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Abstract. Pecan cuttings are difficult for rooting. This study describes the pecan
hardwood rooting process based on anatomic characteristics to understand root
formation mechanisms of pecan cuttings. The expressed proteins of different periods
during the adventitious rooting process of pecan seedling hardwood cuttings were
identified and analyzed to evaluate the rooting mechanism. The expressed proteins of
pecan cutting seedlings were also compared with other cultivar cuttings during the
rooting period. Pecan seedling cuttings were developed at different air and substrate
temperatures to induce root formation. Adventitious root formation of pecan hardwood
cuttings was described, and the phloem at the base of the prepared cuttings was selected
as the sample for the differential protein analysis. The results showed that adventitious
root formation of pecan hardwood cuttings was the only product of callus differentiation,
which originated from the cells of the cambium or vascular ray parenchyma. Such
adventitious root primordia were developed from those calluses that formed the
regenerative structure, and the expressed proteins during the adventitious rooting of
pecan hardwood cutting were identified and analyzed by matrix-assisted laser desorption
ionization—time of flight-mass spectrometry (MALDI-TOF-MS) to evaluate the rooting
mechanism. Eight differentially expressed proteins were found in the rooting periods,
and 15 differential proteins were found by comparing pecan cutting types, which were
analyzed by peptide mass fingerprinting homology. The results show that the primordial
cells were differentiated from the meristematic cells. Furthermore, the differentially
expressed proteins contained energy metabolism proteins, adversity stress proteins, and
signal transmission proteins. The energy metabolism-related proteins were adenosine
triphosphate (ATP) synthase, photosynthesis-related proteins, and enolase. The
adversity-stress proteins containing heat shock-related proteins and signal transmission
proteins were mainly cytochrome enzymes and heme-binding proteins. Adventitious root
formation of pecan cultivar hardwood cuttings was difficult. More trials should be
performed from the potential aspects of high defensive protection and phloem
morphologic structure.

Pecan [Carya illinoinensis (Wangenh.) K.
Koch], a member of the Juglandaceae family,
is native to North America. It is popular
worldwide as an important multipurpose tree

species for both its economic and ecologic
benefits (Wood, 2001). Although it was intro-
duced into China at the end of 19th century, it
still does not form a large-scale commercial
industry in that country based on a number of
limitations (Peng et al., 2012). During the past
10 years, renewed interest has been given to
clonal propagation research in China because
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of the rapidly increasing demands of the
international pecan market (Zhang et al.,
2015¢). However, the hardwood cutting prop-
agation technique is difficult.

A rooting method for pecan cuttings by
treating with root-inducing chemicals, such

‘ PROPAGATION AND Ti1SSUE CULTURE

as lanolin mixtures of indole butyric acid,
was first reported in the early 19th century
(Smith and Romberg, 1939). Since then, new
treatment protocols have been explored
(Allan et al., 1980; Brutsch et al., 1969;
Fouad et al., 1992; Smith and Chiu, 1980;
Wolstenholme and Allan, 1975) to induce
roots for pecan stem cuttings. To understand
adventitious root formation, the anatomy of
roots for pecan stem cuttings has been
studied (Brutsch et al., 1977; Fayek et al.,
1994). During the past 5 years, the studies of
root formation for pecan hardwood cuttings
increased. For example, cuttings were treat-
ed with varying concentrations of different
auxins and different combinations of media
and ambient temperatures, which showed
that auxin and substrate/air temperature
differences were indispensable in the pro-
cess of adventitious root formation for pecan
hardwood cuttings (Zhang et al., 2015a). By
using such treatment in the appropriate envi-
ronmental conditions (i.e., external environ-
ment temperature, 15 °C; soil temperature, 25
to 30 °C; the best treatment is a concentration
of ABT-1 500 mg-L ™" of rooting after soaking
6 h), the rooting rate of pecan hardwood
cuttings reached as high as 87% (Cao et al.,
2015). Although significant progress for pecan
hardwood cutting techniques has been made, a
robust pecan hardwood cutting protocol has
not yet been developed and applied success-
fully in pecan breeding. Furthermore, the
materials of this protocol can come from pecan
seedlings rather than cultivars. In addition, the
rooting mechanism during the process of
adventitious root formation for pecan cuttings
is unknown.

Compared with native pecan, pecan cul-
tivars vary widely in yield potential, nut
quality, date of maturity, tree form, and
resistance to insects and diseases. In fact,
pecans grown from seeds are not true type
because each seedling tree is unique and has
extremely variable nut quality. Therefore, to
propagate a tree of a given cultivar by
traditional grafting, buds or shoots from the
parent tree must be grafted onto seedling
rootstock. Recent research has indicated that
grafting success increased more than 90%
when using cleft graft with a hot cable
(Casales et al., 2018). However, pecan root-
stocks are produced from open-pollinated
seeds, which also affects the presentation of
the cultivar scion (Sanderlin, 2015). To
achieve the goal of one released cultivar with
complete germplasm resource reservation,
better cutting and tissue culture methods
should be explored. It was postulated that
the tissue culture method may result in the
cloning of different pecan genotypes. How-
ever, the main problem of adventitious root
formation still exists—a concern that is not
present with the cutting method (Corte-
Olivares et al., 1990).

This study describes the pecan hardwood
rooting process based on anatomic character-
istics to understand the root formation mech-
anism of pecan cuttings. The expressed
proteins of different periods during the ad-
ventitious rooting process of pecan seedling
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hardwood cutting were identified and ana-
lyzed to evaluate the rooting mechanism, and
the different cutting materials from the pecan
seedling and cultivar were compared in the
differentially expressed proteins in key root-
ing periods based on the former observation.
The results help to summarize the key factors
for rooting of pecan cuttings and provide a
reference for pecan cultivar cutting technique
research.

Materials and Methods

Plant material. The experiment was
implemented at a pecan orchard in subtrop-
ical Zhang Temple village, Jiangsu, China.
The annual average temperature is 15.6 °C,

with an average daily temperature of more
than 10 °C. The annual average relative
humidity is 78%, annual average rainfall is
1018.6 mm, and annual average sunshine is
2152 h. The open-pollinated seeds of pecan
cultivar Stuart were used to generate seed-
lings in Nov. 2013. First, the seeds were
sterilized in 4% potassium permanganate for
12 h, then they were soaked in the sink for 2 d
with untreated running tap water at 15 to
20 °C, and then finally they were stratified in
moist sand in a sealed plastic bag for about
50 d at 4 to 8 °C. In Feb. 2013, after being
soaked in 500 mg.L™' gibberellic acid A3
solution for 18 h, the treated pecan seeds
were planted into a culturing bed filled with
soil substance, a mixture of peat, soil, and

Fig. 1. Pecan hardwood cuttings at key rooting period (20 d after cutting). It was the key period for the
induction of adventitious roots. The basal phloem parts of both groups were selected for differential
protein analysis. (A) Cutting materials from ‘Pawnee’. (B) Cutting materials from ‘Stuart’ seedling.

Fig. 2. A field plot of transplanted rooted pecan seedling cuttings. The pecan seedling hardwood cuttings
were treated with 500 mg-L~' 1-naphthalene acetic acid 6 h and planted onto a fixed nursery bed
containing peat and perlite substrate with bottom artificial heating. (A) More than 90% of the pecan
seedling cuttings show expanded leaves at 40 d. (B) About 80% of the pecan seedling cuttings
developed adventitious roots at 50 d. (C) Most of the cuttings grew only one adventitious root at the
beginning, around 40 d. (D) The root fibrils began to grow when three to five adventitious roots
appeared or when the adventitious roots elongated to 2 to 3 cm at 50 d. (E) After 60 d, with more
adventitious roots growing, the branches and leaves on the top of each cutting began to extend and

expand.
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wood ash (5:3:2 by volume; Shanghai Jizhi
Agricultural science and technology Co.,
Ltd., Shanghai, China). In mid May 2014,
100 seedlings with similar height and ground
diameter were transplanted to the test field. In
early July 2015, half the pecan seedlings were
selected randomly as rootstock and were
grafted using the patch-grafting method
(Zhang et al., 2015b) with a ‘Pawnee’ scion
that came from the scion plucking nursery of
the orchard. The position of the grafting
patch was ~15 cm aboveground.

In early Dec. 2015, the top part of the 50
grafted ‘Pawnee’ rootstocks higher than the
grafting patch was cut off, and the remaining
50 ungrafted ‘Stuart’ seedlings were cut to
the same height. An excised stick from the
same tree was cut at ~8 cm, with a 45° slope.
Cuttings were immersed in moist sand with a
relative humidity of ~30% at room temper-
ature for 2 months, and were used for
observation of adventitious root formation
and identification of differential proteins
during the critical stages of graft rooting.

In Dec. 2016, the upper dormant branches
of the grafted and ungrafted young pecan
trees were cut into ~8 cm with a 45° slope
end. Then, in 2015, both cuttings of ‘Pawnee’
(scion) and ‘Stuart’ (rootstock) were stored in
the same 2-month-reserving environment
mentioned earlier and were used for the
differential protein analysis of pecan cultivar
and seedling cuttings (Fig. 1).

Cutting procedure. The cuttings collected
in 2015 and 2016 were used for graft rooting
testing in Feb. 2016 and Feb. 2017, respec-
tively, according to previous cutting methods
(Cao et al., 2015). Briefly, a solid nursery bed
for cutting growth was set up in a greenhouse
with a light intensity of 20,000 to 40,000 Lux.
The nursery bed stood about 120 cm away
from the ground to maintain rooting substrate
air and water permeability. The rooting sub-
strate, containing peat and perlite (a volume
ratio of 3:7) (Liaoning Province Jade Source
Peat Development Co., Qingyuan, China),
was distributed evenly 2 to 3 cm high on the
fine-structure mesh at the bottom of the
nursery bed. Then, an electric heating cable
at the bottom of substrate was connected to
the thermostat so that the temperature of the
rooting substrate could be controlled. Finally,
the root-induced substrate was placed on the
surface 8 to 10 cm high. The temperature of
the lower part of the cuttings was kept at 25 +
2 °C and the external air temperature was
maintained at 20 + 2 °C. All hardwood
cuttings were washed by flushing tap water
for 12 h, and then the base (length, 2-3 cm) of
these cuttings was immersed in a solution
containing 500 mg-L™' 1-naphthaleneacetic
acid (NAA) for 6 h. The cuttings were
arranged 2 X 2 cm apart. Soil media and
ambient temperatures were maintained as
mentioned earlier. All cuttings were watered
with sprinklers every 7 d to keep the relative
humidity at ~60%. In addition, carbendazim
solution diluted 800-fold was sprayed every
10 d to control bacteria and fungi.

Anatomy observation. In 2016, 10 pecan
hardwood cuttings from ‘Stuart’ seedlings
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Fig. 3. Stem transection microstructure at different periods after the pecan hardwood cuttings of seedlings
were treated with 1-naphthalene acetic acid. (A) Cross-section on day 10. (B) Cross-section on day 20.
(C) Diagonal section on day 30. (D) Diagonal section on day 40. Cam, cambium; Cal, callus; Cor,
cortex; En, endodermis; Ep, epidermis; Pd, periderm; Ph, phloem; Pi, pith; Pz, perimedullary zone; r,
secondary ray (S, single secondary ray; D, double secondary ray); rh, root hair; Ve, vessel; and Xy,

xylem.

were collected every 10 d after cutting. The
phloem at the base of the cutting samples was
cut into pieces (length, 1 cm) and fixed
immediately in 70% alcohol, glacial acetic
acid, and formalin for a week. To facilitate the
sectioning, samples were softened in 10%
ethylenediamine for 2 months, then dehy-
drated by a series of increasing alcohol con-
centrations (30%, 50%, 75%, 85%, 90%, 95%,
and anhydrous alcohol), cleared through a
series of increasing xylene concentrations
(50%, 70%, 80%, and anhydrous) and embed-
ded in paraffin. Samples were cut into tran-
sections (thickness, 10 um) using a rotary
microtome, stained with Safranin Fast Green,
and mounted by neutral balsam. Finally,
sections were observed using a Nikon light
microscope (Nikon Instruments Inc., Shang-
hai, China) to examine the process of callus
development and adventitious root formation.

Differential protein analysis. The phloem
at the base of the prepared cuttings mentioned
previously was selected as the sample for the
differential protein analysis. Protein extrac-
tion of the phloem was performed using a
modified trichloroacetic acid—acetone precip-
itation method (Zhou et al., 2016), and the two-
dimensional gel electrophoresis procedure was
referenced from differential protein analysis of
pecan graft union formation (Mo et al., 2017).
The two-dimensional gel electrophoresis pro-
cedure of the different cutting materials was
repeated three times. The gel-nitric acid was
stained with silver and then scanned using an
image scanner (BIO-RAD GS-800) (Mo et al.,
2017). The scanned images were analyzed
using PDQuest software to calculate the relative
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volume of different gels. In both experiments,
the differential protein spots for which the
relative volume multiple was greater than 10x
or less than 0.1x were analyzed using a
MALDI-TOF-MS, and were retrieved in the
National Center for Biotechnology Information
(NCBInr) plant database to find the most
homologous protein and analyze the function.

Results and Discussion

Adventitious root formation

Based on the morphologic observations of
the treated pecan hardwood cuttings of ‘Stu-
art’” seedlings for their morphologic charac-
teristics, the rooting period can be divided
into five stages: stage I, callus induction at 10
to 20 d; stage I, callus formation at 21 to 30
d; stage III, beginning of adventitious root
formation at 31 to 40 d; stage IV, massive
adventitious root formation at 41 to 50 d; and
stage V, adventitious root elongation after 51
d. The phloem and xylem of the bottom (the
part immersed in the substrates) of cuttings
were partly separated, and the callus was
induced at about 10 d (stage I). On day 20
(stage II), the callus began to occur and
formed massively. The NAA-treated hard-
wood cuttings began to form adventitious
roots on day 30 (stage III). Starting on day 40,
the cuttings grew with some adventitious
roots. By stage IV, it was observed that the
skin pores of the base of each cutting had
ruptured. The bottom part of the controlled
cuttings turned black; the callus turned yel-
low. After 50 d, ~80% of the cuttings were
rooted, and it was observed that most of the

sprouted hardwood cuttings began to grow
leaves (Fig. 2).

Given the observation of the phloem at the
base of the pecan hardwood cutting, the
segment of the secondary structure from
outside to inside was recognized as periderm,
cortex, and secondary vascular tissue and
pith, respectively (Fig. 3A). Periderm, which
consists of the skin pore structure, is com-
posed of a cork layer, cork cambium, and
phelloderm. Secondary vascular tissue con-
sists of secondary phloem, vascular cam-
bium, and secondary xylem. Secondary
phloem contains a sieve tube, companion
cells, phloem parenchyma, phloem ray, and
bast fiber. Secondary xylem is the major
visible plant tissue in the stem and it consists
of catheter, tracheid, wood parenchyma,
wood ray, and wood fiber. The inner part of
the pecan stem develops vessels that are
distributed unevenly and the sizes are varied.
The vessel holes near the dense and large pith
have more complex holes, and the vessel
holes near the cambium are sparse and
relatively small. As such, most of them have
single vessel holes. In the core of the stem
wood is pith, which consists of large, irreg-
ular parenchyma cells. The external part,
which is far from the pith, contains small-
thickness cells that form the boundary. It was
observed that all cells from pith to boundary
were arranged with radial rays, which con-
nect the primitive cells with the secondary
phloem, suggesting these rays play an impor-
tant role in callus formation of the perime-
dullary zone. It was also observed that the
callus was formed first by the irregular
parenchyma cells, which were differentiated
from the intersections of the vascular ray and
vascular cambium cells. After 20 d, the callus
was developed entirely and separated from
the xylem at the base of the pecan hardwood
cutting (Fig. 3B). Parts of the xylem rays
toward the phloem become two columns, and
the cells to the side of the pith were still lined
as a single ray or a double secondary ray
(Fig. 3C). Given our anatomic observations,
two types of adventitious root formation were
proposed: One is that the callus differentiated
to the adventitious roots from the bottom; the
other is that the callus divided through the
phloem. The adventitious roots of these two
rooting types originated from the callus, but
the latter is more common. As mentioned
earlier in the morphology observation, the
phloem at the base (2-3 cm) began to expand
after 4 weeks. When the vascular ray widened
and participated in callus formation by pa-
renchyma cell differentiation from the peri-
medullary zone, the raised and large-area
calluses were visible in the cambium of the
phloem. It is assumed that the callus squeezes
the periderm or even breaks through the
phloem or the skin holes, meaning the pierc-
ing callus is ready for the differentiation.
During callus development, the parenchyma
cells underwent continuous fission until they
differentiated into various regenerative tis-
sues, such as cortex, xylem, and vascular
cambium. Based on our microscopic obser-
vations of cutting rooting formation, it was
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found that the parenchyma cells from the
regenerative internal structure of the callus

with the thickening of the cell walls. The
meristem cells divided continuously for

restored their meristematic ability. With  weeks until the final formation of adventi-

more cell divisions, the new parenchyma
cells in the center became smaller and closer
whereas the external cells became deeper in
color, which is significantly different from
the surrounding cells. These mass paren-
chyma cells divided continuously until they
produced larger, thicker, and colored circular
cells, which were designated as the root
primordia-originated cells. The apex of the
root primordia-originated cells showed a
strong differentiative capacity. These differ-
entiated cells grew toward the cortex and
gradually formed many meristematic cells.
The layer of the peripheral cells protruded as
a result of the extrusion of cell division. The
division of the cell away from the apex of the
root primordia-originated cells lost their
meristematic restoration ability gradually,

tious root primordia. We did not see that any
other tissues differentiated into adventitious
root primordia in the pecan stem cells.
There were three types of adventitious
root formation in the plant cuttings’ rooting:
cortex-originated rooting type, callus-
originated rooting type, and synthesized
type (Davies et al., 1982). It is generally
acknowledged that the plant that is difficult
for rooting belongs mostly to the callus-
originated rooting type. The cortex-
originated rooting type is the root primordia
that lurk mostly in the cortex or xylem outer
pith rays. The pith rays, which are connected
with the root primordia, are helpful in
acquiring nutrition from the myelocyte
(Carlson, 1938, 1950). However, one phe-
nomenon of that the adventitious root breaks

Fig. 4. Representative two-dimensional electrophoresis (2-DE) gel maps of proteins extracted from the
pecan seedling hardwood cuttings at different growing periods. 2-DE of protein extracted from rooting
region in the hardwood cuttings of Carya illinoinensis at different periods. (A) Samples from day 1. (B)
Samples from day 20. (C) Samples from day 40. The most significant difference expressed protein
spots (S1-S10), which marked in the maps, were selected for the protein homology analysis.

though the phloem is not the cortex-originated
rooting type, which is still the synthesized type
(Fig. 3D). Based on a series of slice observa-
tions, it was found that there was no latent root
primordium in pecan cutting stems. The root
primordia of pecan hardwood cuttings are the
differentiation of the callus cells. Therefore,
promoting callus cell differentiation into the
root primordia is a key step and is often the
same as in other plant species (Bryant and
Trueman, 2015; Ma et al., 2015). Many studies
have shown that adventitious roots occur more
easily when annular sclerenchyma or scleren-
chyma discontinuity is absent. According to
the primary phloem fiber cell group structure
from pecan stem crosscuts of the anatomic
structure, it is known that phloem fiber cells
have little effect on the inhibition of pecan
adventitious root primordia formation, and
this gap arrangement does not interfere with
the formation of callus and radial growth,
coupled with longitudinal callus stretch more
easily through the incision. This result was
consistent with the observation of more cal-
luses in part of the base and the cutting slit
surface. During the rooting process of pecan
hardwood cuttings, plant cells may reduce
some phenolic compounds, such as a second-
ary metabolism substance, which could lead to
inhibited callus growth, aging, or death to
avoid production of adventitious roots (Zhang
et al., 2010). In addition, through observation,
some cuttings could not differentiate from
calluses. As mentioned, the stem anatomy of
calluses in the stem does not inhibit differen-
tiation, and this should be another reason.

Differential protein analysis during
seedling cutting rooting key periods

The gel pictures of pecan seedling hard-
wood cuttings at different growing periods are
shown in Fig. 4. It was found that there were
significant protein changes in the process of
callus formation and adventitious root forma-
tion. All protein points were numbered, and
relative volume values of each protein point
on different gels were obtained according to
the method of protein differential cutting.
Relative volume 1 and 2 are the relative ratios
of protein volumes at 40 d and 20 d and O d,
respectively. After repeated comparison, eight
protein points with a multiple of more than
10X or with a multiple of less than 0.1x were
selected for functional identification. The re-
sults are shown in Table 1.

Proteins related to energy metabolism.
Various ATP-related enzymes were identi-
fied in this experiment. ATP is direct energy
necessary for physiologic metabolism in

Table 1. Homology analysis of the expressed proteins of different hardwood cuttings developing periods of Carya illinoinensis.

Relative Relative Peptide
Spot volume 1 volume 2 matches Protein ID Protein name Organism matched
S1 56.37 69.90 1 21567889188 Hypothetical protein CICLE_v10032743mg Citrus clementina
S2 46.02 1.75 3 216706286 Adenosine triphosphate synthase beta subunit Phlox longifolia
S3 21.83 1.05 1 g1|255566325 Glutathione transferase Ricinus communis
S4 18.78 28.48 1 21657994221 Predicted: probable inactive purple acid phosphatase 2 Malus domestica
S5 18.62 20.17 3 2i|568848242 Predicted: heme-binding protein 2-like Citrus sinensis
S6 1533 9.29 3 2i|470142981 Stromal 70-kDa heat shock-related protein Fragaria vesca subsp. vesca
S7 8.42 20.48 1 g1|224075445 Transaldolase family protein Populus trichocarpa
S8 0.06 1.03 2 g1]255539693 Enolase Ricinus communis
1554 HorTScIENCE VoL. 54(9) SEPTEMBER 2019



Fig. 5. Representative two-dimensional electrophoresis (2-DE) gel maps of proteins extracted from the
pecan ‘Pawnee’ and ‘Stuart’ seedling hardwood cuttings on day 20 of the callus formation period. (A)
2-DE gel map of proteins extracted from the pecan hardwood cuttings of ‘Pawnee’. L1 through L5
protein spots were greater than 10X expressed in this map. (B) 2-DE gel map of proteins extracted from
the pecan hardwood cuttings of ‘Stuart’ seedlings. L6 through L15 protein spots were less than 0.1x
expressed in this map. All 15 protein spots (L1-L15) were selected for homology analysis.

plants, providing energy for cell division and
synthesis during the development of adven-
titious roots of spikelet. For instance, S2 is
one ATP b group synthase (adenosine tri-
phosphate synthase beta subunit); S4 is about
phosphatase (Predicted: probable inactive
purple acid phosphatase 2). It was found that,
during the process of adventitious root for-
mation, the spikelet was always in the state of
needing a lot of energy, synthesizing and
consuming ATP rapidly. Whether growth
regulators can promote the activation of the
ATP enzyme in cutting cells remains to be
demonstrated in further tests.

In addition, S8 was identified as being
similar to enolase. Enolase catalyzes the
interconversion of 2-phosphoglyceric acid
and phosphoenol-pyruvate, and is a key
enzyme in glycolysis. Its expression level
decreased during the formation of the un-
steady pecan root in the United States, which
showed substantial consumption of nutrients
in the spikelet, and explains the reason for the
formation of adventitious roots by selecting
the plant with more nutrition.

Stress proteins. The stress protein identi-
fied in our study was S6 of heat shock protein
(HSP). HSP is a kind of protein that responds
to stress and is expressed in large quantities in
organisms. It plays a key role in alleviating
damage caused by high-temperature stress and
improves plant resistance to high-temperature
stress. HSP exists in almost all organisms, and
its main structure is a conserved steroidal
crystal protein domain consisting of ~90
amino acid residues. Adjacent to it is a vari-
able n-terminal domain, which regulates oli-
gosome formation, subunit kinetics, and its
binding to substrates. Studies have found that
HSPs not only protect the essential defense
proteins in the basic physiologic process of
plants, but also decompose damaged proteins
and recycle the relevant materials for the
synthesis of proteins so that the biochemical
process in plant cells can continue.

The pecan hard-branch cutting experi-
ment was conducted in an artificial climate,
with a 20 to 25 °C indoor temperature control
and soil temperature control at 25 to 30 °C.
The higher soil temperature affect the plant
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growth (Fan et al., 2017), in the test, which is
conducive to callus formation in the cutting
and the formation of adventitious roots.
Therefore, electrothermal hotbed technology
is widely used in the cutting production of
difficult-to-root plants. We think that, with
the induction of high soil temperatures, the
phloem of the cuttings produces HSPs and
improves the resistance of the cuttings.

There are many questions that need to be
answered, such as whether the multiple HSPs
can induce the rooting of calluses and the
rooting of skin in cuttings, and whether HSPs
can regulate the contents in cuttings. During
adventitious root formation, identification of
the function of HSPs can explain the electro-
thermal hotbed technology from the physio-
logic perspective, which is of great significance
for guiding actual production.

Proteins related to electron transport.
Two proteins related to electron transport
were identified in our study. S1 is a protein
of cytochromases and S5 is a protein of
hemoglobin binding proteins. Cytochrome
enzymes and hemoglobin proteins are elec-
tron transport proteins involved in the redox
reaction in plants (Cao et al., 2016). As an
electron carrier, cytochromase transmit
electrons through the reduction and oxida-
tion states of iron atoms and play an impor-
tant role in energy transfer of plant cells. So
far, there have been few reports on electron
transport-related proteins during hardwood
rooting, which needs to be studied further.
How to regulate signal transmission and
transduction proteins during spike adven-
titious root formation is a new area of
interest.

Differential protein identification of
pecan cultivar and seedling cuttings. The
gel reviews of the treatment group and the
control group are shown in Fig. 5. Pecan
cultivar and seedling cuttings have obvious
differences in protein expression. The num-
ber of expressions and difference multiples of
each group are shown in Table 2, and the
different multiples are the average expression
of the processing group.

The difference between L1 and LS5 is
greater than 10. L1 was identified as perox-

idase (POD). POD has two major functions
in a plant. One is associated with normal
plant formation during plant growth and
development. Another function is related
to the resistance of plants, which plays an
important role in protecting plant enzymes.
L2 was identified as peptidylprolyl isomer-
ase. It plays an important role in protein
folding settlement, which is also involved in
protein complex assembly settlement, pro-
tein transport, and regulation of protein
activity. L3 was identified as HSP. The main
functions of the protein are maintenance of
normal growth and plant development, the
stress function, regulation of signal trans-
duction protein activity, and the cross-
protective effect (Wang et al., 2004). L4
was speculated to be 4-hydroxy-4-methyl-2-
oxoglutarate aldolase 2, and its specific
function still needs to be identified. L5 was
identified with the complex p-protein of
mitochondrial glycine decarboxylase, which
is modulated by light and plays an important
role in light breathing (Chandok et al., 2003;
Heineke et al., 2001).

The L6-L15 difference is less than 0.1,
based on the results shown in Table 2. L6
was identified as fructose-1,6-bisphosphatase,
cytosolic-like protein. This protein is a key
enzyme in improving the efficiency of glu-
cose phosphorylation and glucose metabolism
(Massa et al., 2004). L7 is a protein similar to
that of the optical system I ferric sulfide, which
plays a role in photosynthesis—specifically,
electron transport. Enolase (L8) is one of the
key enzymes involved in glycolysis. L9 was
identified as ribulose-1,5-bisphosphate carbox-
ylase (Rubisco). L10 has been identified as a
kinase. L11 (ATP-dependent zinc metallopro-
teinase FTSH 2) has ATP enzyme activity,
proteolytic activity, and molecular partner
activity. L12 has been identified as a mem-
ber of the 20-kDa partner protein family,
which is similar to the homology of the
family protein. L13 was identified as ketone
alkyd reduction isomerase, which plays a
role in the synthesis of amino acids in plant
chloroplasts. L14 was identified as the latex
plasmid-type family protein, which plays a
role in glycolysis. L15 was identified as the
disulfide isomerase family, which protects
cells from oxidation and is associated with
plant hormone transduction.

Pecan cuttings after 30 d exhibited mas-
sive callus formation in both the treatment
group and the control group. However, after
40 d, only the seedling cuttings of the control
group began to form adventitious roots.
‘Pawnee’ cuttings could not form any roots
because of nutrient depletion. During callus
formation, the protective mechanism of
plants was enhanced. HSP, for example, the
former study of differential protein (S6) anal-
ysis during the key periods of seedling
cutting rooting found that HSP from the
callus formation stage to the stage of forma-
tion of adventitious root protein expression
level was cut. In the protein analysis trial of
different cutting types, the quantity of HSP
expression of the treatment group compared
with the control group was 25-fold greater,
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Organism matched

Protein name

Protein ID
2i1/1389835

Peptide matches

Mr

Table 2. Homology analysis of the expressed proteins of different hardwood cuttings types of Carya illinoinensis.

Spot Treatment group expression Control group expression Difference multiple

—
W
D
(o)

Linum usitatissimum
Triticum aestivum

Peroxidase

38628 8.07
26084 9.4

782.13

1.37 £237

1.99 £1.32
51.29 £21.51
63.57 £32.81
33.49 £27.47
267.80 + 62.23

452.90 + 46.36

1,070.56 + 140.55

L1

Peptidylprolyl isomerase

121.3289 AB037960.1

24121 £17.25
1,294.52 + 85.76

L2

Arabidopsis thaliana
Vitis vinifera

Heat shock protein 18.2

gi[ 15238509

3
2
3
2
2
3
3
5
4
3
2
4
2

25.2376 18123 6.77

17.3140
13.9833

L3

-Hydroxy-4-methyl-2-oxoglutarate aldolase 2

ABO61734.1

XP_002277981.1 4
QYSDLS.1

17984 5.39

116023 6.9

1,100.71 £ 219.95

L4

Populus tremuloides

Mitochondrial glycine decarboxylase complex P-protein
Fructose-1,6-bisphosphatase, cytosolic-like protein

Photosystem I iron-sulfur center

XP_002283632.1 Enolase 1

468.25 +79.73

L5

Medicago truncatula
Passiflora biflora
Vitis vinifera

34521 5.99

0.0979
0.0976
0.0829
0.0762
0.0749
0.0646
0.0565
0.0334
0.0140
0.0032

26.21 +£27.44
44.20 +26.03

Lo

QIACES.2

9544 17.51

L7
L8

48129 5.67

202.97 +56.19

16.82 + 14.44
17.32 +13.88

gi|21633953

Ipomoea wrightii

Ribulose-1,5-bisphosphate carboxylase

Transketolase family protein

52252 6.43

227.20 +34.15

L9
L10

XP_002301278.1

81122 5.97
74500 5.8

681.93 +£10.41

51.07 +£31.89

Populus trichocarpa

£i|225446693

Adenosine triphosphate-dependent zinc metalloprotease FTSH 2 Vitis vinifera

498.23 + 69.37

32.19 £26.22
13.60 +9.87

L11

Populus trichocarpa
Vitis vinifera

-kDa Chaperonin family protein
Ketol-acid reductoisomerase, chloroplastic

XP_002280094. 1

XP_002324138.1 20

43090 8.13

240.89 + 117.34

L12

L13

63846 6.4

166.49 £ 59.58
1,444.67 £ 112.57

5.56 £1.97
20.28 +£5.82

Populus trichocarpa
Populus trichocarpa

plastidic aldolase-like family protein

XP_002300980.1 Disulfide

XP_002313760.1 Latex

43090 8.13

L14

56438 4.76

334.75 + 56.39

1.06 + 0.65

L15

-isomerase family protein

Mr = molecular mass; pl = isoelectric point.

and there was very little POD expression.
Most related proteins were related to energy
metabolism. For example, to participate in
glycolysis, enolase expression levels were
elevated from the callus formation stage to
the stage of formation of adventitious roots
in the pecan seedling cuttings at different
key stages. It has been speculated that the
cultivar cuttings were still under the pro-
tection of the defense mechanism after they
had formed calluses. Because the differen-
tiation degree of cultivar cutting cells was
much greater than that of the seedling
cuttings, the period from the defense state
to physiologic activation took longer. How-
ever, the embedded nutrients stored in the
cuttings themselves were limited and in-
capable of providing adventitious roots.
Another rooting limitation of cultivar cut-
ting was morphologic structure. The cellular
structure of the phloem of seedling and
cultivar cuttings was different. Adventitious
roots protruded primarily from the side of
the expanded phloem instead of the base.
Furthermore, their morphologic structure
also affected the elongation and growth of
adventitious roots. These inferences require
further investigation.

Bottleneck of pecan cutting rooting. 1t is
known that different temperature conditions
impact plant growth. Different temperatures
are widely used for pecan sprouting and
cuttings in China (Zhang et al., 2015a). The
rate of callus formation can reach more than
90%, which shows that the callus is formed
easier by a heated substrate. NAA treatment
has a greater effect on differentiation instead
of formation (Cao et al., 2016; Wu et al.,
2016). All callus cells that break through the
phloem developed from the base (2-3 cm).
The base of the pecan hardwood cuttings was
the place treated with NAA at 500 mg-L ! for
6 h, indicating that the auxin in callus
differentiation may play an important role.
However, aside from morphologic and ana-
tomic research, there are still many problems
in pecan propagation from cuttings. First, the
molecular mechanism of the adventitious
root formation is unknown. Much research
has focused on the plant rooting proteomics
to show that proteomics is a useful tool, not
only in finding rooting-related proteins and
determining function in organ formation, but
also as a means of identifying rooting ability
of plants. The identification and function
prediction of proteins should be studied
further (Shang et al., 2012). Second, the
effects of auxin on pecan hardwood cuttings
require more research. It is known that the
cuttings can get a strong rooting ability if
treated with the appropriate volume of
auxin. However, the transport process and
signal pathway should be given more atten-
tion (Han et al., 2014). Third, the hardwood
cuttings of the cultivar-grafted seedlings are
very difficult to root. Most of the cutting
materials are 1-year-old rootstocks from
seeds instead of cultivars. Therefore, pecan
hardwood cutting technology cannot cur-
rently be a popular application in produc-
tion.

Conclusions

This study deduces that adventitious root
formation of pecan hardwood cuttings was
the product of callus differentiation only,
which originated from the cells of the
cambium or vascular ray parenchyma, and
the adventitious root primordia were de-
veloped from those calluses that formed
the regenerative structure. It also appears
that the differentially expressed proteins of
different periods during the adventitious root-
ing process of pecan seedling hardwood cut-
tings, which contained energy metabolism
proteins (e.g., ATP b group synthase and
phosphatase), adversity stress proteins (e.g.,
HSP), and signal transmission proteins (e.g.,
cytochromases and hemoglobin binding pro-
tein). However, more trials should be per-
formed to identify methods to eliminate
technologic bottlenecks of pecan cultivar cut-
ting rooting.
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