2012) provided evidence that reductions in

Kieaf are directly related to vein embolism.
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Figure 3-4: Typical images of transpiring P. trichocarpa leaves that were allowed to
take up safranin solution.

(A) A control leaf was excised from a welvatered plant, and the petiole was immersed for
2 h in safranin solution. Transpiration during dye uptake was promted by placing the leaf
near a fan at ~1,000 @mol m2 s photosynthetic active radiation. Most leaf veins were
stained indicating minimal xylem embolism. (B) Dye uptake in a benetiried leaf that was
subsequently perfused with safranin solution for 2 h. NMhor veins exhibited incomplete
staining indicating the presence of embolized xylem conduits in minor veins. (C) Dye uptake
of a benchdried leaf subsequently perfused with safranin + Hg&solution for 2 h. Mercury

is an aquaporin inhibitor. Staining remaned even more incomplete than in (B).
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e. AQPexpression in detached leaves

Aquaporin expression was measured in detached leaves undergoing a dehydration

rehydration cycle (Figure 3-5). Control leaves were perfused with AXS fdt h before

leaf tissue was samled for the gene expression analysis. As previously seen in

intact plants (Figure 3-2), water stress caused dowsregulation of all tested AQR
(Figure 3-5). This agrees with several previous studiegAlexanderssonet al., 2005;
Laur and Hacke2014; Secchiet al.,2007).

Notably, very similar degrees of dowrregulation were found in bench-dried
leaves and in dried leaves that were subsequently xylerperfused with AXS + ABA
(Figure 3-6, r = 0.725,P < 0.01). Genes that were strongly dowanegulated by
dehydration, such asPtTIP1;6also exhibited strong downregulation after perfusion
with ABA solution while the expression of other genes, such &PIP2;4 changed
less in response to either of these factors (Figurg-6). ExcludingPtPIP1;1from the
analysis shown in Figure 3-6 further increased the strength of the linear
relationship (r =0.89,P< 0.001).

The lack of recovery in ABAperfused leaves and dowrregulation of AQR in
leaves supplied with AXS + ABA is consistent with the model of Shafibhenet al.

(2011). Working with Arabidopsih OEAOA AOOET OO Al OI

approach to feed ABA to the xylem via the petiole. Feeding the leaf with ABA

decreasedKiear by nearly 50%. In contrast, smearing ABA on the leaf surface, while

reducing transpiration, had no effect onKear. ShatitCohenet al. (2011) proposed

that the membrane water permeability of bundle sheath cells is controlled by AQPs,
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Figure 3-5: Relative expression of aquapo rin genes in detached leaves during a

dehydration -rehydration experiment.

Data are from control leaves (C) after they were perfused with artificial xylem sap (AXS) for

2 h, leaves that were dehydrated on the bench top for 1 h (D), and leaves that were

dehydrated on the bench top for 1 h and then perfused for 2 h with AXS (RW). The

geometric mean of the expression levels of four reference geneAGT2 CYCO063TIP41-like,

UBQ7J was used to normalize the results. Asterisks denote significant differences in

expression level compared to control levels (onex AU ! . / 6! h Al 11T xAA AU "11 /
test, *PS 1 8 MRSt 8a@BaBarntp 8 $AOA AOA T AAT O mM3% I £ OEOAA
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Figure 3-6: Relative expression of aquaporin genes in response to dehyd ration (y -

axis) and dehydration + perfusion with abscisic acid (x -axis).

Detached leaves were either dehydrated on the bench top for 1 h or dehydrated for 1 h and
subsequently perfused for 1 h with 504 M abscisic solution (ABA). Data from fully hydrated

detached leaves (perfused for 3 h with 20 mM KCI + 1 mM Caé&lution) were used as the

AT 10011 ¢cOil Oph AT A OEAEO AGPOAOOEIPE GAAABO03$ADAA

are means *=SE of three biological replicates
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PIP1 antibody PIP2 antibody TIP2 antibody

Figure 3-7: Immunolocalization of AQP proteins in leaves of P. trichocarpa saplings.

Confocal laser scanning micrographs showing the localization of PIP1, PIP2, TIP2 proteins
in leaf transversesections (A, B, C respectively). Controls with no primary antibody indicate
minimal background fluorescence (D, E, F respectively). Images were taken at an identical
setting and were colorcoded with an intensity look-up-table (LUT; displayed in A), in with
black was usedto encode background, and blue, green, yellow, red and white to encode
increasing signal intensities. Ph, phloem; PP, palisade parenchyma; Xyl, xylem. Scale bars =

¢ t 18
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and that the bundle sheath would act like a control center regulatind<iear in
response to signals from thexylem. As the concentration of ABA increases in the
xylem, AQP activity in the bundle sheath would be dowregulated, reducing water
flow into the leaf mesophyll. Bundle sheath cells, and perhaps xylem parenchyma
cells, seem to hae a specific responsiveness to ABA, which likely explains the
negative effects of this hormone orKeas (for a recent review see Pradoand Maurel,
2013). While our data is consistent with these observations, it is not clear yet which
cellsmAU DAOAI Oi OEA OI1 1 AP. trigkocdpalées. Whieiwe AAT OAC
previously observed prominent PIP1 and PIP2 labeling of the endodermiike
bundle sheath inPicea glaucaneedles(Laur and Hacke 2014), no such patternwas
found in this present study.In rehydrated leaves, four genes showed increased
expresson levels relative to control leaves. Three of these AQPBLTIP1;3 PtTIP2;2
and PtTIP4;1) were TIPs and were also found to be upegulated when intact plants
were rewatered after adrought (compare Figures3-2 and 3-5). While TIPs have
rarely been studed in the context of water flow through tissues and embolism
repair, a recent study on grapevine plants found a striking positive correlation
between Kear and the transcript abundance ofVvTIP2;1 (Pou et al, 2012). Our
immunolocalization experiments indicate that TIP2 protein was present in xylem
parenchyma cells (Figure3-7). This agrees with the expression pattern cZmTIP1lin
leaves and stems of maizdn situ localization revealed that this tonoplast AQP was
highly expressed in parenchyma cells suounding xylem vessels, in phloem
companion cells, and between the phloem and the xylem strand8arrieu et al.,
1998). Barrieu et al. (1998) hypothesized that the high expression bthe ZmTIP1

99



tonoplast AQP in xylem parenchyma cells would allow these cells to control water
movement in and out of the xylem vessels. Daniett al. (1996) found that AtTIP2
expression in mature leaves was generally restricted to vascular tissues. In stem
xylem of hybrid poplar, a TIP2 AQP was highly expressed in contact cells, suggesting
a role in increasing water exchange between vessels and xylem rag&lmeida-
Rodriguez and Hackg2012).

In this present study, we also determined the cell and tissuelevel
localization of PIP1 and PIP2 proteins (Figure-7). All sections were taken from
leaves of weltwatered plants. Strong PIP1 signals were present in the palisade
parenchyma (Figure3-7A). PIP1 antibodywas also detected in vein cells, including
phloem and xylem parenchyma. This labeling pattern is consistent with a dual role
of PIP1s in influencing permeability to water and C&(Secchi and Zwieniecki2013).
PIP2 was mostly localized in the phloem, which agrees with previous studi¢¥irch
et al,, 2000; Yamada and Bohnert2000; Vandeleuret al., 2009; AlImeida-Rodriguez
and Hacke 2012; Laur and Hacke 2014). Weaker PIP2 labelling was evident in

palisade parenchyma cells (Figur&-7B).

4. Conclusion

We studied how AQPs may be involved in the recovery of water stregsduced
declines in Keat. We examined howKear responds to known AQP inhibitas and

xylem-fed ABA. We also examined the expression of 12 highly expressed AQP genes
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during dehydration-rehydration experiments. Hydraulic measurements and gene
expression assays were complemented by dye uptake and immunolocalization
experiments. This ha revealed that, whileP. trichocarpaleaves are highly sensitive

to dehydration, leaf hydraulic conductance can quickly recover when water
becomes available again. Recovery dfear was absent when excised leaves were
xylem-perfused with AQP inhibitors, siggesting that the recovery of leaf hydraulic
function is associated with AQP activity. Among the AQPs tested, seveldPs
showed large increases in expression in rehydrated leaves, suggesting that TIPs play

an important role in reversing drought-induced reductions in Kieat.
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IV. Exploring Picea glaucaaquapor ins in the context of

needle water uptake and xylem refilling.
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. Introduction

Water in xylem is usually thought to move unidirectionally from the soil to the
leaves. However, a growing body of evidence indicates that many plants take up
water from leaf and/or bark surfaces, and that this can result in reverse water flow
in stem xylem (Burgessand Dawson, 2004).

The uptake of intercepted water on leaf surfaces into leaves (foliar uptake)
has been demonstrated in plants from a range of dew and clowadfeded plant
communities, including the redwood forest (Burgesand Dawson, 2004; Limmet al.,
2009), a mountain pine forest in Tenerife, Spain (Nadezhdinat al., 2010), and
tropical cloud forests (Eller et al., 2013; Goldsmithet al., 2013). Dewfall absorpion
by aerial plant parts has also been reported for the desiccatietolerant plant
Vellozia flavicansn the savannas of Brazil (Oliveirat al., 2005).

Many reports of foliar uptake come from studies on conifers. Sparkst al.
(2001) observed increases m stem water content of Pinus contorta during the
winter, and offered direct water uptake by stems or foliage as a likely explanation.
Water may have originated from melting snow (Sparkset al, 2001). Foliar
absorption of intercepted rainfall was observedin Juniperus monospermaa widely
distributed dryland species (Breshearset al., 2008). The conclusion that foliar
uptake occurred in this species was based on changes in leaf water potential in
response to foliar wetting and the use of isotopically labeld water. Moreover, the

response to foliar uptake increased with increasing amounts of plant water stress.
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Breshearset al. (2008) suggested that foliar absorption inJuniperus monosperma
could play an important role in mitigating water stress and in aidirg survival during
drought.

Another role for water absorption through the leaves may be to facilitate
embolism repair in the xylem of conifers (McCulloret al., 2011, Mayr et al., 2014
and other plants (Oliveiraet al., 2005). If water could be absorbed Y leaves, the
xylem pressure at the top of tall trees could rise above the pressure predictexh the
basis ofthe height of a tree (McCullohet al., 2011). Aart from mitigating water
stress and potentially facilitating embolism reversal, the reduction inleaf water
deficit can also result in improved photosynthesis, stomatal conductance, and
growth (Boucher et al., 1995; Simoninet al., 2009; Elleret al., 2013).0n the basis of
all these findings, it appears that foliar uptake is a relatively widespread ral
potentially important phenomenon, and that it must be considered in

ecophysiological and hydrological models (Breshearst al, 2008; Goldsmith, 2013).

Foliar water uptake may occur when water has coalesced on the leaf surface and the
leaf is experiercing a water deficit,that is, when leaves have a more negative water
potential than the surrounding atmospheric boundary layer (Goldsmith, 2013).
Although more work is required to better understand the anatomical pathways for
water entry into the leaf, the available evidence suggests that water is taken up via
the cuticle and other leaf structures (Burkhardtet al., 2012; Elleret al., 2013; North

et al, 2013). In leafy twigs oPicea abieswater was taken up through the bark (Katz

111



et al., 1989). Fluoresent dye movement suggested that water migrated along the
rays and parenchyma cells of the bark and the wood.

In the leaf, water can move through the apoplast or from cell to cell. Where
lignified or suberized cell walls are present in the bundle sheathwater has to cross
cell membranes. Water movement through cell membranes is facilitated and
regulated by aquaporins (AQPSs). These channel proteins transport water and other
molecules and are found in almost all living organisms. According to Heinest al.
(2009), there are three ways by which water exchange across cell membranes is
regulated by AQPs: (1) their expression level; (2) their trafficking; and (3) their
gating, that is, the opening or closing of channels. Expression is one of the most
important methods of AQP regulation, and the study of their expression level and
localization is highly relevant to a better understanding of their physiological role
(Heinenet al., 2009).

Plant AQPs form a large family of water channel proteins, with 28 members
in Vitis vinifera (Fouquet et al., 2008), >30 members inArabidopsisand Oryza sativa
and >50 members in Populus trichocarpa (Maurel et al, 2008; Gupta and
Sankararamakrishnan, 2009). Plasma membrane intrinsic proteins (PIPs; with two
phylogenic subgroups,PIP1 and PIP2) and tonoplast intrinsic proteins (TIPS) are
the most abundant AQPs in the plasma membrane and vacuolar membrane,
respectively (Maurel et al., 2008; Gomet al., 2009). PIPs are thought to represent
a major path for celtto-cell water transport. Their contribution in the cell-to-cell
component of root water uptake has been describeéxtensively (Vandeleur et al.,
2009; Sakuratishikawa et al.,, 2011; Laur and Hacke, 2013). Other AQP
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subfamilies include nodulin-26-like intrinsic membrane proteins (NIPs) and small
basic intrinsic proteins (SIPs) (Maurelet al.,2008; Gomeset al,, 2009).

The role of AQPs in foliar water uptake has been studied in an epiphytic
bromeliad (Ohrui et al., 2007), but little is known about the role of leaf AQPs in the
context of foliar uptake in other plant groups. Mayret al. (2014) reported that
conifers at the timberline repaired winter embolism in early spring, at a time when
the soil was still frozen. Experimental evidence indicated that water (from melting
snow) was taken up through needles and/or bark of stems, and that P$Rwvere

present in the needle endodermis during the refilling period in late winter/early

spring.

Here, we studied needle water uptake and the role of AQPs in this process under
controlled conditions in clonal Picea glaucaplants. Plants experienced a moderate
drought, and were subsequently exposed to high atmospheric humidity without
watering the soil. Physiological, anatomical, and molecular parameters were
monitored during the experiment. We were particularly interested in linking foliar
water uptake with embolism repair. The following hypotheses were tested: (1)
needles are able to take up water; (2) AQPs in needles are involved in this process;
and (3) foliar uptake can play a role in embolis repair.

An important objective related to our secand hypothesis was toobtain a
better understanding of the tissuelevel localization of leaf AQPs, both during
drought treatment and after plants had been transferred to a higkhumidity
environment. The endodermis-like bundle sheath of Pinaceae is positioned
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between vascular and photosynthetic tissue, and often contains Casparian strips
(Liescheet al., 2011). Analogous to the situation in many roots, the endodermis in
conifer needles may therefore play aimmportant role in modifying radial water flow.
Consistent with this idea and based on the findings of Mayet al. (2014), we
expected to find a high amount of AQP protein in the endodermis, particularly after
plants experienced conditions conducive to fahr water uptake.

Although much has been learned about AQP expression and function in a
variety of model plants, very little is known about AQPs in conifers, including
spruce. To our knowledge, the AQP family in spruce has not been characterized,
although the expression pattern of a few aquaporin homologueshas been
investigated in the seedlings, mature roots and needles d®icea abiegOliviusson et
al., 2001; Hakmarand Oliviusson, 2002). Therefore, dirst step in this study was to
comprehensively analyz expressed members of the spruce AQP family in order to

identify candidate genes involved in foliar uptake of water.

[I. Materials and Methods

a. Plant material and growing conditions

Three-year-old white spruce plants Picea glauca(Moench) Voss, clone ERB858)
were obtained from the SaintModeste Nursery, (Quebec, Canada). Plants were
established for 2 months in 3.8 containers with Sunshine Mix #4 (Sun Gro

Horticulture Canada Ltd, Seba Beach, Ab, Cangdander the following conditions:

114



16h:8 h daynight cycle, 24 C:20°C daynight temperature, c. 50%daytime relative

A £ o0~ NN s o~ oA s s

level. Plants were watered twice a week and fertilized on a weekly basis with 200l
of 20:20:20 N:P:K fertilizer applied at 0.5 d¢-1. One group of plants was well watered

(control group); another group of plants was subjected to a drought stress

OOAAOI AT Oh xEAOA xAOAO xAO xEOEKd)was O OEI

near -3 MPa. This target water potential was associated witlkc. 20% loss of
hydraulic conductivity according to the vuherability curve (for details, seelater). To
study the ability of shoots to absorb water and to repair xylem embolism after
drought treatment, a subset of droughistressed plants was placed in a humidified
box (c. 100% RH; highhumidity plants). Pots were completely sealed with plastic
bags, using tape and parafilm, to prevent water from reaching the soillhe
volumetric soil water content was measuredusing an EG5 sensor (Decagon
Devices, Pullman, WA, USAJhe measurements described below were carriedud 2
h, 26 h, and 50 h after planthiad been placed in the higkhumidity box (exposure to
high humidity started at 09:00 h). Another subset of droughistressed plants was

rewatered; these plants were not transferred to the highhumidity environment.

b. Relatve water content(RWC)

To evaluate the effects of foliar water absorption on the water relations of needles
and twigs, we determined theRWC of needles {ive needles per plant) and twigs

(one twig per plant) from 6 individual plants. The RWC was calculate as (fresh
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weight z dry weight)/(turgid weight z dry weight). To determine turgid weight,
needles and twigs were floated on distilled water for 48 h. Dry weight was
determined after drying samples at 70°C for 48 h. RWC measurements were made
before (control) and after (dehydrated) overnight drying on the bench top.Bench
dried sampleswere then transferred to a highhumidity environment (c.100% RH)

for 16 h (high RH). To prevent water uptake through the part of the needle base, this
surface was covered wth mineral oil. To assess the role of needles in shoot water
uptake, we also measuredhe RWC of theleaf-less basal part of twigsin control,
dehydrated, HighRH conditions. The cut ends of these-3-cm-long basal twig

segments wee covered with parafilmbefore exposure to high RH.

c. Needle anatomy

An effort was made to study the anatomy and chemical composition of needle tissue
as well as possible hydrophilic pathways in needlesAlcian blue (0.5% w/v) was
used to stain mucilagewhich generally has a hig water-binding capacitybecause of
the high concentration of hydroxyl groups (Cliffordet al.,, 2002). Handcut needle
cross-sections were observed using a light microscope (DM3000, Leica, Wetzlar,
Germany) and a digital camera (DFC420C, Leicdjresh tisaie was fixed in FAA
(10% formaldehyde, 5% acetic acid, 50% ethanoljinder vacuum for 1 h, stored in
FAA for 16 h at4°Cand embedded in paraffin as described previously (Almeida
Rodriguez et al., 2011). The periodic acieSchiff reaction was also used to iehtify

hydrophilic polysaccharide compounds, such as mucilage, glycolipids, and

1100% humidity was achieved by placing humidifiers in a hermetic cabinet. RH was periodically
monitored.
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glycoproteins (Eller et al., 2013). For deection of lignin, needle crosssections were
stained with 1% (w/v) phloroglucinol in 35% (v/v) HCI. Photographs were taken

within 30 min of phloroglucinol-HCI staining.

d. Water potential and stomatal conductance

Water potential was measured after shoots had been sealed in aluminum foil and
plastic bags the day before harvesting to ensure water potential equilibration (Begg
and Turner, lwx 18 3 OAIl x A @d)QvasBried3udrdd &ng la pressyre
chamber (Model 1000; PMS Instruments, Albany, OR, USA). Stomatal conductance
was measured with a steady state porometer (L1600, Li-Cor, Lincoln, NE, USA) on

at least five plants per group,and normalized by needle surface area (Sigma Scan

5.0, Jandel Scientific, San Rafael, CA, USA).

e. Hydraulic measurements

The percentage loss of hydraulic conductivity (PLC) was measured using a
conductivity apparatus (Sperryet al., 1988) as described prewusly (Plavcovaand
Hacke, 2012). Segments corresponding to the previous year of growth (2012) were
used for hydraulic measurements. Segments were gradually trimmed undevater
to a final length of 14.2 cm. A vulnerability curve was generated using the defuge
method, as described previously (Schoonmakeet al., 2010). Curves were fitted with

a Weibull function
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f. Analysis of spruce aquaporin sequences

Sequence information from the Picea glauca EST database of the NCBI
(http://Avww.ncbi.nim.nih.gov/) was us ed for BLASTn, and tBLASTn homology
searches (Altschulet a., 1997). The sequences dhkrabidopsis thaliana(Johansonet
al., 2001), Zea maygChaumont et al., 2001) andPhyscomitrella patengDanielson
and Johanson, 2008) were used as queries. Bioinformas analyses were conducted
using the Mobyle web platform (Néronet al, 2009). EST sequence assembly was
performed with CAP3 (Huangand Madan, 1999). Concordance of this de novo
assembly with previously publishedP. glaucagene catalog (Rigaulet al., 2011) was
assessed manually.

The recent publication of the Picea sp. draft genome (Biratt al., 2013;
Nystedt et al., 2013) allowed us to assess intron positions; when discovered in the
abies 1.0 database, complete coding sequences were included for thuier analysis
(See supplementay Table4-S2, Fig4-S2 &4-S3). All accession numbers are given in
Table 2. Alignment of deduced amino acid sequences (sixpack EMBOSS module; Rice
et al.) was generated and edited with Clustal Omega 1.1.0 (Sievetsal., 2011). The
guality of the alignment was assessed by its norMD score (Thompsen al., 2001)
(see Supplementary Fig. 4-S1). Phylogenetic analyses were performed using a
bootstrapping procedure. The resulting trees including 30 complete aquaporin
sequences wee displayed using the Figtree program
(http://tree.bio.ed.ac.uk/software/figtree) (see Fig. 4-3; Supplementay Fig. 4-S2

and 4-S3). Transmembrane regions were detected using TopPred Il 0.01 (Claros
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and von Heijne, 1994). Aromatic/arginine (ar/R) selectivity filters were identified
by manual inspection. Subcellular localizations were predicted using PlamPLoc
(Chou and Shen, 2010) and WoLF PSORT (Hortoet al, 2007). The expression
profile of each AQP gene was estimated by tallying the tissue distribuhoof
clustering ESTs in nomormalized libraries (Alba et al., 2004) and using IDEG6

(Romualdiet al., 2003).

g. Gene transcript measurements by quantitative real time

PCR

Needles were collected, immediately frozen in liquid nitrogen and stored a80°C
until analyzed. Samples were always collected at the same time of day to minimize
any diurnal effect on AQP expression. Total RNA was extracted from needles &f 3
plants per treatment following the CTAB method of Chanet al. (1993) modified by
Pavyet al. (2008). RNA quality was assessed on an agarose gel and quantified with a
spectrophotometer (Nanodrop ND1000, Thermo Scientific, Wilmington, DE, USA).
One microgram of total RNA was treated with Deoxyribonuclease | (Invitrogen,
Carlsbad, CA, USA) and used #@asmplate for first-strand cDNA synthesis with
30PAO3AOCEDPO )) )1 OEOCOI CATq A 1l1TTxETC OEA 1.
was checked by PCR with introrspanning actin primers. Putative needleexpressed
PIP genes were selected (Tablké-2). Specifc primers (Suyplementary Table 4-S1a)
were designed according to Rutledgeand Stewart (2010) using the QuantPrime

online tool (Arvidsson et al., 2008). PCR efficiency (E) was determined from a five
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point cDNA serial dilution, according to: E=10{l/slope]. All selected primer pairs
showed correlation coefficients of R > 0.98 and primer efficiency values ranging
between 1.97 and 2.07. Redgime gPCR was performed on a 7900 HT Fast Real
Time PCR system (Applied Biosystems, Foster City, CA, USA) as describedqusly

(Laur and Hacke, 2013).

h. Gene transcript localization byin situ hybridization (ISH)

ISH was performed as described previously (Karlgreret al., 2009), with the
following adjustments: Protease K digestion was shortened to 10 min at room
temperature (1ng/ml), and a carbethoxylation reaction (0.1% DEPC in PBS, 15 min)
was included during pre-hybridization (Braissant and Wahli, 1998). Primers were
designed (see Supplementary Tabléd-S1b) using the QuantPrime online tool. PCR
amplicons were ligated (fCRII vector TOPO cloning kit; Invitrogen, Carlsbad, CA,
USA) and sequenced to determine orientation. Riboprobes were generated by in
vitro transcription and labeled with digoxigenin using Sp6 and T7 RNA polymerase
with the DIG RNA labeling kit (Roche Appi A 3 AEAT AAh )T AEAT-APT 1 EOh
overhang linearization of the plasmid with, respectively, ECOR V and BamH |
restriction enzymes (Invitrogen). To ensure high specificity and to avoid cross
hybridization between gene family members, the hydrolys step was not performed

as probes were approximately 300bp long. Slides were mounted with a synthetic
resin (Permount, Fisher Scientific, Ottawa, Canada). Images were taken using a light

microscope as described above.
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I. Immunolocalization

Samples were fixé in FAA medium (10% formaldehyde, 5% acetic acid, 50%
ethanol) under vacuum for 1 h and stored in FAA for 16 h at 4°C. Next, samples were
embedded, sectioned, dewaxed, and rehydrated as described before (Almeida
Rodriguez et al., 2011). Before the first mmunoreaction, cross sections were
incubated for 45 min with blocking solution (BS; 1.5% glycine, 5% (w/v) bovine
serum albumin, 0.1% Tweer20 in PBS) following the protocol of Gongt al.(2006).
Primary antibodies against the 42 MNerminal amino acids of AtPIP1;3
(Kammerloher et al., 1994) and the conserved 10 amino acids of thet€minal of
PIP2 aquaporins (similar to Danielset al, 1994) were included (see alignment in
Supplementay Figure S4). Secondary antibodies were prabsorbed with plant
tissue extract. DyLight 549conjugated rabbit antichicken secondary antibody
(Fisher Scientific, Hampton, NH, USA) and HiLyte Fluor 5%®njugated rabbit anti
mouse secondary antibody (AnaSpec Inc., Fremont, CA, USA) were respectively
applied for 2 h at 37°C. &lles were mounted with Permount. Images were taken

with a Zeiss LSM 700 confocal microscope (Carl Zeiss, Oberkochen, Germany).

. Statistical analysis

All statistical analyses were carried out using SigmaPlot 11.0 (Systat, Point
Richmond, CA, USA). Differees due to the effect of treatments and growing

conditions were analyzed usingaonec AU ! . /6! A 11T xAA AU A 40E,
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cDNA clone Amino  Number of d4 EOO( Subcelar NPA Ar/R
accession acids clones TMHS specificity  location motifs filters
PgPIP1;1 GQO03401_M18 292 52 6 RNSC PM NPA/NPA FHTR
PgPIP1;2 GQO03610_A06 288 79 6 RNSC PM NPA/NPA FHTR
PgPIP1;3  GQ02828 J14 285 31 6 SN PM NPA/NPA FHTR
PgPIP2;1  GQO03111_E12 282 26 6 RNSC PM NPA/NPA FHTR
PgPIP2;2 GQO02901_B20 282 71 6 RNSC PM NPA/NPA FHTR
PgPIP2;3  GQO03703_HO0O7 282 3 6 RS PM NPA/NPA FHTR
PgPIP2;4  GQO0132_J09 282 5 6 R PM NPA/NPA FHTR
PgPIP2;5 GQ03124 _N20 269 5 6 C PM NPA/NPA FHTR
PgPIP2;6  GQO03705_D15 284 49 6 RNS PM NPA/NPA FHTR
PgPIP2;7  GQODB05_E13 282 77 6 RSC PM NPA/NPA FHTR
PgPIP2;8 GQ02902_L14 280 16 6 RNS PM NPA/NPA FHTR
PgPIP2;9  GQ03002_G07 280 6 6 S PM NPA/NPA FHTR
PgPIP2;10 GQO03011_G23 275 15 6 RS T-PM NPA/NPA FYTR
PgPIP2;11 GQO03010_EO09 275 10 6 S T-PM NPA/NPA FYTR
PgPIP2;12 GQO03001_P18 283 57 6 RS T-PM NPA/NPA FHTR
PgPIP2;13 GQ03216_M3 272 22 6 S PM NPA/NPA FHTR
PgTIP1;1  GQO0197_E19 253 5 6 R T NPA/NPA H IAR
PgTIP1;2 GQO03116_DO08 253 12 6 R GT NPA/NPA H IAR
PgTIP1;3 GQO02908_P24 253 11 6 S GT NPA/NPA H IAR
PgTIP1;4 GQO03501_NO03 255 18 6 RNS GT NPA/NPA H IAR
PgTIPL;5  GQO0206_N10 253 56 6 RS T NPA/NPA H IAR
PgTIP21  GQO03915_M04 250 199 6 RNSC PMT NPA/NPA H IGR
PgTIP22  WS0323F18 211 3 5 S T NPA/NPA H IGR
PgTIP4;1 GQO0201_M19 248 9 6-7 RS T NPA/NPA H IAR
PgTIP4;2 GQO04012_GO01 250 1 6-7 S T NPA/NPA H IAR
WS02617_N14 115 1 3 T NPA/NPA --A R
PgNIP1;1  GQO03122_A02 280 12 6 S PM NPA/NPA WV AR
GQ03202_N13 195 2 4 S PM NPA/NPA -V AR
PgNIP2;1  GQO03207_J07 296 6 6 NS PM NPA/NPA Al GR
GQ03237_P23 42 1 0 S na / - -
PgNIP3;1 (GQ03810_B10 294 13 6 S T-PM NPA/NPA A IAR
PgNIP3;2 GQO03701_J12 215 1 6 S PM NPA/NPA A IGR
PgSIP1;1  GQ03414 P10 238 29 6 RNSC T NPT/NPA LTP N
GQO04011_Ko04 138 4 2 SR PM-T NPVINPA - KPT

Table 4-1: Features of spruce (Picea glauca) major intrinsic proteins (MIPs) cDNA

Gene names; accession number; length of deduced polypeptides; number of cDNA clones included in the

assembly; predicted number of tramembrane helix domains (TMHSs); dise specificity of ESTS;

predicted sutzellular location (C, cytoplasm; PM, plasma membrane; T, tonoplast; na, not available) and
Ar/ R filters)

and

conserved

resi

dues

(NPA

mot i

preparation are listed: Geproductive parts; N, needles; R, roots; S, stems.

fs,

122



tests, differences were considered significant at P < 0.05.

3. Results

a. Needle water uptake and anatomy

We first asked whether foliar uptake occurred inP. glauca and whether it had a
significant impact on needle water status. The RWC of needles of welhtered
control plants was 94.5%; benchdried needles had a RWC of 65.5% (Tabke1).
After needles were exposed to high humidity for 16 h, their RWC recovered to an
intermediate level, indicating that wate uptake occurred.

RWC measurements were also performed on twigs. After bench drying, the
RWC of twigs dropped significantly, but recovered to control levels after twigs had
been exposed to high humidity (Table 41). By contrast, a significant recovery of
RWC did not occur when needles were detached from twigs after bench drying,
indicating that water uptake was facilitated by needles.

To study potential anatomical pathways for water uptake, needle sections
were prepared for light microscopy and stainedAlcian blue staining indicated that
stomata were associated with mucilages (Fig.-4A), which generally comprise a
mixture of polysaccharides. A high concentration of hydrophilic carbohydrates was
detected in the epidermis, hypodermis and other cell type¢Fig. 4-1B), which may
have facilitated water retention within the tissues. PhloroglucinolHCI staining

revealed the presence of lignified cell walls in bundle sheath cells (especially in
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Experimentatreatment Needle RWE (%) Twig RWC (%)

control 94.49 (2.60)" 8131(1.19"
dehydrated 65.47 (1.44% 73.40(0.96) °
high RH 7839(2.23 © 82.27 (2.47"
high RH, detached needles n.a. 77.28 (1.60¥*

Table 4-2 Relative water content (RWC) of white spruce ( Picea glauca) needles.

IRWC of needds was measured before (control) and after (dehydrated) overnight drying on the

bench top. Benchdried needles were then transferred to a higkhumidity environment (c. 100% RH)

for 16 h (high RH). na, not applicable.

2RWC of twigs subjected to the same egfgmental treatment as needles. To assess the importance of

foliage on the water absorption of twigs, basal ledess segments of dried twigs were exposed to high

RH for 16 h (high RH, no needles). The standard error of the mean is given in parentheseffelint
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Figure 4-1 Light microscopy images of Picea glaucaneedle cross-sections.

(a) Section showing a stoma (gguard cells) covered by mucilage (m). The section was
stained with Alcian blue. (b) A crosssection in which polysaccharides were stained with
periodic acid-Schiff reagent. A high polysaccharide content (stained pink) was detected in
the cell walls of the epidermis, hypodermis (hy), endodermis (en) and phloem Jells. mes,
mesophyll; x, xylem. (c) Crosssection stained with phloroglucinolzHCI; lignified cell walls
are shown in red. Lignin was detected in radial cell walls of the endodermis, in transfusion

tracheids (ttr) and in xylem tracheids. Bars, 2@ m.
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PIP1 antibody

PIP2 antibody

Figure 4-2: Confocal laser scanning micrographs showing the localization of
aquaporin proteins in  Picea glauca needle cross- sections.
Images were taken at an identical setting and were colaroded with an intensity look-up-
table (LUT; displayed in a), in which black was used to encode background, and blue, green,
yellow, red and white to encode increasing signal intensities. 8 PIP1 localization in
needles; (gl) PIP2 localization in needles. Crosssections of wellwatered (a, g) and
drought- stressed (b, h) plants. (c, i) Controls with no primary antibody indicate minimal
background fluorescence. Sections of previously drougtgtressed plants were taken 2 h (d,
i), 8 h (e, k) and 26 h (f, I) after plants had been transferred to a higthumidity
environment. PIP1 labeling was strongest in the endodermis (En) and in phloem (P). Strong
PIP2 signals were detected in the phloem (putative Strasburger cells labeled by arrowheads
in j and k) and in transfusion parenchyma (asterisks ingl). No signal was detected in the
xylem (X). Bars, 2q m.
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radial cell walls), transfusion tracheids, and xylem tracheids (Fig.-4C).

b. Distribution of PIP1 and PIP2 aquaporins in needle cross

sections

To test the hypothesis that AQPs in needles are involved in foliar uptake, we first
examined the detailed loalization of PIP1 and PIP2 protein using confocal
fluorescence microscopy (Fig4-2). In well-watered plants, PIP1s were present in
the endodermis and in phloem (Fig.4-2A). Needle cross sections of drought
stressed plants exhibited minimal labeling (Fig.4-2B). Controls with no primary
antibody showed a very weak or no background signal (Fig-2C).

Needle sections taken as soon as 2 h after the increase in relative humidity
exhibited strong immunolabeling of the endodermis (Fig.4-2D). The labeling
intensity for PIP1 protein in endodermis, phloem, and transfusion parenchyma cells
peaked after 8 h of exposure to high humidity (Fig4-2E). After 26 h at high
humidity, PIP1 labeling was still evident in the endodermis, but the intensity of the
signal in phloem and transfusion parenchyma was reduced (Fig-2F).

A similar trend was observed for PIP2 (Figd-2G-L), although the distribution
of PIP1 and PIP2 proteins showed some interesting differences. Under conditions
that would be conducive to foliar water uptke (i.e., exposure to high humidity after
a drought treatment), PIP1 labeling was more focused in the endodermis than PIP2
labeling suggesting that PIP1s are involved in regulating water movement across

the bundle sheath.
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PIP2 proteins appeared to be mar widely distributed within the central
cylinder than PIP1s. While some PIP2 labeling was detected in the endodermis,
strong signals were also apparent in the plasma membrane of transfusion
parenchyma cells (asterisks in Fig4-2JL) and in the phloem, intuding in cells that
appeared to be Strasburger cells (arrowheads in Fig-2J, K). Labeling also occurred
in the mesophyll. PIP2s may therefore facilitate water transport between most, if

not all living cells in the central cylinder and mesophyll.

c. Spruceaquaporin family

As a first step in investigating the expression and function of individual AQP genes
in spruce, we identified expressed members of the spruce AQP gene family.
Information including gene names, accession numbers, length of the deduced
polypeptides, and predicted subcellular location is given in Table-2. A total of
1,188 ESTs corresponding to putative Major Intrinsic Proteins (MIP) was identified
in the NCBI database (http://www.ncbi.nlm.nih.gov/). Based upon sequence
overlap, a nonredundant set of 34 contigs was retrieved from the EST assembly
(Table 4-2). The 30 putative complete MIP sequences could be grouped into PIP,
TIP, NIP, and SIP subfamilies (Fig-3t Supplementay Figure 4-S1).

We also took advantage of the recent sequencing the Piceasp. genome to
complete our investigation. Searches of thePicea abiesl1.0 draft genome at
ConGenlE, using the complete set of retrieveB. glaucaAQPs as well as PpXIPs,

PtXIPs,PpGIP1;land PpHIP1;1protein sequences, resulted in the identifiation of
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Figure 4-3: Phylogenetic analysis of 30 aquaporins (AQPs) expressed in Picea glauca.

The phylogeny was inferred using maximum likelihood. Picea glauca AQPs (PgAQPs) are
shown in black type; AQPs from Zea mays (ZmAQPs), Arabidopsis thaliana @Bs) and
Physcomitrella patens (PpAQPSs) are represented by gray type. In P. glauca, four subfamilies
can be identified (plasma membrane intrinsic proteins (PIPs), tonoplast intrinsic proteins
(TIPs), nodulin-26-like intrinsic membrane proteins (NIPs) and snall basic intrinsic
proteins (SIPs)). Also note the close relationship between PIP subfamily members. The bar

indicates the mean distance of 0.1 changes per amino acid residue.
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30 complete homolog sequences foPicea abiegfor the phylogenetic relations of all
PiceaAQP members, see Fig.-3, Supplementay Figure 4-S2 & 4S3). Sequences
corresponding to the XIP, GIP, and HIP subfamilies were not retrieved either kh
abies or P. glaucagenomic databases.Compilation of this data allowed us to
systematically name PgAQPs (Tabl4-2; Fig.4-3; Supplementay Fig.4-S1,4-S2 &4-
S3). In total, 16 PgPIPs, nine PgTIPs, four PgNIPs and one PgSIRlefudjth
sequences were identified from transcriptomic data. PIP subfamily members were
further divided into two subgroups with three PIP1s and 13 PIP2s. All PIP genes
shared common sequencéeatures (NPA boxes, ar/R residues), exceilP2;10and
PIP2;11where His (H) was substituted by Tyr (Y), indicating a possible difference in
substrate specificity. All of the PIFprotein sequences were predicted to localize to

the plasma membrane (Table €).

d. Expression of selected aquaporin genes in needles

The tissue specificity for each of the P. glauca AQPs was studied using the EST
database. The available 28 EST libraries @ran unbiased representation of the
tissue-specific transcriptome. Two PIP1 PgPIP1;1 PgPIP1;2 and two PIP2
(PgPIP2;1 PgPIP2;2) candidate genes that have been reported to be expressed in
needles were selected for analysis.

All of the four genes showed ignificant changes in expression during the
treatments (Fig. 44). Of the genes studied herd?gPIP1;land PgPIP2;2ranked first

in terms of their proportion to the total number of MRNA molecules (Fig. 4lA, dark
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Figure 4-4: Aquaporin transcript amounts in needles of well -watered (Control) and
drought -stressed (Drought) white spruce (Picea glauca) plants.
Transcript amounts were also measured 2, 26 and 50 h after droughstressed plants had
been transferred to a highhumidity environment. (a) Cumulative aquaporin transcript
amounts in needles. Individual genes are labeled with different colors. Among the different
transcripts, PgPIP1;1 ranked first in terms of its proportion to the total number of mMRNA
molecules. (b) Transcript alundance of PgPIP1;1, PgPIP1;2, PgPIP2;1 and PgPIP2;2. Values
are means?SE from three biological samples which were tested in triplicate. Significant
differencesare indicated by uniguel AOOAOO j 0 S m8muvQgs
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Figure 4-5: In situ mRNA hybridization of four aqu aporin genes in needle cross -

sections of Picea glauca.

(azd) Negative controls hybridized with digoxigenin (DIG)labeled sense probes. Sections in
(ezh) were hybridized with DIG-labeled antisense PgPIP1;1 (e), PgPIP2;2 (f), PgPIP1;2 (g)
and PgPIP2;1 (h) RIA probes. Regions of aquaporin expression are indicated by dark
purple staining. PgPIP1;1 and PgPIP2;2 exhibited high expression in the vascular cylinder
and in endodermis cells (En). Ph, phloenXy, xylem. Bars, 2% m.
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green and dark blue portion of the bars). The drought treatment resulted in more
than a 2fold reduction in the cumulative transcript amount relative to wellwatered
control plants (Fig. 44A). This was mainly driven by reduced expression levels of
PgPIP1;2 PgPIP2;2 and PgPIP2;1(Fig. 44B). Transcript levels increased rapidly
after plants were exposed to high relative humidity. After only 2 h, the cumulative
number of AQP mRNA molecules was equivalent to the level found in welatered
control plants and peaked 26 h after the transfer to high humidity. All four genes
contributed this peak in transcript levels after 26 h.

An analysis of the expression patterns of individual genes (Fig-4B) reveals
that there were two types of responses. Upegulation of PgPIP1;land PgPIP2;2vas
detected as soon as 2 h after exposure to high humidity. By contrast, expression
levels of PgPIP1;2and PgPIP2;1lremained low 2 h after transfer to high humidity,
but increased more than 5fold (relative to drought levels) 26 h after the transfer to

high humidity.

e. Tissue localization of expression

In situ hybridization experiments revealed interesting tissue distribution patterns
of expression.PgPIP1;1and PgPIP2;2 which showed the highest transcript levels
among the faur genes that were studied (Fig4-4), were expressed in phloem and
transfusion parenchyma cells (Fig4-5E, F). In contrast toPgPIP2;2 expression of
PgPIP1;1 was also prominent in endodermis cells. ThePgPIP1;2 signal was

constrained to phloem cells (Ry. 45G). This specific expression pattern is
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consistent with the relatively low transcript level of this particular gene (Fig.4-4).
Expression of PgPIP2;1was evident in individual phloem cells and in transfusion

parenchyma, but not in the endodermis (Fj.4-5H).

f. Linking foliar uptake with embolism repair in stems

To test whether foliar uptake can play a role in embolism repair, we measured
physiological parameters in plants prior to and during the drought treatment, as
well as after plants were moved toa high humidity environment. Wellwatered
control plants had a€ sem Of -0.6 + 0.1 MPa, which was associated with minimal
xylem embolism in stems (Fig. 46). The drought treatment resulted in a drop of
Cstemto -2.9 £ 0.1 MPa and 16.1 + 1.8 % loss of hydraulic conductivity. Consistent
with a relatively steep increasein embolism levels at xylem pressures more
negative than-2 MPa (Fig. 47), the drought treatment was associated with stomatal
closure (Fig. 46B).

Fig. 47 shows a more detailed picture of the refilling dynamics of individual
plants; each data point repesents an individual plant. The amount of xylem
embolism measured in droughtstressed plants (Fig. 47, red circles) agreed with
predictions derived from the centrifuge-generated vulnerability curve measured on
similar plant material. The vulnerability curve indicated that stems experienced
50% loss of hydraulic conductivity (P50) at a xylem pressure of4.2 MPa (Fig. 47
insert). Plants that were rewatered after the drought treatment showed partial or

complete recovery from xylem embolism within 2 h and &, respectively (Fig. 47,
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Figure 4-6: Stem water potential (a), stomatal conductance (b) and xylem embolism
(expressed as percentage loss of hydraulic conductivity) (c) in white spruce (  Picea
glauca) saplings.

Plants were grown under well- watered (C) or drought (D) conditions. After drought
treatment, plants were kept in a highhumidity environment (without watering the pots) for
26 h (HH 26 h) and 50 h (HH 50 h). Vaks are meana3 % j 1| Sighificantp#ferences are

indicated by unique letters.
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Figure 4-7: Effect of a change in water availability on xylem embolism in white spruce

(Picea glauca) saplings.

Vulnerability curve (solid line) and native values of percentage loss of conductivity plotted

against the native xylen pressure for stem segments of plants grown under weilvatered

(Control) or drought (Drought) conditions. Xylem embolism and xylem pressure were also
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grey symbols). Plants that were transferred to the high humidity environment had
not repaired embolism after 8 h (Fig. 47, HH 8h) but exhibited refilling after 26 h
and 50 h (Fig. 47, HH 26h and ®h) while xylem pressures were still substantially

negative (2.4 + 0.1 and-2.1 + 0.1 MPa, respectively).

4. Discussion

The present study was conducted to gain a better understanding of foliar water
uptake in Picea glaucaa common species in the boreal fest of North America. We
explored the potential role of AQPs in foliar uptake, and impacts on xylem refilling.
The remarkably complex anatomy of conifer needles (Fig-1; Liescheet al., 2011)
and the numerous well-documented cases of needle water uptakéBurgess and
Dawson, 2004; Breshearst al, 2008; Limm et al., 2009) make conifer needles an
interesting model for the investigation offoliar uptake and potential implications for
xylem refilling.

Based on the observed increases in RWC in plants expdde high humidity,
we conclude that droughtstressed needles ofP. glaucaare capable of absorbing
water. The occurrence of mucilage and the presence of hydrophilic carbohydrates in
the epidermis and hypodermis may facilitate water uptake and water retembn by
needles. Stomata were at least partially opened at high humidity (Fig-6B), and so
water uptake via stomata would seem possiblgBerkhardt, 2010). Foliar water

uptake and subsequent refilling also occurred in timberline trees in late winter
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when the soil was still frozen and when trees were still disconnected from soil
water (Mayr et al, 2014).

Depending on the water potential gradients, water may refill the plant from
two directions (Goldsmith, 2013; his fig. 1b). Our experiment was designed to
restrict water uptake to above-ground plant parts. During drought treatment, water
was withheld for many days, and so there was sufficient time for soil and plant
water potentials to equilibrate. Before the transition to high RH, pots were carefully
covered. The soil water content of highhumidity plants remained at the same low
level as seen in droughistressed plants Supplementay Table 4-S3), indicating that
water did not enter the pots. By contrast, soil water content increased quickly when
plants were rewatered. Consistent with these data, Fig.-Z shows that the recovery
of water potentials and hydraulic conductivity was much quicker in plants that were
rewatered after the drought treatment than in plants that were transferred to the
high-humidity environment without rewatering

Water following a gradient in water potential from the epidermis toward the
vascular tissue has to pass the bundle sheath (Fi¢-1C). Radial cell walls of the
bundle sheath were lignified, indicating that water molecules will mss cell
membranes. AQPs are likely to play an important role in regulating the hydraulic
resistance between vascular and photosynthetic tissue in conifer needles.
Immunolocalization and in situ hybridization experiments confirmed the presence
of AQPs inthe endodermislike bundle sheath ofP. glaucaneedles.Although both
PIP1 and PIP2 were detected in the bundle sheath, the PIP1 sighal was stronger in
this cell layer than the PIP2 signal (Figd-2). This was also observed in a study
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on Norway spruce Picea abie$ trees growing at the timberline (Mayr et al. 2014).

In agreement with the immunolabeling results,in situ hybridization of PgPIP1;1
antisense probes also showed a strong signal in the endodermis. We therefore
suggest that PIP1s, and PgPIP1;1 iragicular (Figs. 4-4, 4-5E), play a critical role in
mediating water flow through the endodermis.

Figures 42 and 44 show the downregulation of AQPs during drought. In
leaves of Arabidopsis PIP transcripts were also generally dowstegulated in
response to drought. The amount of protein was also reduced. Twenigix hours
after rehydration, the expression levels were back at the same level as in control
plants (Alexanderssonet al., 2005). Consistent with these findings, ShatCohenet
al. (2011) proposeda role for bundle sheath cells as a stress signR@AT OET ¢ OAT 1T QO]
AAT OAO6 ET 1 AAOGAOG8 ! AAT OAET ¢ O OEAEO 11 AAI
in the xylem sap (presumably abscisic acid) and respond by changing their
hydraulic conductivity via the down-regulation of AQP activity. Our data are
consistent with this idea. In addition, we show that the effect of drought on AQPs
can be reversed by the exposure of leaves to high humidity.

PIP labeling was also detected in transfusion parenchyma and m@m cells.
AQPs have been previously found in the leaf phloem of angiosperm species (Fraysse
et al,, 2005; Hachezt al., 2008) as well as in Picea abies needles (Oliviussenal.,
2001), consistent with a role for AQPs in phloem loading and unloading. line
context of foliar water uptake, radial water flow was likely directed toward vascular
tissue including phloem. Subsequently, water could have moved from needles to
stems via the phloem. Unloading of water and solutes in stems could have
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promoted xylem refilling, as has been suggested for angiosperms (Nardimt al.,
2011). On the way from needles to stems, water may have also moved in the xylem;
negative sap flow as a result of foliar absorption has been described in numerous
studies (Burgessand Dawson, 2004; Nadezhdinaet al., 2010; Elleret al., 2013;
Goldsmith, 2013).

This hypothetical chain of events summarized in Fig.-8 provides a theoretical
framework that links foliar uptake with AQP function and embolism repair.
Regardless of the mechanism,efilling in stem xylem occurred (Figs. 46, 4-7),
indicating that the uptake of water via needles was physiologically meaningful, and
that this water moved from needles to stems. It remains to be tested whether needle
water uptake occurs under natural condgtions in the boreal forest. Conceivably,
foliar water absorption could be beneficial during summer periods when the forest
receives small quantities of rain that are not enough to penetrate the soil. Foliar
water uptake may also occur on relatively warm dys in late winter may be able to
absorb water and this could facilitate xylem refilling and offset winter desiccation
effects, similar to that which has recently been shown for timberline trees in Austria
(Mayr et al. 2014).

The amount of xylem embolismduring the drought treatment was relatively
low although stem water potentials of droughtstressed plants were close t63 MPa
(Fig.4-6). P. glaucastems exhibited no or minimal embolism at water potentials less
negative than-2 MPa (Fig. 47). The shapeof the vulnerability curve and the P50
value measured in this study agree with previously published values fdP. glauca
Hacke and Jansen (2009) measured a P50-df3 +0.3 MPa £ SE, n=6), similar to
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Needle surface wet (e.g., from melting snow or fog)

‘ Water potential gradient extends from needle

1. Water potential gradient )
surface to vascular tissue of leaf
2. Entry way into needle; Fig. 1 )

AQPs facilitate radial water
" flow in needle; Figs. 2-5

Stomata (mucilage)

Cuticle?

Passage of bundle sheath cells
1 involves trans-membrane transport

From needle water uptake to
xylem refilling in stems,
emphasizing the role of AQPs

I Water uptake by sieve cells

4. Water flows from needles to stems
5. Xylem refilling in stems; Figs. 6,7 )

Figure 4-8: Putative chain of events linking needl e water uptake to xylem refilling in

1 Via phloem and possibly xylem

Directed by gradients in solute concentration

] Likely associated with phloem unloading

stems.

Foliar water uptake may occur when a thin film of water hasoalesced on the needle
surface and the needle is experiencing a water deficit, that is, when the internal leaf tissue
has a more negative water potetial than the surrounding atmospheric boundary layer.
Radial water movement inside the leaf also follows gradients in water potential and is
directed from the epidermis towards vascular tissue. The passage of bundle sheath cells
involves membrane transport, which is facilitated by aquaporins (AQPs; especiallylasma
membrane intrinsic proteins 1 (PIP1s)). Water uptake by sieve cells and other phloem cells
may also be facilitated by aquaporins (especially PIP2s\ater then flows from needles to
stems, whereit contributes to embolism repair. Solutes and water are delivered from the
phloem to embolized tracheidsvia rays. In this conceptual model, the direction of water

flow is always consistent with gradients in water potentia.
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the value of -4.6 +0.1 MR (= SE, n=6) reported for surexposed trees by
Schoonmakeret al. (2010).

Water potentials were not continuously monitored throughout the
experiment, so it is possible thatyswem increased to less negative values during the
night. We therefore do not knav whether refilling occurred at substantially negative
water potentials as reported by others (Sperryet al, 1994; McCullohet al., 2011) or
whether it was associated with a nocturnal increase inysemthat was not captured.
However, as pots were not wateed, it is unlikely that wstem reached values close to
atmospheric pressure, which would be required for a purely physical dissolutiof
bubbles.

The present study provides the most comprehensive functionaland
phylogenetic analysis of spruce AQPs so farhe number of AQP genes in spruce is
similar to the total number of MIPs reportedfor Arabidopsis(35, Johansonet al.,
2001) and maize (33, Chaumonet al, 2001). InArabidopsis there are 13 PIP$16 in
P. glaucg, 10 TIPs (nine inP. glaucg, nine NIPs (four PgNIPs) and three SIPs (one
PgSIP). In maize, 14 PIPs, 13 TIFs/e NIPs and three SIPs have been reported
(Chaumontet al.,2001). Hence, the distributionbetween the four major subfamiies
is similar in these three species. However, botlArabidopsisand maize have more
PIP1s thanP. glauca Consistent with thisfinding, Chaumontet al. (2001) noted that

ZmPIP1;3and ZmPIP1;4are the result of a very recent gene duplication

In conclusion, we report that needles of droughstressed P. glaucaplants absorb
water when exposed to high RH. AQPs are present in the bundle sheath, in
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phloem cells and in transfusion parenchyma of needles. The upgulation of AQP
genes in high RH coincides with embolism repair in stem xylem. Our findings are
consistent with the hypothesis that AQPs facilitate radial water movement from the
needle epidermis towards the vascular tissue. Water may then move from needles
towards stems via phloem and xylem (Fig4-8). Refilling in P. glaucais apparently

not limited to xylem pressures near atmospheric values.
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V. General discussion and conclusions

1. Outcomes of this study

The original aim of my thesis was to provide insights into the possible roles of
aguaporins in thefine adjustment of spruce and poplarhydraulics to environmental
changes(Figure 5-1). The major outcomes of this work are listed below:

- In a hybrid poplar clone Populus trichocarpax deltoideg, root water
uptake responds within hours to change in the above ground environment
(Chapter 2) . This adjustment is associated with changes in the expression aif
tested PIP genesand PIP1 proteins.

- Leaves ofPopulustrichocarpa were sensitive toa moderate drought
event; however they recoveredwithin two hours after rewatering (Chapter 3) .
Leaf hydraulic recoveryresulted from aquaporin activity as demonstrated by the
use of inhibitors. Several PIP and TIP isoforms were alsapregulated at the
transcriptional level at the time leaf recovery occurred.

- Foliar water uptake occurred in water-stressed sprucetrees (Picea
sp) saplings exposed to high relative humidityor melting snow (Chapter 4).
Chapter 4 provides the first phylogenetic analysis ofthe aquaporin family in a
conifer species We observed upregulation of four PIP genes expressed ithe

needle vascular bundle by the time xylem refilling occurredlownstream in the
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Chapter 4

Chapter 3

Chapter 2

Figure 5-1: thesis outcomes.

In Chapter 2, root water uptake of poplar adjusted within hours to the abowground
demand, this adjustmentwas associated with theupregulation of PIPs isoforms. Leaves of
Populus trichocarpaare sensitive to a moderate water stress; their fast recovery was
associated with the regulation of TIP isoforms (Chapter 3). Chapter 4: foliar water uptake
occurred when water-stressed spruce trees were exposed to high RH, it alleviated stem
xylem embolism. To assess the role of AQPs in this phenomenon, we provide the first
phylogenetic analysis of AQP family in a conifer species. Four PIP isoforms expressethén
vascula bundle were regulated during foliar water uptake.
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stem. This phenomenon may be physiologically significant for plants since it

provides alternative water sourceunder otherwise unfavourable conditions.

2. Possible applicationsand perspectives

Taken together, these resultsllustrate the importance of aquaporins inthe dynamic
adjustments of trees to their local environment The general inability of plants to
escapefrom an adverse habitat is even exacerbated for thodeng living organisms.
Water is the most likely limiting resource for plantsworldwide and this is to worsen
due to global climate changgFAO, 2008) How will trees manage to maintain the
integrity of their hydraulic system?

Along the flow path, the cell membranes where AQP proteingre located
could act like control centres regulating the tansmembrane movementof water in
order to constantly maintain an optimum plant (and organ) water balance. AQP
function could not only be important for dynamic responses to a changing
environment, but also during steadystate conditions. The current findings
identified a number of aquaporin isoforms involved in different physiological
adjustment to environmental changes

In Chapter 3, the upregulation of PtTIP1;3 PtTIP2;2 PtTIP41 in poplar
leaves is concomitantwith leaf hydraulic conductance recovery from water stress.
In a similar experiment, Pouet al. (2009) found an interesting correlation between

the expression of a TIP isoform and waterelated parameters of grapevine leaves.
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Thus, the elatively lessstudied TIPs (to date there is 11 TIRelated transgenic
studies publishedbut none in a woody plant speciescan provide several interesting
candidate for regulation of leaf hydraulics in woody plants.

Immunolocalization data from Chapter 3 localized PIP1 proteins in the
mesophyll. The well-studied NtAQP1, a PIP1 isoform, acts like a £@ansporter in
leaves where its expression modulates the G@nesophyll conductance (Flexas et al,
2006; Uehlein et al., 2003). However, mostly expressed moots, NtAQP1 is also a
water channel protein that regulates root hydraulic conductivity (Siefritz et al.,
2002). In Chapter 2, the upregulation of PtPIP1;1 PtPIP1;2 and PtPIP1;3in poplar
roots is correlated with an increasein water uptake in responseto transpirational
demand.Also significantly induced in our previous experiment (AlmeidaRodriguez
et al., 2011), the three PIP1 isoforms may be good gene candidatesregulation of
root hydraulics.

The observations made inChapter 4 contribute substantially to our
comprehension of a phenomenon that was estimated of little impact until recently.
Possibly acting to relieve crown water stress (and subsequent photosynthetic
carbon starvation), the influence of foliar water uptake in plant ecophysiology is
now of interest for the scientific community and the subject of constant work (most
recently by Berry et al., 2014).We identified four Picea PIP gene candidates
(PgPIP1;1PgPIP1;2 PgPIP2;2 PgPIP2;) regulated in needles at the time of water
absorption from a high humidity environment. We took advantage of published
ESTs databases and of the recent sequencing of fRieeasp. Genome to investigate
for the first time the AQP family ina conifer species
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This study has generated a number of AQP gene datates in two major tree
families. To be integrated in future marker assisted selection or genetic engineering
programs, these analyses requires additional efforts that could include the use of
field-grown material and/or the generation of OE or KO mutarg to fully

characterize AQP isoforms .
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Figure 2-S1: Phylogenetic relationships of plasma membrane intrinsic proteins (PIPs)

in Arabidopsis thaliana , Oryza sativa and Populus trichocarpa .

The phylogenetic tree

was constructed using Genomics Workbench version 5.5 (CLC Bio, Cambridge, MA, USA)
and the Unweighted Pair Group Method with Arithmetic Mean (UPGMA) method. The tree
was visualized by FigTree (tree.bio.ed.ac.uk/software/figtree/). The scale bar represents

the number of amino acid substitutions per site.
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Figure 2-S2: Effect of step changesin light and humidity on transpiration rate ( E). (A)
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differences are indicated by unique letters (P < 0.05).
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Table 2-S1: Summary of PIP expression patterns. The poplar gene names follow the nomenclature of Gupta and Sankararamakrishnan

(2009). Findings from a previous experiment (AlmeidaRodriguez et al. 2011)are summarized as: * for differentially expressed genesd

for non- differentially expressed genes; blank spaces indicate genes that were not investigated. HapuluseFP browser (Wilkins et al.

2009) was used to check the tissue specificity ¢fIPsas well as putative regulation by light in seedlings. Relative transcript abundance of

a particular gene is indicated as a fold change ratio between the tissue specific probe signal normalized to the control alignalue=1) as

indicated in the eFP Browser. Gay background highlights the genes used in this present study.

AlmeidaRodriguez

Poplar eFP Browseilkinset al. (2009)

P. trichocarpagene name et al.(2011)

------ Root tips------- --------Mature tissue--—---- ---—---Seedlings------

Gene name Phytozome v2.0 Affymetrix probe 1D Acclimation Dynamic Leaf Root Xylem g?:vrvkn +3h light
PtPIP1;1 POPTR_0010s199: PtpAffx.7686.1.S1_a_at * 0.24 1.16 0.25 1.15 1.04
PtPIP1;2 POPTR_0008s065¢ Ptp.4455.1.S1_s_at * * 0.09 2.06 0.14 14 1.87
PtAP1;3 POPTR_0003s1287 PtpAffx.12342.2.S1_s_al 0.13 0.87 1.89 0.74 0.65
PtPIP1;4 POPTR_0006s099: PtpAffx.54577.1.S1_at * * 0.13 1.26 2.09 0.52 0.84
PtPIP1;5 POPTR_0016s1207 PtpAffx.2848.1.S1_a_at * 0.13 0.8 1.87 0.12 0.24
PtPIP2;1  POPTR_0009s138¢ PtpAffx.5465.1.A1 x_at * 0.18 1.18 1.58 1.13 0.93
PtPIP2;2 POPTR_0004s182¢ PtpAffx.5465.2.A1 x_at nd nd 0.05 1.13 4.1 1.05 0.58
PtPIP2;3 POPTR_0010s229% Ptp.1588.1.S1_s_at * * 0.05 0.9 4.42 0.83 0.52
PtPIP2;4  POPTR_0008s039: PtpAffx.249.108.A1_x_ai * * 0.2 0.96 0.11 1.04 1.29
PtPIP2;5 POPTR_0006s129¢ PtpAffx.7681.3.A1 x_at * 0.28 12.52 1.68 7.25 6.88
PtPIP2;7 POPTR_0016s090¢ Ptp.139.1.S1 at nd nd 0.03 12.46 3.31 0.85 2.96
PtPIP2;8 POPTR_0009s019¢ PtpAffx.5992.1.S1_at 0.02 10.31 1.46 1.19 1.25
PtPIP2;9 POPTR_0005s1111 PtpAffx.221954.1.S1 at 0.28 0.04 0.03 1.21 1.1
PtPIP2;10 POPTR_0005s111( PtpAffx.221953.1.S1_s i * 0.08 0.26 0.09 4.85 1.38
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Table 2-S2: Primer sequences used for the gene expression study. Primers were designed basedn Populus trichocarpareference

gene sequence®rimer sequences of the selected candidate genes are represented as well as the specific amplicon length.

P. trichocarpayene Name Amplicons
Gene name  Phytozome v2.0 C2NBFNR t NAYSNI 6pCwSOSNBS t NAYSNJI 6 p: Length (bp)
PtPIP1:1 POPTR_0010s19930 TGCAGAGTTCATGGCCACCTTC TCGTGTCCTTAAACACGCCCATC 74
PtPIP1;2 POPTR_0008s06580 TGGCCTTGGTGCTGAGATTGTC GCACTACGCTTGGCATCAGTTG 78
PtPIP1;3 POPTR_0003s12870 AACTGGCATTAACCCO®G AATGGGCCAACCCAGAAGATCCAG 96
PtPIP2;3 POPTR_0010s22950 AGTCTGGGAGCCGCTGTTATCTAC GGGTCCAACCCAGAAGATCCAATG 72
PtPIP2:4 POPTR_0008s03950 GTCATTCAGGAGCAACCCGAATGTC CCATCATGCACGCACAAGCACTC 81
PtPIP2;5 POPTR_0006s12980 TGTGTTGGCACCACTTCCCATC GTCATCCCATGQTGTCTTCGT 139
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Table 3-S1: Primer sequences used in the gRT -PCR assays.Primers were designed

based onPopulus trichocarpareference genes sequence®rimers sequences othe selected

candidate genes (grey) are represented as well as the specific dinpn lenght.

Amplicons
Forward Primer (5 3) ReversePrimer (5© 3) L(egg)th
POPTR 0010: .
PtPIPL;L "OT RS TGCAGAGTTCATGGCCACCT TCGTGTCCTTAAACACGCCC 74
. POPTR 0008: .
PtPIPL;2 "OP RS TGGCCTTGGTGCTGAGATTG GCACTACGCTTGGCATCAGT 78
. POPTR 0003:
PtPIPL;3 PO RS AACTGGCATTAACCCGGCAA( AATGGGCCAACCCAGAAGATC 96
. POPTR 0010:
PtPIP2;3 PO0T RS AGTCTGGGAGCCGCTGTTATC GGGTCCAACCCAGAAGATCC, 72
. POPTR 0008: -
PtPIP2;4 POLIRS GTCATTCAGGAGCAACCCGAA" CCATCATGCACGCACAAGCA 81
. POPTR 0006: .
PtPIP2;5 "OUTRS TGTGTTGGCACCACTTCCCA GTCATCCCATGCCTTGTCTT' 139
pmp3  POTTR.OO 11cAGGATCTGGCATGGCTTTC CCACAAGEACTAGTCGAAGE: 4,
- TCG
pmpPys  FOLTROM® TCCACTGTCGCTTGCTTGCT ACAGAGCGAAAQGCAGAGGTTW 67
PAIPLE sy TCCACTGTCGCTTGCTTGCTT ACAGAGCGAAGAGCAGAGGTTW 67
. POPTR 0001 GCCATGGCTTACAATAAGCTGA GGCACCTACAGAAACTGCAAC
pmp2;1 POTRO 111
- TG G
. POPTR 0003 TGGCTTACAATAAGCTGACAGG ACCAACAGCAACTGCAAGAGA
peTiP22 PR 104
- GC C
PITIP41 " 5 00%  TCAAGTATCTCACCGGAGGATT CCTTGAAGGTCAGTCCATCCCA 70
ACT  POTTROOL 1GGAGGATCTATCCTTGCTTCC! TACTCACCCTEGGAAATCCAC' 63
CcYCL (P(ZEJE—OOOOE ACCAGGTAAGCAAGCGGTTTG TCGACCGATTTCCATGGAGTG 72
TP4  POIRO0%  AGAGTCATGCCAAGTTGCTGG TCGACCGATTTCCATGGAGTG 60
uBQ "OPIR%  TCCACCTGTGCAACAAAGG( CACTCCATCCAé‘gTCTAAGCCA 66
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A antiPiP1

Pt PIP1;1
Pt PIP1;2
Pt PIP1;3
Pt PIP1; 4
Pt PIP1; 5

b antiPIP2

Pt PIP2;1
Pt PIP2;2
Pt PIP2;3
Pt PIP2;4
Pt PIP2;5
Pt PIP2;7
Pt PIP2;8
Pt PIP2;9
Pt PIP2;10

C anii TIP2

Pt TIP2;1
Pt TIP2;2
Pt TIP2;3
Pt TIP2;4

Figure 3-S1: Amino acid multiple sequence alignment

ME GKEEDVRVGANKFPERQPIGTSAQSKDYKEPPPAPFFEP

ME GKEBVRLGANKFNERQR GTAAQSQDDKDYKEPPPAPFEP
ME GKEEDVRLGANKERQPIGTAAQS DDKDYKEPPPABFEP
ME GKEEDYLGANKSERQPIGTSAQ TD- KDYKRPPAR FEP
MEEG EED\KVGANRYGEGQA GTAAQTQH&DYTEPPPAR YQP
ME- GREEDVRVGAK YGERQR GTAAQAQDVKDYTDPPPARLFEP

K--- ALGSFRS- NP

K-- - ALGSFR$IPTN
K--- ALGSFF5--- NP
K-- - ALGSFRAQRF
K- ALGSFRS- NP
K- ALGFRSSS N

K-- - SLGSFRS-- PN
K-- ALGSFRS- NA
K-- - ALASFRS-- NP
KSFRALGFGSQR- P

CGDHAR VASS EF
CTDHIP----  LSGOF

CTDFEP----  SSYEF
| GSYAPAPV- - S- ED
| GSYTAAR/- - S-ED

of the N-terminal region of the

Arabidopsis thalianaAtPIP1;3 and thePopulustrichocarpa PtPIP1s (a) of the conserved the

Cterminal region of PIP2s (b)and TIP2s(c). Consensus amino acids are underlined in

black.
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Table 4-S1. Gene names, cDNA clone accession numbers, genbank accession numbers,

Picea glauca genome accession numbers, and Picea abieshomolog genomic accession

numbers. Complete genomic sequences are shown in bold.

cDNA clone

accession

GenBank
accession

number

P. glaucagenome

accession number

P. abiegienome

accession number

PgPIP1;1

PgPIP1;2
PgPP1;3

PgPIP2;1

PgPIP2;2
PgPIP2;3
PgPIP2;4

PgPIP2;5

PgPIP2;6

PgPIP2;7

PgPIP2;8
PgPIP2;9
PgPIP2;10
PgPIP2;11
PgPIP2;12
PgPIP2;13

GQO03401_M18

GQ03610_A06
GQ02828_J14

GQ03111_E12

GQ02901_B20
GQ03703_H07
GQ0132_J09

GQO03124_N20

GQ03705_D15

GQOB05_E13

GQ02902_L14
GQ03002_G07
GQ03011_G23
GQ03010_E09
GQ03001_P18
GQ03216_M18

BT113218.1

BT115139.1
BT105794.1

BT107672.1

BT105999.1
BT115639.1
C0478019.2

BT108646.1

BT115731.1

BT106222.1

BT106086.1
BT106471.1
BT106822.1
BT106775.1
BT1064461
BT110135.1

ALWZ022680616.1
ALWZ024883929.1
ALWZ026715192.1
ALWZ024321598.1
ALWZ021834942.1
ALWZ024890198.1
ALWZ024827936.1
ALWZ026917578.1
ALWZ026087674.1
ALWZ023460553.1
ALWZ024834522.1
ALWZ024834523.1
ALWZ026260114.1
ALWZ023198434.1
ALWZ022229638.1
ALWZ024541622.1
ALWZ026587127.1
ALWZ023471430.1
ALWZ025040153.1
ALWZ025040150.1
ALWZ025040147.1
ALWZ025361399.1
ALWZ025471513.1
ALWZ025966231.1
ALWZ021792796.1
ALWZ023919432.1
ALWZ021875693.1
ALWZ022242989.1

MA_3650g0010

MA_1043401690010
MA_6716559g0010

MA_1028971290010

MA_72395g0010
MA_72253g0010
MA_191627g0010

MA_17793g0010

MA_11327g0010

MA_10426681g0010

MA_207341g0010
MA_6813290010
MA_10177437g0010
MA_9821440g0010
MA_93945g0010
MA_10426909g0020
MA_123344g0010

193



PgTIP1;1

PgTIP1;2
PgTIP1;3
PgTIP1;4
PgTIP1;5
PgTIP2;1
PgTIP2;2
PgTIP4;1
PgTIP4;2

PgNIP1;1

PgNIP2;1

PgNIP3;1

PgNIP3;2

PgSIP1;1

GQ0197_E19

GQO03116_D08
GQ02908_P24
GQO03501_NO3
GQ0206_N10
GQO03915_M04
WS0323 F18
GQ0201_M19
GQ04012_GO01
WS02617_N14

GQ03122_A02

GQO03202_N13
GQO03207_J07

GQ03237_P23
GQ®810_B10

GQ03701_J12

GQ03414_P10

GQO4011_K04

BT102589.1

BT1080411

BT106406.1
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Table 4-S2. Primer sequences used for the gene expression study.

Primer sequences of the selected candidate genes are shown as well as the specific amplicon

lengths for (a) RTgPCR analysjgb) in situ hybridization.

Amplicons
Forward Primer (3133") Reverse Primer (B53") L?;Sth

(a)
PgPIP1;1 TGCAACAATTCCCATCACCGC  TGATGGCAGCTCCCAAACTTCG, 62
PgPIP1;2 TCCTAGAAACAGCCCAGCGT/  ACACATGCGCTAACAGACCTCA! 66
PgPIP1;Z TCATCAGTCATCATCCGAGCCA AACAGCCCAAACGAGAAGAGACT 80
PgPIP2;1 TAGGCAGCAGCTAATGCAGC  GCCACAAACAATCCTGGGATGC 76
PgPIP2;2 AGGGTAGCTTCTCTCCGAACC  AAACATCCATCGCCCTCTCTGA( 76
PgPIP2;6 CCATGTTCCCGTATTAGCACC CAGTTATAGGGATGGTGGCCAAAT( 78
PgPIP2;¢ TGCTGCGATTGCATCAGCCT.  AACACTGCGGAAAGAACCCAAG 79

(b)
PgPIP1;1 TGCCAGGGACTCTCACGTTCC TCATCTACCACGTAGCCCATACA 340
PgPIP1;2 CATGCGCTAACAGACCTCAC TTCTCAGCCACCGATGCCAAA( 342
PgPIP2;1 TGATGCCGGTCCCAGTGATA GGAGGTGGAGCTAACTACGTG! 220
PgPIP2;2 AGCAGCBLGCAGCTCCAAT(  GTGCACCCTGGATACACCAAAGC 309
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Table 4-S3. Soil water content measurements.
Soil water content was measured during the experiment using an EE sensor

(Decagon Devices, Pullman, WA, USAjalues are the means + SE from 5 to 6
biological replicates.

Experimental SWC (%)
treatment
Control 223 +1.8
Drought 6.3+1.2
High RH, 2h 55x14
High RH, 26h 6.0+x1.2
High RH, 50h 7.3+0.9
Rewatered, 2h 18.2 + 3.1
Rewatered, 8h 19.9+2.1
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Figure 4-S1. Protein sequence alignment o f Picea glauca MIPs.
Alignment of the predicted amino acid sequences for PgMIPs, PpMIPs, AtMIPs, and ZmMIPs. The NorMD score of the aligneredicd

(Thompson et al, 2001). Shading is indicating the degree of conservation of an amino acid atposition within each monophyletic

subfamily. Black lines above sequences are indicative of transmembrane (TMHS) regions. The two NPA motifs are outlined widdabox

and the AEF motif with a blue box. Residues determining the ar/R filters are indicaten green.

197


file:///C:/Users/laur/AppData/Local/Temp/nph12806-sup-0001-Supportinginformation.docx%23_ENREF_1

PPPIPL 1 - = = = = = = == = m oo - C e e “MNQD - - - - - - - KDDD

PPPIPL 2 - - - = - - oo o oo o - e - T T I IR -MQQD - - -- - - - KDDD
PPPIPL 3 = = = = = = m o oo oo C e e oo MAD - - - - - - - RGDD
APIPL 1 - - = m s e e e e e - C e - e e MEG- - -- - - - KEED
APIPL 2 - - = - oo oo o . e e e MEG- - -- - - - KEED
APIPL 3 - - - = s oo e e e oo C e e e e MEG- - -- - - - KEED
APIPL 4 = - = m oo e e e o S e e e MEG- - -- - - - KEED
APIPL 5 - - = = oo oo e oo . e e MEG- - -- - - - KEED
ZMPIPL 1 = - = = = - e o m e e e e e o C e e e e MEG- - - - - - - KEED
ZMPIPL 2 - - - = = s - e e oo oo C e e e e MEG- - - - - - - KEED
ZMPIPL 3 - - - = - s - e e oo oo S e i MEG- - -- - - - KEED
ZMPIPL 5 - - - = = = - e o oo oo C e e e e MEG- - -- - - - KEED
ZMPIPL 6 = = - = = = = == = oo e e - C e e e e MAGGTLQDRSEEED
PGPIPL 1 - - - = == = == = s oo oo - . e e MEG- - - - - - - KEED
POPIPL 2 = = =« = s s s e e C e e e e MEG- - - - - - - KEED
PGPIP1 3 - - - - - = - - o ooo oo o C e - T MED
PPPIP2 1 = - = = = = o m e oo - C - e e e e e e e e
PPPIP2_2 - - = = - s o e oo o - e T T T T T
PPPIP2 3 - - = = - - oo o oo o C e e e e e e oo
PPPIP2 4 -« = - - - o oo o oo o C e e e e e e e
APIP2 1 - - - o e e e e e o - e T T T T T
AtPIP2 2 = - - s o s oo o - - - e e e e
APIP2 3 - - - s oo o e o C e e e e e e e e
AtPIP2 4 = - - o e oo e e e o - e T T T T T TP
AtPIP2 5 = = = - oo o oo o - - - e e e e
AtPIP2 6 - = = - - - o e e oo C e e e e e e e
AtPIP2 7 - - - s e e e e e e e o - e T T T T T
AtPIP2 8 - = = - s - oo e o - - - e e e e
ZMPIP2 1 - - -« - s s e e oo oo C e e e e e e
ZMPIP2 2 - - - - oo e e oo oo C - e e e e e e e e
ZMPIP2 3 - - - - - oo e o oo oo - - e e e e
ZMPIP2 4 - - - - oo oo oo C e e e e e e e

198



ZmPIP2_5
ZmPIP2_6
ZmPIP2_7
PgPIP2 1
PgPIP2_2
PgPIP2_3
PgPIP2_4
PgPIP2_5
PgPIP2_6
PgPIP2_7
PgPIP2_8
PgPIP2_9
PgPIP2_D
PgPIP2_1
PgPIP2_2
PgPIP2_3
PpPIP3 1

PpTIP6_1
PpTIP6_2
PpTIP6_3
PpTIP6_4
AtTIP1 1
AtTIP1_ 2
AtTIP1_3
AtTIP2_1
AtTIP2_2
AtTIP2_3
AtTIP3_1
AtTIP3_2
AtTIP4_1
AtTIP5_1
ZmTIP1 1
ZmTIP1_2
ZmTIP2_1
ZmTIP2_2



74511 175 S - - - e e e e et et it s aeeeaeaeae e

ZMTIP3 1 - = - = = m e o e e e - - e - T T T I I T
ZMTIP3 2 - - - - = oo o e e oo oo o C e - T
4303 = - e - T T T T I PP
ZMTIPA 2 - - - = oo oo o oo C e - e e e e e e e e e
ZMTIPA_ 4 - - - = oo oo o oo o C e e e e e e e
ZMTIPA 3 - - - o e o e e e e o - e - T T T I I T
ZMTIP5 1 = = = = = o e o e e oo oo - C e e
POTIPL 1 - - = = - - m e m e e - - - e - T T T T I PP
POTIPL 2 - - - - - o o - oo oo C e - e e e e e e e e e e
POTIPL 3 - - - - - o e o e - e - e e e e e e
POTIP1 4 - - - - - o oo o e oo - - - e - T T T T I P
POTIPLS - - - = = oo o oo C e - T
POTIP21 - - - - - - oo o e - e - e e e e e e
POTIP22 - - - - - o oo o oo C e - e e e e e e e e e e
PGTIPA 1 - = = - - o o oo C e - e e e e e e
POTIPA_ 2 - - - - - o e o e - e - T T T T I P
PPNIP3 1 = = = = = s e m e - - - e - T T T I I T
PPNIP5 1 = = = = =« = e o e e C e - e e e e e oo
PPNIP5 2 = - - - - o oo o e - e - T T T T I I
PPNIP5 3 = =« = - oo o oo C e - e e e e e e e e e
PPNIP6_ 1 - = = = = = = =« = oo oo - - C e - e e e e e oo
AINIPL_1 - - - = = - oo o e oo o - e - T T I TP MAD I
AINIP1 2 - - - - oo oo oo oo C e e e e e e e MAE I
= - e - T T T LI T IR M
AINIP2 2 - - - - oo oo ool C e - e e e e e e e e e e
AINIPA_1 - - - - - - oo o oo C e e e e e e oo M
ANIPA 2 - - - - oo oo oo o - e - T I I IR M
AINIP5 1 - = = = = == oo o oo e o MAP P EAEVG AVMV - - - -MAPPTPGTPGTPG- - - - - - GPL | TGMRV
AINIPE_1 - - = = = = - = — e oo o - -MDHE E IPS----TPSTPATTPGTPG:- - - - - - APLFGGFEG
L= C e - e e e e e e e MN G
ZMNIPL 2 - = = = = - o o e e o e e oo o C e - e e e e e e el M
ZMNIPA 1 - = = = = o e e e e e e - - e - I I I MA
ZmNIP5_1 MADDGRRRNYV SMDFSV S| P SAAAA SMLVDKENTSDDRI S« - - - = - - 2o o c oo o - |
PONIPL 1 = - = = = = e m e e e - - - e - e e e e e e e e MA L



PgNIP2_1
PgNIP3_1
PANIP3 2

PpSIP1_1
PpSIP1_2
AtSIP1_1
AtSIP1_2
ZmsSIP1_1
ZmSIP1_2
PgSIP1_1
AtSIP2 1
ZmsSIP2_1

IALGTNKYGDRSALGTHA PVP -
VALGANKYGTRSALGTHA PVP-
VAVGASRH—ERNPLGTSAQTR
VRVGANKFPERQP
VRVGANKFPERQP
VRVGANKFPERQPIG
VRVGANKFPERQPIG

I G

I G

PpPIP1_1
PpPIP1_2
PpPIP1_3
AtPIP1 1

AtPIP1 2

AtPIP1_3

AtPIP1_4

AtPIP1_5

ZmPIP1_1
ZmPIP1_2
ZmPIP1_3
ZmPIP1_5
ZmPIP1_6
PgPIP1_1
PgPIP1_2
PgPIP1_3
PpPIP2_1
PpPIP2_2
PpPIP2_3
PpPIP2_4

VNVGANKFPERQP
VRLGANKFSERHA
VRLGANKFSERQP
VRLGANKFSERQP
VRLGANRYSERQP
VRVGVDRFPERQP
VKLGADKYSERQPLGTAAQTM
VRLGANKYSERQPLGTAA QTR

IGTAA QGT

MAKD-AGTE S - -
MAKD-VGVE P - -
M SKVPVGVE P - -
MEKIGICEE P - -

VSVGASKYSERQSLGI SA QTQR

IGTAA Q GAGA

IGTAADDLG-

- ERNNPAEREI4SV TIHF FPBIG G
- E93A4 | E[dA S SI4F |
- DAEK EMNMF F E PG
- DREPAEK EN NI F E P G
- DSAEK EIMNNMF F E PG
- DAEK EMANHRF E P G
- SNEPAEK ESNNIZ F F E PG
DDLSAK EGA AR - E P G
DDLSAK EGANAR - E P G
DDLEPAAK EMV NN E P G
EELQPAEK ENNANF E A E
- - RIDAES EN- VNN F EA S
- - - ESOMK ElHCIANMRF E PG
- - - EAdK D] NARFE PG
MGINARFE P E
P SEAE S|DAEEVWAN | [DJA A
PSR4 T DAENY-WAN | [DJA S
P GLYPA4 A PR A LY | DA S
RSPAY | PAMEA VIHF VBIA S

-EKDYTEPSVTPFFEGS

FRRYEEG
R L WAL
=W S F
SEW S F
A SWEEE
SEIWSFY RAE |
SPJWSFY RAE |
K SWRIAZ:TGE
K SWELAA: PG
K SN GE
K SWRIZ:TGE
IS\ S FY RA[E |
SPJWSFY RAE |

FRSWSFgRAGI

A SISERWIRIAGE
REJWS FIYRALE |
F GRUSIASYY ! I
SNERO\V S FY RAWV |
ERCRO)W S FY RAJR |
MNEWSFY RAJRI



APIP2 1 - - - - - - - - - MAK---DVE
APIP2 2 - - - - - - - .- MAK- - -DVE
APIP2 3 - - - - - - - - - MAK---DVE
APIP2_ 4 - - - - - - - .- MAK---DLD
APIP2 5 - - - - - - oo - MTK---EVV
APIP2 6 - - - - - - - - - MTK---DEL
APIP2 7 - - - - - oo oo - SK--EVSE
APIP2 8 - - - - - - - - MSK--EVSE
ZmPIP2 1 - - - - - - - - - MGKDDV | ES
ZmPIP2 2 - - - - - - - - - MGKDDVVQS
ZmPIP2. 3 - - - - - - - - - MAKQDI EAS
ZmPIP2_ 4 - - - - - - - - - MAK-DIEAS
ZMPIP2 5 - - - - - - - - - MAK-DIEAA
ZMPIP2. 6 - - - - - - - - - MGK - EVDVS
ZmPIP2_ 7 - - - - - - - - - MAK - -DVEQ
PGPIP2 1 - - - - - -« - - MTKEERRES
PgQPIP2 2 - - - - - - - - - MTKEEGKEM
PgPIP2_ 3 - - - - - - - - - MTKEEGKEL
PgQPIP2_ 4 - - - - - - - - - MINEEGNEL
PGPIP2.5 - - = = - - m e m e -
PGPIP2 6 - - - - - - - - - MAKEGGK EM
PgQPIP2 7 - - - - - -« - - MAKEGGKEV
PgQPIP2 8 - - - - - - - - - MAKESETDM
PGPIP2 9 - - - = - - - o o - M EM
PGPIP2 D - - - - - = - o - - MEM
POPIP2 1 = - - = - = - o - - MEM
PGPIP2_ 2 - - - = - = - o o - MEA
PGPIP2_ B - - - - - s e s e e -
PPPIP3_1 - = - = = o e o e
T =
o =
PPTIP6 3 - = = = = = = o o oo -
PPTIP6_ 4 - - = - - = - o m e e e -
=

F QTRBMOPEEENEF | BIcAR

A A RDAEK DXEIN F F [V E |2
el DY[o]D P P PEP LIFDERNE
SG[4pAY L PYZFYV K T F EV R|=
ek DY\D PP PA P L[MDYIe E
ek DYDPPPAPL[MDYENE
IWAKDYID PP PA PLIRDEYNE
WK DYRID PP PA P L\YADEYNE
SIN\K DYD PP PA PLERADLYS] E
SIN\KDYID PP PA PLIRDENSEE
SN DYEIDPPPAPLWYDENAE
SIDYINDPPPAPL[
SINK DY[RIDPPPAPLJ
INSKDYQDPPPARLE
INSKDYQD PPPARIEL
INIKDYIDPPPARL]
N DYQDPPPARLL
WA DYQDPPPARYLL
W\KDY[DPPPAPLWDIRNE
A ALSBRZK DEERINA [ F 3]V S|=
PALSSRE TREEEINE F F H F R[S
QT R[PAE EHIZAFNIUL (]S L |=
- - - DM ENH NN [b]S L |2
- - -|DR4E EH[ZFNIN| [3]S L |2
oY\ DY[RIDPPPAPLINDEINE
QKA QMEE SIZEFNF | [B]R N[
EFRBTHERIZZNE L A RD|=

rHO<OO P

MMM I MU

mmmmMm<4>0000

L I o e e Bl e e B

SAmMmMmMmMmMMmMMAO
T Ml rrrrrrrrrrrrr

zom:

- MK | Ay F[€]
- MK VA F[€
- MVKLEYF[&
- MVKVEFLE
P IRNIEI[E

EAD|SNS
EADIRV S
E SDIA S
EA NSNS
RPDINT

ISWSFY RAW |

WS FY RAN |
K KWELEY V]
WS FYRAMI
K L WEIRAYY
el S[lY RAY |
elS{\W S[RY RAWY |
W S[HY RAY |
o]\ S[HY RAY |
TKWE L MV
e S[lY RAY |
LS\ S[RY RANY |
K L WELRAERY L
R L WL
NV S[HY RA[R
JRWSFY RA[N
K L WELERY L
K L WELEaY L
K L WAIRRAYY!
SIRW S FY RA[N
K L WELEY V]
AW SFYRAWYI
JAWSFY RAWYI
K RWELAE AL
VAW SFYRA[N I
\BAWsSFYRAMI

SIEMA | KGAV NSNS |
SIEA L K GAIRVEN=NSIRIRST |
SIP DENMEN | [AEF| | S|N
SAPIAL KGAFUAN=ESEL A L
RERA L KNANNASIIER

202



AtTIP1_ 2
AtTIP1_3
AtTIP2 1
AtTIP2_2
AtTIP2_3
AtTIP3_1
AtTIP3_2
AtTIP4_1
AtTIP5_1
ZmTIP1_1
ZmTIP1_2
ZmTIP2_1
ZmTIP2_2
ZmTIP2_3
ZmTIP3_1
ZmTIP3_2
ZmTIP4_1
ZmTIP4_2
ZmTIP4_4
ZmTIP4_3
ZmTIP5_1
PgTIP1 1
PgTIPL 2
PgTIP1_3
PgTIP1_4
PgTIPL 5
PgTIP2 1
PgTIP22
PgTIP4 1
PgTIP4 2

MS -

PpNIP3_1
PpNIP5_1
PpNIP5_2
PpNIP5_3

-TGVR

TRNIAIGG--—-VQEEEY
INRIINIE- - - - - LIE E A S
A-GVINFIY- - - - - SFDDSF
MVKIEI[]- - - - - SVGDSF
MVK I EV[E- - - - - SVGDSF
RRAYGF[g- - - - - RAD[ENT
RRAYGF[g- - - - - RADINT
MKK T EL[]- - - - - HH S|NA
MRRMIPTS---FSSKFQGV
INRINLE- - - - - SHQEV Y
VSRIIVE- - - - - APGJEL S
MVKLINFIE- - - - - SVGDSF
MVKLINFIE- - - - - SVGDSF
MVKLINF[E- - - - - SFRDSL
GRRFTV[Y- - - - - RSEDT
GRRFTV[Y- - - - - RSEDINT

MAKLMNKLVDSFEHDIR! P

MAKLVNKLVDSFDHDISRP A

HH RIS S
HRGIF S

MAKFHLE

MGKLTLE

- - -MASNN---LLVDLKRC

- HEAL RANLIAEF
- R[EDA | BINA FINSE
- SLASLEYYWNS=
-SVASLKAYLEEF

SEF

- SVSSLKRYM®
-HED S | RTINS
N PDRRNRAWIL AEF
-KPDCIKALIiEF
L SMNALEICY VSIS
-HEEALKAAFAEF
- H TAKNAVINSS
- SATSI KIYY VNS
-SVTSI KNYVINSE
- SAASLKEYVINSE
-HiHTlRAA
- HE T | BENA
-DVGCVEINzVIINELIVLE
PDVGCVRI\VINNSLIV LW
-DAGCVRINVIWNEL L s

- EEYF FRGV[RGIEL |V L
FSAPSLRSYNNIIIIEN

- HEEB] A L KAYA [RVENS G cH )
| P DI AVL AE[®] | ST

- HIgsl S | RINAIWANSTE F SR
3| P DREMMAI L AEF | SIS
I PIYNAANL AE[M I ST
- GLEG FK SYNNIIENS

FRGIV[E- - - - - RPEERT -

FRGLIYVIE- - - - - RPA[EV I -

VRRIINL[E- - - - - RAE[ENT -

FQRVIYVIE- - - - - RAD[ETY -

FRGVINI[E- - - - - RPE[EVT -

ALGVIXF[g- - - - - RFD[NF -

MAKIL ----- DRDA - - %CVRVF
MVK IIvIg- - - - - RVEIHNT - - QARSI RL E

ESSYFTT

203



PpNIP6_1
AtNIPL 1
AINIPL 2
AtNIP2_1
AtNIP2_2
AtNIP4_1
AtNIP4_2
AtNIP5_1
AtNIP6_1
AINIP7 1
ZmNIPL_2
ZmNIP4_1
ZmNIP5_1
PgNIP1 1
PgNIP2_1
PgNIP3_1
PgNIP3_2

PpSIP1_1
PpSIP1_2
AtSIP1 1
AtSIP1 2
ZmSIP1_1
ZmSIP1_2
PgSIP1_1
AtSIP2_1
ZmsIP2_1

PpPIP1_1
PpPIP1_2
PpPIP1_3
AtPIP1_1
AtPIP1 2

SGNGYGNAREEVVMVNLK
SGNG -GDARDGAVVVNLK
DDI SVSKSNHGNVVVLNI
SSHSDEIEEEQI SRI EKG
TSHGEEI EDEQI SRI EKG
DSMSFDHRKPTP- ---RC
KRNGHNGRY T PKSLLKSC
EARSRVVDQEAGSTPSTL
AGGGDHSQTNGGHVDQRA
AASTTSRTNSRVNYSNEI
I PHSRSPSNKILPLGFQH
DNMPEQENV NAVRNI EEG
DESSYSQLVNISGEEI ED
VDKGSSGKRTLLQGCNSC

Q VIYIGRIK RE
TVYIGENMRN
TVIGEINRE
TVYIcMK RE

Q
Q
L
W7 VVIGUK RS

FrMmMIOWnWITCAOXXZA

ToOH>

EVEHQ(QEMEDIHNPRPLKKQDSLLSVSVPFLQ LI NS F
EDEQQ Q QQQAIHKP - -LKKQDSLL S| SVPFL Q4LMINIV
ASSLA DTSLPSNK----HESSSPPLLSVHFLOQ[4LLINAL
GKDCQ G G- -=---=---- IETVICTSPSIVCLTOQML I /NEv
CKDSQGG-=---=----- METAICSSPSIVCLTQML I N3V
CLPVM G STWGQHDTCFET----DFPSPDVSLT [dLGINIF
CFSVD N -EWALEDGRLPPVTCSLPPPNVSLY [dLGINEF
DEDHP S RQRLFG- - - - - - - - CLPYD IDLNPL |VMJNEL
EEGRK EE------- - FADQGCAAMV VSVPFI QM I N3
DLSTV Q SGSVVPTLFYP-DKSIAD | FPPHLGK[4V I |SIqV
PRP - = = =« mmmmemmeme o VSAKRVALAL TKHvAINEL
ESHV Y T---------- ERTCRSFLPSVTFVQEVVINTI
EAGNV K EGSLFYKKDKQCPNGCMD FVPATLLQYI TN
SMEAW A EERMLSD - - - - - - - LPAAL PSASLAK[vVIINIF
|
----- - S|
----- - S
----- - LMps
----- - Vil
----- - VVE
----- - AVA T
----- - Al
----- - VLS
----- - ALA
H2
DP- - - - | FIN\LVYCTAGI S
DP- - - - | FINLVYCTAGI S
DA - - - - | FRILVYCTAGI S
N---- - | FINLVYCTAGI S
N---- - | FEI\LVYCTAGI S

204



AtPIP1_3
AtPIP1_4
AtPIP1_5
ZmPIP1_1
ZmPIP1_2
ZmPIP1_3
ZmPIP1_5
ZmPIP1_6
PgPIP1_1
PgPIP1 2
PgPIP1_3
PpPIP2_1
PpPIP2_2
PpPIP2_3
PpPIP2_4
AtPIP2 1
AtPIP2_2
AtPIP2_3
AtPIP2_4
AtPIP2_5
AtPIP2_6
AtPIP2_7
AtPIP2_8
ZmPIP2_1
ZmPIP2_2
ZmPIP2_3
ZmPIP2_4
ZmPIP2_5
ZmPIP2_6
ZmPIP2_7
PgPIP2_1
PgPIP2_2
PgPIP2_3
PgPIP2_4
PgPIP2_5
PgPIP2_6
PgPIP2_7

T
T
T
T
T
T
T
-
T
T
T
T

e e e e e e
>rrZrrrrQr»r>»onwrrrrrrrrrr

<< -

vTtO0O0UOTwnw-HA—-4—-T10TUTT

nnnnzzz

S- - - -

FINLVYCTAGI
FINLVYCTAGI
FINLVYCTAGI
L A[RVAZeR W Yel
FINLVYCTAGI
FINLVYCTAGI
FINLVYCTAGI
FINLVY CTAGM
FLVYCTAGI
FMLVYCTAGI
FINLVYCTAGI
FVLVYCTAGNM
FVLVYCTAGI
FVLVYCTAGI
FVLVYCTAGI
FPILVYCTAGI
FOILVYCTAGI
FIILVYCTAGI
FVLVYCTAGI

FHLVYCTAGI

FOILVYCTAGI
FVLVYCTAGI
SAVARVA N ok - Wel
FVLVYCTAGI
SAVARVA N ok - Yel

LVYCTAG

LVYCTAG

LVYCTAGNM

LVYCTAG|

LVYCTAG
FVLVYCTAGI
FVLVYCTAGI
SAVARVA N ok - Wel
FVLVYCTAGI
FVLVYCTAGMNS
FVLVYCTAGI S
FVLVYCTAGI S

NNV nnnn

205



PgPIP2_8 HY- - - ---- - - - RT QA N[ef€] S\VAE] | Eq NIy FVLVYCTAGI S
PgPIP2_9 VENIEQ- - - --- - - - - SK G T[ofefeX¥Xe]l [Ne]EFNY S EAVARAES | S [CHIS
PgPIP2_0 VENIQ - - - - - - - - - - SKGTeieiepavae]| [Ne] E RN EAVARVA RS | S [CHEES
PgPIP2_1 VENQQ- - - --- - - - - SKGT[efe1eavae] | |Ne] E PRI EAVARTAES | S [CHI
PgPIP2_2 VENNR- - - - - - - - - - NKV N[eS[eX¥Xe] L [Ne] E IV FVLVYCIIG | S
PgPIP2_3 NANQ - - - - - - - - - - KK P[ofeXe)Yel T [NAWNY S FVLVYCTAGMS
PpPIP3_1 LMEGTTRI FG---- - ------- [CISNAelL | E TR
H2

PpTIP6_1 HvG--- - ----- DLDALXCINL M -1 ANMLYA A T
PpTIP6_2 HvG--- - ----- DLEAG|eNL | - 1Al LWAA TSR
PpTIP6_3 HvVG--- - ----- DLEAG|eIRL M -1 Al LMWUAA TR
PpTIP6_4 HAG--- - ----- DMDALXCINRL V | G- | AL A TR
AtTIP1_1 IWEN - - - - ----GATTIH INF G - A V GLY\N
AtTIP1_2 I@DN - - - - - ---GATT]H INF G - A V G\
AtTIP1_3 IBGD - - - - - - - -GPATIHNCSEARWNA S| Sjigay FIA - A v GINNVE
AtTIP2_1 I@SD--- - ----AALDT PleamvgN | 1YV ClgiG FIA - ANA | GENNEES
AtTIP2_2 ISD - - - - ----AALD|MNCIRENV YV LYW F 1A - G WNANI S
AtTIP2_3 Il SD - - - - ----GALD|ZNCEREN | 12 | [RMalaY F 1A - G WNANI S
AtTIP3_1 Y WEHAA H - - -AGTNT|gClelN | L VAL GRgl-Y F A - AA AA | NIVE
AtTIP3_2 Y WDTAAH ---TGTNTIZG[eIRMY| VL U - AA AA | NV
AtTIP4_1 V - ---- - - - GNTLV[EIRFINVIAVENRESFY - VAIMIBA G - HIES
AtTIP5_1 MAG--- - ---DVSGPFGV[RI P-INIINN/YWN-[WsssMy | swNVE
ZmTIP1_1 IllGG - - - - - - - -GPTTEININ | ALYV NG FI - A V CLYNRES]
ZmTIP1_2 IBDG - - - - ----GAATIHNCEIN | INA S| ANl NN - A \VAGANI S
ZmTIP2_1 IBNG - - - - - - - -GALD|NCRRVEN | V2N | ANV N BN - G \WNANI S
ZmTIP2_2 IAING - - - - - - - -GALD|NCERIN | IAY\/ LW RN - G VAN TS
ZmTIP2_3 IBKG - - - - - - - -GALD|CERF | 12N | Ja A.A G MAL\RES]
ZmTIP3_1 YHD--- - ----- MSTAGIEERENV A L [AaWNEY - ANMAV A VIR
ZmTIP3_2 Y HDHST - - - - - - | STAGIEERFAV AL LN NRG - AMAVAVNVE
ZmTIP4_1 GKPG-- - ----DAMPMEAYTIRARYV Y | 1A -AGULMTAGFHVE
ZmTIP4_2 GKPG-- - ----EAMPMEYTIRARV Y | 1A -AGULMTAGFHVE
ZmTIP4_4 GGG-- - ----GDTVVG-RTINVINLIMEITIRY - VAWM AGLHVE
ZmTIP4_3 FINsAEd | [€] - VMEAAAMTDG - - ATTK - - - ----GSTAGGDRTIAVIAL G ORNRY - VAN I ATAG F HIRS

zmTIP5_1 FINAVASTA -VEelSA | SARMEREETP- - - - - - -DVTSSAGPIRENTINVIAOINFG - AANL | AIJDVE

206



PgTIP1 1 N AR PAGLVAVIANA H A LR ANA VIR

PgTIP1 2 - - - - - -ASTTEINIRZNL INL INZIGING - AYA V SIXVERS

PgTIP1 3 - - - - - -DSTTES[EIRZIV L NEFNAG - AYAVA | MBS

PgTIP1 4 I Al P AL VASAIRA A | XWA VA SINEES

PgTIPL 5 - - - - - -ASTTERINSIRYZYV L IN WG - INVINAS AN | S

PgTIP21 - - - - - -AALDINIRIG VYV C N - ANA | AISVEES

PgTIP22 - - ----ASLSEZINIWIGV GV WY - '\ SEFNAN | S

PgTIP4 1 F- - - -——-AKSP-TVVL INFV - VIJAM I BA G F NIES

PoTIP4 2 FINAVAZNE - YAeESA L TV D[4 - - - ---ALTPGIX I I INL TERITFR- VY AMMBAG F HIES
H2

PoNIP3 1 EVIMIEAA -TATP IMNEKTKES- - - - - - - - - - - - - AL LENDQAT AEEA - 1M1V

PpNIP5 1 I [MVIFTIE - AVMMNE | SN[EK - - - - - - - - - - - - - AISVEVSLA FlERY -NMT I M

PpNIP5 2 I | [V IFVe] - AAMMNYV | SNEK - - - - - - - - - - - - - AlPVEl SLS FlERY -VMT | M

PpNIP5 3 I I [QVIFTIE - AVMWMNA I SN[EK - - - - - - - - - - - - - YAlrVEl SLY FIEIRY -1 T I M

PpNIP6_ 1 [dLVM[ESS - TAIANKKA N[EN - - - - - - - - - - - - - LNLL{EFINTA G[EJAS - MM

ANIPL 1 YFAVETE-MA SVVEAIMQON D NV - - - - - - - - - - - - V T[NMEHGIA TRANG L I VL

ANNIPL 2 YFRIEHA[E-AAVAMANTOH D KA - - = - - - - - oo o - & V TMEGIA TRANG L e VLV

ANIP2. 1 YYRIIHAIE] -®MAATAMMNAQH NHV - - - - - - - - o - o - V T [RYGHA YARN G VA VL

AINIP2 2 - - - - o - oo o oo oo - - T

ANIP4 1 YFIVS-VVVVLY G@gT--- - --------- IgFPEIcVTWEN! - VM

AINIP4A 2 YFI I@SH-[XgvVVAlVLY GEET - - - - - - - - - - - - - IQiFPEI cvTW[EIN ! - VM

ANIP5 1 [EIMIFTA-TAGP IMAOKY DA - - - - - - - - - - - - - EfL | [ENEA C A [GRA - | 1L -

ANIP6_1 L I[MIEAE-TATAITWNQKTDIEA - - - - - - - - - - - - - EqL | [€CINA S A [EJRA - | VI -

ANIP7 1 EI[AVIdsY -V I SSTQLSGEH- - - - - - - - - - - - - GLLEYIYVT A[eJsS -V VVV

zmNIP1_ 2 Y FMIZAIE -[XJAV T INASK N[EQ- - - - - - - - - - - - - | lF PEVEY! vV W[IRA - VMVMA Vel

ZmNIP4 1 ELAVIFV T -[XFAASIYGED N RR- - - - - - - - - - - - - | SQL[EQOSVAGEIRI - VT VMINA Tielz

ZzmNIP5_1 FL@VIZTV -L SAL I TNEAH GA-- S I LGVLEVIRVA GIETA -WVVVVS

PgNIP1 1 [IFM I [€-[XgSVV IDKKT N[ES- - - - - ----- - - - IHLEgV S| Vv WA - |1

PoNIP2_ 1 [JI[MVIdVT -[X&]SS|I LDHRS PQL - - - - - - - - -« - - - SEL[EGSVA S[ER| - VM

PgNIP3 1 IIA-TATAI QKTD[ES--- - --------- SLLIELINAS G[eIRA - | M1 VL

PoNIP3 2 IdI[MIIFAlE]-TSTAIWDEKT G[gK - - - - - - - - - - - - - L I[gKINAS S[eRG -1 T I VL

H2

207



PpSIP1_1
PpSIP1_2
AtSIP1 1
AtSIP1_2
ZmSIP1_1
ZmSIP1_2
PgSIP1_1
AtSIP2_1
ZmSIP2_1

PpPIP1_1
PpPIRL_2

PpPIP1_3
AtPIP1_1
AtPIP1 2
AtPIP1_3
AtPIP1_4
AtPIP1 5
ZmPIP1_1
ZmPIP1_2
ZmPIP1_3
ZmPIP1_5
ZmPIP1_6
PgPIP1_1
PgPIP1_2
PgPIP1_3
PpPIP2_1
PpPIP2_2
PpPIP2_3
PpPIP2_4
AtPIP2 1

AtPIP2_2

AtPIP2 3

AtPIP2_4
AtPIP2_5

SERUAAFAM - - - AS AV ST
SIRUAAFAM - - - AS AAST
HSWWAVLS-- - ATF[EI QTA
SERUA | L S- - - ATF[€1 QTA
SRV CA - - - SA ASTA
SRV CV - - - ST ASTT
SR F GA - - - SC AGTS

Il WAG-- -VLV--NIL

' < =>>>>>W0m

A
A
A
A
A
A
A
A
A
A
A
A
A
A
A
A
A
A
A
A
A
A
A
A
A

FOITOO0OOO

<<——TVHTVUUVUUOUAAAAAA A4 44 T0Z2Z

LDE
L D[€
FQA- 1 TWAPLV I
FH[E- | TWAPLV I

LQle- -VHFALLVTVS
--Vvole- - -PMTLLITTS
---FSRTDPSGEIVRYLFS

VOQEGAGHYALLVTTS|RL
L

-PGKGKMYIVFSLVSFL—IiF SFHGQﬁLG
-PGKTKMY I VFAMYV SFL - VI§FIZSFING H L[S
LTS[HI FVY-VSIETVIF - - -[¢
STLVVFVS-ISIETVIGNVL[E

SVL-L DL CGﬁLG

M SVL-L NI[RCDI)L([€

LFLL -V SFING Q VM[€

I'1S-M AY QQﬁTK

---L[EGR- -PEAEAVKVS/L SLVYM AWIRE A INS[d

RAW |_-
RAVARY VB
NTVLIV -
VMMV -

VIS QCLGA |
VIO CLGA |
VIO CLGA |
VYIOCLGA |
WYlocLGA |
VYIOCLGA |
WYlocLGA |

W¥locLcA
VIO CLGA |

VISiQCLGA |
MEOCLGA |

BAQCLGA I
BAQCLGAI
BAQCLGAI
VIAQCLGA I
AQCLGA I
AQCLGA I
AQCLGA I
AQCLGA I
AQCLGA I

| M{oYei YN\ [ofel A le] v VAERHO]Q G - - L MM G N[efe]
V V M[eJeAeYNV [ofel Ale] V VANAIHG SA - - LME S Alefe

| CloYoaWeY\\Vi[efel A [e] vV VAEIV[O]K G - - MM4E V E[e]e]

CGRYGMV K G F Q[eXeElR Y \YNERNIG G
CGRYGAMV K G F Q=N Y (YNEFNG G

ofei A le] V YAEENIM E S - - ERgQM D[ef€]
ofeiA(e]V VANEIEM E S - - ENdE M Dlefée;

ofci A [N A [Eele] T A - - FRAM R Y [e]€]
CGRYG L VKGF QNS Y 4G G
CGRG L VKGFQeSERNEY \NIREG G
CGRYG L VKIAF QlzkSERaE Y bRl G G
ofel\/ (el F WVANAIZIO]S S - - YT R Y [ef€;
ofel\/ (€] F WANAISO]S S - - YAED R Y [€]€]
ofe]\/(¢] F WANAIZKS]S S - - HREV N Y [ef€
ogeiCle] F VANMAIZISOIS S - - YT R Y[ef€
ofelV AIRASAIIC®ISA - - Y FT R Y[ef€

208



AtPIP2_6 - - FL A v WianQcLGARCGMG L VKMF OB Y I:RY4G G
AtPIP2_7 - - FL A RKVSLM | [XeYeANe - IKexe]V ] F ASALEIM K T - - PN T L[e]€
AtPIP2_8 - - FL A RKVSLJS VI NoJANCTY - [ofc] [AMALALEVM T - - PNK R L[e]e
ZmPIP2_1 - - FL ARKVSLM RYAocLGA | coMG L Vv KINF ORI 20N G G
ZmPIP2_2 - - FL ARKVSLM VX YANT\ [l [AMALAIHe]S A - - Y ED R Y[e]€
ZmPIP2_3 - - FL ARKVSLM BIAQCLGA | CGMG L VK GFQEEYEY Y VA:RYG G
ZmPIP2_4 - - FL ARKVSLM BIAQCLGA | cGMG L VKGFQEIYEY Y YA:RYG G
ZmPIP2_5 - - FL ARKVSLM BYAQCLGA | cGMG L VK GFQOEIE: Y VARG G
ZmPIP2_6 - - FL ARKVSLM INAQBHLGA | cCGYAAL VKGF OB Y IN:3%G G
ZmPIP2_7 - - FLERIRKV S LN A QCINGA | cGING L BK G F Q= Y R4 G G
PgPIP2_1 - - FL A RKVSLJS | Yo YAR YN Nete] T [AMASA Ao S - - FMD R Y[eI€
PgPIP2_2 - - FL A RKVSLJS BAQCLGA | cGG L vV KIF o[4S Y YelNG G
PgPIP2_3 - - FL A RKVSLJS BAQCLGA | CGING L vV KENF QLS Y PIRYEG G
PgPIP2_4 - - LL AKKVLES VIAnQcLGA I coiG L vV KINF OSBRI Y BX®4G G
PgPIP2_5 - - FL A RKVSLJS | INoJANTNNete T RIMVANA LIs]N's - - PED K Y[eXe
PgPIP2_6 - - FL A RKVSLJS BAQCLGA | CGING L vV KENF QLI Y PIREG G
PgPIP2_7 - - A RKVS L} VIAQCLGA I cGleG L v KINF O[4I Y bXeR4G G
PgPIP2_8 - - A RKVS L} BAQCLGA | cGMG L VKIYF O[4I Y @4 G G
PgPIP2 9 [XelalV I - - - A RKVSL 3 | VINoYARTL [ofe] T AIMVALE | lo]G S - - FN4A s N[e]e
PgPIP2_0 [XelslV IV - - - A RKVSLJA V VAR [fe| T AJMVIR[E | [0)G 'S - - F4A S N[efe
PgPIP2_1 [eXelslV NI - - - A RKVS L} V VINoJARTY [ofe] T AIRVAE] | [8]G S - - FMA S N[eXe
PgPIP2_2 [XelalV IV - - - A P | VENOYANCYY. [fe T AIMVARIe | [0]G 'S - - FNA S T[eXS
PgPIP2_3 (IS - - - A N | VINeYARIY\ [felA [V ARA LB)K N - - YN S A Glefe
PpPIP3_ 1 [IIRHBININW - - - P | VINoYARIMIV[EAA | ARGVIJEGG-EMMRSFAS
|
PpTIP6_1 [N - - - ALAEBKIE' ' BLv T[HY- - EDVARMA
PpTIP6 2 [IENANMIW - - - AL AlIlE' 1 [&LV Tld- - EDL A R[IA
PpTIP6_3 [XelshAININ - - - AL ARV ' [LV Tld- - EDV A RBIA
PpTIPe_4 [cXelal | INIIMY] - - - AL AldIBV ' &LV Tl[d- - EDV A R[IA
ATIPL 1 [ SRANINY - - - Fi NIRIL L G --AVP-AFG
ATIPL 2 [N, - - - LL NIRL L [RG 1 E--PIP-AFG
ATIPL 3 [N, - - - Fl NERL L [A | --ETA-AFS
ATIP2 1 [ RNANEIN] - - - A ORIV | TGVF --LA-BTES
ATIP2 2 [eIelal INIWY - - - A NIRIV | TGFF N[g- - Es-BTEIG
ATIP2 3 [clelalL INIXSWYE - - - Al NIRIL | TGFF N[g- -Ks-IATHIG

209



AtTIP3_1
AtTIP3_2
AtTIP4_1
AtTIP5_1
ZmTIP1_1
ZmTIP1_2
ZmTIP2_1
ZmTIP2_2
ZmTIP2_3
ZmTIP3_1
ZmTIP3_2
ZmTIP4_1
ZmTIP4 2
ZmTIP4_4
ZmTIP4 3
ZmTIP5_1
PgTIP1 1
PgTIP1 2
PgTIP1 3
PgTIP1_4
PgTIPL 5
PgTIP2.1
PgTIP2.2
PgTIP4 1
PgTIP4 2

PpNIP3_1
PpPNIP5_1
PpNIP5_2
PpNIP5_3
PpNIP6_1
AtNIPL_1
AtNIPL_2
AtNIP2_1
AtNIP2_2

GGHV NPA|VEEEES
GGHV NPA V.
GGHENPA v EEEEE
GGHV NPA |V EEEES
GGHV NPA V.
GGHV NPA |V EEEES

GGHIR NPA |V EEEEE
GGHIR N PA |V S
GGHIR NPA |V EEEEE
GGHV NPA |V EEEEE
GGHV I NPA |V EEEEE
GGHIN NPA |V EEEES
GGHIR N PA |V EEEEE
GGHENPA |V EEEEE
GGHV NPA |V EEEEE
GGHV NPA |V EEEEE
GGHV NPA |V EEEES
GGHV NPA |V EEEEE
GGHV NPA |V EEEEE
GGHV NPA |V EEEEE
GGHV NPA|VEEEEE
GGHV NPA |V EEEEE
GGHV NPA |V EEEES

GGHIR NPA |V EEEEE
GGHIN NPA |V EEEEE

GAHWANPA IIEEEE
GAHNPA |V S
GAHNINPA |V EEEEE
GAHWINPA |V EEEEE
GAHIRNPA |V EEEEE
GAHEENPA |V EEEES
GAHIgNPA |V EEEEE
A HIF N PA |V EEEEE

[ ENONONONONANANANANA] — U U [QNONoRONaNaN0)

a7 FGIURY G G|x

STHGL[NN G G[g
-EAM AN A [ER

VA | BA I | XYY LIXe - INMRL TREN[E- -MRPV GFR
SRSV | [§A I VIXIN | [e¥Y ! LINe - MR L ARIN[E- - LRPV GFH
SV FIRIAF IDASSAFSYL-—MGTEV-
SV P TAM TS[eM | ASVMINeJH vV [RK - VRV E - -QH V! YK
eI\ L FRGL VINIENE ST VIS FIMRRF SiKeYe - - QATGTFG
EINEES L L KAL VAT VINe]NNeSV VI NAMNK | Allefel- -AALGAFS
e]H I L TGV FAAY VI Iy T VINARMMNG FViHIe- - KA | FITRIA
e]HERIY L TGL FRAY VN INNeINS VINANMNR FViuH[e - - KA | lITRIG
e]H | L TGI VINeINNeYNS VN FINNOY VigH[e - - QA | [T[EIG
elRVSL VAV VAQLLGAVAAiLLLRLATGG-—MRPPGFA
eRVSL V[RAV AlNOINNeYYV AINT[IMINR | Ajfefe] - - ARPIHGF A
elHIR K L AV VAAQLLASSAAC!LLRFLSGG-—MVTPVHA
elHEMI K L [QA L[EV AINOINRA SSLIYe | IRR Y L S[efe]- - MV TV [EIA
SRIMIL F [RSA[REV AINOINNE ST L NANMNA FLAVAD-SGVEdVEIA
eHVIL F[RSS | AINOJV[NA SSAINe FIIRRW L ieYe - - L A TEJVEIA
eERIIGYV P SAMFNAWA S[oYMNeINT FIXeAll S[AN L FSAlel- -EEVITTR
e]H L L RGI FAQLHGATVACLLLKFTTGG--LSTSAFS
elHLIL L [RG 1 VRAW L INoIN | [e7NT VINAMMNK F Thefel- - L STSAFA
elHlS | L QG BAQL LGANAIARL L -RSTSPFA
Glal | TESAYA R[N BA QML GANAACIE L -MSIGVFS
e]H L L QG I | IGATVACLLLKYTTGG-—LSTSAFS
QI L KG I F | VIerY VINARINRK FVaReXel- - L T TRITRIN
Glg L LRQGVF | LGAIRYACL L L{SERIT GCEEum P IiHE
e]H L | [SL | WA SV LINeFIMNNF Lgee] - - L A TERV[E] T
Glg L LRS! | NESTLINGFINEF | ifefel- - MG I [ /VIET
|
RHEEY v ONAE FM | AINe]V L BKGIEH--------PY
RHIGIRAY T ONALL A ALYe]C | MWW LH--------PA
KHIZSEWY S [oMAzL N4 ALXe|C S MWW I LH--------PA
KHIZEW T [o\AzVIE | VIXe]CG WXWILH--------PA
Q L\AY | 4L | [Ne]F L MOAVTG------ - - - D

K CXNARANV | SV |
L KVAIANV | s[e}v |
N CYAIAMT - V)V |

[N LIFGLDQDV CSGKH
gNL LIEDLNNDV CSKKH
MMCAARNTMSSS- -

LRLLiGLDHDVCSGKH

210



AtNIP4_1
AtNIP4_2
ANIP5_1
ANIP6_1
AtNIP7_1
ZmNIPL 2
ZmNIP4_1
ZmNIP5_1
PgNIP1_1
PgNIP2_1
PgNIP3_1
PgNIP3_2

PpSIP1_1
PpSIP1 2
AtSIP1_1
AtSIP1 2
ZmSIP1_1
ZmSIP1_2
PgSIP1_1
AtSIP2 1
ZmSIP2_1

PpPIP1_1
PpPIP1_2
PpPIP1_3
AtPIP1_1
AtPIP1 2
AtPIP1_3
AtPIP1_4
AtPIP1_5
ZmPIP1_1
ZmPIP1_2

GAHIENPA
GAHIENPA

\V4 -
\V4 -

--BVTER !
- -V TV
SN THA FAL
SN THA FAL
SN THA F AN
SN TINA FARL
- - L SINC
- - SVAMIEYV
- - L INEE A
NTIHAFAD
SN TINA F AL
SN THA F AN

mr<<TTmmnTrCr— T

HENEELM' CIXeA -ERL LIFL T LMEK - -- - - - - VTP
Y ONAHL M| GINO]T -[eS]L LINSIL T LMEN - - - - - - - VTP
A HVAZAN | AINO)V SAN | CISSIJAMKGVIZH - -- - - - - - PF
K HYAZV ) | GIYe]VMARV SINAIRAMKAVIFE - -- - - - - -PT
SEONAELM - ' [XO]TLEATAINTLVGVSVYG--------VN
R [o]LIZA NV L YoM L ATLGTEELMG ------- GRH
| [ONAEFMWAINOF TEAMCINAVIMKAVLH - --- - - - - P
AHLALMAAINOL LEFVAINIEY AKALYAG----PANLL
TAIGVFAAICV LMEG--------DV
K [oNAZ P | TIXelL GIEF | AINCIHAMRVMLK - - - - - - - -AV
MQV PEYY YielA QARG S[NeA S F R KLIH—-—-----PF
ACNEEFMLAINOV L[eH | SINAIRAMKGIEN - --- - - - -PF

E
E
E
E
E
E
E
E
E
E

TTTTMTMTTMTTTT

SIL A | [N SIEFAYOYA | [EFAA GlePA |
SWNRRIFPA QAINGAV GGAL
SINBRIEPA QAINGAV GGAL
GNDNIN | M S | [ FENOYNA [T \AclcT-4N
SV FVIN | 4V EV I [€@S]| LAVK
PAVY[IRRTA FAR I IV | [T L [€V K

VLVYTVFSATDRKRNARD
VLVYTVFSATDIRKRBJARD
VLVYTVFSATDERAKRINJARD
VLVYTVFSATDRKRNARD
VLVYTVFSATDKRINJARD
VLVYTVFSATDRKKRBIARD
VLVYTVFSATDIKRBJARD
VLVYTVFSATDIAKRBJARD
BLVYTVFSATDRKRINA RD
BLVYTVFEFSATDIKRINNARD

TLGVRLEINOM V[EINAIIIN T
TLGVRIL YOV V[T NXcITIN A
§L A I[RL PAQAGAGAL

rT>»>>»4d>




ZmPIP1_3
ZmPIP1_5
ZmPIP1_6
PgPIP1_1
PgPIP1_2
PgPIP1_3
PpPIP2_1
PpPIP2_2
PpPIP2_3
PpPIP2_4
AtPIP2_1

AtPIP2_2

AtPIP2_3

AtPIP2_4

AtPIP2_5

AtPIP2_6

AtPIP2_7

AtPIP2_8

ZmPIP2_1
ZmPIP2_2
ZmPIP2_3
ZmPIP2_4
ZmPIP2_5
ZmPIP2_6
ZmPIP2_7
PgPIP2_1
PgPIP2_2
PgPIP2_3
PgPIP2_4
PgPIP2_5
PgPIP2_6
PgPIP2_7
PgPIP2_8
PgPIP2_9
PgPIP2_D
PgPIP2_1
PgPIP2_2

SMGANNMV ARG Y K G[3JG L [€]A
MGANEVINEG Y UK G[BJG L [e]A
NGANIVEIREG Y UK G[BJG L [e]A
SMGANNMV ARG Y K G[BJG L [€]A
MGANE]VARIG Y K G[8JG L [e]A
MGANRVARIG Y BK G[3JG L [e]A
MGANE]VAIRG Y ERIGHIG L [NA
MGANEVAING Y ERIGHG L [NA
NGANKVIENG Y [CRIGHIG L YA
MGANIV ARG Y BRIGHG L [NA
MGANEINAPBG Y ERIGHIG L YA
- (7NN S L [XD[eRZN T[€] T [N A I
SGANINAPBIG Y
SGANSNAPIG Y
- QNG L S D[eRY%
- [eZ3NV L S D[eY
SGANIIV APBIG Y
SGANQV ABG Y
SGANEIEABG Y
MGANEIRABG Y
-[eFMN E L S D[ehY
-[EZMN E L S D[eRY
3G A N|HREYNG Y
- (73N E VA S AleRY
- € VI T s D[eRY%
4GANNVELIG Y
SNGANEVEREG Y K GG L YA
SMGANIEVEREG Y UK GG L INA
SGANEVEREG Y K GG L YA
MGANMVELEG Y K GG L [€]A
MGANWVARIG Y IK GYG L [NA
MGANEVARIG Y Ik GYG L §A
MGANWVANMG Y IIKGYG L INA
MGEINEIVEIRG Y KGR L [RA
SGEINEVERRG Y BK GEZAL [RA
MGEINEIVERRG Y EKGEJAL [RA
MGEINEIVERAG Y BIK GEJAL [RA

MMMMMMMMMMMMMMMMMMMMMMMMmMMmMMMmMMMMmMMMMmMmMmMmmMm

TTTTTTTT T T T T T T T T TTTTT T T T T T T TTTTTTTTTTT

BLVYTVFSATDEKRNARD
VLVYTVFSATDEKREARD
VLVYTVFSATDIIKREIARD
VLVYTVFSATDIYKREARD
VLVYTVFSATDEKREARD
VLVYTVFSATDIKREARD
VLVYTVFSATDPKRJARD
VLVYTVFSATDPKRJARD
VLVYTVFSATDPKRNARD
VLMIETVFSATDPKR[4ARD
VLVYTVFSATDPKREARD
VLVYTVFSATDPKRNARD
VLVYTVFSATDPKRNARD
VLVYTVFSATDPKRNARD
VLVYTVFSATDPKREARD
VLVYTVFSATDPKRNARD
VLVYTVFSATDPKREARD
VLVYTVFSATDPKREARD
VLVYTVFSATDPKRNARD
VLVYTVFSATDPKRJARD
VLVYTVFSATDPKREARD
VLVYTVFSATDPKREARD
VLVYTVFSATDPKRJARD
VLVYTVFSATDPKRNARD
VLVYTVFSATDPKRJARD
VLVYTVFSATDPKREARD
VLVYTVFSATDPKREARD
VLVYTVFSATDPKREARD
VLVYTVFSATDPKREARD
VLVYTVFSATDPKREARD
VLVYTVFSATDPKREARD
VLVYTVFSATDPKRNARD
BLVYTVFSATDPKREARD
VLVYTVFSATDPKR[4ARD
VLVYTVFSATDPKR[4ARD
VLVYTVFSATDPKR[4ARD
VLVYTVFSATDPKRNARD

212



PgPIP2_B - TMK ECEREA SETAMANEE
PpPiP3_1 NAVINGNQ PIEAN | HoANA NS

PpTIP6 1 - - - - - | GANM TGF SAM L M3
PpTIP6 2 - - - - - | GAGM TTWSA T L M§H
PpTIP6 3 - - - - - | GV[EM S PM SA E
PpTIP6 4 - - - - - | GV[EM T PWSA E
AITIPL 1 - - - - - WSAEV GVLNAF E
AtTIPL. 2 - - - - - WSAV GSLNAL E
ATIPL. 3 - - - - - HSYEV TPWNA E
ATIP2. 1 - - - - - VAA[L GS'1 E E
AtTIP2. 2 - - - - - VAA[EL GA | E E
ATIP2. 3 - - - - - V SA[EL GAVE E
AITIP3 1 - - - - - [MA slgv GAV N[EL E
ATIP3 2 - - - - - VAS[gV SELH[EL L M§S
ATIPA 1 - - - - - WA slgv sYTQ E
AtTIP5 1 - - - - - | AGEMTGFGA SNLES
ZmTIPL. 1 - - - - - HT-EVSVWEALVLE
ZmTIPL 2 - - - - - HsAldV GAMNANAYL B2
ZmTIP2_1 - - - - - VAG- | SEL E[SNAAF =
ZmTIP2_2 - - - - - VSG[ET TEL E[eAVAY F =
ZmTIP2. 3 - - - - - VSG- | SE| E[cYAYIMVE=S
ZmTIP3. 1 - - - - - WA slgVv GDWHANIL L i3
ZmTIP3 2 - - - - - WA SV GDGHANL L i3
ZmTIP4 1 - - - - - MGR[E | SPMQE =
ZmTIP4 2 - - - - - MG AlE | RPMOQ[E E
ZmTIP4 4 - - - - - MGA[EV GAL RENML M=
ZmTIP4 3 - - - - - HA E[EV GPL QEAMA B=
ZmTIP5 1 - - - - - | AVAMTGFG[EANMLEE
PgTIPL 1 - - - - - HSSGVGVGNAVVFE
PgTIPL 2 - - - - - M s slEgV GVGNA LNVFES
PgTIPL.3 - - - - - V sslgVv G SWNANRAL §=
PgTIPL 4 - - - - - X SS[EV GVXNAXNMFE=
PgTIPL5S - - - - - Msslgv GVGNA LMFES
PgTIP21 - - - - - VAA[EM ST/ E[NRIVE=S

R ] - B R R e R e e
TMTMTTTTTT T T T TTTT T T TMTTTTTTTTTTTT T T T T

GT FVLVYTVFMATDPKEINARD S HV SR PILAPL
GT FVLIRYTVIRSATD PRIRISA RD S HV EEEEEEEEEEE I PVLAPL

CIASRAG WY | DAIYN[ERIN - - - - - - - - - - -
CIaAGRAF NN/ DA INERYy - - - - - - - - - - -

INLV YNV YETARID PK
SHL FIA4 Al | VDI D - - - - - - - -- - -
VIR ARIF TASD- -PR-RG - - - - - - - - - LPLAVG]I

GLVY!VYSTLIDPKE
Vv

-RRAV - - - - - - - - - -
-RKLMAP - ---------

€L VY TVYATARIDPKKGS L |
eLVYTVYATAID PNIK G S L[S
CIAARAAZINY | DJALIR[CEIN - - - - - - - - - - -
el BESAV Y A TAIEP GiL ...........
€elLVYTVYATARIDPKKGRIL

ALV Y TV YA TARD PKKG S L S



PgTIP22 - - - - - VASEIM STGE[CAAYVE=SRY | - RENEA A GRASNWNA PDISG9E DIy - - - - - - - - - - - GT | AP
PoTIP4_1 - - - - - MSSEMTY FOQleaY | MESSIRYAL - BN SN FIRAF-NENVDPISY9gENIY G - - - - - - - - - - NTREA P L
PgTIP4_ 2 - - - - - AGETGY|| E[cAYAYAVMEIVNL - IS SIH. FIRASNEY VIS R[EBMG - - - - - - - - - - VL MENES

PpNIP3_1 MHGGVEIL IQIEIAYWPSHFL L

PpNIP5 1 AYEGARNILIZT DVI[e]SIAL L Vi I BT FEHLMFEFVENNA VET DEIR A [
PpNIP5 2 ASEGARIL XA DF[eSIAL | Wi BT FEILMEVEENA VA TDRIR A [
PpNIP5_3 ASEGAN! IHA DI[eSEEL L VN - LMFVAVTDRA .............
PpNIP6 1 TEVALVIHFARNY ANV V L -
AtNIP1. 1 DVF I GSSEHV DLW TM Vv

AINIP1_2 DVFVGRLIES NL[eSIHV I
AtNIP2_1 DV F L GSS|ZSEERID L (oJNFV M
AINIP2_2 - - - - GSS[ZS[eESID L [o}NFV M
ANIP4_1 EAFFGETIHA DEPARINL VA
ANIP4 2 KAFFGUTIET DESGEIYL vA
AINIPS_1 MSGGVI IS VEL GOEYEA L
AINIP6_1 MSGGVEIVIET V GL S[OYNEA L
AINIP7_1 ADIMAKA§CVSFV

ZmNIP1_ 2 EHFPGRELIZT EVIgSLV I
ZMNIP4_ 1 AV IGTHRTIHSEEIP HWHEAL L |
ZmNIP5_1 GPTVARIVIES V GA SHERAWV
PgNIP1_1 AY | AAVIESEEIRDMESIFV L
PgNIP2_1 SNTG I Qi TIHS[EITV L [OJA\L AM
PgNIP3_1 MSGGVH ! IESIER]Y GloAwdA L
PgNIP3_ 2 MGGGVHIVIXSIERY GloLNE S L

mmMmMmMmMmMMMmMMMMMMMMMMMmMmMmMmMmMm

PpSIP1_1 - - - - - HKINQAP L ET[eV A= F LI
PpSIPL 2 - - - - - HKINQAP L OT[elV | [AW= F LI
AtSIP1_1 - - - - - PEIL[®]V BAAHUIGARRA E F FA
AtSIP1_ 2 - - - - - MSOQF G - AlgIN[eply | SHS F FL
ZmSIP1_1 - - - - - PEILK V DARHEIGARA E F LT
ZmSIP1_2 - - - - - o SINQAD Pla] T[CFA GAW= F LA
PgSIP1_1 - - - - - o SINQAD | gIR[EFA | = F

AtSIP2_1 - - - - - HKIANENAA | [glHIE - L THS F

214



ZmsIP2_1

PpPIP1_1
PpPIPL 2
PpPIP1_3
AtPIP1 1
AtPIP1_2
AtPIP1_3
AtPIP1_4
AtPIP1 5
ZmPIP1_1
ZmPIP1_2
ZmPIP1_3
ZmPIP1_5
ZmPIP1_6
PgPIP1_1
PgPIP1_2
PgPIP1_3
PpPIP2_1
PpPIP2_2
PpPIP2_3
PpPIP2_4
AtPIP2_1
AtPIP2_2
AtPIP2_3
AtPIP2_4
AtPIP2_5
AtPIP2_6
AtPIP2_7
AtPIP2_8
ZmPIP2_1
ZmPIP2_2
ZmPIP2_3
ZmPIP2_4
ZmPIP2_5

H5 LE;

- — — — — — — —

UTUUUUUUUUUUUUUUUUUUUUUUUU@MUUUUUUTUTDO

GFAVFMV
GFAVFMV
GFAVFMV
GFAVFNMV
GFAVFMV
GFAVFMV
GFAVFMV
GFAVFMV
GFAVFOvV
GFRV Fmv
GFAVFMV
GFAVFMV
GFAVFMV
GFAVFMV
GFAVFMV
GFAVFMV
GFAVFMV

VTUVTUVUTUVUUVUUUUUUUUTUUTUUTUUTUUTUUTUTUTUTUTUTUTTUTTUTTUTT

G
G
S
G
G
G
€
G
G
G
G
G
G
G
€
G
G
€
G
G
G
G
G
G
G
€
G
G
G
G
G
G
G

SLGAAIIYNTQHNA INDHW | FWVGPFIRGAAL A AIRY
SIHGAAV | INEGBIYIWNDHW | FWV G PIRRGARL A AMY
MBLEWDDHWWAFWY GP FIRGAAL A AlRY
- KDNAWsIsRsRWIV [SAVAVACRR S | (CTAW NI | M
LV Y\WDDHW | FWVGP FIRGAAL AARY
L PLE\WDDHW | FWVGP FIRIGAAL AARY
-KDHAWDD.M/ FWVGPFEIGAAL A AIRY

- QHHA FWVGPFIIGAAL AALRY
- RDHA FWVGPFERGAAL AARRY
- RDHA FWVGPFRIRGAAL AARRY
- RSHA FWVGPFEIIGAAL AARRY

4D - NPHG FWVGPFGAAL AAMY
| DLEVIWDDW | FWVGP FIIGAA L A A[RY
| - K SHAWDDERYARSWAEeX =3 | €7 G-V - \4
Y DEGERYIWD D[]w | FWV G P[IYIGAA L A AQRY
SFGAAV | B KHWDDHW | FWVGPFEGAAL A ANY
SFGAAV | S KEWNDHW | WV G P F[BGAA L A AIYY
SFGAAV | NEK[HWDDHW | FWVGPFWUGAA L A AINY

|

|

|

|

|

SFGAAV I ENEGEKEWDDHW | FWVGP F[RGAA L A AIYY
SFGAAYV ML BIKIRWDDHW | FWV G PIIRIGA AfRA AlRY
SFGAAV LS KIgWD D HW
SFGAAV I ENBISSIKIEWDDH W
SFGAAYV -NEKAWDD@W FWV G PIIRIGA AINA AlRY

SscAA! N PIKINWDEIHW | FWVGP FBRIGAAIA AIRY
SFGAAV | el IN\WDD[®]W | FWVGP FEGAAIIA AlFY
SFGAAV | - N E[QA WIS FWV GP FRGA[WNA ABY

SFGAAV I S KINWDDHW | FWV GP FUGAIRANA AlIRYY
ML PIKIFWDDHW | FWV G PIRIGA AfRA AlRY
SIIGAAVEY NBEIKIFWDDHW | FWV G P[RRGA ARA AlRY
SLGAAVIYN-KDKAWDDEW FWV G PIMIRGA ARA AIYY
Sl [CV-RYAREN - K DINA I ONAESWAECH | | ([€AW2N | WAV A N

SINGAAV | Y NERNMBIKINWDDHW | FWV GP FERRGA ARRA AIAYY

215



zmPIP2_6 GEEKENEEN P Gl SLGAAVVYN-NSEA SIDEJW | FWVGP FIIGA AIRA A[RY
ZmPIP2_7 EReRNNASVLY P Gl SFGEAV S\l < 'N\WD D[e]wW | MWV G P FWIGA AA AlRY
PgPIP2_1 [ZNNelNVASVAY Pl Gl SFGAAV | YEBGEESEWDDHW | FWVGPFINGAA L A AINY
PgPIP2_2 [Nl NVASVAY Pl Gl SV VIAREG - H K Q S AVARAAVAcE NS | (). V-YW-VA )%
PgPIP2_3 [Nl NVAZVAY Pl Gl SFGAAV | Y[EBIMOIWDDHW | FWVGPFWGAA L A AINY
PgPIP2_4 [ZNNelNNAVASVAY Pl Gl SFGAAV | Y[<EIOIIWDDHW | FWVGP FWGAA L A AINY
PgPIP2_5 [Nl NAVASVAV Pl Gl SIXEI TINARS G - - - Q SUNDBIOWARRY | [ehzlaV [T V-NW-WY T )%
NP | GFAV FMV Pl Gl SFGAAV | Y[<BIEEWD D[e]w | FWV G PIGA ARNA AINY
PgPIP2_7 [Nl NVASVAY Pl Gl SFGAAV | Y[eERIJKIIWD[EH W | FWV G P F[NGA Alel A AINY
PgPIP2_8 [ZENeINNAS | \V/ | P Gl SFGAAV | Y[eBEGIOJKINWD D[]W | FWV G P FIIGA AN A FYY
PgPIP29 [Nl N\AS | \V] | P Gl SFGEAV | Y[eEGREKEWD DWW | FWV G P[IRIGA A A AINY
NILEYRMP | GFAV F[RYV Nﬁl Gl S1kel PEAYAREG - H K[ P R[pIs] L \WARAVEeRY | | [/ WYVENT V)4
PgPIP2_1 [ N S| Gl S1kel PEAYAREG - H K4S R[pIs] L \WARSY | (e | [ WYVENT AN
PgPIP2_2 |d Pl B SFGIZAV | Y[EERINKEWD D[W | FWV G P[RVIGA AT A AINY
PgPIP2_8 A Pl Gl MG - HK4SWNEERYARSYAAeR | | eINT | [WNA F
PpPIP3_1 [ Pl G I|NPA R SHGA A B | FWV G PIRVIGERKe A ARRY |
H5 LE; LE,
PpTIP6_1 | SMIGINPF SG A SM/NP[€ SFGPAV!AW-—--DFKNHWVYWVGPLVGAALAAHI
PpTIP6_2 | SMIGINPF SG A SMINP[E] R SFGPANVINVEEEEEIIRENH WV YWV G PIERIGEYNL ALK
PpTIP6_3 [ F VI[SA ST VI G MR eAFNY | AM - - - - DF TNERVAARYAACH F | €A AWNA YV |
PpTIP6_4 | F VI[E]A AT VNS G RSl L IAM - - - - DF TNERVAARAACRYF | €A A[WNAN |
ATIP1_1  [NIRINRXYNYREWNeTe A RISV V' AlelNVWASW - - - - T TNHWVYwEGPLVGGGnAGLl
INgR ISP | GF | VGAN | LAGGIYFSG A SMINPA NEEYF G PANIVENVEEEEER Y Vi H WV YWING P LIRGG G L A G
ATIPL 3 [ GHIVGAN N\ [efeiA I D [TV v RV ASW - - - - | TNGRYAARAARF | €A A | INA | Y
ATIP2_1  [NINel L FRVAYNNREWNA [clYe] ¢ SIVINGINIEEEIRIYV AA G - - - - D F SGRAYAARAZE:AN | il YN |
INga 7B A | GF | VGAN | LAINGPF SGREISMINPA| R SFGPANMVEICEEEEE NNl W[ Y WV G P LVAGGINL AGLJ
NN A | GF | VGAN | LAINGPF SGEEISMINPA| R SFGPANMVEICEIEES I ISToY ] W IR Y WV G P LIIGGINL A GL[
ATIP3 1 [ GHIVGAN L!GGPFSG SMINPA ﬁFGPALVGW-—--R H DERAY YWVGPFIGSALAﬁLI
ATIP3 2 [NIKel L IRZTNREN \ [efelzR3 D [CRASIVIINEVN RN A [XeRFN L WAGW - - - - R SNEAWY | NAYAYZeR: F | (XA [WNAY |
AtTIP4 1 L LAGGEFSG A SMINPA R SFGPA[NVEICEEEIEIN\\iE]H WV YWV GP LIIGGG L A G[Fi
AtTIP5_ 1 F GANMILAPNGPF SGEEISMNPA e SINVIIAY G - - - - SEKNQ A VARYAZeIAN | efelA TINA Y
ZzmTIP1_1 I LMGGﬁFBG SM|NPA SFGPALVSW----EwGYQWVYWVGPLIGGGLAGVI
ZmTIP1_2 [N WYefelA I3 D [ESIVINIYY v RIFNVT G - - - - VI ENERAARAZAARA A A | FNARY
zZmTIP2_1 [ WA [Nl C RIYINZVYEESIEAZYY AAG - - - - D FAGNUAAAANZAARV el IW-XIAY,
zZmTIP2_2 [ WA [ Te] C BYINZZNEESIZYV A AA - - - - D FAGNAARNAAAN | clclc]W-XeIRY,

216



zmTIP2_3 NIKEINIYYEYY A FEEEE © YINEAEBEEEEEAV AAG - - - - NFAGNRNATYGN Y YN
ZmﬂMLlAVGFHHGAN LAGGPF@MG iFGPALiGW-—- RWR HERYAYA% GPFLGﬁGLAGLV
ZmTIP3_ 2 MGANMIL AGGP FBG VIV WIGW - - - - RINR HIZAYAYAY GP[ENGINGL AGLYV
ZmTIP4 1 | VGAN LAGGNFTG YAAFNL ATG - - - - DY T IN[ZRTAYA% GPLLGGPLAGiV
ZmTIP4 2 | VGANBILAGGN FRIG AHIIM A TG - - - - VI T NERYAYAY GPLINGGHL A GEV
ZmTIP4 4 VGANMALAGGPFSG SFGPA[RV/NCEEE. V@ADHWVYWVGPLIGGPLAGLV
ZmTIP4 3 VGAN SJHePFY ASG - - - -V THHWVYWVGPLAGGPLA!LV
ZmTIP5_1 GA WNA[EA L T SIZEINVVMISG - - - -HFKNQ A YRRV ARV ViEA A VINA[RY
PgTIP1_1 VGAN AIINL WASW - - - - TWENERY | N\AYAZ:IA L [l IW eV |
PgTIP1 2 VGAN AlKERINL ASW - - - - SWENGRY | YAAZeRAN | (ele] A [ eV Y]
PgTIP1_3 VGAN AINLWASG - - - - KWRY AW | YAYAXe1:AN | (eleXe] F - Yeyl L
PgTIP1_4 VEAN | LAGGEYF[BIG A FMINPA R [NF G PA[RYVEIVEEEEEL\[@®4H W NZEHI GEEHIGG G L A GV
PgTIPL 5 VGAN AIXINL WASW - - - - TWENERY | KAWWZASI L cleXeiw eV |
PgTIP21 VGAN LAﬁGPFSGiiSMNPA JFEFNV/WAISG - - - - DF TNNIIVIAWZAR\/ [l Yel A Vi
PgTIP22 VGAN | LAINGPF SGEEISM|INPA R SFGPANMIVEIEEEEDIADBINWWYYWVYGPLIIGGGL A GIRV
RUZENS G GAN | LAGGPFSG A SMINPA SFGPALVTG-—--IWKDHWVYWVGPLVGGGLAGFV
R ANAYINRYIY GAN | [JAGGPF SG A SMINPA| R SFGPAFVAVEEEREESVERBIH WIAYWVGP LWGGGL A GIYE

H5 LE; LE>

PpNIP3_1 PEWAEFNCWMMMN | M | Y€ S T S)€ TIMEReN | INV N - - -
PpNPS5_1 PAWAEIS ANAIRN A [RVIEYE S | )€ SLGPAA - -
PpNIP5_ 2 NI [e]s ANIA RN A [AVENexd | SLGPARRABE - -
PpNIP5_3 [AWAES C\YA B\ A [RMENery | )¢ SLGPAA - -

PpNIP6_1 HGATIILNVLLAGPVSG SLGPAIVAN-—-
AINIP1_1 GETVIELNMLIARPYSH SNl FYL Vv -[d- - -
NI AV GRJ T V[N L NNAREA GPIYAS G SRV Y S - - -
ANIP2_1 | I [l TIMN V | FEXEE VEIE - - -
ANIP2 2 | I [TV | FV[EE Ve - - -
AINIP4_1 Ml MVIIV FVIXeR | BXe SL GPA[RYAYIGC .
AINIP4 2 Y] T IRA L NRAEYA G PR SLGPAIRNAYIGCEEEE
AINIP5_1 AVGATVMLNILVAGPSTG!!SMNP! - VINSlg- - -
NI A vV GA TVIYIL NENL A GPESIIE ~ SMINPWY LEPADNAINEEEE

INERFIVVAW- - - -DFEDLNM I MV TENEY | eXY | [V L T
AN A GA TN NRAL IRA GPWAS G SMINPA LVS-—--ETSVGVVVA A
ZmNIP4_1 INEEISANMIC I T S | FEXeldV Hle ¢ BN TMABINVEASN - - - -VETGLM I NFLGIHV I €T L S[egywWV
ZmNIP5_1 GA[eINANMMMS A1 S[eE S TIe] SMINPA TINGTIN I INTIE - - - - TMTKIRARIVENE P LEIN | AfeJCGA

ANNIP7_1 VI[eTV I SIG VR Ty | e ¢ BN

217



PgNIPL_1
PgNIP2_1
PgNIP3_1
PgNIP3_2

PpSIP11
PpSIP1_2
AtSIP1_ 1
AtSIP1_2
ZmSIP1_1
ZmSIP1_2
PgSIP1_1
AtSIP2 1
ZmsIP2_1

PpPIP1_1
PpPIP1_2
PpPIP1_3
AtPIP1_ 1

AtPIP1_2

AtPIP1_3

AtPIP1_4

AtPIP1_5

ZmPIP1_1
ZmPIP1_2
ZmPIP1_3
ZmPIP1_5
ZmPIP1_6
PgPIP1 1
PgPIP1_2
PgPIP1_3
PpPIP2_1
PpPIP2_2

AV GA TIREINRFNISG PR
INZelsMWM | S S | FINely |

oW — el — — - -

I
I
L
L
L
I
I
G
T

—rC——Hrroo
=s><0onrxrr>r

[XZXATRA > > — —

- - ------PFIR -KRV - -
- - ------PFR-KRV- -
- - ------PFSANRA- -

SRS - - -

AARAAARARARAARARARAARARARAN XNapws

T I[ESIAVIAGN -
SLGPAIVSN—

N EREMPNFV SN - K
N EWEEMPNFV SN - Q
A FGWAY (VA
A FGWAY IS
NMA FGWA'Y ANINES
NRA FGWA'Y WANINES
N EYseNNEV NN -
A VMIEAWWREA R G -
S RYANVREA RG -

A
A -

O mX0 0 w0

L G S [E R SN RT3 YA
BEESL G S [HR SINET N T Tt

—
<
@
=
>
—
<
<
®
>
0O
2

L ClePANA G
L LIEFNG A

218



219



