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Clonal Variation in Lateral and Basal Rooting
of Populus Irrigated with Landfill Leachate
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Abstract

Successful establishment and productivity of Populus
depends upon adventitious rooting from: 1) lateral roots
that develop from either preformed or induced primor-
dia and 2) basal roots that differentiate from callus at
the base of the cutting in response to wounding. Infor-
mation is needed for phytotechnologies about the degree
to which Populus adventitious rooting is controlled by
effects of individual genotypes, waste waters used as
alternative fertigation sources, and their interactions.
Our objective was to irrigate twelve Populus clones with
well water (control) or municipal solid waste landfill
leachate and to test for differences between initiation of
lateral versus basal roots, as well as root growth rate
and distributional trends for both root types. We evalu-
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Silvae Genetica 60, 1 (2011)

ated number and length of lateral roots initiated from
upper, middle, and lower thirds of the cutting, as well as
basal callus roots. Overall, leachate irrigation affected
lateral roots but not basal roots, and there was broad
clonal variation between and within root types. On aver-
age, there were 129% more lateral than basal roots,
which ranged from 3 to 27 (lateral) and 2 to 10 roots
(basal). The percent advantage of number of roots from
the middle portion of the cutting relative to other sec-
tions was 120 % (upper), 193 % (lower), and 24 % (basal).
Clones, treatments, and their interaction did not affect
root growth rate, which ranged from 1.5 + 0.6 to
3.4+0.3 cm d7!, with a mean of 2.3 = 0.2 cm d-!. These
results contribute baseline information for clonal selec-
tion needed to establish Populus for phytotechnologies,
energy, and fiber.

Key words: forest genetics, tree improvement, phytotechnolo-

gies, hybrid poplar, root types, Populus deltoides, P. tri-
chocarpa, P. suaveolens subsp. maximowiczii, P. nigra.
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Introduction

Broad genetic variation among genotypes within the
genus Populus has substantially contributed to its rich
history of worldwide study and deployment (TAYLOR,
2002; RAJORA and ZSUFFA, 1990; STOUT and SCHREINER,
1933). Heterosis (i.e., hybrid vigor) of interspecific
hybrids, along with traits such as disease/pest resis-
tance and elevated rooting ability, has supported their
use in a variety of applications (ZALESNY et al., 2009a;
CoYLE et al., 2008; HEILMAN et al., 1994). Fiber produc-
tion is the traditional use of Populus in the North Cen-
tral United States (ZALESNY et al., 2009b); however, the
increasing need for alternative energy sources has sup-
ported testing and deployment of Populus species and
hybrids for bioenergy, biofuels, and bioproducts (JOHN-
SON et al., 2007; SiMs et al., 2006). In addition, there is
substantial interest in using Populus as an integral
component of phytotechnologies such as phytoremedia-
tion and phytoextraction to gain environmental benefits

Table 1. — Composition (mean + standard error, n = 2) of munic-
ipal solid waste landfill leachate that was collected from the
Oneida County Landfill in Rhinelander, Wisconsin, USA and
used to irrigate twelve Populus clones.

Component Concentration (mg L)
pH 84+04
Electrical conductivity (mS cm™H) 102 +£0
Biological oxygen demand 3117
Chemical oxygen demand 1050 + 50
Nitrogen 745 £ 15
Phosphorus 2.1+0.1
Potassium 450 + 30
Chloride 1400 £ 0

throughout the region, North America, and globally
(ZALESNY et al., 2008; BANUELOS et al., 1999).

Regardless of the end products or environmental ser-
vices Populus trees provide, successful plantation devel-
opment largely depends upon adventitious rooting,
when trees are planted as dormant hardwood cuttings
(ZALESNY and ZALESNY, 2009). Proper vegetation man-
agement and adequate fertilization and irrigation (ferti-
gation) are equally important for the success of such
short rotation woody crops (DESROCHERS et al., 2006;
BUHLER et al., 1998; DICKMANN et al., 1996). There is
some information about the genetics of Populus adventi-
tious rooting (ZALESNY et al., 2005; YING and BAGLEY,
1977; WiLcox and FARMER, 1968; 1967). Likewise, the
effects of traditional fertigation sources on plantation
development are well known (CoYLE and COLEMAN,
2005; COLEMAN et al., 2004; BROWN and VAN DEN DRIES-
SCHE, 2002). However, there is limited knowledge in
phytotechnology applications about the degree to which
adventitious rooting is controlled by effects of individual
genotypes, effects of waste waters used as alternative
fertigation sources, and their interactions. It is neces-
sary to acquire such information to advance opportuni-
ties for reusing and recycling waste waters while pro-
ducing woody biomass for energy and fiber (ZALESNY et
al., 2009a; 2007b; LicHT and ISEBRANDS, 2005).

We seek this combined knowledge to enhance our
capability to select favorable genotypes exhibiting a
combination of superior adventitious rooting and bio-
mass accumulation when fertigated with contaminated
waste waters. Our objective was to irrigate twelve Popu-
lus clones with well water (control) or municipal solid
waste landfill leachate and to test for differences
between initiation of lateral versus basal roots, as well
as root growth rate and distributional trends for both
root types. Our hypotheses were that clones would
respond differently to water and leachate irrigation, and
that clones would vary for all rooting traits. Overall, we
assert this study helps researchers gain fundamental
knowledge of the genetics and physiology of Populus
adventitious rooting, while resource managers learn
baseline information for clonal selection needed to
establish Populus for phytotechnologies, energy, and
fiber.

Table 2. — Genomic groups and clones of Populus irrigated with well water (control) and land-

fill leachate.
Genomic group® Clone
P. deltoides 91.05.02

(P.trichocarpa x P.deltoides) x P. deltoides
P. deltoides x P. suaveolens
P. deltoides x P. nigra

P. nigra x P.suaveolens

NC13460,NC13475, NC13680, NC14018
NC14104,NC14106, DM115
DN182, DN5

NM2,NMo6

a Authorities for the species are: P. deltoides Bartr. ex Marsh; P. trichocarpa Torr. & Gray;
P. suaveolens Fischer subsp. maximowiczii A. Henry; P. nigra L.
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Materials and Methods

Leachate description

On 14 Jan. 2005, municipal solid waste leachate was
collected from the Oneida County Landfill and trans-
ported 6 km to the Institute for Applied Ecosystem
Studies (IAES) in Rhinelander, Wisconsin, USA (45.6°N,
89.4°W). The leachate was stored in air-tight, heavy-
duty plastic barrels at the IAES greenhouses. A sample
of leachate was collected on 25 Jan. 2005 and 23 Feb.
2005 and tested for chemical composition using
approved United States Environmental Protection
Agency methods (Northern Lake Service, Inc., Crandon,
Wisconsin, USA). Heavy metals, volatile organic com-
pounds, and most inorganic elements were present in
negligible quantities or not detectable and, therefore,
not a concern for plant establishment. The concentration
of chloride was of most concern given potential phytotox-
ic effects associated with salt stress. The concentration
of chloride, as well as nitrogen, phosphorus, and potassi-
um, is listed in Table 1, which also includes pH, electri-
cal conductivity, biological oxygen demand, and chemical
oxygen demand. ZALESNY et al. (2007a) provided a
detailed history of the changes in leachate composition
since landfill closure in 2002.

Upper
Middle Lateral roots
_— . ...l;asal_mms__

Figure 1. — Lateral and basal root types of Populus originating
from upper, middle, and lower thirds of the hardwood cutting
and callus, respectively.

Table 3. — Analysis of variance in an experiment testing adventitious rooting of
twelve Populus clones irrigated with well water (control) or landfill leachate.
Lateral roots developed along the upper, middle, and lower portions of hard-
wood cuttings, while basal roots developed from callus at the base of the cut-
tings. Probability values at P < 0.05 are bolded.

Source of variation daf Mcan squarc F variance ratio P valuc
Number of lateral roots

Block S 40.59

Treatiment 1 697.84 323 0.1321
Block x Trcatment 5 215.82

Clone 11 347.07 7.3  <0.0001
Treatment x Clone 11 94.81 1.95 0.0406
Pooled Frror 110 48.65

Total 143

Number of basal roots

Block 5 96.02

Treatment 1 7.560 0.32 0.5939
Block x Treatment 5 23.35

Clone 11 9498 5.80 <0.0001
Treatment x Clone 11 9.58 0.59 0.8373
Pooled Error 110 16.36

Total 143
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Clone selection and cutting preparation

Twelve Populus clones (Table 2) were selected from 25
original genotypes that were irrigated with leachate
during Jan. 2005. Clonal selections were based on fif-
teen above- and below-ground traits following 14 d of
growth: number of roots (four distinct traits), root dry
mass (four distinct traits), root length, tree height,
number of leaves, leaf area, leaf dry mass, stem dry
mass, combined leaf and stem dry mass (ZALESNY et al.,
2007a). The genomic groups consisted of the following
parental species that are commonly used in breeding
programs in the North Central United States:
P. deltoides Bartr. ex Marsh (eastern cottonwood), P. ¢ri-
chocarpa Torr. & Gray (western black poplar), P. suave-
olens Fischer subsp. maximowiczii A. Henry (Japanese
poplar), and P. nigra L. (European black poplar).

Number of lateral roots

LSDj g5 =3

30

25 t

20

Number of basal roots

OIS LLNS
ICRNSE <

Clone

Figure 2. — Number of lateral (upper + middle + lower) and
basal roots across irrigation treatments of 12 Populus clones
irrigated with well water (control) or landfill leachate for 30 d.
Each bar represents the mean of 12 trees with one standard
error, while the dashed bar represents the overall mean
(15.8 = 0.8 lateral roots; 7.1 = 0.4 basal roots). Bars with the
same letter were not different, according to Fisher’s protected
LSD at P < 0.05.
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Dormant, unrooted cuttings, 25.4-cm long, were
processed from whips collected during Dec. 2005. The
whips were grown for one growing season in stool beds
established at Hugo Sauer Nursery in Rhinelander.
During processing, cuts were made to position at least
one primary bud not more than 2.54 ¢cm from the top of
each cutting. Cuttings were stored in polyethylene bags
at 5°C, and then soaked in water to a height of 15 cm
for 3 d before planting. The trees were grown from
March through June 2005 in a greenhouse at the IAES
with a 16-h photoperiod and a daytime and nighttime
temperature of 24 °C and 20°C, respectively.

Experimental design

Two separate studies testing 1) root initiation and 2)
root growth rate were conducted and are described in
detail below. For both studies, the trees were arranged
in a split-plot design, with blocks (random), irrigation
treatments (fixed whole plots), and clones (fixed sub
plots). Treatments and clones were identical in both
studies. Clones were arranged in randomized complete
blocks to minimize effects of any potential environmen-
tal gradients in the greenhouse. Treatments and clones
were considered as fixed in the analyses and, therefore,
we evaluated means rather than variances. Block X
clone effects were universally non-significant at P > 0.25
and, therefore, pooled with the block X treatment X clone
interaction terms to increase precision of F-tests
(ZALESNY et al., 2005). The following linear additive
model was used in the analyses:

Y, =x +B;+ T, + BT, + C,_+ TC;, + Pooled Error

ij
where: Y;;, = response variable to be analyzed, u = over-
all mean, B, = main effect of ith block, Tj = main effect of
j* treatment, BT, = effect of interaction between ith
block and j* treatment, C, = main effect of k™ clone,
TC,, = effect of interaction between j'" treatment and k'
clone, and pooled error = error term resulting from pool-
ing of BC, and BTC,, terms, defined as: effect of inter-
action among ith block and kth clone, and effect of inter-
action among i block, j* treatment, and k' clone,
respectively.

Root initiation
Tree establishment and irrigation regime

Six blocks, two irrigation treatments consisting of
unfertilized well water (control) or landfill leachate, and
12 clones (144 experimental units) were tested. Trees
were grown in specially-designed planters that allowed
for evaluation of lateral roots developed from either pre-
formed or induced primordia along the upper, middle,
and lower third of the dormant hardwood cutting, as
well as basal roots developed from callus at the base of
the cutting in response to wounding (Fig. 1). ZALESNY et
al. (2007a) described the planters in detail. The growing
medium was sand to reduce experimental error associat-
ed with loss of roots during excavation and to supply an
inert growing environment. The irrigation regime was
300-mL water tree! d-! for a 10-d establishment period,
followed by irrigating with 300 mL tree! of water or
leachate on Mon., Wed., and Fri. for the remaining 20 d
of the experiment.



Table 4. — Analysis of variance in an experiment testing the number of adventitious
roots of twelve Populus clones irrigated with well water (control) or landfill leachate.
Root types were lateral roots developed along the upper, middle, and lower portions of
hardwood cuttings, as well as basal roots developed from callus at the base of the cut-
tings. Probability values at P < 0.05 are bolded.

Source of variation dr Mean square F variance ratio P value
Block 5 53.24

Treatment 1 140.03 1.70 0.2487
Block x Treatment 5 82.21

Clone 11 149.45 6.61  <0.0001
Block x Clone 55 22.60

Treatment x Clone 11 25.73 1.25 0.2791
Block x Treatment x Clone 55 20.62

Root Typc 3 1027.13 3792 <0.0001
Block x Root Type 15 27.08

Treatment x Root Type 3 106.72 5.19 0.0117
Block x Treatment x Root Type 15 20.55

Clone x Root Type 33 41.27 3.62 <0.0001
Block x Clone x Root Type 165 11.41

Treatment x Clone x Root Type 33 14.08 1.80 0.0088
Error 165 7.82

Total 575

Data collection and analysis

At 30 days after planting (DAP) the trees were har-
vested, washed, and dissected into root, stem, leaf, and
cutting components. Callus formation was recorded.
Twenty-six percent of the trees failed to initiate callus.
Therefore, a Chi-square (x?) test from frequency counts
was used to analyze differences for the presence of cal-
lus across treatments and clones (WIESE et al., 2006).
However, these data must be interpreted with caution
because most expected values in the x? table were esti-
mated with a number of observations less than five.
Furthermore, number of roots was recorded for each
layer described above (i.e., upper, middle, lower, and cal-
lus). Number of upper, middle, and lower lateral roots
was combined, and these data, along with number of
basal roots, were subjected to analyses of variance (SAS
INSTITUTE INC., 2004) according to the aforementioned
split plot design with a random block effect and fixed
main effects for irrigation treatment (whole plot) and
clone (sub plot). Root type was added as a fixed sub sub
plot factor to the model above (split split plot design) to
test for differences in individual root types. Analyses of
covariance were conducted to test for the effect of cut-
ting dry mass on all traits because of a broad variation

at 30 DAP (1.08 to 7.51 g). The effect of cutting dry mass
was not significant for any rooting traits (P > 0.05).
Interactions including the random block effect were uni-
versally significant at P < 0.25 and, therefore, not
pooled. Therefore, unadjusted means are reported for all
variables. Fisher’s protected least significant difference
(LSD) was used to compare means from analyses of vari-
ance. Paired ¢-tests were used to compare the percent of
root tissue allocated to root types between irrigation
treatments for each clone. All means were considered
different at probability values of P < 0.05.

Root growth rate
Tree establishment and irrigation regime

Four blocks, two irrigation treatments (water or
leachate), and 12 clones (96 experimental units) were
tested. Trees were grown in specially-designed rhi-
zotrons that supported two-dimensional, horizontal root
growth measurements over time without disturbing
aboveground tree growth. WIESE et al. (2005) and
ZALESNY et al. (2007a) described the rhizotrons in detail.
The growing medium was sand to support unambiguous
identification of roots during digital root analysis and to
supply an inert growing environment. The irrigation
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Figure 3. — Number of lateral and basal roots of 12 Populus
clones irrigated with well water (control) or landfill leachate for
30 d. Upper, middle, lower, and callus refers to the portion of
the hardwood cutting from which roots originated. Each bar
represents the mean of six trees with one standard error, while
the dashed bars represent the overall mean for each root type.
Treatments labeled with an asterisk within a clone were differ-
ent, according to Fisher’s protected LSD at P < 0.05.
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regime was 30-mL tree! of water or leachate on Mon.,
Wed., and Fri. for 45 d. In addition, drip irrigation with
water only was applied for 15-s intervals twice daily.
The supplemental irrigation was applied to simulate
natural rainfall and to meet the water demand of the
trees.

Data collection and analysis

Digital photographs of the root systems were taken
each Mon. and Thu. of the experimental period begin-
ning 21 DAP, when roots were present on all clones. The
photographs were subjected to digital analysis using
WinRHIZO Tron software (Regent Instruments, Inc.,
Quebec, Canada) to determine total root length at 21,
24, 28, 31, 35, 38, 42, and 45 DAP. After 45 d the trees
were harvested, washed, and dissected into roots, stems,
leaves, and the cutting. Root length data were converted
to root growth rate by calculating the difference between
length at consecutive dates and dividing by the number
of days between measurements [e.g., root growth
rate,, ,p = (root length,, ., — root length,, ;,,,)/3 days].
Root growth rate data were subjected to repeated mea-
sures analyses of variance (SAS INSTITUTE INC., 2004)
according to a split plot, repeated measures design with
a random block effect and fixed main effects for irriga-
tion treatment (whole plot) and clone (sub plot). The
repeated measure was time (i.e., DAP). Given correlated
errors associated with DAP, the results from multivari-
ate analyses of variance (MANOVA) were interpreted to
provide correct F-variance ratios and to reduce the prob-
ability of incorrectly claiming significant differences
when, in fact, there were none (i.e., Type I Errors).
Analyses of covariance were conducted to test for the
effect of cutting dry mass on all traits because of a broad
variation at 45 DAP (1.41 to 9.04 g). The effect of cutting
dry mass was not significant (P > 0.05). Therefore,
unadjusted means are reported for all variables. Means
were compared as with root initiation data.

Results
Lateral and basal root initiation

Irrigation treatments did not affect number of lateral
roots (P = 0.1321), but the clone main effect (P < 0.0001)
and treatment X clone interaction (P = 0.0406) were
significant (Table 3). This interaction is described in
greater detail below. Overall, the number of lateral roots
among clones ranged from 3 = 1 roots (91.05.02) to
27 + 3 roots (NC14018), with a mean of 16 * 1 roots (Fig.
2). With the exception of clone 91.05.02 (P. deltoides
parentage), genomic groups exhibited similar numbers
of lateral roots. Clones within genomic groups also initi-
ated comparable numbers, with two exceptions. Clone
NC14018 had 1.6 to 1.8 times more roots than the other
clones of (P. trichocarpa X P. deltoides) X P. deltoides
parentage, and clone DN5 had 1.5 times more roots than
DN182 within the P. deltoides X P. nigra genomic group.

The main effect of treatment was not significant for
the presence of callus (P = 0.1304), while clones differed
(P = 0.0006). However, the treatment X clone interaction
controlled the presence of callus (P = 0.0074) (Table 3).
Overall, callus developed on 79 % (water treatment) and
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Figure 4. — Root growth rate versus days after planting across
12 Populus clones irrigated with well water (control) or landfill
leachate for 45 d. Each point represents the mean of 96 trees
with one standard error, while the dashed bar represents the
overall mean (2.3 = 0.4 cm d™!). Points with the same letter
were not different, according to Fisher’s protected LSD at
P <0.05.

68% (leachate treatment) of the trees, with a mean of
74%. The frequency of trees developing or failing to
develop callus was stable (+ two trees) across treat-
ments for all genotypes except clone NC14018, whereby
five of six trees developed callus when irrigated with
water but only two of six trees developed callus for the
leachate treatment. In contrast, trees of clone NC13680
exhibited less callus development than the other geno-
types, with four of six (water) and five of six (leachate)
trees failing to develop callus. Nevertheless, irrigation
treatments (P = 0.5939) and their interaction with
clones (P = 0.8373) did not affect number of basal roots,
but the clone main effect (P < 0.0001) was significant
(Table 3). Overall, the number of basal roots among
clones ranged from 2 + 1 roots (91.05.02) to 10 + 1 roots
(NC13680), with a mean of 7 = 0 roots that was 44 % of
the number of lateral roots (Fig. 2). There was broad
variation among genomic groups and clones for number
of basal roots. In general, clones with P. deltoides X
P. suaveolens parentage exhibited the greatest number
of basal roots, which was similar to two (P. trichocarpa X
P. deltoides) X P deltoides clones and one P. nigra X
P. suaveolens clone. Specifically, clones NC13475 and
NC13680 had 1.6 times greater number of basal roots
than NC13460 and NC14018 in their genomic group,
while clone NM2 had 2.3 times more roots than NM6.

There were differences among clones (P < 0.0001) and
root types (P < 0.0001) for number of roots, as well as
the interaction of root type with irrigation treatment
(P =0.0117) and clone (P < 0.0001). However, the three-
way interaction among treatment, clone, and root type
(P = 0.0088) governed the number of roots, which corrob-
orated the significant treatment X clone interaction for
number of lateral roots (Table 4). Overall, the number of
roots initiated from the middle third of the cutting was
greater by 120% of the upper, 193% of the lower, and
24 % of the basal root sections (Fig. 3). There was broad
variation among genomic groups and clones within all
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Figure 5. — Percent of root tissue, based on number of roots,
allocated to lateral and basal roots of 12 Populus clones irrigat-
ed with well water (control) or landfill leachate for 30 d.
Upper, middle, lower, and callus refers to the portion of the
hardwood cutting from which roots originated. Each bar repre-
sents the mean of six trees.

four root types, with a general trend of genotypes
belonging to (P. trichocarpa X P. deltoides) X P. deltoides
and P. deltoides X P. suaveolens parentage having the
greatest number of roots. Trees irrigated with water
exhibited more upper lateral roots than those with
leachate for clones NC13475 (453% more roots),
NC13680 (320%), and NC14018 (138 %). Water-irrigated
trees also had greater numbers of middle lateral roots
for NC13475 (56 %), NC13680 (64 %), NC14018 (111%),
and DM115 (72%). In contrast, number of basal roots
was greater following leachate irrigation for NC13475
(40%) and NM2 (44 %).

Root growth rate

Clones, treatments, and their interaction did not
affect root growth rate from 24 to 45 days after planting
(DAP) (P > 0.05). However, root growth rate changed
over time (Py;,nova < 0.0001), increasing by 75% from 24
to 31 DAP, followed by a decrease of 46 % until 42 DAP,
and a second significant increase of 127% at 45 DAP
(Fig. 4). Overall, roots grew 1.5 £ 0.6 to 3.4 = 0.3 cm d,
with a mean of 2.3 + 0.2 cm d..

Distributional trends across root types

The irrigation treatment X clone interaction affected
distributional trends in the percent of root tissue allo-
cated to lateral and basal root types, based on number of
roots. Across treatments, approximately two-thirds of
the roots were lateral and one-third developed from cal-
lus (Fig. 5). However, trees irrigated with water exhibit-
ed 5% more upper lateral roots than those of the
leachate treatment (P = 0.0169), which was similar to
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Figure 6. — Adventitious roots of Populus: lateral roots along
length of cutting (A) and basal roots from callus at the base of
the cutting (B).

4% more middle lateral roots with water than leachate
irrigation (P = 0.0181). The percent of lower lateral root
tissue did not differ between treatments (P = 0.1803),
but there was 6% more basal roots from leachate-irri-
gated trees compared with water-irrigated trees
(P =0.0168). Overall, the percent of root tissue allocated
across root types was highly variable among genomic
groups and clones. For example, the distributional trend
of root types was nearly identical between treatments
for clones of the P. deltoides X P. suaveolens and P. del-
toides X P. nigra genomic groups, while that for (P. ¢ri-
chocarpa X P. deltoides) X P. deltoides clones was very
different (Fig. 5).

Discussion

Leachate irrigation had a greater relative effect on the
initiation of lateral versus basal adventitious roots. Nev-
ertheless, the high-salinity leachate used as an alterna-
tive fertigation source did not significantly reduce initia-
tion, growth rate, or distributional trends of either root
type. This is important given that Populus genotypes
have exhibited salt sensitivities with electrical conduc-
tivity ranging from 1 to 5 mS ecm™' (NEUMAN et al,,
1996), which is less than half of that used in the current
study (10.2 mS em™). Overall, the lack of detrimental
physiological responses associated with salt stress dur-
ing root initiation was promising for early survival. In
addition, genotype-specific responses to the leachate and
water irrigation treatments were important from a tree
genetics and breeding perspective. For example, clones
belonging to the (P. trichocarpa X P. deltoides) X P. del-
toides genomic group exhibited greater numbers of
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upper and middle lateral roots when irrigated with
water, while differences in the number of lower lateral
roots were negligible across genotypes; clone NC13475
produced significantly more basal roots with leachate
irrigation versus water. In contrast, the effect of irriga-
tion treatments on adventitious rooting of clones with
P. deltoides X P. nigra parentage was the same, regard-
less of root type. Selection both among and within
genomic groups is necessary to ensure root initiation
during establishment and to maintain adequate diversi-
ty as the trees develop.

Although there were nearly twice as many lateral
roots as basal roots across treatments and clones,
leachate irrigation equally affected both root types (Fig.
2). ZALESNY et al. (2009a; 2007b) reported similar results
for dry mass of lateral and basal roots when field-testing
eight of the twelve current clones during two years of
establishment at the Oneida County Landfill in north-
ern Wisconsin. Only clone NC14018 of (P. ¢trichocarpa X
P. deltoides) X P. deltoides parentage had greater lateral
root dry mass with water versus leachate, while all
other irrigation treatment comparisons for individual
root types were non-significant (ZALESNY et al., 2007b).
Moreover, to increase our fundamental knowledge of
Populus adventitious rooting, we classified lateral and
basal roots based on their differing sites of initiation
and development from the dormant hardwood cuttings
(ZALESNY et al., 2009a) (Fig. 6). Although the objectives
of the study did not support direct anatomical testing,
we assumed given the short duration of the study that
lateral roots developed from latent, preformed primordia
laid down during the previous growing season (FARMER
et al., 1989; SMITH and WAREING, 1974) rather than
induced roots initiated as a response to current external
stimuli (Haissig, 1974). All basal roots differentiated
from parenchymous masses (i.e., callus) at the base of
the cuttings in response to wounding imposed by pro-
cessing parent shoots into the propagules (HAISSIG,
1974). The differences in lateral and basal root numbers
may be explained by increased areas of meristematic
activity and associated primordia along the length of the
parent shoot relative to the more restricted region of cal-
lus development at the base of the cuttings (FARMER et
al., 1989; SmITH and WAREING, 1974).

In general, we expected increased carbohydrate con-
tent to allow the cuttings of favorable genotypes (.e.,
basal rooting of clones NC13475 and NM2; Fig. 3) to be
more tolerant of environmental stresses such as that
imposed by the high-salinity leachate irrigation. Accu-
mulation and partitioning of carbohydrates within cut-
tings has been shown to affect adventitious rooting of
Populus (TsCHAPLINSKI and BLAKE, 1989; OKORO and
GRACE, 1976), with larger cuttings exhibiting greater
carbohydrate content (FEGE and BROWN, 1984). NGUYEN
et al. (1990) reported increased survival and root system
production associated with greater levels of carbohy-
drates of clones DN34 (P. deltoides X P. nigra) and Tris-
tis #1 (P, tristis Fisch. X P. balsamifera L.) grown at the
Michigan State University Tree Research Center
(42.4°N, 84.3°W) for one growing season. Likewise, the
greatest levels of total carbohydrate content of clone 1-
78 (P. deltoides X P. nigra) were in basal sections of cut-



tings directly before root initiation (OKORO and GRACE,
1976). In this study the relationship between cutting
size and root initiation/growth was inconclusive in
saline environments imposed by leachate irrigation.
However, these relationships warrant further study.

Variability in initiation, growth rate, and distribution-
al trends of adventitious roots was due to the effects of
interactions among specific clones and irrigation treat-
ments. Adventitious rooting of Populus is under strong
genetic control (YING and BAGLEY, 1977; WILCOX and
FARMER, 1968; 1967). However, substantial variability in
rooting responses among genotypes has been the result
of other factors such as: propagation conditions
(DESROCHERS and THOMAS, 2003; HANSEN and TOLSTED,
1981), positional effects and environmental precondi-
tioning of the parent shoots (i.e., C-effects) (FARMER et
al., 1989; 1988; 1986), and genotype X environment
interactions (ZALESNY et al., 2005; RIEMENSCHNEIDER and
BAUER, 1997). As with the clones of the current study,
the uncertainty of predicting adventitious rooting of spe-
cific Populus genotypes is heightened during phytotech-
nology applications given heterogeneous growing condi-
tions associated with varying contaminant levels
(ZALESNY et al., 2009a; 2008). Although leachate irriga-
tion affected individual root types similarly, there was
broad variation among and within genomic groups for
overall root initiation. ZALESNY et al. (2007b) reported
comparable genotypic variability for eight of the twelve
clones tested in the current study. An P. deltoides X
P. suaveolens subsp. maximowiczii F, hybrid (clone
NC14104) was identified that exhibited greater total
root dry mass when irrigated with leachate versus
water, compared with two clones that rooted better with
water and five clones that had similar root dry mass
regardless of irrigation treatment (ZALESNY et al.,
2007b). Such genotype X environment interactions have
supported the need for selection of generalist genotypes
that perform well across a broad range of unpredictable
conditions or specialist genotypes that are well-adapted
for specific conditions (ZALESNY et al., 2008).

The biological and economic importance of adventi-
tious rooting is reflected in its incorporation as a key
trait in Populus breeding programs (RIEMENSCHNEIDER
and BAUER, 1997). Equally important is the incorpora-
tion of adventitious rooting as a primary criterion when
selecting favorable Populus genotypes for environmental
benefits (ZALESNY and ZALESNY, 2009). Successful root-
ing decreases establishment/vegetation management
costs and increases operational flexibility of planting
schedules in the short-term. Rooting also enhances envi-
ronmental sustainability through contaminant intercep-
tion and hydraulic control in the long-term. Our results
corroborated those of many Populus rooting studies in
that root initiation and growth depended on how the
genotypes responded to an environmental stimulus, in
this case the landfill leachate versus water. The results
of the current study contribute fundamental knowledge
of the genetics and physiology of Populus adventitious
rooting that is important for advancing the use of these
short rotation woody crops for environmental benefits,
energy, and fiber. For example, the increasing need for
using Populus in phytotechnologies requires matching

adventitious rooting, specific contaminant chemistry,
and favorable genotypes to increase the potential suc-
cess of plantation establishment and subsequent envi-
ronmental services. More specifically, our baseline infor-
mation fills knowledge gaps for using adventitious root-
ing as a selection criterion in Populus breeding, espe-
cially with respect to using Populus in phytotechnolo-
gies such as phytoremediation and phytoextraction.
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