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February 22 and 26, 2016 in a greenhouse at Michigan Technological University, in one-

gallon pots.  

For stomata measurements, three leaves per plant grown in the greenhouse were 

analyzed in August 2010 from 90 genotypes. In 2016, leaves collected from two 

replicates of 150 genotypes grown in greenhouse were analyzed. Finally, in 2017, leaves 

collected from one replicate of 150 genotype grown in the greenhouse was analyzed. 

 

Stomatal imprints and density measurements 

Healthy leaves of the first seasonal flush were collected, pressed and dried. The 

leaves were covered with a thin layer of clear nail polish on the lower epidermis between 

the second and third vain, covering an oval spot, and then were left to dry. A leaf imprint 

was obtained with a strip of clear tape and the imprint was transferred to a microscope 

slide. Stomatal density replicas were counted on microphotographs obtained with the aid 

of a light confocal microscope at 20X magnification from a 10 µm in diameter sections of 

the leaf imprint. 

To assess correlations among replicates and between years, pair-wise phenotypic 

correlations were calculated as Pearson correlation coefficients for stomatal density 

across the three years using WinSTAT [39] (Table S1).  

 

Genetic linkage map 

We used the genetic map of the mapping family 52-124 comprised of 3,568 SNP 

markers with known genomic positions for QTL identification. SNP genotyping, marker 

curation and genetic map construction were previously described by Muchero et al. 2015 

and Bdeir et al. 2017 [37, 40].  

 

QTL analysis 

The data had no outliers, recording errors were corrected or deleted. Each dataset 

was checked for normal distribution using WinSTAT [39]. Transformations were deemed 

unnecessary (Figure S1). The data were analyzed for the presence of QTL using the 

MapQTL6 software [41]. To map QTL intervals on the genetic linkage map and to test 

for reproducibility across years and environments, the interval mapping method was 
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used. Furthermore, composite interval mapping with the Multiple-QTL Model (MQM) 

method was applied to further refine the QTL regions. The putative QTL were subjected 

to 1,000 genome-wide (GW) and chromosome-wide (CW) permutations to determine 

LOD significance thresholds at the 0.05 significance level [42]. These parameters were 

used for declaring the existence of a significant QTL.  

 

Candidate genes 

Since QTL regions are genome-anchored, the underlying genes in the intervals 

were identified from the Populus genome assembly V3.0 [43] in the Phytozome database 

using the BioMart tool (https://phytozome.jgi.doe.gov). Because of large QTL intervals 

on some of the linkage groups, underlying genes within intervals defined by MQM 

mapping were identified for the eighteen QTL. Intervals spanning the genomic regions 

(physical location by MQM mapping) summarized in Table 1 were used to identify the 

putative candidate genes. The Gene Ontology (GO) of the genes underlying the LOD 

maxima were found using the A. thaliana gene annotation and AgriGO with p<0.05 [44]. 

 

Results 

Repeatability of stomatal density measurements 

Correlations among replicates and years are shown in Table S1. Stomatal density 

showed a high correlation between replicates and across sites and years. The phenotypic 

correlations between replicates within the same year are as high as r=0.98 for different 

leaves of the same plant in samples of 2010 and around r=0.96 for clonal replicates in 

2016 (p<0.0001 for all comparisons). High correlations were also observed for 

comparisons among years (r=0.81 to 0.96, p<0.0001).  

Frequency distributions of stomatal densities in all years are shown in Figure S1. 

All datasets follow the pattern of normally distributed data.  

 

QTL for stomatal density 

Twenty-four individual QTL were detected for stomatal density on twelve linkage 

groups (Table 1), of which eight had LOD scores above the GW threshold. For all 

datasets, QTL were anchored to the Populus genome assembly (Fig. 1, Table 1). For QTL 

https://phytozome.jgi.doe.gov/
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found on linkage group II, VI, VII, XII, XV, XVIII and XIX, the P. deltoides genotype 

DD was associated with the higher value for stomatal density, while for QTL on linkage 

group III, VIII, X, XIII, XIV and XVI, the DT genotype was associated with the higher 

value of stomatal density (Table 1). The percentage of phenotypic variance explained 

(PVE) by individual QTL ranged from 4.6 to 15.6%. Figure 2 shows a graphical outline 

of the LOD score profiles for all individual QTL mapped on linkage groups after cofactor 

selection. Specific genomic regions with significant QTL including LG II, III, VIII, XII, 

XIV, XVI and XIX also displayed a suggestive QTL with low LOD score not reaching 

the CW threshold representing different replicates/years. 

 Based on reproducibility across replicates and years, four QTL clusters stood out 

on LG II, III, XVI and XIX representing thirteen individual QTL that were reproducible 

across at least two replicates and/or years with overlapping intervals and LOD maxima 

within proximity (Fig. 2, Table 1). In the first cluster on LG II, two QTL with LOD 

maxima between 154-173 cM were detected for one replicate in 2010 and for one clonal 

replicate in 2016. These QTL explain a comparatively high percentage of the total 

phenotypic variance (4.6% and 14.5%, respectively) and one of these two QTL was 

significant above the GW threshold. A suggestive peak was also detected in 2017. Five 

QTL found on LG III with LOD maxima within an interval between 75-97 cM were 

detected across all three years, the two clonal replicates in 2016, and in one replicate and 

their average in 2010, while a suggestive QTL below the CW threshold (LOD score=1.8) 

was detected between 73-95 cM for one replicate (leaf a) in 2010 (Fig. 2). The 

phenotypic variance explained by these QTL ranged between 5.5 and 12.7% and the QTL 

for replicates a in 2016 and replicate m in 2010 were significant at the GW level. The 

third QTL cluster consisting of three QTL were detected on LG XVI in 2010 and 2016 

with LOD maxima at 20 cM. For 2016, one replicate (leaf a) showed a QTL significant at 

the CW threshold (PVE 6.2%), while for 2010, all replicates revealed a peak within same 

genomic regions. Specifically, replicates a and m had QTL significant at the GW 

threshold (PVE 12.3% and 11%) while the other two replicates of year 2010 (leaf b and 

c) showed a suggestive QTL within the same interval. Lastly, in the fourth QTL cluster 

on LG XIX an overlapping QTL interval was found between 0-40 cM for two replicates 

(leaf a, c and m) in 2010, while the third replicate (leaf b) showed a suggestive QTL 
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within the same interval (Fig. 2). Though only one replicate was significant at the GW 

threshold, both QTL explain a high percentage of the total phenotypic variance (11.0% 

and 15.6%).  

 On LG XIII and XVIII, they both showed reproducibility across 2010 replicates, 

but the four QTL were significant at the CW threshold. The remaining 7 individual QTL 

were significant but not reproducible across replicates or years (Fig. 2, Table 1). QTL 

detected in year 2016 on LG VIII and another QTL on LG XIV, while both had high 

LOD score and PVE values (5.3 and 8.9%, respectively), their LOD maxima were at 

different positions (around 140 cM and 1 cM, respectively, Table 1). They both also 

showed one suggestive QTL within their interval across different replicates/years (Fig. 

2). The third significant QTL (11SD10b, Table 1) on LG XII having high LOD and PVE 

scores (4.52 and 15.2%, respectively) overlapped with three suggestive QTL from 

replicates in years 2010, 2016 and 2017 (Fig. 2).  

 

Candidate genes 

The interval after MQM mapping with cofactor selection was used to identify 

putative genes and the number of underlying each QTL is listed in Table 2. A total of 869 

genes within genome-anchored QTL intervals for stomatal density were detected, out of 

which 617 (71%) had annotations based on the InterPro domain; the function of the 

remaining genes is unknown. A detailed list of the putative genes with their annotations 

is given in Table S2. 

 

Significantly overexpressed GO terms 

To enable a functional categorization and to identify biological pathways of the 

genes detected, Gene Ontology (GO) term enrichment analyses were conducted. Figure 

S2 is a visual representation of all the underlying genes found within the eighteen QTL 

intervals and of significantly overrepresented GO terms in biological process categories. 

Figure S3 lists the significant levels of the represented GO terms. 
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Discussion  

With the aid of QTL mapping, we can pinpoint the genomic regions associated 

with a quantitative trait and the polymorphisms that are linked to functional genes. 

Several reviews stated the advantages of using QTL analysis to reveal the genetic 

architecture especially for complex traits [45-47]. With the availability of the Populus 

genome, candidate genes in QTL intervals can be identified. In this study, we analyzed 

stomatal density in a hybrid Populus progeny using QTL analysis and identified major 

QTL responsible for stomatal density variation. It has been generally reported that 

stomatal density is controlled by both environmental and genetic factors, suggesting the 

involvement of many genes [48]. The signaling pathways and mechanisms that regulate 

guard cell function have been intensively studied (reviewed in [49, 50]). Furthermore, 

environmental variables can modulate basal stomatal development pathways to adjust to 

the environmental conditions [48]. For example, the concentration of atmospheric CO2 

directly influences stomatal development and has been used an indicator of 

paleoatmospheric CO2 levels and in the assessment of the ecological consequences of 

global change [3, 12-14]. Forty percent of the atmospheric CO2 passes through stomata 

[51], thus any variation in stomatal density ultimately influences photosynthesis and 

atmospheric CO2 concentration. Our results however, based on strong inter annual 

correlations among genotypes and the correlations among replicates within years, suggest 

that genetics plays a strong role in determining stomatal density in hybrid Populus. 

It has been suggested that guard cell signaling reflects the organization of a scale-

free network rather than a collection of linear pathways [3]. The estimated number and 

effect of genes involved in such a complex trait most likely linked to a scale-free network 

can be obtained through QTL mapping. As a quantitative trait, it was genetically 

analyzed using QTL mapping in both poplar and oaks [6, 52]. Estimates for the effect of 

genes controlling stomatal density have been obtained in the QTL study by Rae et al. 

(2006) using a third-generation hybrid population derived from two Populus trichocarpa 

and P. deltoides hybrids. Specifically, the hybridization of P. trichocarpa (clone 93-968, 

same clone used in our study) and P. deltoides (clone ILL-129) generated two hybrids, 

53-246 and 53-242, which were crossed to generate an F2 full-sib family (family 331). 

Rae et al (2006) performed QTL analyses under elevated and ambient CO2 conditions 
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and found fourteen QTL for adaxial and abaxial stomatal density distributed over ten 

linkage groups with genetically determined total phenotypic variances for elevated and 

ambient CO2 conditions between 19.5-22.1% and 9.3-19.7%, respectively. 

In another study, using a hybrid poplar family of Populus trichocarpa × P. 

deltoides saplings, stomatal development was monitored under varied CO2 

concentrations, vapor pressure deficit (D), and irradiance (Q) around the young leaves 

[53]. Results indicated that changes in CO2 concentration, light and humidity causing an 

increase in mature leaf stomatal conductance had a regulatory effect on stomatal 

development of expanding leaves [53]. A plastic response to changing environments has 

been shown in stomatal density in maize, Arabidopsis and poplar for which systemic 

signals from mature leaves regulate stomatal development of expanding leaves [20, 53, 

54]. However, the nature of these signals generated in the mature leaves and transmitted 

to developing leaves is largely unknown and it is unclear how many signals are elicited 

[55]. Our study further suggests high genetic variation for and control of stomatal density 

in a single interspecific hybrid progeny, but also variation among years and replicates. 

 

QTL for stomatal density 

We detected twelve genomic regions on eleven linkage groups with a range of 

QTL effects explained from 4.6% to 15.6 % of the phenotypic variance. Four major QTL 

clusters with high reproducibility and consistency associated with stomatal density were 

found on linkage group II, III and consistently identified across all three years, while the 

clusters on linkage group XVI were found reproducible across two years. Finally, QTL 

clusters on linkage group XIX were consistently identified across all three replicates in 

year 2010. Since the identified genomic intervals are large and contain hundreds of 

candidate genes, it is still difficult to identify the genes in question. Thus, we seek to 

analyze the overrepresented GO terms in the QTL intervals.  

GO analysis showed the functional profile of the underlying genes and their 

involvement in biological processes such as developmental processes, including cell 

morphogenesis and differentiation and post-embryonic development, and cellular 

processes, such as metabolic and cellular biosynthesis regulations (Figure S2). It has been 

demonstrated that mature leaves both detect CO2 concentration levels and accordingly 
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signal to expanding leaves thus inducing stomatal development in young leaves [13, 20, 

56]. Furthermore, numerous studies showed a relationship between stomatal traits 

(density, index and conductance) with leaf development (expansion, length and area) [38, 

52, 57, 58].  

 

Future Work  

The natural variation of stomatal density is linked to plant fitness and adaptation 

to their environment, thus directly impacting speciation and evolutionary change [3]. The 

availability of the full annotated poplar sequence and associated genomic resources 

including microarrays will be essential to further study and enable research to be focused 

on understanding stomatal development and the genetic control of this trait. Future work 

on nucleotide variation in candidate genes controlling such complex adaptive traits as 

stomatal density under different environmental conditions such as water deficit and 

different CO2 concentrations will allow a better understanding of the genetic and 

environmental control of this trait.  
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Figures and Tables 
 
 

 
Figure 1 QTL anchored to the genome of Populus trichocarpa (V3 assembly, Kelleher et al. 2007). The actual map has a high 
marker density (average marker spacing: 5 markers per 4 cM). For illustration purposes, for each linkage group an evenly spaced 
selection of scaffolds is shown (one marker per 20 cM). The yellow regions on LGs represent QTL intervals using interval mapping 
(before co-factor selection). QTL for stomatal density (SD) are shown in red, green and blue for datasets collected in 2010, 2016 
and 2017, respectively. The outer lines of bars are CW thresholds and the middle lines are LOD maxima (see Table 1). Scaffold 
intervals are represented in Mb.  
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Figure 2 LOD score profiles for 
stomatal density QTL on LG II, III, VI, 
VIII, X, XII, XIII, XIV, XV, XVI and 
XIX using the Multiple-QTL Model 
(MQM) with co-factor selection across 
all experimental replicates. 
Chromosome-wide (CW) and genome-
wide (GW) significance thresholds are 
shown with dashed lines (α =0.05, 
1,000 permutations). Profiles for 
stomatal density are shown in shades of 
red, blue and green for data sets 
collected in 2010, 2016 and 2017, 
respectively. Some suggestive QTL 
with lower LOD score than the CW 
threshold are shown as well. 
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Table 1. QTL associated with stomatal density identified in the poplar pseudo-backcross pedigree 52-124 for years 2010, 2016 and 2017.  
Interval Mapping MQM Mapping LOD max 

 
Origin of 
positive 

allele  
QTL #, 

population 
(lg) 

Map location 
(V2, cM) 

Physical location (V3) Physical location (V3) LOD 
value 

Location 
(cM) 

Physical 
location 

% 
PVE 

DD DT 

1SD16a (II) 6.321-7.943 2390513..2532397 2390513..2532397 2.34 7.146 2494005 6 31 27 
2SD16b (II) 113.997-155.482 12992182..19970547 16904784..18010025 2.23 154.032 17984858 4.6 25 22 
3SD10a (II) 156.015-175.197 20910935..23483297 20910935..23483297 4.35* 173.734 23433435 14.5 38 29 
4SD16b (III) 74.564-89.295 11627271..12900652 11654461..11956032 2.63 75.849 11758002 5.5 22 25 
5SD16a (III) 75.849-89.295 11758002..12900652 12307868..12635780 4.01* 85.512 12577722 10.5 26 31 
6SD10c (III) 82.228-100.001 12307868..14031477 13706345..13918404 3.09 97.3 13882750 12.7 32 39 
7SD10m 
(III) 84.343-97.647 12485960..13918404 13457418..13606110 3.68* 93.335 13508478 10.1 33 37 
8SD17a (III) 104.001-116.113 14514569..15336641 14830986..15157363 2.62 110.959 14981850 6.3 22 25 
9SD10b (VI) 67.482-88.672 6540985..8945894 7010101..7418569 3.37* 74.575 7286559 10.9 37 31 
10SD16a 
(VIII) 137.888-141.713 11733076..12070763 11733076..12070763 2.06 139.505 11896024 5.3 27 31 
11SD16b 
(X) 75.586-92.973 11655403..13247359 12121301..12589424 3.72* 82.619 12329381 7.9 21 25 
12SD10b 
(XII) 0.877-53.703 407164..4446679 3037452..3341456 4.52* 41.339 3311474 15.1 38 31 
13SD10b 
(XIII) 60.322-61.958 6076968..6442032 6076968..6442032 2.22 61.416 6283774 7 32 37 
14SD10m 
(XIII) 60.322-61.958 6076968..6442032 6076968..6442032 1.91 61.416 6283774 9.1 32 36 
15D16b 
(XIV) 0-16.565 0..1979129 0..68230 4.17* 0 0 8.9 21 26 
16SD16b 
(XV) 30.834-36.579 2608259..3099304 2608259..3099304 2.58 32.888 2711938 5.4 25 22 
17SD16a 
(XVI) 19.291-24.68 1768332..2141944 1768332..1955790 2.41 20.738 1916966 6.2 27 31 
18SD10a 
(XVI) 19.291-39.166 1588548..3292119 1588548..2141944 3.76* 21.477 1975247 12.3 30 37 
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19SD10m 
(XVI) 21.477-49.048 1975247..4163931 3582922..3913475 4.01* 46.355 3913475 11 32 38 
20SD10a 
(XVIII) 108.468-119.783 15087827..16199806 15910227..16065443 2.17 119.283 16199806 10.5 35 29 
21SD10m 
(XVIII) 112.31-119.611 15301185..16216454 15910227..16065443 1.97 117.395 16037719 5.2 36 33 
22SD10c 
(XIX) 0-33.215 0..8436001 0..389959 2.7 0.128 350563 11 39 32 
23SD10a 
(XIX) 21.904-40.875 4152016..10085840 4554508..4983998 4.65* 28.132 4870964 15.6 37 30 
24SD10m 
(XIX) 0-40.875 0..10085840 4152016..4870964 4.45* 26.312 4541228 12.4 38 32 
lg: linkage group; V2: markers anchored on version 2 of the P. trichocarpa genome; V3: version 3 updated physical location; PVE: percent 
phenotypic variance explained; DD: homozygous for the P. deltoides allele, DT: heterozygous for the P. deltoides and P. trichocarpa alleles. LOD 
max determined using MQM mapping, value with *: above GW threshold, otherwise above CW threshold (Example: 1SD16a: QTL number one, 
stomata density, year 2016, replicate a). The number of genotypes is 90 for year 2010 and 150 for both 2016 and 2017.  
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Supplementary Figure 2 Hierarchical tree graph of overrepresented GO terms in biological process categories for all underlying 
genes within the twenty trait-associated QTL. The non-significant terms are shown as white boxes, and significant terms (P ≤ 0.05) 
are marked with color (the degree of color saturation of boxes is associated to the enrichment level of the term). Red indicates the 
highest enrichment level. 
 
 
 

 
 
Supplementary Figure 3 The significant levels of the overrepresented GO terms 
colored from shades of yellow, orange and red as well as the relationships between GO 
terms indicated by different arrows are shown. Red indicates the highest enrichment 
level. 
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Supplementary Table 27 All candidate genes within the twenty QTL detected for 
stomatal density variation in Populus. Physical localization and annotation of gene 
models within each QTL interval are listed. 
 
 

  

                                                           
7 Supplementary Table 2 are in excel format submitted as digital files. 

Supplementary Table 1 Pair-wise estimates of phenotypic correlations calculated as 
Pearson correlation coefficients for stomatal density collected for years 2010, 2016 and 2017. 

 SD10a SD10b SD10c SD10m SD16a SD16b SD17a 
SD10a X       
SD10b 0.985032 X      
SD10c 0.988059 0.981475 X     
SD10m 0.976836 0.98128 0.985206 X    
SD16a 0.92854 0.926599 0.944615 0.960826 X   
SD16b 0.949868 0.9464 0.967087 0.966766 0.980137 X  
SD17a 0.91097 0.898656 0.924961 0.930541 0.939645 0.961409 X 

The analysis for stomatal density (SD) was done between replicates and across years. All 
correlations had a p-value < 0.0001. For 2010, replicates a, b and c represent leaves taken 
from the same plant and replicate m is their mean; whereas for 2016, replicates a and b are 
clonal replicates taken from two individual plants per genotype. 
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Chapter 5: Summary and Conclusion 
The present thesis investigates the genus Populus using population genomics 

approaches to better understand the genetic system controlling the inheritance of bark 

features, diameter growth and stomatal density and to associate these traits with 

respective genes. 

For Quantitative Trait Locus (QTL) analysis, the experimental material consisted 

of an interspecific hybrid poplar pseudo-backcross pedigree composed of 396 genotypes. 

The mapping population was planted at Oregon (OR) and West Virginia (WV) in a three-

block replication for a total of six ramets per cloned genotype. Overall, bark texture, bark 

thickness and diameter growth showed high correlations among replicates and years, 

however, across sites, correlations were only significant for bark texture. 

A total of 94 individual QTL detected for the three traits, bark texture, bark 

thickness and stem diameter, across various chromosomes were successfully anchored to 

the Populus genome assembly. Specifically, five QTL clusters for diameter and seven 

QTL clusters for bark thickness were observed. The most significant and reproducible 

results were found associated with bark texture for which seven QTL clusters were 

detected. Given the environmental contrast between the OR and WV experimental sites, 

four out of the seven QTL clusters, representing a total of 47 individual QTL detected for 

bark texture, were remarkably consistent across both sites. Differences in reproducibility 

for QTL clusters across sites suggest differential environmental effects on gene 

expression. In comparison to bark texture, QTL clusters for bark thickness and diameter 

had lower reproducibility across sites.  

QTL clusters on chromosome I, VI and XII were associated with all three traits. 

Co-location of QTL for traits can be the result of pleiotropic effects or closely linked 

genes. These overlapping QTL could be an explanation of different aspects of bark 

texture, bark thickness and radial growth. Romero [1] proposed that rough bark results in 

response to the mechanical stresses imposed by a varied radial growth and due to 

different meristematic activity in the phellogen, a discontinuous periderm. Strong 

correlations between bark texture and diameter could indicate that bark texture is partly 

related to diameter growth. Furthermore, using MQM mapping, QTL for these traits were 

mapped to different neighboring positions of the same chromosomes (Fig. 2). 
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Consequently, bark texture seems to be only partly related to diameter growth, and other 

factors such as meristematic activity of the phellogen and cell adhesion are likely to have 

major effects on bark texture. A higher mapping resolution as obtained in linkage 

disequilibrium mapping in natural population samples is needed to narrow down QTL 

regions to individual genes and to distinguish between pleiotropic effects and close 

linkage. 

This limitation was evident in our QTL analyses while looking at the candidate 

genes list, where most clusters included from 123 to 963 candidate genes. Nonetheless, 

several candidate genes within the QTL interval can be identified based on their putative 

functions including PopNAC128 (Potri.001G206900), one of the orthologs of 

Arabidopsis ANAC104 (Arabidopsis Nac Domain Containing Protein 104) and XND1 

(Xylem NAC Domain 1), and Potri.001G206700, an ortholog of AT4G33430 (BAK1, 

Bri1-Associated Receptor Kinase; ELONGATED; SERK3). The first gene was shown to 

be involved in the development of phloem fibers and its overexpression resulted in a 

slowed secondary phloem development [2], while the second gene is found to be 

involved in patterning and growth regulation [3, 4]. 

Variation in bark texture could be related to cell adhesion which is essential to 

form a single periderm resulting in smooth bark. The lack of cell-cell adhesion leads to 

the development of uneven and discontinued bark or bark splitting causes a peeling and 

fissured bark appearance. At the molecular level, several expressional candidate genes 

identified in this study have a role in cell adhesion, including Pinin (Potri.001G208200) 

and PopFLA or Fasciclin-Like Arabinogalactan (Potri.013G151300, Potri.013G151400 

and Potri.013G151500)[5-7]. They all fell within QTL intervals with the highest LOD 

scores and had high expression in phloem and xylem tissues and the cambium. 

Bark features in our study ranged from smooth to deeply furrowed which is 

characteristic for P. deltoides. Variation in shallowly fissured bark which is characteristic 

for P. trichocarpa was not observed in the segregating progeny. Thus, the QTL identified 

in this progeny set only represent a subset of a larger number of polymorphisms affecting 

the traits. And in our pseudo-backcross pedigree (DD X DT) involving multiple P. 

deltoides alleles, polymorphisms associated with characteristic bark features of P. 

trichocarpa seem to be largely undetected. Association populations for P. trichocarpa 
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will be used to find additional candidate genes associated with bark texture in this 

species.  

Therefore, a Genome-Wide Association Study (GWAS) analysis was carried out 

using an association population consisting of 1,100 black cottonwood genotypes 

(Populus trichocarpa Torr. & Gray). They were planted at Oregon (OR) and California 

(CA) where genotypes were planted in a three-block replication for a total of six ramets 

per genotype. Our results revealed multiple significant associations. Through GWAS, we 

were able to detect several putative genes involved in the control of bark texture, as well 

as differentiate between the genes responsible for the flaky bark texture in P. trichocarpa 

and the rough furrowed texture in P. deltoides in comparison to the QTL study.  

Overall, the detected genomic regions involved in the control of bark texture in P. 

trichocarpa and P. deltoides vary, only eight genes out of 380 GWAS-identified genes 

were found to be co-locating with the QTL study.  

A candidate gene list based on the highest p-values and reproducibility with 

possible functional control of bark texture was identified. Their putative function fell 

within three different categories: 1) radial growth and tissue differentiation, 2) suberin 

accumulation and 3) programmed cell death. Vascular differentiation and differentiation 

of the outer bark involves several steps including cell division, orientated cell 

differentiation, cell expansion, cell wall thickening, and programmed cell death. 

Discontinuous periderms (textured bark) could result from variable radial meristematic 

activity in the cork cambium due to mechanical stresses from radial growth. Phellem is 

multilayered dead tissue that is made impervious by the disposition of suberin onto their 

cell walls while suberization occurs during the development of the secondary radial 

meristems (the cork cambium). Finally, programmed cell death is an essential component 

during the plant’s secondary development and is involved in the generation of the 

vascular system contributing to the development of bark and its abscission.  

All three processes are essential to secondary development and can influence the 

development of bark. Thus, a better understanding of the putative genes involved in these 

developments can provide insights into bark tissue development. Several genes of 

unknown function detected within highly significant regions associated with bark texture 

open new opportunities for future studies and should be functionally characterized. 
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The combination of QTL and GWAS mapping supports the identification of 

candidate genes. Eight genes out of 380 GWAS-identified genes were found to be co-

locating with the QTL from the previous study, five of which have an unknown function. 

Two genes with annotated function as root hair defective 3, Potri.012G116900 and 

Potri.012G117000, co-located with major highly reproductive QTL for bark texture. The 

same QTL region was also associated with bark thickness and diameter, suggesting a role 

of this QTL in radial growth. These genes putatively function as transmembrane proteins 

identified from the plasma membrane of Populus differentiating xylem and phloem [8]. 

QTL mapping increases the ability to reduce false positive rates whereas GWAS has a 

much higher resolution than QTL mapping and can narrow down the genomic region to 

individual candidate genes. In our case, the combination of QTL and GWAS mapping 

provided insights into the different genes responsible for variations in bark texture 

ranging from smooth and furrowed across Populus species. 

Looking at the stomatal density results using QTL mapping, four QTL clusters 

were detected along with several individual QTL. It has been generally reported that 

stomatal density is controlled by both environmental and genetic factors, suggesting the 

involvement of many genes. Any variation in stomatal density ultimately influences 

photosynthesis and atmospheric CO2 concentration. Our results however, based on strong 

inter annual correlations among genotypes and the correlations among replicates within 

years, suggest that genetics plays a strong role in determining stomatal density in 

Populus.  

Systemic signals from mature leaves regulate stomatal development of expanding 

leaves, however, the nature of these signals generated in the mature leaves and 

transmitted to developing leaves is largely unknown and it is unclear how many signals 

are elicited. Our study further suggests high genetic variation for the control of stomatal 

density in a single interspecific hybrid progeny, but also variation among years and 

replicates. We detected twelve genomic regions on eleven linkage groups with a range of 

QTL effects explaining from 4.6% to 15.6 % of the phenotypic variance. Four major 

QTL clusters with high reproducibility and consistency associated with stomatal density 

were found on linkage groups (LGs) II, III, XVI and XIX. Clusters on LG II, III were 

consistently identified across all three years, while the clusters on LG XVI were found 
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reproducible across two years. Since the identified genomic intervals are large and 

contain hundreds of candidate genes, it is still difficult to identify the genes in question. 

Thus, we seek to analyze the overrepresented GO terms in the QTL intervals. GO 

analysis showed the functional profile of the underlying genes and their involvement in 

biological processes such as developmental processes, including cell morphogenesis and 

differentiation, post-embryonic development, and cellular processes, such as metabolic 

and cellular biosynthesis regulations. The natural variation of stomatal density is linked 

to plant fitness and adaptation to their environment, thus directly impacting speciation 

and evolutionary change [9]. 

QTL and GWAS mapping provide a baseline, a list of candidate genes associated 

with the trait of interest. Future work through transgenic lines and assessment of 

nucleotide variation in these candidate genes controlling such complex adaptive traits 

under different environmental conditions will allow a better understanding of the genetic 

and environmental control of these traits. 

 

           

         

 

 

 

  



 

107 
 

References 
1. Romero C: Tree responses to stem damage.: University of Florida; 2006. 
2. Grant EH, Fujino T, Beers EP, Brunner AM: Characterization of NAC domain 

transcription factors implicated in control of vascular cell differentiation in 
Arabidopsis and Populus. Planta 2010, 232(2):337-352. 

3. Schwessinger B, Roux M, Kadota Y, Ntoukakis V, Sklenar J, Jones A, Zipfel C: 
Phosphorylation-dependent differential regulation of plant growth, cell death, 
and innate immunity by the regulatory receptor-like kinase BAK1. PLoS 
Genetics 2011, 7(4):e1002046. 

4. Halliday K, Devlin PF, Whitelam GC, Hanhart C, Koornneef M: The 
ELONGATED gene of Arabidopsis acts independently of light and gibberellins 
in the control of elongation growth. The Plant Journal 1996, 9(3):305-312. 

5. MacMillan CP, Mansfield SD, Stachurski ZH, Evans R, Southerton SG: Fasciclin‐
like arabinogalactan proteins: specialization for stem biomechanics and cell 
wall architecture in Arabidopsis and Eucalyptus. The Plant Journal 2010, 
62(4):689-703. 

6. Wang H, Jiang C, Wang C, Yang Y, Yang L, Gao X, Zhang H: Antisense 
expression of the fasciclin-like arabinogalactan protein FLA6 gene in Populus 
inhibits expression of its homologous genes and alters stem biomechanics and 
cell wall composition in transgenic trees. Journal of Experimental Botany 2014, 
66(5):1291-1302. 

7. Shi Y, Tabesh M, Sugrue SP: Role of cell Adhesion–Associated protein, pinin 
(DRS/memA), in corneal epithelial migration. Investigative ophthalmology & 
visual science 2000, 41(6):1337-1345. 

8. Song D, Xi W, Shen J, Bi T, Li L: Characterization of the plasma membrane 
proteins and receptor-like kinases associated with secondary vascular 
differentiation in poplar. Plant Molecular Biology 2011, 76(1-2):97-115. 

9. Hetherington AM, Woodward FI: The role of stomata in sensing and driving 
environmental change. Nature 2003, 424(6951):901. 


