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Variations in the performance of hybrid poplars subjected to the 
inoculation of a microbial consortium and water restriction
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There is an increasing interest in using plant growth-promoting rhizobacteria 
(PGPR) to improve hybrid poplar performance under water stress conditions. 
We assessed the growth and leaf-level physiological responses of different hy-
brid poplar clones to the inoculation of a microbial consortium and subjected 
to moderate water shortage. In a nursery experiment, growth, leaf gas ex-
change, and biomass partitioning traits were assessed during one growing sea-
son on twenty hybrid clones from interspecific crosses of Populus trichocarpa 
× P.deltoides and (P. trichocarpa × P. deltoides) × P. deltoides, which were 
submitted to two treatments of PGPM inoculation (Inoculated, Inoc_1 vs. non-
inoculated, Inoc_0) and two irrigation treatments (full water vs. water restric-
tion). The water restriction decreased shoot growth, photosynthetic rate (Asat), 
and  stomatal  conductance  (gs);  increased  intrinsic  water  use  efficiency 
(WUEint) of the hybrid clones but it did not change the root-to-shoot ratio. Un-
like our expectations, by the end of the study, treatment Inoc_1 slightly de-
creased basal diameter (D) and height (H) relative to Inoc_0 (5.8% and 5.2 %, 
respectively). Moreover, seven clones significantly decreased the root biomass 
by 37% to 62% in the Inoc_1 relative to Inoc_0 treatment, while the other 
clones showed no response to the inoculation. Oppositely, while most of the 
clones showed no response to the Inoc_1 treatment on leaf-physiological traits 
compared to Inoc_0, some of them exhibited an increase of Asat of 15% to 39%. 
Overall, the consortium applied did not improve the responses to the water 
restriction,  and responses  to  the  inoculation  were  more  associated  with  a 
deleterious than a growth-promoting effect, which is discussed in the context 
of nutrient immobilization, application method, and timing.
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Introduction
There  are  concerns  about  how  the  de-

crease in precipitation and the increase in 
temperature due to climate change (Araya-
Osses et al. 2020) will affect the productiv-
ity of crops and forests in Mediterranean-
type climate zones (Del Pozo et al. 2019). 
Since  the  green  revolution,  high  gains  in 
plant  productivity  have been achieved by 
applying intensive cropping systems using 
agrochemical  and  genetic  manipulation 
(Havlin  et  al.  2005,  Backer  et  al.  2018). 

However, the future climate scenario may 
limit further gains in productivity. Some of 
the adaptation strategies to a changing cli-
mate are the incorporation of more plastic 
genotypes  into  production  and  matching 
them with more sustainable cropping and 
silvicultural systems to optimize productiv-
ity (Del Pozo et al. 2019). Managing the soil 
microbiome  (i.e.,  plant  growth-promoting 
rhizobacteria, PGPR) is recognized as being 
part of these strategies (Vimal et al. 2017). 
The microbiome of  the rhizosphere is  re-

sponsible for essential processes affecting 
plant life and health (Andreote et al. 2014). 
Because most studies on plant growth-pro-
moting  rhizobacteria  (PGPR)  are  carried 
out in controlled laboratory conditions and 
using pure culture isolates, there is still lit-
tle knowledge about the factors that could 
limit their efficacy in operational conditions 
(i.e.,  nursery,  field),  which  depends  on 
complex interactions of PGPR with specific 
crops, plant genotypes, soils, and climate.

Currently,  PGPR genera such as  Bacillus,  
Pseudomonas,  Rhizobia,  Glomu,  Azospiril-
lum,  Azotobacter, among  others,  can  be 
found  in  commercial  products  (Backer  et 
al. 2018). These can be applied as individual 
strains, but sometimes greater effects have 
been  reported  when  a  bacterial  mixture 
(i.e.,  consortium) is  used (Molina-Romero 
et al. 2017, Compant et al. 2019). The bene-
ficial microbiome associated with roots and 
plant components alleviates environmental 
stress by a variety of mechanisms (Vuruk-
onda et al. 2015). Among them, PGPR can 
directly enhance nutrients uptake, and in-
crease growth by changing the concentra-
tion  of  growth  regulators  and  producing 
antibiotics that trigger resistance to patho-
gens (Lugtenberg & Kamilova 2009, Backer 
et al. 2018,  Mercado-Blanco et al. 2018). It 
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has also been reported to improve the abil-
ity to counteract drought stress, inducing a 
higher antioxidant activity, chlorophyll con-
tent,  osmolyte  production  (Backer  et  al. 
2018, Ojuederie et al. 2019), water use effi-
ciency,  stomatal  control  (De  Lima  et  al. 
2019),  and  improving  soil  hydraulic  prop-
erties  by  producing  exopolysaccharides 
(Zheng  et  al.  2018),  and  enhance  lateral 
roots and roots hairs development (Vuruk-
onda et al. 2015).

Some evidence shows that the complex-
ity  of  hosts  by  microbiome  interaction 
overpasses  the  plant  species  level,  and 
goes  to  the  specific  genotype  level  (i.e., 
genotypic  variation  in  the  responses  to 
PGPR).  This  type  of  interaction  has  been 
shown  in  many  crops,  for  example,  soy-
bean (Glicine max [L.] Merr.  – Wang et al. 
2014), Boechera stricta (Wagner et al. 2016), 
cotton lines (Qiao et al. 2017), maize inbred 
lines (Peiffer et al. 2013), potato (Solanum 
tuberosum L.  – Van Overbeek & Van Elsas 
2008),  wheat  (Triticum  aestivum L.),  and 
some forest species such as hybrid poplars 
(Fischer  et  al.  2014,  Hacquard  &  Schadt 
2015,  Jang  et  al.  2018).  This  specificity  is 
mainùly  associated  with  the  quality  and 
composition of exudates released by differ-
ent individual genotypes (Aira et al.  2010, 
Steinauer et al.  2016).  Other studies have 
shown some transient growth reduction in 

the crop plant due to N depletion by PGPR 
(Bal  &  Chanway  2012,  Anand  &  Chanway 
2013), which may also contribute to the dif-
ferential  responses  of  specific  genotypes 
to the inoculation of PGPR.

Poplar  species  and  their  hybrids  are 
planted in about 70 countries, adapting to 
a wide variety of edaphoclimatic conditions 
(Yemshanov & McKenney 2008), including 
Mediterranean-type zones such as central 
Chile  (Yáñez et  al.  2019).  Moreover,  com-
mercial hybrid poplars (Populus spp.) might 
be a promising source of raw material for 
the wood-processing industry and biomass 
production in the country, and there have 
been some efforts to broaden the low ge-
netic diversity of hybrid poplars (Zamudio 
et al. 2012, Yáñez et al. 2019). However, the 
lower precipitation projected under the cli-
mate  change  scenario  may  compromise 
the productivity and profitability of these 
plantations. Thus, incorporating more sus-
tainable practices to reduce the use of fer-
tilizers  and  increase  plant  tolerance  to 
drought are needed. The objective of this 
study was to assess the growth and leaf-
level physiological acclimation of different 
hybrid poplar clones subjected to the inoc-
ulation of a microbial  consortium and un-
der water restriction in nursery conditions. 
We hypothesized that (i)  the growth and 
physiological  performance  of  hybrid  pop-

lars under water restriction is improved by 
the  inoculation  of  the  PGPR  consortium, 
and (ii) those responses are genotype-spe-
cific. Understanding the success or failure 
of applying PGPR on the growth of specific 
hybrid poplar clones may guide the use of 
this biotechnology in the development of 
genotype-specific  management  prescrip-
tions.

Materials and methods

Plant material and study design
The study was conducted at the nursery 

facilities  of  the  Centro  Tecnológico  del 
Álamo (CTA) at  the Universidad de Talca, 
Chile (35° 24′ S,  71°  38′ W, 112 m a.s.l.).  In 
winter  2018,  plant  material  of  ten  poplar 
hybrids  for  each  of  the  two  interspecific 
crosses, (P. trichocarpa × P. deltoides) × P.  
deltoides  and  P. trichocarpa × P. deltoides, 
were obtained from the CTA’s clonal bank. 
Clones under study were generated by the 
hybridization  program  led  by  the  former 
Poplar  Molecular  Genetic  Cooperative 
(PMGC) in Seattle, WA, USA (Zamudio et al. 
2012), and introduced in Chile in 2002. The 
plant  material  used  in  this  study  corre-
sponds to a subset of experimental clones 
that have shown high growth potential in 
selection trials  in Chile,  which was propa-
gated using 15-cm unrooted cuttings with 
diameters of 1  to 2.5 cm. The nursery ex-
periment was established in October 2018 
under outdoor conditions of light and tem-
perature.  Cuttings  were  planted  in  10  L 
black  plastic  bags  containing  a  substrate 
with a mixture of DSM2 peat (Kekkilä Pro-
fessional  Inc.,  Vantaa,  Finland),  coconut 
fiber  (Golden  Grow  by  Projar,  Valencia, 
Spain), and perlite (particle size 0.5-3 mm) 
in a volume proportion of 50%, 35% and 15%, 
respectively.  The  peat  is  commercialized 
with a small amount of fertilizer NPK (15-12-
29) plus microelements in  a  dose of  1  kg 
m-3.  The substrate analysis showed a NPK 
concentration of 1.06%, 1.35%, and 0.9%, re-
spectively, organic matter 85%, pH 6.7, and 
C:N ratio of 42.7.

The experimental design was a split-split 
plot  design,  arranged  as  a  complete  ran-
domized design (CRD), with five replicates. 
Two irrigation treatments were the whole 
plot (full water  vs. water restriction), two 
treatments  of  bacteria  inoculation  were 
the split-plot (Inoculated Inoc_1 vs. non-in-
oculated Inoc_0), and 20 clonal hybrid pop-
lars were the split-split plot (5 replicates × 2 
irrigation treatments × 2 inoculation treat-
ments  ×  20 hybrid  poplars  =  400 plants). 
The treatment of water restriction was ex-
posed at the end of February 2019 (peak of 
maximum  temperatures  during  summer 
2019  – Fig. 1a). We referred water restric-
tion level as mild, as predawn water poten-
tial at the end of the treatment application 
reached -0.63  Mpa,  as  it  is  described be-
low.  Fig. 2 summarizes the timeline of the 
nursery experiment. The average substrate 
moisture percentage achieved for the full 
water and water-restricted treatments was 
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Fig. 1 - Daily maxi-
mum, minimum, 

and mean air tem-
perature (a), and 

substrate moisture 
(%) for the full (Full 
water) and restric-
ted (Water restric-

tion) water treat-
ments (b) for the 

duration of the 
experiment.
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42% and 23%, respectively (Fig. 1b). The soil 
moisture  was  monitored  with  a  Theta-
probe™ soil  moisture  sensor  (Delta-T  De-
vices Ltd., Cambridge, UK) on two pots per 
clone and irrigation treatment.  To further 
characterize the water stress condition, at 
the end of March, we randomly selected 5 
plants  per  watering  treatment  and  mea-
sured  predawn  water  potential  using  a 
pressure chamber (PMS instrument Co., Al-
bany,  OR,  USA).  Daily  irrigation  was  pro-
vided and controlled by an automatic-drip 
irrigation system and controlled according 
to soil moisture monitoring. The irrigation 
rate  during  the  study  period  varied  from 
0.3 to 0.6 L day-1 plant-1.

The  inoculation  treatment  (Inoc_1)  con-
sisted  of  applying  a  soil  living  microbial 
consortium, which is  commercialized as a 
lyophilized product with the name of OIKO-
BAC 174 (Oikos Chile Ltda., Santiago, Chile). 
Its composition, expressed in colony-form-
ing units (CFU g-1), included Bacillus subtilis 
(3.5×108),  Bacillus  licheniformis  (5×107),  Ba-
cillus  megaterium (3.5×108),  Bacillus  poly-
myxa (3.5×108),  Bacillus macerans  (3.5×108), 
Pseudomonas  fluorescens (3.75×108),  Pseu-
domonas  putida (3.75×108),  Nocardia  cor-
allina (5×108),  Saccharomyces  cerevisiae 
(5×108), and Trichoderma viride (2×105). We 
prepared  a  solution  containing  200  gr  of 
OIKO-BAC 174, 2 k of sugar cane molasses, 
and 100 L of water according to the manu-
facturer’s guidelines. The solution was fur-
ther spread on the substrate at a dose of 
400 ml per plant using a graduated glass. 
Treatment application was carried out be-
fore  dawn  to  avoid  potential  damage  of 
bacteria by light. The first application was 
made 65 days after planting to ensure root 
development and increase the rhizosphere 
zone. At that time, plants had an average 
height  of  40  cm  and  most  adventitious 
roots had over 5 cm length, which was veri-
fied by sampling 5 plants. The application 
was repeated three times during the grow-
ing period, every three weeks (December 
2018  to  February  2019  – Fig.  2).  On  the 
same  dates  of  inoculation,  plants  in  the 
control  treatment  (Inoc_0)  also  received 
an additional dose of 400 ml of water.

Growth, leaf-level physiology, stem and 
root biomass

Growth and leaf-level physiological mea-
surements were obtained on five instances 
during  the  study  period  (November  28, 
2018; December 12, 2018; January 15, 2019; 
March 14, 2019; April 4, 2019). At each date, 
growth  traits  were  measured  in  all  the 
replicates,  whereas  the  leaf  physiological 
and biomass traits were measured in only 3 
of the 5 replicates per treatment combina-
tion.  Plant  basal  diameter  (D)  and height 
(H) were measured above 3 cm of the cut-
ting insertion, using a caliper and a metric 
tape, respectively. Net saturated photosyn-
thesis rate (Asat, μmol m-2 s-1), stomatal con-
ductance (gs, mmol m-2 s-1) and intrinsic wa-
ter  use  efficiency  (WUEint,  μmol  mmol-1) 
were measured for one fully expanded leaf 

in the upper part of the plant, using a por-
table gas exchange system LI 6800® (LIC-
OR Inc., Lincoln, NE, USA). Initial chamber 
conditions were set up at ambient condi-
tions during measurements, with a temper-
ature  of  20  °C,  CO2 concentration of  400 
ppm, relative humidity of 50%, and PAR of 
1800 µmol m-2 s-1. Measurements were per-
formed between 09:00 and 12:00 a.m. local 
time. At the end of the experiment, the dry 
biomass for stems (SDW) and roots (RDW) 
was determined by harvesting the plants, 
detaching  the  components,  and  drying 
them in an oven at 65 °C for 48 hours. Addi-
tionally,  we  calculated  the  roots-to-shoot 
ratio (RSR). Once the plants were harvest-
ed,  three  samples  of  substrate  were  ob-
tained per  each combination of  irrigation 
and inoculation treatment for further anal-
ysis of microbial activity. The samples were 
sent to the Soil Laboratory of the Universi-
dad de Concepción, and the soil microbial 
activity was determined by fluorescein di-
acetate (FDA) hydrolysis,  as  described by 
Mutumba  et  al.  (2018).  Microbial  activity 
was expressed in µg Fluorescein g-1 dry soil.

Statistical analysis
Data  analyses  were  made  with  the  AS-

Reml 4 package implemented in the R soft-
ware (ASReml-R, VSN, UK). For growth and 
leaf-physiological traits, all the explanatory 
variables (irrigation treatment, inoculation 
treatment, hybrid clone, date, and the in-
teractions among factors) were considered 
fixed  effects.  We  constrained  the  model 
to  third-order  interactions,  whereas  the 
fourth-order interaction (Irrigation × Inocu-
lation × Clone × Date) was pooled in the er-
ror term. Because measurements were un-
equally spaced over time, we used an ex-
ponential  power  structure  to  model  the 
variance-covariance  matrix  of  correlated 
residuals effects. This structure was previ-
ously selected over the unstructured based 
on the Akaike information criteria. For bio-
mass traits, which were measured once at 
the end of the experiment, the same analy-
sis  was  run,  excluding  the  effect  of  date 
and its interaction with the other factors. 
The FDA data was analyzed as a factorial 
design with irrigation and inoculation treat-

ment considered fixed. We correlated the 
clonal means for growth and biomass traits 
obtained at the end of the experiment (i.e., 
cumulated  growth)  with  means  for  leaf-
physiological traits over the study period, 
using the Pearson’s coefficient of correla-
tion.  Significant  differences  were  consid-
ered at a probability level of 0.05.

Results

Variability in growth and biomass 
partitioning

Differences in D and H among the poplar 
clones varied by date (Date×Clone interac-
tion, P<0.05), and were detected since the 
first measurement date (51 d after planting 
– Tab. 1, Fig. 3a, Fig. 3b). Differences among 
clones with time were greater for H than D 
(Fig.  3a,  Fig.  3b).  Particularly,  two  clones 
(T×D 1 and TD×D 1) exhibited a remarkable 
fast-growing in H. By the end of the study 
period,  the  fast-growing  clone  showed 
higher D (14%) and H (69%) than the slow-
growing clone. As expected, the growth on 
H slowed down toward April  (by the end 
of  the  growing  season).  However,  low 
growth in D was observed from January to 
March (midsummer in the Southern Hemi-
sphere), with a slight increase toward April 
(Fig. 3a, Fig. 3b).

The first application of the microbial con-
sortium started 65 d after planting, and the 
varying response of D and H to the inocula-
tion treatments and date (Inoc×Date inter-
action,  P<0.05)  were  detected  since  the 
third measurement date (34 d after inocu-
lation – Fig. 3c, Fig. 3d). Contrarily with our 
expectations,  the  inoculated  treatment 
(Inoc_1)  had  a  slight  but  significant  de-
crease in  D and H relative to the control 
treatment  (Inoc_0).  By  the  end  of  the 
study period, Inoc_1 decreased D and H by 
5.8%  and  5.2%  relative  to  Inoc_0.  On  the 
other  hand,  the  water  stress  treatment 
was imposed toward the end of  summer 
(164 d after planting and 77 d after apply-
ing the inoculation treatment). Overall, the 
water restriction had a small effect on the 
growth  traits,  decreasing  D  by  4.9%,  but 
with no effect on H (Fig. 3e,  Fig.  3f).  The 
fact that the clone interacted with neither 
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Fig. 2 - Timeline for the study period (October 2018 to April 2019). Dots show mea-
surement dates, while continuous and discontinuous arrows represent the beginning 
of the inoculation and irrigation treatments, respectively. The day scale shows the  
days since planting.
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the inoculation nor the irrigation treatment 
implies  that  the  clonal  responses  for 
growth were fairly stable at this stage.

Significant differences among the poplar 
clones  were  found  for  biomass  compo-
nents, which did not depend on the irriga-
tion  treatment  (Tab.  1,  Fig.  4a,  Fig.  4b). 

Overall, both interspecific crosses (T×D and 
TD×D) showed a similar range of variation 
for RSR at the clone level (Fig. 4). The low-
est and highest RSR was 1.4 for clone T×D 1 
and 3.6 for clone T×D 2, respectively (157% 
higher in T×D 2  – Fig. 4a). Similarly, signifi-
cant differences among clones were found 

in  SDW,  with  values  ranging  from  4.7  g 
(TD×7) to 12.6 g (T×D 1). This trait was also 
affected by inoculation and irrigation treat-
ments  (Tab.  1).  The treatment  Inoc_1  sig-
nificantly decreased SDW by 15% relative to 
Inoc_0  (Tab.  1),  with  mean  values  for 
Inoc_0 and Inoc_1 of  8.1  g  and 6.9 g,  re-
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Fig. 3 - Means for basal diameter 
(D) (a) and height (H) (b) over 
time per poplar clone. D (c) and 
H (d) over time per inoculation 
treatment (control Inoc_0 and 
inoculated Inoc_1). D (f) and H 
(g) over time per irrigation level 
(full water and water restric-
tion). (*): significant differences 
(p<0.05) between inoculation 
treatments at a specific date. 
The continuous and discontinu-
ous arrows represent the begin-
ning of the inoculation and 
water restriction treatments, 
respectively.
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ry Tab. 1 -  P-values on the analysis of variance for basal diameter (D), total height (H), root to shoot ratio (RSR), shoot dry weight  
(SDW), root dry weight (RDW), light-saturated photosynthetic rate (Asat), stomatal conductance (gs), intrinsic water use efficiency 
(WUEint). The effects are irrigation treatment (Irrig), inoculation treatment (Inoc), clone and date.

Source of variation
Stem growth Biomass partitioning Leaf-level physiology

D H RSR SDW RDW Asat gs WUEint

Irrig 0.6938 0.8798 0.9222 0.0490 0.0006 0.7744 0.2787 0.2250

Inoc 0.0027 0.0232 0.1541 0.0015 <0.0001 0.0489 0.4035 0.8303

Irrig×Inoc 0.6197 0.5299 0.6800 0.5870 0.2080 0.6294 0.6275 0.4269

Clone <0.0001 <0.0001 <0.0001 <0.0001 <0.0001 <0.0001 <0.0001 <0.0001

Clone×Irrig 0.2408 0.3470 0.1583 0.6184 0.5017 0.0136 0.3984 0.9571

Clone×Inoc 0.1802 0.6092 0.0526 0.5243 0.0046 0.0473 0.8759 0.9161

Clone×Inoc×Irrig 0.5930 0.9371 0.3923 0.7986 0.4530 0.5642 0.4834 0.3729

Date <0.0001 <0.0001 - - - <0.0001 <0.0001 <0.0001

Irrig×Date <0.0001 0.3937 - - - 0.0012 0.0027 0.0080

Inoc×Date 0.0071 0.0001 - - - 0.1747 0.0571 0.2144

Date×Clone 0.0015 0.0000 - - - 0.0001 0.0373 <0.0001

Irrig×Inoc×Date 0.5630 0.4567 - - - 0.1691 0.0655 0.0745

Date×Clone×Irrig 0.9389 0.1256 - - - 0.8934 0.9878 0.9480

Date×Clone×Inoc 0.9687 0.8667 - - - 0.5859 0.8332 0.7644
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spectively. The water restriction treatment 
significantly decreased SDW by 18% relative 
to the full water treatment, with mean val-
ues for the full and restricted water treat-
ment of 8.2 and 6.8 g, respectively.

Particularly,  the  differences  in  RDW 
among clones varied by inoculation treat-
ment  (Clone×Inoc  interaction  – Fig.  4c). 
Seven clones (T×D: 5, 6, 8, 9 and TD×D: 6, 7, 
8)  significantly  decreased RDW by 37% to 
62%  in  the  Inoc_1  relative  to  the  Inoc_0 
treatment, while the other clones showed 
no  response  to  the  microbial  consortium 
inoculation  (Fig.  4c).  Those  seven  clones 
corresponded  to  the  ones  that  had  the 
highest  RDW  in  the  control  treatment 
Inoc_0.  The  water  restriction  treatment 
significantly decreased RDW by 16% relative 
to the full water treatment, with mean val-
ues for the full and restricted water treat-
ment of 17.9 and 15.1 g, respectively.

Variability in leaf-level physiological 
parameters

All  the gas exchange parameters signifi-
cantly  varied  by  clone  and  time  (Date× 
Clone interaction,  P<0.05  – Tab. 1,  Fig. 5a-
c).  Differences  among  clones  were  de-
tected  since  the  first  measurement  date 
for  gas  exchange parameters  (65  d  after 
planting).  The  clonal  responses  of  the 
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Fig. 4 - Means for root to 
shoot ratio (RSR) (a) and 
shoot dry weight (SDW) 
(b) per hybrid clone, and 
root dry weight (RDW) 
(c) per clone and inocula-
tion treatment (control 
Inoc_0 and inoculated 
Inoc_1). Clones in the 
graphs were ordered by 
interspecific crosses and 
ascending values of RSR. 
(*): significant differ-
ences (p<0.05) between 
inoculation treatments at 
a specific date.

Fig. 5 - Means for saturated pho-
tosynthetic rate (Asat) (a), stom-

atal conductance (gs) (b), and 
intrinsic water use efficiency 

(WUEint) (c) over time per poplar 
clone and Asat (d), gs (e) and 

WUEint (f) over time per irriga-
tion level (full water and water 
restriction treatment). (*): sig-

nificant differences (p<0.05) 
between inoculation treatments 

at a specific date. The continu-
ous and discontinuous arrows 

represent the beginning of the 
inoculation and water restriction 

treatments, respectively.
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physiological  parameters  over  time  were 
diverse (Fig. 5a to 5c). For instance, in sum-
mer (between December and March) some 
clones maintained Asat constant, while oth-
ers  increased  or  decreased  their  value 
within the period. Meanwhile, at the end of 
the  experiment  (April),  on  average,  all 
clones decreased Asat by 20% relative to the 
March  measurement  (Fig.  5a).  Similarly, 
during the study period, both gs and WUEint 

fluctuated more for some clones than oth-
ers.  WUEint peaked  in  January  for  some 
clones, while a few ones peaked in March. 
Some  clones  considerably  decreased  gs 

from December to January, which explain-
ed the peak of WUEint in January for these 
clones,  whereas  other  clones  were  fairly 
stable throughout the study period.

The water restriction treatment imposed 
at the end of February had a transient influ-
ence on the  gas  exchange parameters  in 
March  but  not  in  the  April  measurement 
(Irrig×Date interaction, P<0.05 – Tab. 1, Fig.
5d-f).  Mean  predawn  water  potential  for 
the  full  water  and  water-restricted  treat-
ment  were -0.28 MPa and -0.63 MPa,  re-
spectively. In March, the water restriction 
treatment decreased Asat and gs and by 12% 
and 30%, and increased WUEint by 26% rela-
tive  to  the  full  water  treatment,  respec-
tively.  On  the  other,  hand,  the  clone  re-
sponse on Asat differed by inoculation treat-
ment  (Tab.  1,  Fig.  6).  Four  clones  signifi-
cantly increased Asat from 15% to 39% in the 
inoculated treatment.

Measurements of microbial activity on 
the substrate

The  microbial  activity  measured  in  the 
substrate  by  the  end  of  the  experiment 
showed no significant differences between 
the  inoculation  treatments  (P=0.3806). 
FDA  means  (±  standard  errors)  for  the 
Inoc_0 and Inoc_1 treatment were 16.0 ± 

1.78 and 17.8 ± 1.64 µg g soil -1 h-1,  respec-
tively. However, there was a significant in-
crease in the FDA due to the water restric-
tion treatment relative to the full irrigation 
treatment  (P=0.0379).  FDA  means  and 
standard  errors  for  the  full  irrigated  and 
water  restriction  treatment  were  14.5  ± 
1.92 and 19.3 ± 0.42 µg g soil-1 h-1,  respec-
tively.

Discussion
The use of PGPM has been recognized as 

a sustainable management tool that could 
improve the productivity of different crops 
and  plant  species,  especially  when  they 
face biotic and abiotic stresses (Molina-Ro-
mero et al. 2017,  Backer et al. 2018). Con-
trary  to  our  expectations  and  initial  hy-
pothesis, the PGPR inoculation did not im-
prove the  clones’  growth under  the  mild 
water  restriction  imposed.  In  this  study, 
there were no significant  interactions be-
tween the hybrid poplars with neither the 
inoculation nor the irrigation treatment on 
the  growth  traits.  This  implies  that  all 
clones responded in a similar direction and 
relative  magnitude  to  those  treatments 
(i.e.,  co-directional  response).  The  tested 
hybrid  clones  belong  to  interspecific 
crosses  with  great  growth  potential  in 
Chile, and with high clonal variation within 
the crosses (Yáñez et al. 2019). Differences 
in growth among clones appeared early af-
ter planting, and the fastest-growing clone 
had 69% higher H than the slowest-growing 
clone.  Overall,  plants’  growth  in  the  trial 
was considered low, but it was in the range 
of other similar studies (Jang et al. 2018). 
During the experiment, we provided water 
daily. Thus, the low growth observed in the 
trial was likely due to stresses by the high 
temperatures during the study period (Fig.
1a), and by potential nutrient deficiency, as 
discussed below. The growth rate for H in-

creased from November to March and de-
creased toward April (the end of the grow-
ing  season).  However,  the  growth  in  D 
stagnated from January to March and then 
recovered  toward  April.  Growth  rate  for 
stem diameter might decrease during the 
growing season, while plants face adverse 
climate conditions and recover later (Pas-
tur et al.  2007),  which coincides with our 
findings.

Several  studies have reported the bene-
ficial effects of applying PGPR on different 
plant  species  (Lugtenberg  &  Kamilova 
2009, Molina-Romero et al. 2017, Backer et 
al.  2018,  Jang et al.  2018,  Mercado-Blanco 
et al. 2018). Nevertheless, in this study, the 
aboveground  growth  and  biomass  were 
slightly but significantly decreased over the 
study  period  by  the  inoculation  with  the 
microbial  consortium,  which  disagreed 
with our first  hypothesis.  Several  reasons 
may  explain  a  transitory  reduction  of 
growth due to the PGPR. First, at the end 
of  the  study  period,  the  C:N  ratio  in  our 
study was 37, which was quite high due to 
the  nature  of  the  substrate  used.  It  has 
been  documented  that  C:N  ratio  over  25 
makes that soil microbes may deplete N in 
the solution and compete with plants for 
this  element  (i.e.,  immobilization),  as  it 
might have occurred in this study (Weil & 
Brady 2007).  Growing mediums based on 
peat and coconut fiber are common in hor-
ticulture  but  not  in  forest  nurseries.  Al-
though the blend of those media may im-
prove the environment (i.e., moisture, aer-
ation, porosity, and pH) for microbial com-
munities,  the microbes may face extreme 
nutrient imbalances due to the higher C:N 
ratios in the substrate relative to the ones 
on microbes (Grunert et al. 2016), with the 
consequent  negative  effect  on  poplar 
growth. Some studies have shown little mi-
crobial  respiration  in  peat  (Boyer  et  al. 
2012), whereas both peat and coconut are 
high in lignin content, and thus highly recal-
citrants (Grunert et al.  2016).  As long the 
decay  of  organic  matter  proceeds,  the 
C:N ratio decreases, and mineralization in-
creases, which varies in time depending on 
the  recalcitrance  of  the  organic  matter 
(Weil  &  Brady  2007).  Other  studies  high-
light  that  the  effectiveness  of  applying 
PGPR on plant growth may not be achiev-
ed if nutrient limitations are present (Fer-
reira et al. 2013, Mikajlo et al. 2023).

A second reason may be related to the 
short  experimental  period  in  our  study, 
which likely covered the phase of slow de-
composition rate and depletion of N in the 
growing media by microbes. For instance, 
in western red cedar (Thuja plicata Donn.), 
the inoculation with an endophytic bacte-
ria (Paenibacillus polymyza strain) reduced 
growth of 9-month old seedling relative to 
the control non-inoculated, but this was re-
versed when seedlings were 13-month old 
(Anand  &  Chanway  2013).  The  authors 
claimed that this effect was due to the low 
N in  the growth medium,  which was not 
enough to trigger the biological fixation of 
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Fig.  6 -  Means for  saturated photosynthetic  rate (Asat)  across the study period by 
poplar clone and inoculation treatment (control Inoc_0 and inoculated Inoc_1). Clones 
in the graphs were ordered by interspecific cross and ascending values of Asat in the 
full  irrigation  treatment.  (*):  significant  differences  (p<0.05)  between  inoculation 
treatments at a specific date.
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N,  depleting  N,  and  restraining  seedling 
growth. On the other hand, although plant 
N concentration might increase due to bio-
logical fixation, it might not imply an imme-
diate effect on plant growth.  Bal & Chan-
way (2012) found that after seven months, 
three  diazotrophic  bacteria  increased  the 
foliar N on western red cedar compared to 
the non-inoculated control.  However, one 
bacteria  strain  decreased  seedling  dry 
weight  relative  to  the  control,  while  the 
other  showed  no  differences.  In  hybrid 
poplar  clones  of  Populus  euroamericana 
and Populus deltoides × P. nigra, Jang et al. 
(2018) found that clonal responses in D and 
H  to  inoculation  with  a  strain  of  Bacillus  
subtilis varied  from  1  to  5  months.  Com-
pared  to  our  study,  we  argue  that  the 
faster effect of the inoculation found in the 
study by Jang et al. (2018) was due to the 
use of  autoclaved soil  (organic  matter  2% 
and  N  0.15%)  instead  of  a  substrate  with 
high C:N ratio, and to the higher frequency 
of  applications of  the inoculant  (12  times 
per month). On the other hand, rhizobacte-
ria may act as PGPR or as deleterious rhi-
zobacteria  (DRB)  depending  on  the  envi-
ronmental  conditions  (Nehl  et  al.  1997). 
Ciccillo et al. (2002) found that the effect of 
a  strain  of  Burkholderia  ambifaria on  the 
growth of maize plants depended on the 
application method acting as PGPR when 
the inoculum was applied to the seed and 
DRB  when  this  was  applied  to  the  soil, 
which would also explain our results. The 
authors  mentioned  that  the  effect  of  B. 
ambifaria on  the  preexistence  microflora 
varied with the application method. Thus, 
maybe the direct application of the consor-
tium to the poplar cuttings at pre-planting 
might  turn  out  more  favorable  results, 
which need further research.

The clonal effect predominated on SDW 
and  RSR,  and  the  considerable  variation 
among clones on RSR suggests large differ-
ences in carbon partitioning (Fig. 4). Never-
theless, for RDW we found a significant in-
teraction between the clone and inocula-
tion  treatment.  Although  most  of  the 
clones showed a decrease in RDW due to 
the microbial  consortium inoculation,  this 
effect was significant only in seven clones 
(T×D: 5, 6, 8, 9 and TD×D: 6, 7, 8), with re-
ductions in a range of 37% to 62%. This re-
duction  was  much  higher  than  for  the 
growth trait H and D (less than 6%). Our re-
sults indicate that the microbial inoculation 
had higher  effects  on below than above-
ground growth at  this  early  stage.  These 
results  partially  support  our  second  hy-
pothesis  since  the  responses  of  hybrid 
poplars to the inoculation with the consor-
tium were genotype-specific, but more as-
sociated with a DRB than PGPR effect as 
mentioned.  Moreover,  it  highlights  the 
complex  interaction  that  might  exist  be-
tween  different  plant  genotypes  and  mi-
crobial strains, as has been shown in other 
species such as  Triticum aestivum L.  (Mu-
tumba  et  al.  2018),  and  hybrid  poplar 
clones (Jang et al. 2018). In a similar experi-

ment on blueberry (Vaccinium corymbosum 
L.), Schoebitz et al. (2016) tested the same 
microbial consortium as in our study (OIKO 
BAC 174) both alone and in a mixture with 
humic  substances.  Their  results  cannot 
completely elucidate the effect of the mi-
crobial  consortium,  as  it  increased  RDW 
and SDW relative to the control non-inocu-
lated but had no effect on D or H, being the 
mixture the most effective treatment.

The water potential  in the water-restric-
ted treatment was moderated and compa-
rable to that reported in other studies (Gio-
vannelli  et  al.  2007).  Because poplar  spe-
cies are recognized to be sensitive to water 
stress,  this  mild  water  restriction  was 
enough to decrease some growth, biomass 
components,  and  gas  exchange  traits. 
However,  we  did  not  observe  genotype-
specific responses as have been found in 
other studies (Monclus et al. 2006). In our 
study, the photosynthetic rate was in the 
range of other studies using hybrid poplars 
in  nursery  conditions  and  grown  in  pots 
(from 6 to 12 µmol m-2 s-1 – Jang et al. 2018) 
but was lower than values obtained in field 
trials (around 20 µmol m-2 s-1 – Monclus et 
al. 2006,  Di Matteo et al. 2015). However, 
when comparing WUEint,  the  values  were 
much lower than the study by  Jang et al. 
(2018) but in the range reported by  Mon-
clus et al. (2006). Similar to growth, clones 
significantly  differed  in  gas-exchange  pa-
rameters  and  fluctuated  throughout  the 
study  period.  Fluctuations  of  WUEint 
across the period were more related to the 
fluctuations of Asat than gs

While most clones did not respond to the 
microbial  consortium  inoculation  on  gas-
exchange parameters,  a few of them sig-
nificantly  increased  their  photosynthetic 
rate,  which  partially  agrees  with  the  sec-
ond  hypothesis.  Nonetheless,  our  study 
cannot clarify the fate of the excess of C 
assimilated. We expected that an excess of 
C assimilated would be expressed in more 
biomass,  which was not the case.  Unlike, 
two  clones  increased  the  photosynthetic 
rate but decreased the root biomass due 
to the inoculation treatment.  Bal & Chan-
way (2012) explained that the excess of C 
supply  (i.e.,  sugars,  amino  acids  and  or-
ganic  compounds,  dead  root-cap  cells) 
from plant to bacteria to drive N fixation 
might be an expensive process, which may 
also  explain  a  temporary  reduction  in 
growth. Root exudation may explain 10% to 
44% of the C assimilated by photosynthesis 
(Guttman et al. 2014). A genetic control on 
root  exudates  has  been  reported,  which 
highlights  that  the  association  between 
plants and PGPM might be genotype-spe-
cific (Liu et al.  2014), which needs further 
research.

Several  studies  mention the  positive  ef-
fects of PGPR in alleviating drought stress 
(Vurukonda et al. 2015,  Igiehon & Babalola 
2018), a result not observed in our study. 
The  water  restriction  imposed  on  plants 
was expressed on all gas-exchange param-
eters in March but not in April, which sug-

gests  that  the  mild  water  restriction  did 
not  seriously  damage  the  photosynthetic 
apparatus, and its effect was likely a tran-
sient acclimation. In a study on poplar hy-
brids of  Populus balsamifera × P. trichocar-
pa Torr. & Gray and P. balsamifera × P. maxi-
mowiczii A., established in a growing cham-
ber and using a peat-based substrate,  Lar-
chevêque et al. (2011) found that gs and Asat 

decreased  when  the  substrate  moisture 
content  was  lower  than  20%.  Our  experi-
ment was over this threshold,  suggesting 
that the overall response of clones to wa-
ter restriction in March was due to the high 
water  demand  from  the  atmosphere  on 
those days in which the maximum temper-
ature was over 35 °C. Moreover, there were 
likely  collateral  effects  of  the  higher  air 
temperatures  on  the  substrate  tempera-
ture, affecting water acquisition by roots.

The use of a consortium of microorgan-
isms might be more effective than the use 
of single bacterial  strains (Molina-Romero 
et al. 2017). Although we used a commer-
cial product that contains a consortium of 
well-known bacteria and fungi, whose ben-
efits  for  plant  growth have been broadly 
revised in different species (Radhakrishnan 
et al. 2017,  Hashem et al. 2019,  Thomloudi 
et al.  2019), these consortia did not exert 
any positive effect on poplar growth. The 
bacterial  activity,  measured  by  the  FDA, 
also did not show differences between the 
inoculation  treatments.  This  study  is  not 
conclusive at all in this respect, and we ar-
gue that the microbial starvation for N ex-
plained above also impeded the colony to 
prosper. Mutumba et al. (2018) studied the 
effect of  Bacillus and  Pseudomonas strains 
applied individually and as a consortium on 
wheat  genotypes  under  two  irrigation 
treatments.  Their  results  showed  that  al-
though  the  consortium  had  the  greatest 
effect on plant biomass, the microbial  ac-
tivity, measured by both FDA and as micro-
bial  respiration,  differed  from  each  other 
and  was  not  entirely  consistent  with  the 
values  for  biomass,  which  highlights  the 
complexities and challenges to be address-
ed  in  the  study  of  PGPR.  Regarding  the 
multiple  factors  affecting  the  PGPR  and 
plant  interaction,  it  is  imperative  to  vali-
date the enormous amount of information 
of laboratory studies in field conditions. Fu-
ture short-term studies like ours must con-
sider the use of substrate that minimize nu-
trient  immobilization.  Moreover,  since  ef-
fects  may  be  small,  it  would  be  recom-
mendable to increase the statistical power 
(i.e., higher replication) when experiments 
are run under less controlled conditions. In-
corporation less instantaneous traits such 
as  the  carbon  isotope  discrimination  and 
non-structural  carbon  to  address  water 
stress effects may be encouraged.

Conclusions
This study showed significant differences 

in the growth, biomass, and physiological 
traits among the poplar hybrid clones, im-
plying  a  high clonal  phenotypic  variation. 
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However, contrary to our expectations, the 
inoculation with the microbial  consortium 
did not improve the hybrid poplar’s perfor-
mance under water restriction conditions, 
and both effects were not interacting. Con-
trarily, the consortium inoculum tended to 
slightly decrease the aboveground growth 
traits,  and  the  root  biomass  in  some 
clones.  Thus,  the  consortium  inoculation 
was  associated  more  with  a  deleterious 
(DRB) than a growth-promoting rhizobac-
teria  (PGRB)  effect.  The water  restriction 
was moderated, but enough to express a 
decline  in  growth,  gas  exchange,  and 
biomass component traits, which suggests 
no potential differences in the susceptibil-
ity to water restriction among these hybrid 
clones. We also observed that the inocula-
tion increased the photosynthetic rate but 
decreased  the  root  biomass  in  some 
clones,  whereas  other  clones  showed  no 
response.  These complex interactions ob-
served in this study may be driven by the 
differential response of the clones to nutri-
ent  immobilization and the quality  of  the 
exudates,  which  needs  further  research. 
Since poplar production systems must be 
optimized  to  produce  high  yields  despite 
the stresses imposed by climate change, a 
better  understanding of  genotype by soil 
microorganism interactions may play a key 
role in  adapting plants to a water-limited 
environment.
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