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Abstract: Arabidopsis thaliana ecotypes adapted to native habitats with different daylengths, tempera-
tures, and precipitation were grown experimentally under seven combinations of light intensity and
leaf temperature to assess their acclimatory phenotypic plasticity in foliar structure and function.
There were no differences among ecotypes when plants developed under moderate conditions of

2571 and 25 °C. However, in response to more extreme light or temperature

400 umol photons m™
regimes, ecotypes that evolved in habitats with pronounced differences in either the magnitude of
changes in daylength or temperature or in precipitation level exhibited pronounced adjustments in
photosynthesis and transpiration, as well as anatomical traits supporting these functions. Specif-
ically, when grown under extremes of light intensity (100 versus 1000 umol photons m~2 s~ 1) or
temperature (8 °C versus 35 °C), ecotypes from sites with the greatest range of daylengths and
temperature over the growing season exhibited the greatest differences in functional and structural
features related to photosynthesis (light- and CO,-saturated capacity of oxygen evolution, leaf dry
mass per area or thickness, phloem cells per minor vein, and water-use efficiency of CO, uptake).
On the other hand, the ecotype from the habitat with the lowest precipitation showed the greatest
plasticity in features related to water transport and loss (vein density, ratio of water to sugar conduits
in foliar minor veins, and transpiration rate). Despite these differences, common structure-function
relationships existed across all ecotypes and growth conditions, with significant positive, linear
correlations (i) between photosynthetic capacity (ranging from 10 to 110 pmol O, m~2 s~ 1) and leaf
dry mass per area (from 10to 75 g m~2), leaf thickness (from 170 to 500 um), and carbohydrate-export
infrastructure (from 6 to 14 sieve elements per minor vein, from 2.5 to 8 p,m2 cross-sectional area
per sieve element, and from 16 to 82 um? cross-sectional area of sieve elements per minor vein);
(ii) between transpiration rate (from 1 to 17 mmol H,O m~2 s~1) and water-transport infrastruc-
ture (from 3.5 to 8 tracheary elements per minor vein, from 13.5 to 28 um? cross-sectional area per
tracheary element, and from 55 to 200 um? cross-sectional area of tracheary elements per minor
vein); (iii) between the ratio of transpirational water loss to CO, fixation (from 0.2 to 0.7 mol H,O
to mmol~! CO,) and the ratio of water to sugar conduits in minor veins (from 0.4 to 1.1 tracheary
to sieve elements, from 4 to 6 pm? cross-sectional area of tracheary to sieve elements, and from
2 to 6 pm? cross-sectional area of tracheary elements to sieve elements per minor vein); (iv) between
sugar conduits and sugar-loading cells; and (v) between water conducting and sugar conducting
cells. Additionally, the proportion of water conduits to sugar conduits was greater for all ecotypes
grown experimentally under warm-to-hot versus cold temperature. Thus, developmental acclimation
to the growth environment included ecotype-dependent foliar structural and functional adjustments
resulting in multiple common structural and functional relationships.
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1. Introduction

Plant phenotypic plasticity (acclimatory adjustment in response to abiotic or biotic
features of an individual plant’s growth environment) in structure, function, phenology, or
defense against herbivores and pathogens has been the subject of numerous studies (for
reviews, see [1-11]). De Kroon et al. [5] described plant phenotypic plasticity displayed
at the level of individual organs, and Niklas [12] illustrated plasticity both within and
among individual plant cells. For example, different portions of the root system respond
individually to unevenly distributed nutrients [13], and leaves acclimate differentially in
sun-exposed versus shaded portions of a single plant [14-18].

The extent of phenotypic plasticity has been compared among ecotypes adapted to
differing conditions over a species’ geographic range using common-garden and reciprocal-
transplant experiments. Arabidopsis thaliana ecotypes from multiple sites of origin exhibited
no differences in survival or reproductive fitness when grown at the southernmost site
of origin of these ecotypes [19]. In another common-garden A. thaliana experiment [20],
the best predictor of plant performance was the latitude (and corresponding climate) from
which each ecotype originated. Reciprocal transplant experiments over five years with the
Swedish and Italian ecotypes employed in the present study (at the extremes of a latitudinal
transect; Figure 1a) repeatedly demonstrated greater reproductive fitness of the native over
the transplanted ecotype, as well as significantly greater survival of each, in its respective
habitat [21].
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Figure 1. (a) Locations and coordinates from which the three ecotypes of Arabidopsis thaliana char-
acterized in this study originated and (b) seven temperature and light regimes (9-h photoperiod)
under which plants were experimentally grown. Squares (Swedish ecotype), triangles (Col-0 wild
type, or Polish ecotype), and circles (Italian ecotype) with these colors (designating each of the
experimental growth regimes) are used in Figures 2 and 4-11. In (b), the black squares at 0 umol
photons m~2 s~ represent air and leaf temperatures during the 15-h dark period with dashed lines
showing the change in temperature and photon flux density (PFD) from the dark period to the
photoperiod. Air temperatures during growth were (i) 12.5 °C during the night and 8 °C during the
day to result in a leaf temperature of 14 °C during the photoperiod (under either moderate (400 pmol
photons m~2s 1or high (1000 umol photons m~2 s~1) PFD); (ii) 20 °C during the night and 25 °C
during the day to result in a leaf temperature of 27 °C during the photoperiod (under either moderate
or high light); (iii) 12 °C during the night and 20 °C during the day to result in a leaf temperature



Plants 2023, 12, 2041

30f22

of 20 °C under low PFD (100 pumol photons m2s71); (iv) 12 °C during the night and day to
result in a leaf temperature of 20 °C under high PFD; and (v) 25 °C during the night and 35 °C
during the day to result in a leaf temperature of 36 °C under moderate PFD. For additional details
regarding (a), see Agren and Schemske [21] and Adams et al. [22]. For additional details regarding (b),
see Cohu et al. [23,24], Adams et al. [22,25], and Stewart et al. [26-28].

One major focus of studies on the latter two ecotypes has been the greater freezing
tolerance of the Swedish compared to the Italian ecotype and the underlying differences
in regulons responsible for that difference [29-33]. In the present study, traits related to
plant performance at above-freezing temperatures are examined in these two as well as
a third ecotype from a site in Poland (Columbia-0 accession—the standard wild-type of
this model plant) at almost an equal distance between the other two ecotypes’ sites of
origin (Figure 1a). The leaf, as the primary site of photosynthesis that underpins most
terrestrial life [34,35], has received considerable attention regarding its plasticity [36]. Nev-
ertheless, relationships between photosynthesis-associated leaf traits and the plant-growth
environment have remained elusive (see [37]). In the present study, we examined leaves’
well-characterized acclimatory adjustments to light intensity (photon flux density, PFD)
and temperature [25,38-51] for ecotypes of A. thaliana in the context of variation in these
and other environmental factors in each ecotype’s site of origin. We specifically charac-
terized the anatomical and functional traits related to maximal photosynthetic capacity
determined from light- and CO;-saturated capacity of oxygen evolution. Winter annuals
(such as A. thaliana), but not summer annuals [50], upregulate this photosynthetic capac-
ity when grown at cool temperatures to a point that allows plants to maintain a similar
photosynthesis rate despite the depression of enzyme activity by lower temperature [23,52].

Photosynthesis is regulated not only by environmental inputs such as light but also
by the demand for carbohydrates by plant sink tissue [53]. To assess the maximal degree
of phenotypic plasticity in response to growth PFD and temperature, we took steps to
remove limitations to carbohydrate demand from plant sinks (sink limitation) by other
factors via providing ample water, nutrients, and rooting volume. The latter is important,
as Nagel et al. [54] showed that roots of A. thaliana can grow to a depth of at least 0.3 m,
far exceeding the depth of pots typically used to grow this species. Figure 2 demonstrates
the effect of rooting volume on shoot dry mass for the widely used A. thaliana Columbia-0
accession. A large rooting volume of 2900 mL was used for unlimited growth, with a
dramatic effect of increasing the shoot dry mass in both low and especially high growth
PFDs (Figure 2a). In contrast, a pot size of 50 mL limited shoot growth under low PFD and
prevented high PFD from further stimulating shoot growth (Figure 2b; see Adams et al. [53]
for corresponding differences in the maximal photosynthetic capacity as well as images of
these plants). In the present study, large pots of 2.9 L were thus used for all experiments.
Moreover, whereas leaves of plants growing in small pots were deep red in high light
(indicative of sink limitation and oxidative stress), leaf laminae of larger plants in large
pots were green with no sign of red even when growing in high light and low temperature
(see plant images in [26,27,53]).

Our specific goal was to relate the extent of phenotypic plasticity of several A. thaliana
ecotypes under contrasting experimental conditions to the extent of variation in corre-
sponding abiotic conditions across the growing season in the respective ecotype habitats.
A comprehensive profile of foliar phenotypic plasticity was established by combining re-
sponses of A. thaliana ecotypes from habitats that differ in environmental conditions (Col-0
from Poland as well as ecotypes from Sweden and Italy spanning a latitudinal gradient of
over 2000 km; Figure 1a) from plants grown experimentally under seven different combi-
nations of leaf temperature and PFD (Figure 1b). The impact of temperature independent
of PFD, and vice versa, on foliar acclimation was assessed by comparing plants grown
under low versus high temperature under a moderate PFD (blue-green versus olive-green
symbols under 400 pmol photons m~2 s~! in Figure 1b) and low versus high PFD at a
moderate temperature (yellow versus orange symbols at 20 °C in Figure 1b). This impact
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of the growth regime was evaluated for relationships between foliar structural and func-
tional traits and the climatic conditions experienced by each ecotype during its growing
season, specifically differences in daylength (longest—shortest; Figure 3a) or temperature
(warmest—coldest; Figure 3b) and average monthly precipitation during the growing
season in the respective habitats of origin (Figure 3c). The considerable range of variation in
leaf structural and functional traits among the three ecotypes induced by the seven growth
regimes also permitted the identification of relationships among foliar parameters that
applied across the entire data set.
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Figure 2. Impact of rooting volume on shoot dry mass of A. thaliana (Col-0; originating in Poland—
see Figure 1a) grown in (a) large pots with 2900 mL volume or (b) small pots with 50 mL volume
for approximately eight weeks in low light (LL = 100 pmol photons m 2 s~!; yellow columns) or
approximately six weeks in high light (HL = 1000 umol photons m~2 s~!; orange columns) under a
leaf temperature regime of 20 °C during the 9-h photoperiod and 12 °C during the 15-h dark period
(see Figure 1b). Mean values =+ standard deviations (1 = 3 or 4). Significant differences (p < 0.05) are

indicated by different lower-case letters. Data from Adams et al. [53].

A number of these traits were previously reported as a function of the latitude of
ecotype origin [22,25]. In the current assessment, we asked instead whether the extent of
phenotypic plasticity of these traits (in plants grown under different experimental condi-
tions) could be predicted by the extent of variation in associated abiotic conditions in the
habitats from which each ecotype originated. Specifically, we compared trait variation
with variation in (maximal minus minimal) temperature and/or (maximal minus minimal)
daylength across the growing season in the respective habits of origin. We focused on
comparing (i) the response of traits related to photosynthetic capacity with vascular sugar-
transport infrastructure and (ii) transpiration with vascular water-transport infrastructure.
An additional new question addressed whether extreme common experimental growth
conditions produced greater differences among ecotypes than moderate common growth
conditions. Moreover, the use of seven different combinations of experimental PFD and
temperature conditions allowed the assessment of whether any common (significant, linear)
relationships exist between (1) photosynthetic capacity and leaf morphological or anatomi-
cal traits, (2) transpiration/transpiration ratio and anatomical traits, and (3) different minor
vein vascular cell types across all three ecotypes. This comprehensive evaluation was made
possible through a combination of previously unpublished data with data from multiple
previous studies [22-28,55].
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Figure 3. Differences in daylength between the longest and shortest days (a) and average monthly
maximum and minimum temperatures (b), as well as average monthly precipitation (c), during the
growing season for sites from which each of the three ecotypes originated. The differences were
between daylengths and maximum temperatures in April (for the Italian ecotype = It; brick red
circles and column), May (for the Polish ecotype = Po; purple triangles and column), and June (for
the Swedish ecotype = Sw; blue squares and column), and either 21 December (a) or the month
of January (b). See Figure 2 in Adams et al. [22] for annual variation in daylength and monthly
maximum and minimum average temperatures at each of the three sites.

2. Results
2.1. Responses to Experimental Conditions as a Function of Environmental Variation in
Ecotype Habitat

There was little to no variation in functional or structural leaf traits characterized
here among the three ecotypes grown under moderate conditions of 25 °C air temperature
and PFD of 400 pumol photons m~2 s~ ! (Figure 4). Whereas leaf thickness was somewhat
greater in the Polish compared to the Italian ecotype (Figure 4b), no significant differences
in photosynthetic capacity (Figure 4a) or multiple minor-vein features (Figure 4c—f) were
seen among the three ecotypes grown under these moderate conditions.

In contrast, plants grown either under two extremes of PFD at a moderate temperature
(Figure 5) or two temperature extremes under a moderate PFD (Figures 6 and 7) exhibited
strong linear relationships for leaf functional and structural features as a function of the
maximal extent of variation in related environmental features (longest—shortest daylength
in Figure 5; warmest—coldest temperature in Figure 6) at ecotype site of origin. Firstly, the
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capacity for light- and CO,-saturated photosynthetic oxygen evolution (Figure 5a), leaf
dry mass per area (Figure 5b), number of phloem cells per foliar minor vein (Figure 5c),
and transpiration rate (Figure 5d) were all higher in leaves grown under high versus
low PFD. Furthermore, photosynthetic capacity, leaf dry mass per area, and number of
phloem cells per minor vein in plants grown under high PFD (Figure 5a—c) all increased
with increasing extent of variation in the daylength over the growing season, i.e., from
lowest (Italian ecotype) to highest (Swedish ecotype). On the other hand, the transpiration
rate for leaves grown and measured under high PFD declined with increasing habitat
daylength amplitude (Figure 5d). It should be noted that the greatest difference between
the longest and shortest day occurred in the Swedish site of origin that also features the
coldest temperatures (which may impact transpiration dynamics).
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Figure 4. (a) Light- and CO,-saturated rate of oxygen evolution determined at 25 °C, (b) leaf thickness,
(c) minor vein density (as vein length per unit leaf area), (d) number of phloem cells per minor vein,
(e) cross-sectional area of sieve elements per minor vein, and (f) ratio of tracheary to sieve elements
in minor veins of Arabidopsis thaliana ecotypes from Italy (It, circles), Poland (Po, triangles), and
Sweden (Sw, squares) as a function of the latitude from which each originated. Leaves developed
under growth conditions of 25 °C (27 °C leaf temperature) and 400 umol photons m~2s~1 (ML)
during the 9-h photoperiod and 20 °C during the night. Mean values + standard deviations (a,c) or
+standard errors (b,d—f). There were no significant differences among the three ecotypes for any
of the parameters except for leaf thickness, which was significantly greater in the Polish compared
to the Italian ecotype (p < 0.05). For additional information, see Materials and Methods. Data from
Cohu et al. [23] and Adams et al. [22].

Photosynthetic capacity (Figure 6a), leaf thickness (Figure 6b), number of phloem
cells per minor vein (Figure 6¢), and cross-sectional area of sieve elements per minor
vein (Figure 6d) exhibited strong upregulation under cold versus hot temperature (over
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100% greater for photosynthetic capacity and sieve element cross-sectional area in the
Swedish ecotype), except in the Italian ecotype for the case of phloem-cell or sieve-element
cross-sectional area per minor vein (Figure 6¢,d). This constitutes a trend of increasing
cool-temperature-stimulated upregulation of photosynthetic capacity (and leaf thickness
as well as phloem-cell and sieve-element cross-sectional areas per minor vein) with an
increasing temperature amplitude (warmest—coldest temperature over the growing season)
in the sites of ecotype origin along the transect from Italy to Sweden (Figure 6).
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Figure 5. (a) Light- and CO,-saturated rate of photosynthetic oxygen evolution determined at 25 °C,
(b) leaf dry mass per area, (c) number of phloem cells per minor vein, and (d) rate of transpirational wa-
ter loss (determined under the respective low or high growth PFD, a leaf temperature of 27.0 £ 1.0 °C
(n = 24), and a vapor pressure deficit of 2.03 &= 0.20 kPa (n = 24)) for leaves of Arabidopsis thaliana
ecotypes from Italy (It, circles), Poland (Po, triangles), and Sweden (Sw, squares) that developed under
a 9-h photoperiod of 100 (LL, light orange) or 1000 (HL, orange) pmol photons m 2
temperature of 20° /12 °C (day/night) as a function of the difference between the longest and shortest

s~1 and a leaf

days during the growing season for each ecotype in its habitat of origin. Mean values =+ standard
deviations (a,b,d) or & standard errors (¢). For additional information, see Materials and Methods.
Data from Stewart et al. [27,28] and Adams et al. [25].

Foliar features related to water transport and loss exhibited linear relationships
with precipitation level at the sites of ecotype origin (Figure 7). The transpiration rate
(Figure 7a), minor-vein density (Figure 7b), and minor-vein ratios of tracheary-to-sieve
elements (Figure 7c) or tracheary-element to sieve-element cross-sectional area (Figure 7d)
all exhibited upregulation in plants experimentally grown under high versus low tem-
perature. Furthermore, each of the latter features exhibited a positive linear relationship
with precipitation level at the site of origin in plants grown under high temperature but an
inverse linear relationship in plants grown under low temperature (Figure 7). These same
foliar features exhibited no significant relationships with variation in daylengths nor the
temperature range over the growing season in the sites of ecotype origin (not shown).

2.2. Magnitude of Response to Growth Environment as a Function of Magnitude of Environmental
Variation over the Growing Season in Ecotype Site of Origin

Figure 8 features the calculated difference for three traits in plants grown under
high versus low PFD (from Figure 5) or grown under low versus high temperature
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(Figures 6 and 7) as a function of the range of daylengths (longest—shortest) in the sites of
ecotype origin. This daylength range was a similarly good predictor of the response to
experimental growth PFD or growth temperature of the traits of photosynthetic capacity
(Figure 8a), leaf mass (over three-fold difference between Italian and Swedish ecotypes
grown at the two temperatures; Figure 8b), and water-use efficiency (two-fold difference in
ratio of instantaneous CO,-uptake rate to transpirational water loss in the Swedish versus
Italian ecotype; Figure 8c). The fact that the difference in leaf mass in high versus low PFD
was consistently greater than the difference in cold versus hot temperature resulting from a
very low leaf mass in low PFD (Figure 5b).
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Figure 6. (a) Light- and CO;-saturated rate of photosynthetic oxygen evolution determined at 25 °C,
(b) leaf thickness, (¢) number of phloem cells per minor vein, and (d) cross-sectional area of sieve
elements comprising the minor veins for leaves of Arabidopsis thaliana ecotypes from Italy (It, circles),
Poland (Po, triangles), and Sweden (Sw, squares) that developed under 400 umol photons m=2 s~
and a leaf temperature 14 °C (cold, blue-green symbols) or 36 °C (hot, olive-green symbols) during the
9-h photoperiod as a function of the difference between the warmest and coldest temperature during
the growing season for each ecotype in its habitat of origin. Mean values + standard deviations
(a) or % standard errors (b—d). See the legend of Figure 1 and Materials and Methods for additional

information. Data from Adams et al. [22] and Stewart et al. [26].

2.3. Interrelationships among Leaf Functional, Morphological, and Multiple Vascular Features

Significant positive and linear relationships existed for all ecotypes across the wide
range of phenotypic variation induced here by seven experimental growth environments.
Photosynthetic capacity exhibited such relationships with leaf mass (Figure 9a) and leaf
thickness (Figure 9b), from lowest values in low light and moderate to high temperature to
the highest values in high light and/or low temperature.

Foliar minor-vein companion and parenchyma cells of the phloem (both involved in
sucrose loading into sieve tubes) correlated closely with sieve elements on several reference
bases (Figure 10a—c). These relationships were strongest for the cell number (Figure 10a)
and cross-sectional area of the respective cell types (Figure 10c) per minor vein. Notably,
relationships between tracheary elements (involved in water transport into the leaf and
sugar mass-flow out of the leaf) and sieve elements varied between plants grown in warm-
to-hot versus cold conditions when expressed as cell number (Figure 10d) or cross-sectional
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areas (Figure 10f) per vein but not for cross-sectional area per individual cell (Figure 10e). In
particular, plants grown under 400 pmol photons m~2 s~! in a warm (green) or hot (olive-
green) temperature had high numbers and large resulting total cross-sectional areas per
vein of water conduits versus sugar conduits (Figure 10d,f). In contrast, both cold-grown
and high-light-grown plants had much lower such ratios of tracheary to sieve elements

(Figure 10d,f).
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Figure 7. (a) Rate of transpirational water loss (determined under 400 umol photons m 2 s~!, a

leaf temperature of 28.7 £ 1.6 °C (n = 29), and vapor pressure deficit of 2.74 £ 0.07 kPa (n = 29)),
(b) minor vein density, (c) minor vein ratio of tracheary to sieve elements, and (d) ratio of minor vein
tracheary to sieve element cross-sectional area for leaves of Arabidopsis thaliana ecotypes from Italy (It,
circles), Sweden (Sw, squares), and Poland (Po, triangles) that developed under a 9-h photoperiod of
400 pmol photons m~2s~ 1 and a leaf temperature of 36 °C (hot, olive-green symbols) or 14 °C (cold,
blue-green symbols) during the photoperiod as a function of average monthly precipitation during
the growing season for each ecotype in its habitat of origin. Mean values + standard deviations
(a,b) or =+ standard errors (c,d). See legend of Figure 1 and Materials and Methods for additional

information. Data from Adams et al. [22].

Photosynthetic capacity exhibited highly significant linear relationships with number
and total cross-sectional area of sugar-exporting sieve elements per vein (Figure 11a,c)
and a slightly less close, albeit still significant, relationship with individual sieve element
cross-sectional area (Figure 11b). Unlike for the light-and CO;-saturated capacity of photo-
synthetic oxygen evolution, there is no well-defined way to quantify the maximal capacity
of transpiration rate. This may be why the foliar transpiration rate measured under the
respective growth conditions was less closely correlated with foliar water conduit features
(Figure 11d—f) than photosynthetic capacity was with sugar conduits. However, the some-
what normalizing comparison of the ratio of tracheary to sieve elements (especially for
cell numbers (Figure 11g) and cross-sectional areas (Figure 11i) per vein) with the ratio of
transpiration to CO, uptake yielded correlation coefficients that were higher than those for
relationships between transpiration rate and tracheary elements (Figure 11d-f).
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Figure 8. Amplitude of response to growth PFD (light orange to orange symbols) and growth temper-
ature (olive-green to blue-green symbols) as a function of variation in daylength at the site or origin
for (a) light- and CO,-saturated rate of photosynthetic oxygen evolution determined at 25 °C, (b) leaf
dry mass per area, and (c) water-use efficiency in leaves of Arabidopsis thaliana ecotypes from Italy (It,
circles), Poland (Po, triangles), and Sweden (Sw, squares) that developed under a 9-h photoperiod.
The amplitude of response to growth PFD was calculated as the differences in response between
plants grown under 1000 and 100 umol photons m~2 s~! at a leaf temperature of 20° (HL-LL),
and the amplitude of response to growth temperature was calculated as the difference in response
between plants grown at a leaf temperature of 14 °C and 36 °C under 400 pmol photons m—2 s~
(Cold—Hot). See legends of Figures 1 and 5-7 and Materials and Methods for additional information.
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Figure 9. Relationships between the light- and CO,-saturated rate of photosynthetic oxygen evolution
determined at 25 °C and (a) leaf dry mass per area or (b) leaf thickness in leaves of Arabidopsis thaliana



Plants 2023, 12, 2041

11 0f 22

ecotypes from Italy (circles), Poland (triangles), and Sweden (squares) that developed under a 9-h
photoperiod of seven different PFD and temperature regimes. Mean values + standard deviations
(photosynthetic capacity and leaf dry mass per area) or + standard errors (leaf thickness). See
Figure 1b and its legend for a description of the colors used to designate the seven growth regimes. For
additional information, see Materials and Methods. Data from Cohu et al. [23,24], Adams et al. [22,25],
and Stewart et al. [26-28].
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Figure 10. Relationships between (a—c) companion and phloem parenchyma cells versus
sieve elements and (d—f) tracheary and sieve elements on the bases of (a,d) cell number per
vein, (b,e) cross-sectional area per cell, and (c,f) cross-sectional area per foliar minor veins of
Arabidopsis thaliana ecotypes from Italy (circles), Poland (triangles), and Sweden (squares) that de-
veloped under a 9-h photoperiod of seven different PFD and temperature regimes. In panels (d)
and (f), regression lines were analyzed for two separate groups of data: (1) for leaves of plants that
developed under low light (yellow symbols), under moderate light and warm temperature (green
symbols), and under moderate light at high temperature (olive-green symbols) and (2) excluding
leaves of plants that developed under moderate light at warm temperature (green symbols) or high
temperature (olive-green symbols). When all data were considered for a single linear regression,
p < 0.001 for both panels (d) and (f), and R? =0.136 for panel (d) and R? =0.268 for panel (f). See
Figure 1b and its legend for a description of the colors used to designate the seven growth regimes.
Mean values =+ standard errors. For additional information, see Materials and Methods. Data from
Cohu et al. [23,24], Adams et al. [22,25], and Stewart et al. [26-28].
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Figure 11. Relationships between (a—c) sieve elements of foliar minor veins and light- and CO;-

saturated rate of photosynthetic oxygen evolution determined at 25 °C, (d—f) tracheary elements

of foliar minor veins and the rate of transpirational water loss, and (g-i) ratio of tracheary to sieve

elements of foliar minor veins and ratio of transpirational water loss to carbon dioxide uptake in leaves

of Arabidopsis thaliana ecotypes from Italy (circles), Poland (triangles), and Sweden (squares) that
developed under a 9-h photoperiod of seven different PFD and temperature regimes. See Figure 1b
and its legend for a description of colors used to designate the seven growth regimes and legends

of Figures 4 and 6 for details of conditions employed to ascertain rates of transpiration and CO,

uptake. Mean values + standard deviations (gas exchange) or & standard errors (minor vein vascular

features). For additional information, see Materials and Methods. Data from Cohu et al. [23,24],
Adams et al. [22,25], and Stewart et al. [26-28].
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3. Discussion
3.1. Extent of Phenotypic Acclimation to Light and Temperature Mirrors Environmental
Variability in Each Ecotype’s Habitat

Arabidopsis thaliana, an opportunistic ephemeral, can thrive in spatially and temporally
similar microenvironments in different geographic regions. For example, springtime bolting
and flowering are shifted such that prevailing temperatures during these events are similar
in the Italian (March and April), Polish (April and May), and Swedish (May and June) sites
of ecotype origin [22]. Such effects could potentially minimize differences in productivity-
related processes among ecotypes grown under common experimental conditions. For
plants grown under moderate light and temperature, there was indeed no significant
difference in leaf structural features, arrangement of foliar vasculature, and photosynthetic
capacity among the three ecotypes. However, leaves grown under extremes of temperature
or PFD did exhibit clear differences in the degree of plasticity of the characterized traits.
Although outside the scope of this study, underlying genotypic differences among the three
ecotypes involve the C-repeat binding factor (CBF) transcription factor family and its target
genes as well as other regulators [31,33,56]. Considerable attention in studies of the ecotypic
pair from Sweden and Italy has been paid to differences in freezing tolerance [29-33]. We
here instead focus on productivity-related traits with an emphasis on the relationship
between maximal photosynthetic capacity and the apparent structural capacity for sugar
and water movement at the level of individual vascular cells, individual minor veins, and
the whole leaf.

The current findings indicate that the magnitude of plant response to experimen-
tal variation in growth conditions varied as a function of the magnitude of variation in
abiotic features over the growing season in the sites of ecotype origin. Especially for
photosynthesis-associated traits, the magnitude of this phenotypic plasticity followed
latitudinal gradients in the extent of variation in temperatures and daylengths over the
growing season among habitats of ecotype origin, while the extent of phenotypic plasticity
in water-transport-related traits was correlated with precipitation level. It is likely that
the identification of these relationships for photosynthesis-associated traits was aided by
several procedural factors, including the use of extremes in experimental growth PFDs and
temperatures. In addition, limitations to sink strength and plant growth were minimized
using large rooting volumes [53] and ample nutrient and water supply. Moreover, using
the maximal capacity of photosynthesis (rather than the photosynthesis rate under growth
conditions) allowed comparison with anatomical features that presumably represent the
capacity for the transport of sugars [23,24,57]. Lastly, using fully expanded leaves of plants
grown under different conditions from seedling evidently allowed the manifestation of the
full extent of acclimation. For example, leaves of the Swedish ecotype grown under a cold
leaf temperature of 14 °C exhibited considerably greater upregulation of photosynthetic
capacity than leaves grown to maturity under 25 °C and then transferred to 14 °C for just
one week [53]. The findings of the present overview thus support the importance of trait
choice for characterization, experimental conditions, and environmental features of the site
from which the ecotype originated (see also [11]).

Greater plasticity of certain traits in ecotypes from habitats that experience greater
environmental variability was also observed in other studies [2,58-63]. For example,
Molina-Motenegro and Naya [64] found that, among five different populations of dan-
delions growing along the west coast of South America (from nearly 0° to over 53° S),
the phenotypic plasticity of several traits (including photosynthesis and water use effi-
ciency) in response to two growth temperatures was greatest in populations from higher
latitudes and least in populations from lower latitudes, which is similar to the present
findings for photosynthesis, water use efficiency, leaf mass and thickness, and minor vein
phloem features.

It should be noted that only a select few traits were evaluated in the present study,
even when just considering foliar vascular traits. Additional traits, such as transfer cell
wall ingrowths in minor vein phloem cells, exhibited increases in response to development
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under both higher light intensity [41,65] and lower temperature [66], resulting in increased
cell-membrane invagination and area available for the placement of proteins (sucrose efflux
transporters and ATPases), which could contribute to greater levels of phloem loading in
A. thaliana [67]. Such invaginations are also part of the suite of acclimatory responses that
exhibit variation along the latitudinal gradient in temperature and daylength among the
three ecotypes characterized here [22,25,66]. However, not all traits respond in the same
direction among populations sampled across a transect of differing climates, as discussed
further in the next subsection.

3.2. The Magnitude of Phenotypic Plasticity Varies by Trait

As detailed here, the Swedish ecotype exhibited more pronounced upregulation of
maximal photosynthetic capacity and foliar sugar-export capacity than the Italian ecotype
when grown under cold temperature and/or high PFD. This response allows the Swedish
ecotype to compensate more fully for the depression of activity of photosynthetic enzymes,
as well as, presumably, that of membrane-spanning proteins involved in sugar loading
under cold temperatures [24,53]. This response may permit the Swedish ecotype to main-
tain photosynthetic productivity in its native environment with extended periods of cold
temperatures over the growing season. In contrast, the less pronounced upregulation of
maximal photosynthetic capacity and foliar sugar-export capacity in the Italian ecotype was
associated with a more pronounced adjustment of various processes that prevent oxida-
tive damage from excess excitation energy when the utilization of absorbed light through
photosynthesis is diminished. In particular, the Italian ecotype downregulated genes of
light-harvesting complexes more than the Swedish ecotype under cold temperatures and
high light [56], which apparently helped diminish excitation pressure [33]. In addition,
the Italian ecotype upregulated multiple antioxidation processes that counteract oxidative
stress more strongly than the Swedish ecotype [56]. These responses may allow the Italian
ecotype to persist throughout periods of cold temperature in a state well protected against
oxidative stress despite diminished photosynthetic productivity. In other words, the lesser
magnitude of phenotypic plasticity in traits associated with photosynthetic productivity
under cold temperature and high light is thus accompanied by a greater magnitude of
phenotypic plasticity in processes that offer protection when photosynthetic productivity is
diminished at cold temperature in the Italian ecotype. It should be noted that the Italian
ecotype experiences low temperatures to a lesser degree than the Swedish ecotype in the
respective native habitats [21,22].

The most pronounced upregulation of the foliar water-transport infrastructure and
transpiration rate under experimental growth with warm to hot temperature was seen in
the Polish ecotype from the site of origin with the lowest monthly precipitation over the
growing season. This finding is consistent with previous reports of a positive association
between foliar vein density and aridity across different species [68,69] and, most notably;,
between higher vein density and lower precipitation among seven species of the herbaceous
genus Plantago [70].

3.3. Relationships between Photosynthesis and Leaf Structure as Well as among Multiple Leaf
Vascular Features

Several common relationships held over the large range of values in various parame-
ters (from three- to four-fold among the anatomical features and over seven- to eight-fold
for gas exchange) generated here by growing several ecotypes under multiple combinations
of growth conditions, including extremes in light and temperature. Positive associations
between photosynthetic capacity and both leaf mass and thickness are typically found
among leaves acclimated to different temperatures and PFDs [25,38-51]) and among differ-
ent cultivars [71,72]. In a meta-analysis of 760 species, leaf dry mass per area, leaf thickness,
and photosynthesis were all found to increase with increasing daily receipt of light [73].
Carriqui et al. [74] documented a similar response to three PFDs (from 75 to 490 umol
photons m~2 s~1) for the Polish ecotype of A. thaliana. For plants in the present analysis,
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greater leaf thickness was due largely to acclimatory plasticity in the number of palisade
mesophyll cells, from two layers in low PFD and higher temperature to up to five layers
in high PFD and low temperature ([25,50]; see also [75]). Such additional mesophyll cells
presumably accommodate more chloroplasts per unit leaf area [41].

On the other hand, a weaker relationship or no relationship between photosynthesis
and either leaf thickness or dry mass per area was reported for some woody species
([76,77]; see also [78] and, for ferns, [79]). This may be due to considerable secondary
cell-wall formation in sclerophytic leaves, the dry mass of which does not contribute
to photosynthesis. One notable exception reported by Niinemets [80] was a positive
correlation between the light-saturated photosynthesis rate under ambient CO, with leaf
dry mass per area in leaves of two subspecies of the oak Quercus ilex across southern Europe.
Consistent with our findings, winter-deciduous silver birch from northern Finland had a
higher photosynthesis rate compared to a southern population when both were grown in
pots (1.5 L) at 20 °C under a 20-h photoperiod of 150 to 600 pmol photons m~2s71[81]. On
the other hand, leaf thickness and photosynthesis were greater in populations of summer-
active (winter-deciduous) Juglans regia (walnut) from lower compared to higher latitudes
among 11 accessions grafted onto rootstocks in pots and grown in a lathe house during
hot summer months in Davis, California ([72]; see [82] for a similar finding in deciduous
oak species growing in Gipuzkoa, Spain). These results may be comparable to the absence
of significant differences in leaf thickness and photosynthesis among A. thaliana ecotypes
grown under the warm temperature and moderate PFD reported here.

The finding that the strongest relationships between foliar vascular parameters and gas
exchange were those between phloem features of minor veins and maximal photosynthetic
capacity across all experimental conditions used here is consistent with previous assess-
ments of winter annuals [24,50,83]. Such coordination should ensure that the capacity for
the export of sugars produced in photosynthesis matches the capacity for producing such a
photosynthate. Concerning significant correlations among individual vascular cell types,
such coordination should be expected for sugar-exporting sieve elements that cooperate
not only with companion and phloem parenchyma cells involved in sugar loading but also
with tracheary elements that have a role in supporting sugar mass flow out of the leaf [55].

Another fraction of water transported by foliar water conduits is lost through stomata
as CO; enters the leaf, and this transpirational water loss relative to CO, intake varies with
temperature. This variable association depends on both the ecotype and the experimental
growth environment. The trend seen here for higher levels of transpiration and lower
photosynthetic capacities in high-light-grown leaves of the Italian versus the Swedish
ecotype may indicate a genetic propensity for greater transpirational water loss in the Italian
ecotype from the lower latitude with a warmer climate. In addition, leaves of all ecotypes
grown under warm-to-hot temperatures exhibited greater numbers and cross-sectional
areas per vein for tracheary versus sieve elements. Together, these effects presumably
allow for greater water delivery in support of higher transpirational water loss at high
temperatures in warm-grown leaves, particularly in the ecotype from the lower latitude
with a warmer climate.

3.4. Recommendations for Future Research

More research is needed to define the range and type of experimental growth con-
ditions that allow for the assessment of the phenotypic plasticity of traits or suites of
traits as well as suitable numbers and sites of origin of ecotypes for comparison. A
wide range of experimental growth conditions, the use of mature plants, and the min-
imization of sink limitation appeared to be advantageous for the investigation of fo-
liar parameters related to plant productivity. In the present study, the use of relatively
large plants (light-exposed leaf areas of approximately 100 cm? [26,27,84] and diame-
ters of approximately 10 cm [33]) grown to maturity in large pots under contrasting
growth conditions resulted in very thick leaves and high photosynthetic capacities un-
der high-growth PFDs and lower temperatures. Future studies are needed to assess
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whether sink limitation affects relationships measured in smaller, younger plants grow-
ing in smaller pots (see Carriqui et al. [74], in which A. thaliana plants were grown in
200 mL of soil, personal communication M. Carriqui). The PFD at which A. thaliana is
typically grown experimentally ranges between 90 and 160 pmol photons m 2 s~ (see
recommendations in https://abrc.osu.edu/educators/growing [accessed on 18 May 2023]
and https:/ /www.arabidopsis.org/download_files/Protocols/abrc_plant_growth.pdf [ac-
cessed on 18 May 2023]; e.g., [85-91]) with growth temperatures around 22 °C. Could it
be that these conditions were deemed optimal due to restrictions on root growth in Petri
plates, small pots, or shallow flats, which may place restrictions on shoot growth (Figure 2)
and the extent of upregulation of photosynthesis and associated traits? Such conditions
may thus impact the nature of relationships found in comparisons of ecotypes. As a weedy
species that colonizes disturbed sites and thrives in open and rocky habitats [92], A. thaliana
should be expected to be tolerant of full sunlight, which is up to 20 times greater than
the PFD typically deemed optimal for this species. The characterization of 30 A. thaliana
ecotypes across a gradient from central Sweden to the southwestern Iberian Peninsula
(i.e., a latitudinal and longitudinal gradient) grown for 14 weeks in 130 mL pots under
low versus high temperature and two watering regimes revealed greater plasticity for
most characterized traits among the ecotypes from the center compared to extremes of
the gradient [93]. This outcome is similar to the finding of high phenotypic plasticity of
water-related traits (transpiration, vein density, xylem features) of the Polish ecotype in the
present study but differs from the conclusion drawn here with respect to the exceptionally
high phenotypic plasticity of photosynthesis-related traits in the Swedish ecotype from
high latitude. In another study involving 15 A. thaliana ecotypes grown in a greenhouse
with a mean temperature of 23 °C and a PFD of 193 umol photons m 2 s~ ! (i.e., similar
to the moderate conditions of the current study where no differences among the three
ecotypes were found), the growth rate was unrelated to the environmental features of the
sites of origin [94]. Future research is needed to elucidate to what extent such different
findings may be due to the specific traits considered or due to plant growth conditions.

Another question is whether differences in phenotypic plasticity characterized here
have an impact on fitness [6,11,36,95]. For example, it remains to be determined whether
fitness is affected by acclimatory adjustments in foliar structural and functional traits
or rather depends on other aspects of plant structure and function associated, e.g., with
the root system, the process of bolting and flowering, or aspects of phenology [11,61,95].
Furthermore, because A. thaliana has mesophytic leaves with a high photosynthetic capacity,
as well as a short lifespan, the insight gained from such a species should not necessarily
be expected to apply to species with long-lived sclerophytic leaves and a low maximal
photosynthetic capacity (see [36]). In particular, the relationships revealed here may be
typical for a species such A. thaliana that is responsive to not only growth light environment
but also especially to temperature (as a winter annual). Summer annuals (and some
biennials) have been reported to exhibit little phenotypic plasticity of some of the traits
characterized here in response to temperature (see, e.g., [50,96]).

3.5. Summary of Major Findings

Arabidopsis thaliana ecotypes from native habitats with more pronounced differences
in daylength or temperature, or with lower precipitation, exhibited more pronounced
foliar acclimatory adjustments in response to contrasting experimental light or temperature
conditions during leaf development. The extent of the phenotypic plasticity of features
associated with photosynthesis, such as water-use efficiency of CO, uptake, leaf mass
and thickness, and foliar sugar-transport infrastructure, was predicted by the extent of
variability in the daylength and temperature of the native habitats along a latitudinal
gradient. On the other hand, the extent of phenotypic plasticity in he transpiration rate
and water-transport infrastructure (vein density, ratio of water to sugar conduits) was
predicted by the precipitation experienced by each ecotype during its respective growing
season, which did not correspond to a latitudinal gradient. These findings indicate that
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the phenotypic plasticity of various photosynthesis-associated foliar features can vary
independently and as predicted by different specific features of the native habitat.

Moreover, the use of seven experimental growth regimes with different combinations
of temperature and PFD revealed fundamental structural and functional relationships
across conditions for all three ecotypes. These common relationships included signifi-
cant positive, linear correlations between (1) the leaf mass or thickness and the photo-
synthetic capacity; (2) the photosynthate-export infrastructure (features of minor-vein
sieve elements) and the photosynthetic capacity; (3) the water-transport infrastructure
(features of minor-vein tracheary elements) and the transpiration rate; (4) the ratio of
tracheary-to-sieve elements (both number and cross-sectional area per foliar minor vein)
and the ratio of transpiration-to-CO; uptake; (5) the sugar-loading companion and phloem-
parenchyma cells and sugar-exporting sieve elements (both number and cross-sectional
area per foliar minor vein, as well as cross-sectional area of individual cells); and (6) the
tracheary elements and sieve elements (both number and cross-sectional area per minor
vein, as well as cross-sectional area of individual cells). Such coordination among multiple
structural and functional foliar features presumably maintains competent execution of
function during profound acclimatory adjustment of leaves to different and changing
environmental conditions.

4. Materials and Methods
4.1. Plant Material, Climatological Information, and Growth Conditions

Three ecotypes of Arabidopsis thaliana (L.) Heynhold originating in Sweden, Poland,
and Italy (Figure la) were grown under seven different temperature and PFD regimes
(Figure 1b). The Polish ecotype (Columbia-0) was obtained from The Arabidopsis Information
Resource (https:/ /www.arabidopsis.org [accessed on 18 May 2023]), and a description of
the Swedish and Italian ecotypes can be found in Stewart et al. [84]. Individual plants were
grown from seed, each in 2.9 L of Canadian Growing Mix 2 (Conrad Fafard Inc., Agawam,
MA, USA), in E-15 or PGR15 growth chambers (Conviron, Winnipeg, MB, Canada), except
for plants grown in 50 mL of Canadian Growing Mix 2 shown in Figure 2. For additional
detail regarding germination and establishment under different combinations of tempera-
ture and PFD, see Cohu et al. [23], Adams et al. [22], and Stewart et al. [26-28]. A detailed
description of climate for each site of origin and information on the duration of the growing
season (periods of autumn germination and spring reproduction) for each ecotype are
presented in Adams et al. [22]. Differences in the daylength during the growing season
in each habitat of origin are presented in Figure 3a, differences in temperature during
the growing season in each habitat of origin are presented in Figure 3b, and the average
monthly precipitation during the growing season in the habitat from which each ecotype
originated is presented in Figure 3c.

4.2. Leaf Metrics

All foliar parameters were obtained from leaves that developed and expanded fully
under each combination of growth temperature and PFD. For the present analysis, these
parameters included (1) mm minor vein (third- and fourth-order veins) length per mm?
leaf area (vein density) from leaf tissue that had been cleared; (2) numbers and (3) cross-
sectional areas of xylem and phloem cells per minor vein; as (4) leaf thickness from tissue
that was fixed, embedded, and sectioned for light microscopy; (5) leaf dry mass per unit leaf
area; (6) photosynthetic capacity as the light- and CO,-saturated rate of oxygen evolution
in a water-saturated atmosphere from leaf discs at 25 °C (Hansatech oxygen electrode
systems, King’s Lynn, Norfold, UK); and the (7) rates of transpirational water loss and
CO, uptake (LCi Portable Photosynthesis System, ADC Bioscientific Ltd., Hoddesdon,
Herts, England, UK). For additional details, see figure legends and Cohu et al. [23,24],
Adams et al. [22,25], and Stewart et al. [26-28,57], from which all of the original foliar
data presented in this meta-analysis can be found, with the exception of some previously
unpublished leaf dry mass per unit area values. Mean values + standard deviation are
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displayed for vein density, photosynthetic capacity, transpiration rate, and leaf dry mass per
unit leaf area (1 = 3 to 5, e.g., one measured leaf section from each of three to five different
plants) and mean values =+ standard error are displayed for leaf thickness, phloem cells per
minor vein, sieve element cross-sectional area per minor vein, minor vein ratio of tracheary
to sieve elements, and minor vein ratio of tracheary element cross-sectional area to sieve
element cross-sectional area (n = 3 to 5, i.e., mean values from three leaf cross-sections or
7-10 minor vein cross-sections within a leaf section from each of three to five plants; for a
detailed description of these measurements, see [57]).

4.3. Data Analyses

Data were analyzed and visualized with R 4.2.2 (https:/ /www.r-project.org/ [accessed
on 18 May 2023]). Bivariate relationships were evaluated via linear regression with the Im
function, and differences between multiple means were evaluated via one-way ANOVA
and post hoc Tukey—Kramer HSD tests with the aov and TukeyHSD functions, respectively.
Data were visualized with the ggplot2 package [97].
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