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Abstract 

The leaf surfaces of Tamarix, a salt secreting desert tree, harbor a diverse community of 

microbial epiphytes. This ecosystem presents a unique set of ecological characteristics and 

imposes a set of extreme stress conditions. The composition of the microbial community 

along ecological gradients was studied from analyses of microbial richness and diversity in 

the phyllosphere of three Tamarix species in the Mediterranean and Dead Sea regions in 

Israel, and in two locations in the USA. Over 200,000 sequences of the 16S-V6 and 18S-V9 

hypervariable regions revealed a diverse community, with 788 bacterial and 64 eukaryotic 

genera, but only one archaeal genus. Both geographic location and tree species were 

determinants of microbial community structures, with the former being more dominant. Tree 

leaves of all three species in the Mediterranean region were dominated by Halomonas and 

Halobacteria, whereas trees from the Dead Sea area were dominated by Actinomycetales and 

Bacillales. Our findings demonstrate that microbial phyllosphere communities on different 

Tamarix species are highly similar in the same locale, whereas trees of the same species that 

grow in different climatic regions host distinct microbial communities. 
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Introduction 

 The leaf surface of terrestrial plants, the phyllosphere, provides an extensive habitat 

for microorganisms. Covering an estimated surface area of 6.4X108 km2 and comprising the 

main interface between terrestrial biomass and the atmosphere, this environment harbors a 

substantial microbial population, consisting of up to ~1026 bacterial cells (22) as well as 

eukaryotes and archaea. The global phyllosphere is extremely diverse, with multiple 

variables contributing to a dazzling microbial diversity contributed by (potentially) millions 

of bacterial species (20). Different plant species select for different bacterial consortia (20, 

38, 39, 40), a feature attributed to the difference in composition of phytochemicals found on 

the leaf surface (33, 39). Another factor that contributes to variability is seasonality, as 

distinct successional patterns have been shown to occur among microbial communities of 

certain plant species (16, 31). Variability in the spatial distribution of microbes has been 

shown to exist at several scales, such as within the same tree or even the same leaf (2, 17, 

22). Intraspecies variability at larger geographical scales has recently become the focus of 

some studies (18, 32) in phyllosphere ecology. 

 In a paper discussing the diversity of phyllosphere microbiota, Lambais et. al. (20) 

raised the question whether the same tree species harbor similar communities indifferent 

locations. In the present communication we provide some answers to this question from 

study of the biogeographical patterns in microbial community composition in the 

phyllosphere of the genus Tamarix. This extremely resilient tree is adapted to a wide range of 

water availability conditions, which contributes to its nearly global distribution, as well as its 

success as an invading species in the "New World"  (36). One of the adaptation mechanisms 

of Tamarix trees to a wide range of salinities is their ability to secrete solutes onto the leaf 

surface, rendering it extremely saline (36) and in some species, alkaline (30, 37). 

Microorganisms living on this surface are exposed to a stress “cocktail” consisting of 
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elevated and fluctuating salinity, periodic desiccation, moderately high temperatures, high 

levels of UV radiation, and in some cases high alkalinity. Despite these harsh conditions, a 

substantial epiphytic microbial population thrives on the surface of Tamarix leaves (30).  

 The extreme conditions on Tamarix leaf surfaces suggest that the resident microbial 

community is uniquely adapted to these conditions, a feature that would be reflected in its 

genotypic make-up. Coupled with the global distribution of Tamarix spp. over different 

climate zones, this genus makes an interesting candidate for the study of basic questions in 

the biogeography of epiphytic microorganisms. We have focused on three Tamarix species: 

T. aphylla, T. nilotica and T. tetragina. Leaf samples were taken from trees in four different 

locations in Israel as well as in two sites in the United States. 16/18S rRNA hypervariable tag 

sequencing (35) was employed in order to analyze the microbial richness and diversity of 

these leaf samples and determine their spatial variability, representing a novel attempt to 

deeply analyze microbial richness in the desert phyllosphere. 

Materials and Methods 

Sampling. Fourteen leaf samples were collected from four locations in Israel (Table 1): by 

the Mediterranean Sea ("Mediterranean"), an arid site north of the Dead Sea (“Dead Sea 

Arid"), a site in the Negev Desert highlands ("Negev") and  an oasis by the Dead Sea ("Dead 

Sea Oasis"). In addition, samples were collected from two locations in the US: a tree located 

in a cultivated garden on the island of Martha's Vineyard, MA ("Martha's Vineyard") and a 

site in Davis, northern California ("California"). Not all tree species were present in all 

locations (Table 1). In all cases, duplicate samples were collected from multiple trees. 

 Leaves were collected between 11 AM to 2 PM from different parts of each tree, at 

random, into sterile paper envelopes; the samples were returned to the laboratory, and 

processed within 2-5 hours of sampling. The leaves were placed inside 50 ml sterile plastic 
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test tubes (Falcon), immediately immersed in sterile phosphate buffered saline (PBS) 

medium (4 g leaf/40 ml PBS buffer, pH 7.4). Bacteria were dislodged from the leaves using a 

sonication tub (Transistor/ultrasonic T7 [L&R Manufacturing Company]) for two minutes at 

medium intensity and by vortexing 6 times 10 sec each, at 5-min intervals. The leaf wash 

(LW) was separated from the leaf debris by decanting and kept for analysis. Chlorophyll 

content of the leaves was measured as described by Lorenzen (23). 

DNA Extraction. Leaf washes were filtered on a 0.22 µm membrane filter (Millipore) which 

was subjected to total community DNA extraction, using a Soil Microbial DNA extraction kit 

(Zymo Research, Orange, CA, USA). 

16 / 18S rRNA Tag Pyrosequencing. Details of this method have been described elsewhere 

(1, 9, 14, 35) . In short, DNA samples were PCR-amplified (30 cycles) using three sets of 

primers (Table 2) flanking either the bacterial and archaeal V6 hypervariable region or the 

Eukaryotic V9 hypervariable region in the small subunit ribosomal RNA gene. Each 

ribosomal primer set is flanked by pyrosequencing linker sequences and by a five-nucleotide 

key for sample identification among mixed amplicon libraries. An equimolar mix from each 

sample was used to prepare pyrosequencing beads via emulsion PCR. Beads were loaded 

onto a Picotiter plate (estimated >1,000,000 beads/plate), and pyrosequencing was performed 

using the Genome Sequencer FLX System (Roche). The sequences have been deposited in 

the NCBI Short Read Archive with the Project ID SRA026088.2. 

 To decrease error rates, the FLX system output was passed through several quality 

filters additional to the ones built in to the system (13). The following reads were omitted 

from microbial community analyses: reads with ambiguous nucleotides; reads shorter than 50 

nucleotides; reads lacking the sample key and/or primer sequence at either end; reads with 

http://www.ncbi.nlm.nih.gov/Traces/sra_sub/sub.cgi?subid=29495&from=list&action=show:submission
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erroneous primer sequence at either end; reads that could not be unambiguously assigned to a 

sample.  

 The remaining sequences were assigned the taxonomic classification of the most 

similar reference sequences in the V6RefDB database (9), based on a global alignment of the 

query sequence against the reference sequences in the V6RefDB (Global Alignment for 

Sequence Taxonomy – GAST (14)).  In cases where a tag was equidistant to multiple 

reference sequences, it was classified to the level of the most resolved taxon shared by at 

least two-thirds of the reference sequences nearest to that tag.  

 All 14 samples were sequenced using bacterial primers and 5 samples were 

sequenced using eukaryotic primers. Only two samples (the two Mediterranean T. nilotica 

trees) were sequenced using an archaeal primer set (Table 2), as these were the only samples 

from which an archaeal 16S rRNA gene PCR product was obtained. 

 To estimate the species richness of samples independently of taxonomic assignment, 

all of the tag sequences from a single sample or from categorized groups of samples were 

aligned using a pairwise alignment method and clustered using a 2% single-linkage 

preclustering methodology followed by an average-linkage clustering based on pairwise 

alignments (15), a clustering method designed to minimize OTU inflation caused by 

sequencing errors. Rarefaction curves, Chao1 and ACE (7) richness estimators  and Shannon 

diversity index (H`) were calculated using MOTHUR (34). Comparisons between 

community dissimilarity and environmental conditions were carried out using 

environmentally fitted non-metric multidimensional scaling (NMDS) plots (27) and partial 

Mantel correlations (21), both  using the VEGAN package in R (28). Mantel tests were used 

since values in dissimilarity matrices are not independent. Partial Mantel tests were used in 
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order to isolate the effect of correlated parameters from one another. P-values were 

calculated using 100,000 permutations on rows and columns of dissimilarity matrices.   

Chemical Analysis of the Leaf Environment. Leaf wash (LW) for chemical analysis was 

prepared as described above, substituting PBS with double distilled water (DDW).  Electrical 

conductivity (EC) was measured using a conductivity meter (S30 Seveneasy Conductivity; 

Mettler, Toledo, OH). The correlation between EC values (mS/cm) and the concentration of 

Na+ ions in the leaf wash (mg/L) was established using an inductively coupled plasma optic 

emission spectrometer (ICP/OES; Optima 3000, Perkin Elmer, Waltham, MA) and was 

found to be linear. pH was determined using a pH meter equipped with a combination glass 

electrode (ThermoOrion, model 420, Orion). Total dissolved organic carbon (DOC) was 

determined using a FormacHT Combustion TOC analyzer (Skalar Analytical B. V. Breda, 

The Netherlands), following the removal of inorganic carbon by lowering the pH to <2.0.  

Results and Discussion 

Chemical Composition of the Leaf Surface Deposits. Results of chemical analysis of leaf 

washes (LW) are presented in Table 3. Electrical conductivity (EC), a proxy for salinity, was 

significantly higher in the Dead Sea Arid samples than at other sampling sites (t=0.016, 

p=0.01). This may be attributed to the high July-August temperatures in the Dead Sea area, 

averaging a daily maximum of 39°C (compared with 31-32°C in the Negev and the 

Mediterranean coastal plain (19)), coupled with low water availability at the site. Also, a 

significant difference in pH appears to exist among tree species (one-way ANOVA, P<10-5). 

Leaf washes from T. aphylla trees were alkaline (mean pH=9.5), while leaf washes from T. 

nilotica and T. tetragina were neutral (mean pH=7.15). The concentration of dissolved 

organic carbon (DOC) on the leaf surface was high in all cases, varying between 1 and 4 mg 

C/g leaf. For comparison, the sugar concentration on tomato leaves was determined at 1.55 
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µg/g (26). Organic carbon concentrations reported in this study, as well as those previously 

published for T. aphylla (4, 30), are thus approximately 3 orders of magnitude higher. In 

addition to providing rich carbon and energy sources for the phyllosphere bacteria, it is most 

likely that these compounds also aid in desiccation and osmotic stress responses.   

Sequence Recovery and Microbial Abundance. Our sequencing effort yielded 158,980 

bacterial V6 sequences, ~60 bp in length, from 14 samples, averaging 11,355 sequences per 

sample. Of these sequences, 31,547 were identified as chloroplast and mitochondrial 16S 

rRNA derived from the host tree (Table 4) and removed from the dataset. In the eukaryotic 

V9 datasets (Table 2), 14,294 out of the 48,673 sequences were identified as plant 18S rRNA 

in a total of five samples.  

The distribution of organelle-derived sequences was not random. The mean ratio between 

bacteria-derived and organelle-derived amplicons of Dead Sea Arid trees is 0.31±0.17, 

compared with 292±496 for Mediterranean trees.  A similar trend appears in the eukaryotic 

dataset: the mean ratio between eukarya-derived amplicons and plant-derived amplicons of 

Dead Sea Arid trees is 0.80±0.17, compared with 184±224 for Mediterranean trees. Some of 

this variation can be explained by different chloroplast content between sites (170±49 mg 

Chlorophyll/g leaves in Mediterranean trees and 70±16 mg Chlorophyll/g leaves in Dead Sea 

trees). However, this difference cannot explain the approximately 1000 fold difference 

observed in the ratio between bacteria-derived amplicons and chloroplast-derived amplicons. 

A possible explanation is that this ratio is caused mainly by a variability of 2-3 orders of 

magnitude in microbial biomass between the Dead Sea and Mediterranean sites. This 

hypothesis is supported by counts of colony forming units (CFUs) on LB agar plates 

containing 5% NaCl. Mediterranean trees harbored 2-6·105 CFU per gram leaves, while Dead 

Sea trees harbored only 4·103 CFU/g. 
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 It should be noted that the taxonomic resolution of the eukaryotic hypervariable 

region V9 was distinctly lower than that of the bacterial V6 region: only 7.3% of eukaryotic 

V9 could be assigned by GAST to taxonomic ranks below order. In comparison, 86.0% of 

bacterial V6 sequences could be assigned to family and ~70% at the genus level.   

 Archaeal amplicons were obtained only from the two Mediterranean T. nilotica 

samples, yielding 13,281 and 14,107 V6 sequences. Over 99% of the sequences were 

identified as members of the family Halobacteriaceae, and 92% of these were assigned to 

three known genera within this family (Table S1).  

Species Richness and Alpha Diversity. Bacterial species richness across all samples was 

estimated by the  Ace Richness estimator (7) to be 5,265 when operational taxonomic units 

(OTUs) were clustered with a 6% dissimilarity cutoff, and 8,754 at a 3% dissimilarity cutoff 

(Fig. S1). Taxonomic assignments of the reads identified 788 genera.  Interestingly, using 

simple average-neighbor clustering, the clustering method we have used prior to “ironing out 

the wrinkles” (15), resulted in an estimated 9,322 3% OTUs, indicating that OTU inflation 

due to sequencing errors was less that 10%.   

 Categorizing samples according to tree species (Fig. 1a) and geographical locations 

(Fig. 1b) clearly indicates that bacterial species richness and diversity correlated with 

geographic location rather than with Tamarix species. The Ace richness estimate for the 

Dead Sea Arid samples was 1,963 OTUs (mean = 1,239 OTUs per tree) at 94% similarity, 

almost twice as high as the Ace estimate for Mediterranean samples (1,115 OTUs; mean = 

500 OTUs per tree). The Ace estimates for T. nilotica from all locations compared with T. 

aphylla from all locations were similar: 2,018 for T. nilotica (mean = 865 OTUs per tree) and 

1,593 for T. aphylla (mean = 581 OTUs per tree). Shannon diversity indices displayed a 
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similar pattern, with Dead Sea samples being about twice as diverse as Mediterranean 

samples (Fig. 1). 

Previous estimates of microbial richness of the phyllosphere of a single tree species, obtained 

by Sanger sequencing of 16S clone libraries,  were 1-2 orders of magnitude lower (8, 20, 30), 

but could not serve for a valid comparison of richness with the study presented here due to 

the difference in sampling depth between sequencing methods. Recently, pyrosequencing 

was applied in the study of phyllosphere microbial diversity among a variety of tree species, 

albeit with a lower sampling depth, reaching 600-1,500 reads per sample (32). While a 

rarefaction analysis was not presented, the authors reported 164-424 3%-OTUs identified 

among the first 750 reads. In comparison, Tamarix leaf samples yielded lower species 

richness, between 71-286 OTUs for an equivalent sampling depth. This difference may be 

partially attributed to the targeting of a different hypervariable region (10), as well as to 

differences in clustering methods. While it is tempting to link the lower Tamarix species 

richness to the extreme abiotic conditions on its leaves, evidence points otherwise – the Dead 

Sea sites, which had the highest temperature and salinity among the samples in this study, 

also displayed the highest taxonomic richness. 

 Species richness of eukaryotes (Table S2) was an order of magnitude lower than that 

of bacteria. In contrast to bacteria, geographic location did not seem to affect eukaryotic 

species richness: Ace richness estimates for Dead Sea and Mediterranean trees were similar 

(170 and 176 OTUs, respectively). 

Species Diversity. Beta diversity, a measure of the proportion of unique taxa between 

different samples, was calculated according to Yue and Clayton (41), a weighted distance 

measure that accounts for the relative abundance of taxa in each sample, and the results were 

clustered using the KITSCH algorithm. The use of a weighted algorithm is necessary in such 
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an analysis due to varying sample sizes. The same analysis, performed using other weighted 

distance measures such as Morisita-Horn (12) and an unweighted one (5), yielded very 

similar results (not shown). Two related non-Tamarix samples were added to the analysis: a 

sample from the gut of a T. nilotica phyllosphere insect, Orthirrachis versicolor, collected 

from a tree in an oasis by the Dead Sea (Finkel et. al., unpublished), and a sample taken from 

Dead Sea water during an 1992 algal bloom (6). To evaluate the taxonomic depth of 

differences and similarities between samples, these analyses were performed at three levels: 

order, family and genus. Very similar patterns were seen for the different taxon levels. The 

order-level analysis is presented in Figure 2, while that of family and genus can be found in 

the supplementary materials (Fig. S2, S3). Analysis at a species resolution would yield little 

information, as most reads could not be assigned at this level.  

 Two main clusters emerged for all three taxonomic levels: (a) a “Mediterranean" 

cluster that includes phyllosphere communities from the Mediterranean and Negev samples, 

with the Martha's Vineyard sample forming an outgroup within this cluster, and (b) a “Dead 

Sea” cluster encompassing all samples from sites by the Dead Sea, with the sample 

designated "California 1" and the O. versicolor sample, forming outgroups. While 

"California 2" and "Dead Sea water" were also included in this cluster, their shared branch 

lengths were so short that they should each be considered as an autonomous cluster. The 

Mediterranean cluster appears rather uniform, characterized by small differences among its 

members. The “Dead Sea” cluster is characterized by greater branch lengths, coinciding with 

increasing dissimilarity with increasing geographical distance. All three Dead Sea Arid 

samples clustered together, while all other samples each formed their own clusters, with the 

Dead Sea Oasis sample as the nearest relative to the Dead Sea Arid cluster. Surprisingly, the 

Dead Sea water sample and, to a lesser extent, the O. versicolor sample, did not form 
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outgroups to the entire dataset, although their shared branch lengths with other members of 

their cluster are considerably shorter than their unique branch lengths.  

 To test which environmental or geographical parameters correlated with community 

dissimilarity, an NMDS plot was drawn for the Israeli samples only (Fig. 3). As the sampling 

sites were in different climatic regions, the change in salinity, mean daily temperature and 

latitude appear to have the same direction. In order to isolate the effect of each of these 

variables, partial mantel tests were performed. Mean daily temperature (R=0.87, P=0.00045) 

and geographic location (R=0.404, P=0.0125) were both found to be significantly correlated 

with bacterial community dissimilarity, indicating that while the majority of the difference 

between the Dead Sea cluster and the Mediterranean cluster appear to be due to climatic 

factors, geographic isolation plays a significant role as well. 

  The differences between sampling sites have manifested themselves in both the 

richness and diversity of microbial species from all three domains of life. Such variability 

within and between samples should be taken into account when attempting to estimate the 

global diversity of phyllosphere bacteria, since it is not based on inter-species variability 

alone. In a recent communication, Knief et al. (18) also showed that  geographic location 

may play a more important role than host species in determining its microbial epibiont 

composition. However, other recent evidence has shown that this is not necessarily a general 

rule. Pinus ponderosa leaves in the US and Australia hosted bacterial communities very 

similar to each other, compared with sympatric trees of different species within the same 

genus, the exact opposite of the trend we have seen for Tamarix  (32).  

 Figure 4 displays the main taxonomic orders comprising the different samples, 

highlighting differences between the two geographical/climatic clusters. A more detailed list 

of the identified population components is presented in supplementary Table S3. The 
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dominant bacterial order at the Mediterranean site was Oceanospirillales, in which the genus 

Halomonas is the most abundant, comprising over 90% of the bacterial population on T. 

aphylla trees and 50-60% of the population on T. nilotica and T. tetragina. This genus is also 

dominant in the two other samples that clustered together with the Mediterranean samples – 

Negev and Martha's Vineyard. The majority of inter-species differences can be seen within 

proteobacteria (Fig. 5): T. nilotica and T. tetragina support an abundance of another 

Halomonadaceae genus, Chromohalobacter, as well as Salinisphaera 

(Gammaproteobacteria) and Rhodobacterales (Alphaproteobacteria). These latter two 

genera are both nearly absent on T. aphylla.  

 While the Dead Sea cluster is characterized by greater diversity than the 

Mediterranean cluster, both within and between samples, most samples appear to be 

dominated by members of the two gram positive orders, Actinomycetales and Bacillales. It 

should be noted that the four most dominant bacterial orders found in the Dead Sea proper – 

Bacillales (95% of the dataset), Actinomycetales, Rhizobiales and Burkholderiales are all 

relatively abundant on Tamarix trees from the same region (Fig. 4).  

 The absence of Halomonas, the most dominant genus on Mediterranean, Negev and 

Martha's Vineyard samples, from The Dead Sea and California samples is intriguing. From a 

phenotypic standpoint, the abundant presence of Halomonas in most samples is not 

surprising. Most known members of this genus are motile, can grow in up to 20% salinity 

and are able to utilize glycerol and trehalose (25), found in abundance on Tamarix leaves (4). 

The one trait that is exclusively shared by all Dead Sea samples is temperature, which is 

considerably higher than in the other sampling sites, averaging summer daily maxima of 

39°C. It is possible that these temperatures, or another related factor (such as water 

availability), inhibit growth of Halomonas in this area. The sites with abundant Halomonas 

all have a relatively high air humidity in common, and thus the salt crystals on their leaves 
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are more likely to absorb moisture. Indeed, recent results indicate that Halomonas isolates 

and culture-independent 16S rRNA sequences were found in samples from the Dead Sea area 

taken the following winter, when temperatures are lower, and humidity higher (19) (data not 

shown). However, it has been reported (25) that several strains of Halomonas can grow at up 

to 45°C. Further investigation of local Halomonas isolates is required in order to test the 

environmental variables that affect their growth.  

 An analysis performed on unicellular eukaryotic sequences revealed a similar 

dependence of their abundance on the environment to that of Bacteria, as samples from 

different Tamarix species and the same environment clustered together (Fig. 6). The 

dominant order in all of these samples is the fungal Ascomycota. Within this order, families 

were distributed according to geographic location: Lecanoromycetes and Trichomaceae were 

found in all three Dead Sea samples but were absent in the Mediterranean. In contrast, 

Onygenales were present in samples from the Mediterranean and the Dead Sea Oasis, but 

were absent from the Dead Sea Arid sample (Table S2).  

 An important question that remains unanswered is what fraction of the community 

structure can be attributed to local features, as opposed to limitations on dispersal of the 

microbes. In other words, what role does geographic distance play in the microbial 

community shifts between locations (11, 24, 29)? The depth of 16S tag sequencing, and the 

rare biosphere that it reveals, has partially answered that question. Sequences assigned to an 

unidentified Halomonas species dominate the Mediterranean, Negev and Martha's Vineyard 

samples, but are also found in small numbers in Dead Sea and California samples. This 

observation excludes migration barriers as the factor responsible for the differences observed. 

An opposite example of a site-restricted taxon is much more difficult to identify. 

Blattabacteriaceae, a little studied family of Flavobacteriales, is found in relatively small 

numbers (16-47 reads, ~0.4%) in all samples from the Dead Sea area, but is completely 
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absent from any of the other samples, despite the fact that sampling depth in the Dead Sea 

area was considerably lower. This might suggest that this bacterial family does not migrate as 

easily as others do. To more carefully determine the extent to which the differences between 

communities observed in this study can be attributed to local environmental features as 

opposed to limitations on dispersal, the role that geographic distance plays in the community 

shift observed between locations should be further addressed (3). This can be done by 

sampling trees in sites that are as similar as possible in their biotic and abiotic surroundings, 

but are geographically distant from each other. A further insight as to how "island-like" the 

phyllosphere environment actually is, can be gained from comparing microbial communities 

on Tamarix to those of sympatric species of different genera, and to those of the soil in which 

the trees grow and the air that connects them. 
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Table 1 

A list of sample collection sites, their location, sampling dates and the number of each Tamarix 

species sampled at each location 

* Tentative species identification. 

 

Collection Site Coordinates Sampling 
Date 

T. nilotica T. aphylla T. tetragina 

Dead Sea Arid 31°51'16.56"N 35°31'53.16"E 23/7/09 2 1 - 

Dead Sea Oasis 31°42'46.57"N 35°27'13.77"E  23/7/09 1 - - 

Mediterranean  32°33'33.97"N 34°54'30.61"E 23/7/09 2 2 2 

Negev 30°52'40.49"N 34°47'11.84"E 23/7/09 - 1 - 

Martha's Vineyard 41°27'34.70"N 70°33'27.85"E 16/8/09 1 * - - 

California 38°32’20.72"N 121°45’57.86"E  28/8/09 - 2 - 
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Table 2 

Primers used in this study 

Primer 
name 

53 sequence target 

967F GCCTCCCTCGCGCCATCAG- 
XXXXX-CNACGCGAAGAACC 
TTANCCAACGCGAAAAACCT 
TACCCAACGCGCAGAACCTT 
ACCATACGCGARGAACCTTA 
CCCTAACCGANGAACCTYACC 

454adaptor A-Recognition key-
Bacterial V6 forward primer 
(Sogin et. al., 2006) 

1046R GCCTTGCCAGCCCGCTCAG- 
CGACAGCCATGCANCACCTC 
GACAACCATGCANCACCTCG 
ACGGCCATGCANCACCTCGA 
CGACCATGCANCACCT 

454adaptor B-Bacterial V6 reverse 
primer (Sogin et. al., 2006) 

958F GCCTCCCTCGCGCCATCAG-
AATTGGANTCAACGCCGG 

454adaptor A-Recognition key-
Archaeal V6 forward primer 
(Sogin et. al., 2006) 

1048R GCCTTGCCAGCCCGCTCAG- 
CGRCGGCCATGCACCWC 

454adaptor B-Archaeal V6 reverse 
primer (Sogin et. al., 2006) 

1380F GCCTCCCTCGCGCCATCAG-
XXXXX-CCCTGCCHTTTGTA 
CACAC 

454adaptor A-Recognition key-
Eukaryotic V9 forward primer 
(Amaral-Zettler et. al., 2009) 

1510R GCCTTGCCAGCCCGCTCAG-
CCTTCYGCAGGTTCACCTAC 

454adaptor B-Eukaryotic V9 
reverse primer (Amaral-Zettler et. 
al., 2009) 
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Table 3 

Electrical conductivity (EC), pH and dissolved organic carbon (DOC) content of leaf washes (1 g 

leaf / 10 ml H2O). DOC values are normalized per gram leaf.  

 

 
 Sample EC (mS/cm) pH DOC (mgC/g) 
Mediterranean, T. tetragina 1  13.43 6.54 1.8 
Mediterranean, T. tetragina 2  6.9 7.26 2.17 
Mediterranean, T. nilotica 1  7.9 7.26 3.67 
Mediterranean, T. nilotica 2  7.83 7.59 3.45 
Mediterranean, T. aphylla 1  3.18 9.74 1.46 
Mediterranean, T. aphylla 2  4.37 9.94 1.5 
Dead Sea Arid, T. aphylla    13.83 9.1 2.58 
Dead Sea Arid, T. nilotica 1  10.68 7.35 1.13 
Dead Sea Arid, T. nilotica 2  15.95 7.28 2.87 
Dead Sea Oasis, T. nilotica  6.16 6.88 2.79 
Negev, T. aphylla  4.37 9.73 3.04 
California, T. aphylla 1  3.72 9.74 1.7 
California, T. aphylla 2  2.14 8.97 0.95 
Martha’s Vineyard, Tamarix sp.  1.2 7.05 3.5 
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Table 4 

The number of bacterial and eukaryotic tags obtained for each sample and the available level of 

taxonomic resolution.  Percent taxonomic rank calculations do not include sequences recognized 

as plant (genomic and organelle) or as metazoan sequences.  

 
Bacteria 
Sample Total Reads Bacterial reads Organelle 

DNA 
Percent Assigned by Taxonomic Rank 
Order Family Genus Species 

Dead Sea Arid, T. nilotica 1 9981 3080 6911 92.9 81.5 63.7 2.4 
Dead Sea Arid, T. nilotica 2 11675 1216 10459 91.3 80 58.3 2.8 
Dead Sea Arid, T. aphylla 1 10134 2685 7449 94.5 84.4 68.3 2 
Mediterranean, T. nilotica 1 12149 12029 120 98.9 94.4 92.3 0.1 
Mediterranean, T. nilotica 2 12801 10733 2068 95.6 92 81.5 0.1 
Mediterranean, T. tetragina 1 14114 13794 320 94.7 94.2 66.6 0.1 
Mediterranean, T. tetragina 2 13250 13185 65 96.1 91 71.1 0 
Mediterranean, T. aphylla 1 10366 10358 8 99.9 99.1 98.5 0.1 
Mediterranean, T. aphylla 2 11304 11198 106 99.8 98.1 97.3 0.1 
Dead Sea Oasis, T. nilotica 10033 6646 3387 96.5 88.7 77.8 6.5 
Negev, T. aphylla 10202 10162 40 99.4 91.3 64.6 0.2 
Martha's Vineyard, Tamarix sp. 10123 9859 264 98.5 84.9 65.1 0.7 
California, T. aphylla 1 10649 9843 806 78.6 70.4 51.6 1.2 
California, T. aphylla 2 12199 11910 289 43.3 41.8 9.7 0.2 
Total 158980 126688 32292 91.2 86.1 70.3 1.2 
Eukaryota 
Sample Total 

Reads 
Eukaryotic 
reads 

Plant  
DNA 

Metazoan 
DNA 

Percent Assigned by Taxonomic Rank 
Order Family Genus Species 

Dead Sea Arid, T. nilotica 1 6979 2624 3638 717 61.1 10.9 10.9 10 
Dead Sea Arid, T. aphylla 1 2615 1056 1554 5 57.7 12.2 12.2 9 
Mediterranean, T. nilotica 1 15515 14362 568 585 98.9 2.9 2.9 2.8 
Mediterranean, T. aphylla 1 13395 11874 39 1482 82.8 4.2 4.2 4.1 
Dead Sea Oasis, T. nilotica 10169 517 8495 1157 49.9 6.3 6.3 4.2 
Total 48673 34379 14294 789.2 70.1 7.3 7.3 6 
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Figure 1  

Rarefaction curves comparing bacterial species richness between T. nilotica and T. aphylla  (A) 

and between Dead Sea and Mediterranean sampling sites (B). OTUs are categorized according 

to a 6% similarity cutoff.  Chao and Ace richness estimates and Shannon diversity index are 

listed in the inset tables. 
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Figure 2  

Heat map and KITSCH tree imaging the level of similarity in bacterial order composition 

between samples as calculated by the Yue-Clayton similarity index  

 

 

 

 

 

 

 

 

 



Finkel et. al.  Page 26 
 

 

Figure 3: 

Non-metric multidimensional scaling of samples from four sites in Israel. Relative position of 

points represent community similarity between sites. Vector direction represents the average 

direction of environmental gradients. Vector length is proportional to the magnitude of 

correlation between the environmental parameter and bacterial community composition. Only 

environmental variables with P<0.1 are shown. P-values are based on 10,000 permutations. 
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Figure 4  

Diversity of taxonomic orders within and between samples, as assigned by GAST (Huse et al., 

2008). Orders that comprised less than 1% of each dataset are binned together. Legend entries 

are sorted according to descending abundance and include taxonomic information as  

Phylum;Class;Order. "NA" stands for "Not Assigned". 
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Figure 5  

Diversity of Proteobacteria within and between Mediterranean samples.  Taxonomic 

information is indicated as Class;Order;Family;Genus. "NA" stands for "Not Assigned  
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Figure 6  

Heatmap and KITCH tree imaging the level of similarity in eukaryotic order composition 

between samples as calculated by the Yue-Clayton similarity index. 
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Figure S1  

Rarefaction curve depicting the overall taxonomic richness observed in this study, at three 

clustering cutoff levels: 90, 94 and 97% similarity. Chao and Ace richness estimates for 97% 

similar OTUs are displayed on the chart  

 

 

 

 

 

 

 

 

 



Finkel et. al.  Page 31 
 

 

Figure S2  

Heatmap of community Yue Clayton similarity with KITSCH clustering at the taxonomic 

Family level 

 

 

 

 

 

 

 

 



Finkel et. al.  Page 32 
 

 

Figure S3  

Heatmap of community Yue Clayton similarity with KITSCH clustering at the taxonomic 

Genus level 

 

 

 


