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ARTICLE INFO ABSTRACT

The phenotype of a plant can be shaped by the biotic and abiotic conditions to which their parents are subjected.
This phenotypic plasticity known as maternal environmental effect occurs regardless of the changes in the DNA
sequences. Whereas the effect of the maternal environment on plant phenotype has been studied, its specific
influence on plant physiology is less clear. This study considered the influence of the maternal environment on
the regulation of plant morphology and physiology in progeny of Eucalyptus grandis. Plants were grown from
seeds collected from two E. grandis clonal seed orchards that differed in environmental conditions (e.g. pre-
cipitation). Plant relative growth rate (RGR), leaf gas exchange and water use efficiency (WUE) were measured
in the seedlings. RGR was 10% higher in the offspring from the maternal environment receiving higher pre-
cipitation levels. Leaf gas exchange, specifically leaves intercellular CO,, and intrinsic WUE were also influenced
by maternal environments. Intrinsic WUE was significantly lower in the orchard that received lower pre-
cipitation levels. The results demonstrate that the maternal environment can regulate the physiology of E. grandis
in the subsequent generation. These analyses are useful to optimise tree improvement in a changing environ-
ment. Moreover, in a scenario of climate change, maternal environmental effects may be a crucial mechanism for
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certain species to get acclimated to sudden changes in environmental conditions.

1. Introduction

The plant phenotype is mainly determined by its genetic inheritance
and environment. However, the phenotype of a plant is also shaped by
the biotic and abiotic conditions to which its parents are subjected
(Roach and Wulff, 1987; Jablonka and Raz, 2009; Herman and Sultan,
2011; Holeski et al., 2012). These influences on the phenotypic ex-
pression of the seedlings are known as maternal environmental effects,
and they are not caused by DNA mutations (Roach and Wulff, 1987;
Rossiter, 1996; Rix et al., 2012). Rather, the maternal effects are in-
duced by seed provisioning and by epigenetic mechanisms (Herman
and Sultan, 2011; Rix et al., 2012). Since the description of maternal
environmental effects three decades ago, a number of studies have
demonstrated its influence on morphological changes and resistance
responses of the plants in the subsequent generation (e.g. Roach and
Wulff, 1987; Violle et al., 2009; Elwell et al., 2011; Luna et al., 2012;
Rasmann et al., 2012; Vivas et al., 2013, 2017). However, little is
known regarding the physiological adaptation underlying these
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developmental and morphological changes.

Understanding maternal environmental effects is important from
the perspective of predicting responses of plants to changing environ-
ments, as well as to harness their full productive potential through
breeding programs. Failure to consider these effects could lead to
misinterpretations of genetic studies in breeding programs. This is
especially true in the light of climatic changes and the pressures these
will place on natural distribution of plant communities and production
areas alike (Allen et al., 2010; Koch et al., 1995). A relevant factor to
consider in this regard, and that is expected to be influenced by ma-
ternal environments, is plant morphological and physiological re-
sponses to low water availability (Anderegg, 2015). Water availability
is a key element shaping the distribution of current and future vege-
tation, as drought intensity and duration is expected to increase in
many parts of the world (IPCC, 2014).

Water loss in plants is an inevitable consequence of photosynthesis,
where CO, diffuses into the leaf and flux out water (i.e. leaf gas ex-
change). Minimizing water loss while maximizing CO, uptake (i.e.
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Fig. 1. Map showing the locations and the characteristics of the two Eucalyptus grandis orchards in South Africa. Data provided by the forest company.

increasing water use efficiency (WUE)) is a key physiological me-
chanism of plants adapted to low water availability (Gindaba et al.,
2005; Choat et al., 2006). Plants achieve this by regulating the partial
closure of the stomata (i.e. stomatal conductance (gs)) to adjust leaf
transpiration (Flexas and Medrano, 2002). The analysis of WUE eval-
uates plant biomass production as a function of water consumption
(Monclus et al., 2006; Chamaillard et al., 2011; Battie-Laclau et al.,
2016). Water use efficiency can be estimated at multiple spatial and
temporal scales: from short (the ration between net photosynthesis and
stomatal conductance; intrinsic WUE (Medrano et al., 2009)) to long
(based on the composition in stable carbon isotopes (8'30) (Farquhar
and Richards, 1984)). This trait (WUE) typically has high within-species
genetic variability and has therefore received substantial attention in
tree breeding programs (e.g. Monclus et al., 2006; Aranda et al., 2012).
However, the knowledge of how the maternal environment affects WUE
in plant progeny, as well as related physiological traits such as stomatal
control or net photosynthesis, remains limited (Latzel and KlimeSova,
2009; Scotti et al., 2010).

Maternal effects on morphological traits of plants may result in
changes in the relative growth rate (RGR) of the progeny, defined as the
increase of dry mass production per unit of dry mass and time (Poorter
and Werf, 1998). RGR can be divided into three components. Two of
these are morphological components that describe how the plant allo-
cates biomass to leaves (leaf mass ratio (LMR)), and how efficient the
plant is in the construction of the leaf area (specific leaf area (SLA)). A
third physiological component describes how plant biomass changes
per unit leaf area and time (net assimilation rate) (Evans, 1972). Many
studies have considered the relationship between RGR and its compo-
nents in multiple plant species (e.g. Poorter and Remkes, 1990; Poorter
and Werf, 1998; Loveys et al., 2002). However, the differences in RGR
within a species are not well understood, and maternal environmental
effects on RGR are less well-known. To understand the possible influ-
ence of maternal environments on plant morphology as well as its po-
tential applications in plant breeding programs, it is necessary to con-
sider the RGR within species.

Eucalyptus are widely used globally for the establishment of rapidly
growing plantations and these are exposed to a wide variety of en-
vironmental conditions (Wingfield et al., 2015). Previous studies have
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reported maternal effects in Eucalyptus species. For example, maternal
environment influenced seed mass and seed germination of Eucalyptus
globulus in two different studies (Lopez et al., 2003; Rix et al., 2012).
Moreover, there is evidence in Eucalyptus grandis that the maternal
environment influences progeny performance, resistance to pest and
pathogens as well as the structure of fungal communities in the foliage
of the subsequent generation (Vivas et al., 2017). A relevant case study
would thus be to explore the impact of maternal effects on morpholo-
gical and physiological traits related to growth potential and leaf gas
exchange of offspring plants.

In this study, we measured morphological and physiological traits of
E. grandis seedlings originating from two different maternal environ-
ments when grown in a common garden. Given the cosmopolitan dis-
tribution of Eucalyptus species, their morphological and physiological
responses to a wide variety of environmental conditions are well known
(e.g. Correia et al., 2014, 2018; Navarrete-Campos et al., 2013). How-
ever, little is known about the underlying role of maternal effects on
Eucalyptus morphology and physiology. We hypothesized that trees
having the same genotype would acquire different morpho-physiolo-
gical strategies according to the availability of resources (e.g. water) of
their maternal environments. In particular, we considered whether (1)
growth rates of E. grandis trees depend on the maternal environment.
And, if there are differences due to morphological (SLA and LMR) at-
tributes. Furthermore, we considered whether (2) the physiology of E.
grandis trees, specifically leaf gas exchange and WUE, reflect the con-
ditions of the maternal environment.

2. Materials and methods
2.1. Plant material

Seed material was collected from E. grandis trees open-pollinated
and located in two clonal seed orchards in South Africa. The two
orchards, Greytown (29°11'56.73”S, 30°39’34.46”E) and
Kwambonambi (28°3541.45”S, 32°11’38.98”E), included the same ge-
netic material with identical spatial design, but different abiotic and
biotic conditions (Fig. 1). The Kwambonambi orchard represents more
favourable abiotic conditions (e.g. higher rainfall and temperatures) for
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E. grandis development than the Greytown orchard. However, a higher
infection in the Kwambonambi orchard by pests and pathogens de-
creased the height of the trees compared to the Greytown orchard (see
Vivas et al., 2017, for more details about the seed orchards). Three E.
grandis genotypes (G1, G2 and G3) represented by three ramets were
selected in each orchard (2 maternal environments X 3 genotypes X 3
ramets).

Seeds were collected from each ramet in each orchard in March
2014. In July 2014, seeds were sown and germinated during two con-
secutive days as described in Vivas et al. (2017). Seedlings were grown
in 5 L plastic bags containing a commercial substrate of compost pine
bark in a common nursery. A total of 180 seedlings (2 maternal en-
vironments X 3 genotypes X 3 ramets X 10 seedlings) were randomly
selected and distributed in a factorial design of two blocks in a green-
house in July 2016. The average greenhouse conditions were: tem-
perature 15 °C (max. 26 °C and min. 10 °C), 50% full sunlight and wa-
tered as needed. Ramet identity was confirmed and pollen
contamination discarded, as described in a previous study (Vivas et al.,
2017).

2.2. Morphological traits

For each plant, seedling height was measured monthly from month
four after sowing until month 15, and thereafter at month 27. In
September 2016 when the plants were 26-months-old, seedlings were
cut above the root collar and divided into stem and leaf material. Just
before seedlings were harvested, six leaves per seedling were collected
and immediately scanned with a flatbed scanner (Canon Scan LiDE 220)
to assess leaf area. Leaf area was calculated from the images using
Image J software (Schneider et al., 2012). The collected stem and leaf
material from the seedlings were oven-dried for 40h at 70°C and
weighed to calculate the dry weight of the different components.

2.3. Leaf gas exchange measurements

Leaf gas exchange measurements were conducted on two young
leaves fully developed per seedling on two consecutive days before
harvesting. The results of the two young leaves were pooled per seed-
ling. The measurements were carried out with a portable infrared gas
analyzer (6400Li-Cor, Lincoln, NE, USA) equipped with a 6cm?
chamber, at 800 umolm~2s~! photon flux density, 400 umol CO,
mol ™. The gas exchange measurements recorded included: net pho-
tosynthetic rate (A, pmol CO, m~?s~ 1), stomatal conductance (gs, mol
H,0m ™ 2s™1), intercellular CO, concentration (Ci, pmol CO,mol 1)
and transpiration rate (E, mmol H,0 m~2s™'). Leaf gas exchange
measurements were calculated on a leaf area basis (6 cm?). When the
leaf area was smaller than the 6 cm? chamber, the measurements were
corrected by calculating the leaf area as above (see Morphological
traits). Intrinsic water use efficiency (iWUE) was calculated as the ratio
between A and gs (Medrano et al., 2009; Bartholome et al., 2015;
Battie-Laclau et al., 2016).

2.4. Carbon isotopes (§"3C)

On a long time scale, water use efficiency (WUE) is related to the
composition of stable carbon isotopes (8'30) (Farquhar and Richards,
1984; Bartholome et al., 2015; Battie-Laclau et al., 2016). The foliar
8'3C signature was measured for each of the seedlings using the oven-
dried leaves (see Morphological traits). The oven-dried leaves were
ground to a fine powder with a ball mill and §'3C composition was
analyzed in a stable isotope ratio mass spectrometer (Flash EA 1112
Series) coupled to a Delta V Plus stable light isotope ratio mass spec-
trometer via a ConFlo IV system (Thermo Fischer, Bremen, Germany).
Results were calculated using the standard equation:

513(:(%0) = [Rsample/Rstandard_l] % 1000
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where R represents 13¢/'2C and Ryandara is the molar ratio of the in-
ternational standard Pee Dee Belemnite (Craig, 1957). Analytical pre-
cision was < 0.08%o for 8'3C.

2.5. Data analysis - relative growth rate

Total plant biomass was estimated at different time-steps based on
the repeated measurements of seedling height, as it was not possible to
harvest plants at different times. We first fitted a log-log model with
final plant biomass as the response variable and final height as the
predictor. We then fitted a growth curve for each seedling to calculate
RGR at a common size (Paine et al., 2012) based on the estimated plant
biomass. The power law model was the non-linear function that best
fitted the data.

To estimate the influence of maternal environments and genotypes
on the RGR and its morphological components, linear mixed models
were used with RGR, SLA and LMR as response variables and, the
maternal environments, the genotypes and their interaction as pre-
dictors. To account for different sources of variability present in the
dataset the ramet and block were also included as random effects.

2.6. Data analysis - leaf gas exchange and water use efficiency

To assess whether overall morphological and physiological traits
(i.e. leaf gas exchange, iWUE and 8'3C) were influenced by the ma-
ternal environments and the genotypes, permutational multivariate
ANOVA (PERMANOVA) was applied using Euclidean distance and
10,000 permutations. PERMANOVA mirrors the utility of classical
ANOVA, such as assessing the effect of factors, but it allows the analysis
of multivariate data (Anderson, 2017). Multivariate datasets were
projected onto the first two principal component axes to assess visually
differences between maternal environments and the genotypes.

Linear mixed models were used to assess the influenced of the
maternal environments and the genotypes on each variable separately.
The maternal environments, the genotypes and their interaction were
included as explanatory variables. The dependent variables leaf gas
exchange parameters (A, gs, C; and E), iWUE and 8'3C fitted a normal
distribution. Additionally, the ramet and block were considered as
random variables in the model. Analyses were performed separately for
each trait. In all cases, model validity was checked and ‘lme4’ package
of the R software was used (R Core Team, 2014).

3. Results
3.1. Relative growth rate

Size standardized RGR showed significant differences between
seedlings originating from the two maternal environments (P < 0.01,
Fig. 2). The Greytown orchard showed lower RGR values than the
Kwambonambi orchard (Table 1). Maternal genotypes or the interac-
tion between orchards and genotypes didn’t show significant differ-
ences in RGR (Table 1).

SLA and LMR were influenced by maternal genotypes (P < 0.01
and P < 0.05, respectively). Among maternal genotypes the G3 gen-
otype had a significantly lower SLA and higher LMR than the rest of the
genotypes (Table 1). SLA was also influenced by the interaction be-
tween maternal environments and genotypes P < 0.05. The G2 geno-
type showed a significantly higher SLA in the Kwambonambi orchard
than in the Greytown orchard (Table 1).

3.2. Leaf gas exchange and water use efficiency

The maternal environment had a significant effect on the multi-
variate variation of physiological variables (A, gs, E, Ci, iWUE and 830)
(P = 0.008). However, the maternal genotypes or the interaction be-
tween the maternal environment and genotypes did not influence the
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Fig. 2. Relative growth rate (RGR) of Eucalyptus grandis seedlings derived from three genotypes (G1, G2, G3), replicated in two maternal environments (Greytown

and Kwambonambi).

physiological variables. The graphical exploration showed no over-
lapping confidence intervals between maternal environments for each
genotype along the first axis which explained ~60% of the multivariate
variation (Fig. 3).

Univariate linear mixed models showed that seedling Ci and iWUE
were influenced by maternal environments (P < 0.001) and there were
no significant differences between maternal genotypes (P = 0.308 and
P = 0.519, Ci and iWUE, respectively). Ci was higher in seedlings from
the Kwambonambi orchard than from Greytown. Plant iWUE showed
the opposite pattern with higher values in seedlings from the Greytown
orchard than from Kwambonambi (Table 2). Leaf §'3C composition was
not influenced by the maternal environments (P = 0.603), but there
was a significant effect of the maternal genotypes (P = 0.007) and the
interaction between maternal environments and genotypes
(P < 0.001). Whereas seedlings from the maternal Eucalyptus genotype
G1 showed higher values of leaf 8'>C composition in Kwambonambi
than from Greytown orchard, genotype G3 showed the opposite pattern
(Table 2). No significant differences were observed in plant A, gs, and E
between maternal environments nor genotypes (Table 2).

4. Discussion

This is the first study to explore the maternal effects on the phy-
siology of E. grandis progeny. The results demonstrated that the ma-
ternal environment regulates morphology and physiology in three
genotypes of E. grandis from two different maternal environments.
Specifically, RGR, Ci and iWUE revealed local adaptation to maternal

Table 1

0.5 —

0.0 — ——

PC2,19.91 %

-15 -1.0 -0.5 0.0 0.5 1.0 1.5
PC1, 59.92 %

Fig. 3. Projected values of multivariate dataset of plant physiology (A, gs, E, Ci,
iWUE and 8'3C) on the first two principal components of Eucalyptus grandis
seedlings. Seedlings derived from three genotypes (@ = G1, ll = G2, A = G3),
replicated in two maternal environments (close symbols = Greytown and open
symbols = Kwambonami). Bars depict 95% confidence intervals for each
principal component.

Morphological traits for the Eucalyptus grandis seedlings derived from three genotypes (G1, G2 and G3) clonally replicated in two maternal environments (Greytown
and Kwambonambi). Mean values *+ SE are shown. Different letters within a column indicate significant differences at P < 0.05.

Maternal environment Genotype RGR (mgg~ 'day ") SLA (cm?g™ 1) LMR (%)

Greytown Gl 4.03 + 0.12° 1.26 + 0.06° 0.188 + 0.011?*
G2 4.22 + 0.13% 1.10 = 0.04% 0.210 * 0.007%*
G3 3.97 + 0.13* 1.01 + 0.07* 0.226 + 0.010>

Kwambonambi Gl 4.62 + 0.11° 1.17 + 0.04*® 0.221 * 0.010%
G2 4.36 = 0.14° 1.32 + 0.06" 0.208 + 0.009°"
G3 4.79 + 0.16* 1.01 += 0.04* 0.246 + 0.010¢

RGR, relative growth rate; SLA, specific leaf area; LMR, leaf mass ratio.
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Table 2
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Physiological traits for the Eucalyptus grandis seedlings derived from three genotypes (G1, G2 and G3) clonally replicated in two maternal environments (Greytown
and Kwambonambi). Mean values *+ SE are shown. Different letters within a column indicate significant differences at P < 0.05.

Maternal environment ~ Genotype A (umol CO, m~2s™')  gs (mol H,O m~2s~!) E (mmol HO0 m~2s™1)  Ci (umol CO, mol~')  iWUE 813C (%o)

Greytown Gl 8.78 + 0.31° 0.165 + 0.012%" 6.52 * 0.26% 260.2 + 4.1° 62.2 + 25°  —30.3 + 0.16™
G2 7.84 * 0.41° 0.142 + 0.011° 5.52 + 0.26° 261.7 + 4.1° 62.7 = 24>  —30.3 * 0.16"
G3 7.99 + 0.37° 0.173 + 0.014% 5.85 + 0.29% 264.2 + 6.3 62.4 + 3.8° -31.3 + 0.17°

Kwambonambi Gl 8.18 + 0.36° 0.162 + 0.011% 5.94 * 0.35% 270.8 + 3.6 57.8 + 2.22*  —31.1 + 0.18%
G2 8.35 * 0.26° 0.181 * 0.011%° 6.66 = 0.24° 276.0 + 3.6 53.1 = 21  —29.9 * 0.13¢
G3 8.40 * 0.55° 0.202 + 0.018° 6.04 = 0.37° 280.2 + 5.2¢ 51.6 = 3.2  —30.6 * 0.18"

A, photosynthetic rate; gs, stomata conductance; Ci, intercellular CO, concentration; E, transpiration rate; iWUE,

carbon isotopes.

environments. To the best of our knowledge, this is the first report
confirming that E. grandis trees with the same genotype may acquire
different morpho-physiological strategies according to the conditions of
their maternal environments. These results are important from the
perspective of the global use as a plantation species across variable
environments, many of which are changing due to climate change.
Moreover, current dynamic vegetation models overlook maternal en-
vironmental effects, despite it may be a crucial mechanism to under-
stand potential vegetation changes in a scenario of climate change.

RGR was higher in E. grandis trees from the Kwambonambi orchard
than the Greytown orchard, reflecting an impact on the growth po-
tential and biomass production of the offspring from maternal en-
vironments under varying conditions. A previous study (Vivas et al.,
2017) showed that seedling height was significantly lower in seedlings
grown from the Kwambonambi orchard than from the Greytown
orchard. The present result suggests that seedling from the Kwambo-
nambi orchard, although shorter, should have a greater biomass in
comparison with Greytown. This significance should be taken into ac-
count in those programs focussed on tree selection that commonly seek
to improve tree growth and thus maximize growth rates (Franklin et al.,
2014).

Leaf gas exchange (Ci) and water use efficiency were influenced by
the maternal environment. Specifically, Ci was lower and iWUE (i.e. A/
gs) was higher in seedlings from Greytown compared to those from
Kwambonambi. Similar patterns have been documented in previous
single-generation studies, where plant species with a lower supply of
water close the stomata inducing an initial decline of Ci inside the leaf
and an increase of the iWUE (reviewed by Flexas and Medrano, 2002;
Lambers and Poorter, 2004). These results suggest that the efficiency of
the E. grandis seedlings to water availability can be determined by the
conditions of the maternal environment. Maternal environments with
less water availability (as in Greytown) can thus be expected to produce
seedlings with more efficient water use than environments with more
water availability. Imposing experimental drought levels to mother
trees while controlling for other confounding effects could further
confirm the results observed in our study under natural conditions.

Although E. grandis leaf 8"C composition showed the same trend as
iWUE (seedlings from the Greytown orchard showed negligible higher
leaf 8'3C values than the Kwambonambi orchard), leaf §'*C was not
consistently influenced by the maternal environments across genotypes.
Plant 8'3C composition has been used as a proxy for WUE (Farquhar
and Richards, 1984). There are three non-excluding reasons for the lack
of significance in the response of leaf 8'°C to the maternal effects in
comparison with iWUE (Seibt et al., 2008). Firstly, plant iWUE and leaf
8'3C has two different temporal scales, where iWUE is measured at a
very short time scale and leaf §'°C is measured at longer timescale.
Secondly, iWUE and leaf 8'3C are affected in a different way by changes
in the environmental conditions and plant properties, so they can vary
independently. Thirdly, leaf §'3C cannot be used alone as a proxy of
plant WUE, because the estimation of gas exchange and environmental
condition should also be estimated. As a result, the relationship be-
tween leaf 8'°C variation and water availability may vary (Schulze

intrinsic water use efficiency; 8'3C, foliar stable

et al., 1998; Miller et al., 2001; Cernusak et al., 2011).

Our results indicate that the conditions of the maternal environment
influence the morpho-physiological strategies in E. grandis progeny.
These morpho-physiological strategies are important for plant perfor-
mance and ecology (Poorter and Sack, 2012). The contrasting morpho-
physiological strategies showed by E. grandis seedlings from the dif-
ferent maternal environment were expressed even though maternal
environments were not controlled. Here, it is relevant to highlight the
fact that mother trees in nature were exposed to numerous biotic and
abiotic conditions (see Fig. 1). The likely multiplicity of stresses that a
plant faces in a natural environment could have obscured a clearer
signal of maternal effects in the progeny. However, this study provides
a first approach to show the extent to which maternal environmental
effects may regulate the physiology of their progeny in E. grandis.
Further research considering the maternal environmental effects could
make a significant contribution to the optimization of silvicultural
practices and the improvement of growth of trees in a changing en-
vironment. Results of this study represent the first evidence that the
environmental maternal effects could influence the physiology of E.
grandis trees. And, the analyses used could be particularly useful in
efforts to identify the responses of plants to different levels of water
availability and to enhance our understanding of the within-species
physiological variability.
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