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A B S T R A C T   

The phyllosphere is considered a key site for the transfer of both naturally and anthropogenically selected 
antimicrobial resistance genes (ARGs) to humans. Consequently, the development of green building systems may 
pose an, as yet, unexplored pathway for ARGs and pathogens to transfer from the environment to outdoor plants. 
We collected leaves from plants climbing up buildings at 1, 2, 4 and 15 m above ground level and collected 
associated dust samples from adjacent windowsills to determine the diversity and relative abundance of 
microbiota and ARGs. Overall, a total of 143 ARGs from 11 major classes and 18 mobile genetic elements (MGEs) 
were detected. The relative abundance of ARGs within the phyllosphere decreased with increasing height above 
ground level. Fast expectation–maximization microbial source tracking (FEAST) suggested that the contribution 
of soil and aerosols to the phyllosphere microbiome was limited. A culture-dependent method to isolate bacteria 
from plant tissues identified a total of 91 genera from root, stem, and leaf samples as well as endophytes isolated 
from leaves. Of those bacteria, 20 isolates representing 9 genera were known human pathogenic members to 
humans. Shared bacterial from culture-dependent and culture-independent methods suggest microorganisms 
may move from soil to plant, potentially through an endophytic mechanism and thus, there is a clear potential for 
movement of ARGs and human pathogens from the outdoor environment.   

1. Introduction 

A diversity of microorganisms including bacteria, fungi, archaea and 
nematodes inhabit the above-ground portion of plants, known as the 
phyllosphere (Buonicontro et al., 2018; Jariwala et al., 2017; Lindow 
and Brandl, 2003). Once seedling emergence begins, microorganisms 
colonize the phyllosphere from a variety of environments (Lemanceau 
et al., 2017) including bioaerosols originating from soil, irrigation 
water, plants and animals feces (Bulgarelli et al., 2013). Rainfall and air 
circulation can facilitate the movement of microorganisms to the phyl-
losphere (Allen et al., 2010; Zhou et al., 2021). Furthermore, internal 
transmission of microorganisms within plants (endophytes) through the 
vascular system can also shape the structure of phyllosphere microbiota 
(Whipps et al., 2008; Wulff et al., 2003). 

There is emerging evidence that the phyllosphere antibiotic resis-
tome can affect human health not only through the consumption of plant 
based agricultural produce (Marti et al., 2013), but also via public urban 

green infrastructures (Yan et al., 2020). The phyllosphere can harbor 
antibiotic resistant bacteria (ARB) which can spread antimicrobial 
resistance genes (ARGs) through horizontal gene transfer via mobile 
genetic elements (MGE) (Dharmarha et al., 2019). There is a juxtapo-
sition regarding urban green infrastructures (e.g. public parks, green 
facades and green roofs), between the benefits such as mitigating city 
heat island effects (Bowler et al., 2010; Ottele et al., 2011), facilitating 
human wellbeing (Gascon et al., 2015; Tzoulas et al., 2007) and 
increasing urban biodiversity (Bowler et al., 2010; Selway et al., 2020), 
and potential disbenefits such as being potential carriers of ARGs (via 
phyllosphere) that negatively impact human health (Yan et al., 2019). 
Furthermore, bioaerosols containing airborne ARGs occur not only in 
typical pollution sites like waste water treatment plants (Gaviria-Fig-
ueroa et al., 2019), but also in central urban areas (Yang et al., 2018). 
Compared to soil and waterborne based ARGs, airborne ARGs can more 
directly affect human health through inhalation (Xie et al., 2018) and 
direct interaction with the human skin microbiome (Solberg, 2000). It is, 
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therefore, important to investigate the potential transfer of ARGs from 
green facades, used for building cooling and decoration (Koehler, 2008), 
to residential space. 

Green facades are an important component of urban green space 
(Koehler, 2008), and typically comprise of climbing plants growing in 
soil at the base of a building or from preinstalled pots suspended on walls 
(Perez et al., 2011). To date, research on green facades has focused on 
energy savings, reducing carbon emissions and evaporative cooling 
(Besir and Cuce, 2018). However, to our knowledge no study has 
investigated their role in potential dissemination of ARGs and microbes 
despite their proximity to human residential space. ARGs from both soil 
and the atmosphere can impact the bacterial resistome found on the 
phyllosphere (Bringel and Couee, 2015; Chen et al., 2017) and as such 
climbing plants may impact the indoor environment and consequently 
human health. Previous studies have found that the soil–plant system 
could account for the transmission of ARGs between soil and vegetable 
products via microorganisms (Zhang et al., 2019; Zhu et al., 2016). 
Thus, the potential exists for vertical distribution of ARGs and phyllo-
sphere microbiota via climbing plants. 

Direct comparison of transmission mechanisms between vegetable 
and climbing plants are not possible because the profiles of ARGs in 
climbing plants have the potential to change over a greater range of 
heights. Aerosol-associated bacteria that originate from soil, soil fauna, 
nutrient application and human activities can affect phyllosphere 
microbiology (Bulgarelli et al., 2013; Jumpponen and Jones, 2010) but 
in climbing plants these effects will also interact with the physical dis-
tance from the soil in determining phyllosphere communities. There-
fore, we hypothesize that the abundance of ARGs associated with green 
facades may decrease as vertical height increases. Furthermore, endo-
phytic microorganisms, transported within plants, are likely to play a 
role in phyllosphere community formation (Bodenhausen et al., 2013), 
providing an interconnection between the soil, atmosphere and 
phyllosphere. 

This study therefore aims to, (1) explore the vertical distribution of 
ARGs in the phyllosphere of climbing plants used as green facades, in 
terms of both composition and abundance; (2) assess the source of mi-
crobes to the phyllosphere at different heights above ground; and (3) 
understand the association between microbiota and ARG resistome 
compositions and how this varies in relation to height above ground. 

2. Material and methods 

2.1. Sample collection 

Leaves from the climbing plant (Parthenocissus tricuspidata), a com-
mon plant species associated with public facilities and buildings, were 
collected from each of three neighboring buildings located in Xiamen 
city, Fujian, China (24◦ 36′ N, 118◦ 03′ E). The climbing plants, planted 
in soil, grew from the bottom of each building. A total of 4 heights (1, 2, 
4 and 15 m above ground) were sampled. At each height, 4 leaves and 
associated windowsill dust samples were taken, with each sample 
analyzed separately. Windowsill samples were collected at a distance of 
approximately 20 cm from the phyllosphere samples. Collected leaves 
were chosen randomly and the stem cut with a tree trimmer. Dust 
samples from windowsills were taken as being representative of 
deposited aerosols and animal feces and samples were collected by 
wiping the windowsill with 4 sterile cotton swabs per sample which 
were then stored in a sterile 2.0 ml centrifuge tube until processing. To 
minimize sampling aerosols produced within buildings, windowsills 
which were associated with frequently closed windows were chosen for 
sampling. Rhizosphere soil and bulk soil samples were collected from 
the base of the studied plants. Bulk soil was collected from the top 10 cm 
of the soil profile, 5 m distant from buildings. To reduce the impact of 
rainfall on samples and samples sites, at least 7 days without any rainfall 
was required before sample collection. The physicochemical attributes 
of bulk and rhizosphere soil are listed in Table S1. 

2.2. DNA extraction from phyllosphere, windowsill, rhizosphere soil and 
soil samples 

DNA extraction from P. tricuspidata samples followed that described 
previously (Zhu et al., 2016) but with a few modifications as follows: 10 
g fresh leaf samples were weighed into 250 ml conical flasks and 100 ml 
of 0.01 M sterile phosphate-buffered saline used to wash microbial 
communities from the leaf surface. Leaf samples were then sonicated for 
10 mins and shaken for 1 h at 180 rpm and 30 ◦C. The saline solution was 
filtered through a 0.22 μM cellulose membrane capturing the phyllo-
sphere microbiota. DNA was extracted from both the membranes and 
cotton swabs used to collect the windowsill dust samples. Membranes 
and swabs were cut into pieces by using sterile scissors. DNA was 
extracted using a Fast DNA Spin Kit for Soil (MP Biomedicals, CA) in 
accordance with the manufacturer’s instructions. Microbial DNA was 
extracted from both bulk and rhizosphere soil (0.5g) samples also using 
a Fast DNA Spin Kit for Soil. Quality of extracted DNA was assessed using 
a spectrophotometer (NanoDrop ND-1000, Thermo Scientific, Waltham, 
MA) and DNA samples were stored at − 20 ◦C prior to analysis. 

2.3. High-throughput quantitative PCR for ARGs analysis 

Analysis of ARGs using high-throughput quantitative PCR (HT- 
qPCR) followed methods described previously (Zhou et al., 2019) but 
with an additional new primer set (Table S2) (Yang et al., 2020). Three 
technical replicates were applied to each primer set and the threshold 
cycle (CT) was set to 31 and defined as the upper detection limit for a 
successful amplification (Chen et al., 2017). Only if all three technical 
replicates were positive, was the amplification considered successful. 
The formula for calculating the relative copy numbers of each ARG was 
as follows: relative copy number = 10(31-CT)/ (10/3), where CT represents 
the threshold cycle (Ouyang et al., 2015). 

2.4. Microbial community composition 

The V4-V5 hypervariable region of the bacterial and archaea 16S 
rRNA gene, was amplified using the primer set: 515F: 
GTGCCAGCMGCCGCGG and 907R: CCGTCAATCMTTTRAGTTT (Turner 
et al., 1999). The ITS region of fungi was amplified using ITS1F: 
CTTGGTCATTTAGAGGAAGTAA and ITS2R: GCTGCGTTCTTCATC-
GATGC (Prieto-Recio et al., 2012). PCR was conducted by Majorbio 
(Shanghai, China), with the following reagents; for 16S rRNA: 1 × 20 μl 
PCR reaction contained 4 μl 5 × FastPfu Buffer, 2 μl 2.5 mM dNTPs, 0.8 
μl Forward Primer (5 μM), 0.8 μl Reverse Primer (5 μM), 0.4 μl FastPfu 
Polymerase, 0.2 μl BSA, 10 ng Template DNA and ddH2O to make a final 
volume of 20 μl. For ITS; amplification: 1 × 20 μl PCR reaction contained 
2 μl 10 × Buffer, 2 μl 2.5 mM dNTPs, 0.8 μl Forward Primer (5 μM), 0.8 
μl Reverse Primer (5 μM), 0.2 μl rTaq Polymerase, 0.2 μl BSA, 10 ng 
Template DNA and ddH2O to make a final volume of 20 μl. PCR con-
ditions were: 3 mins at 95 ◦C, followed by 27 cycles (for 16S rRNA) or 37 
cycles (for ITS) of 95 ◦C for 30 s, 55 ◦C for 30 s and 72 ◦C for 45 s. 
Thereafter, 10 mins at 72 ◦C and then 10 ◦C until halted by the user. All 
samples were run on an Illumina MiSeq PE300 sequencing platform (V3, 
Illumina, San Diego USA) by Majorbio (Shanghai, China). 

Quantitative Insights Into Microbial Ecology (QIIME) (version 1.9.1) 
was used for, quality control of sequences (removing low quality se-
quences and chimeras), assigning taxonomy and identifying operational 
taxonomic units (OTUs). Single OTU sequences were discarded. Simi-
larity for OTUs was set at 97% and determined by Usearch (version 7.0) 
(Edgar, 2010). OTUs were clustered using Uparse (version 7.0.1) (Edgar, 
2013). The Greengenes data base (version 13.5), was used for assigning 
the taxonomic identity using a Ribosomal Database Project classifier. 
Fungal ITS sequences were compared with the UNITE database (version 
8.1, http://unite.ut.ee/) (Nilsson et al., 2019). Analysis of alpha di-
versity was performed using Mothur (version 1.30.2) (Schloss et al., 
2009). A constructed data base identified known human pathogenic 
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bacteria (Chen et al., 2016). DNA sequences generated in this study are 
accessible in the NCBI Sequence Read Archive (SRA) under accession 
numbers PRJNA601894 and PRJNA601285 for bacteria and fungi, 
respectively 

2.5. Culture dependent method 

In parallel to the culture independent process for 16S rRNA amplicon 
sequencing, a subset of phyllosphere samples were assessed using cul-
ture dependent methods following the protocol reported previously 
(Zhang et al., 2019). A total of 48 randomly selected root (n = 16), stem 
(n = 16) and leaf (n = 16) samples from climbing plants were collected. 
Disinfection of root, stem and leaf surfaces and verification of disinfec-
tion followed (Schulz et al., 1993). Tissue samples were initially dipped 
in ethanol (75% v/v) for 1 min, then dipped in sodium hypochlorite 
solution (2% w/v available chlorine) for 2 min, followed by a final 30 s 
wash in ethanol. Bacteria from root, stem, and leaf endophytes and leaf 
surface samples were cultured in a 96-well microtiter plate using 1:10 
(V/V) tryptic soy broth and incubated for 21 days at room temperature. 
Bacteria from each sample were isolated and DNA extracted using the 
Fast DNA Spin Kit as above. Extracted DNA was sequenced (Illumina 
HiSeq) using the bacterial 16S rRNA, region V4-V5, as previously 
described. 

2.6. Statistical analyses 

Microsoft EXCEL 2016 was used to calculate the sum, standard errors 
and means of the ARG HT-qPCR data. ANOVA using ARG data was 
conducted in SPSS. False discovery rate (FDR) adjustment was con-
ducted in “R” with the package “ fdrtool ” (version 1.2.15) (Strimmer, 
2008). Principal Coordinate Analysis (PCoA), Procrustes and Mantel 
tests based on the Bray-Curtis distances were conducted in the R sta-
tistical environment (version 3.6.1) using the R package “vegan” (Dixon, 

2003; Oksanen et al., 2019) and considered significant at P < 0.05, while 
plotting was done using the “ggplot2” package (Wickham, 2010). LDA 
Effect Size (LEfSe) was conducted in the online tools “OmicStuido” (htt 
ps://www.omicstudio.cn/tool/) (Segata et al., 2011). Venn diagrams 
were created online (https://bioinfogp.cnb.csic.es/tools/venny/). Fast 
expectation–maximization microbial source tracking (FEAST) was used 
for identifying the source of ARGs and bacterial communities and was 
conducted with the R package “FEAST” (Shenhav et al., 2019) and 
visualized as a pie chart. Bar charts and pie charts were drawn using the 
“ggplot2” package. Network analysis was calculated in “R” with package 
“Hmisc” (Yadav and Roychoudhury, 2018) and visualized in Gephi 
(0.9.2). 

Structural equation models (SEM) were constructed in SPSS and 
visualized using AMOS graphic v21 (IBM) to evaluate the casual re-
lationships between height, bacterial diversity, bacterial abundance, 
fungal diversity and ARGs. An a priori conceptual model was developed 
with the following assumptions: (1) height directly impacts the ARGs in 
phyllosphere; (2) both bacterial diversity and abundance directly affects 
the composition of ARGs; (3) height indirectly affects the composition of 
ARGs through directly impacting bacterial diversity and abundance. 
Multiple standards for goodness of fit were applied to evaluate the 
fitness of our model: chi-square (generally P > 0.05), high goodness of fit 
index (GFI, generally GFI > 0 0.9) and the root mean square error of 
approximation (RMSEA, value generally near 0) (Schermelleh-Engel 
et al., 2003). 

3. Results 

3.1. Profiles of antibiotic resistance genes with height 

Overall, a total of 143 ARGs and 18 MGEs were detected from 
samples. ARGs detected from leaves, windowsill, rhizosphere soil and 
bulk soil samples were classified into 11 categories (Aminoglycoside, 

Fig. 1. (A) Detected number of ARGs and MGEs in phyllosphere (L), windowsill dust (W), rhizosphere soil (RS) and bulk soil samples (SS). L1, L2, L4 and L15 
represent phyllosphere samples at 1, 2, 4 and 15 m. W1, W2, W4 and W15 represent windowsill dust samples at 1, 2, 4 and 15 m. ARGs were classified into 11 types 
(Aminoglycoside, Beta lactam, Fluoroquinolone, MDR, MLSB, Phenicol, Sulfonamide, Tetracycline, Trimethoprim, Glycopeptide and others.) (B) The relative 
abundance of ARGs and MGEs in all samples at different sampled heights. Different letters indicate significant differences at P < 0.05 level (ANOVA). Principal 
Coordinate Analysis (PCoA), based on Bray-Curtis dissimilarity metrics, was conducted to evaluate the resistome pattern in phyllosphere, windowsill dust, rhizo-
sphere soil, bulk soil (C), at each height of phyllosphere (D) and windowsill dust samples (E) respectively. 
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Beta Lactam, Fluoroquinolone, Multidrug resistance (MDR), Macrolide- 
lincosamide-streptogramin B resistance (MLSB), Phenicol, Sulfonamide, 
Tetracycline, Trimethoprim, Glycopeptide and others). The average 
number of ARGs and MGEs detected ranged from 53 to 62 and 32 to 88 
from leaves and windowsills, respectively (Fig. 1A). The detected 
number of ARGs from windowsill dust samples increased with height 
above ground (P < 0.05). An average of 69 and 59 resistome genes were 
detected in rhizosphere and bulk soil samples respectively (Fig. 1A). The 
relative abundances of ARGs in both windowsill and phyllosphere 
samples were greatest at heights sampled closest to ground level 
(Fig. 1B). The relative abundance of ARGs from 1 m phyllosphere 
samples was significantly greater (P = 0.001) than phyllosphere samples 
at 4 m and 15 m. For windowsill samples, those at 1 m were significantly 
(P = 0.007) more abundant than all other sampled heights. Samples at 2 
m were also more abundant (P = 0.017) than those at either 4 m or 15 m. 
The composition of ARGs from bulk and rhizosphere soil samples clearly 
separated from all leaf and windowsill samples (R = 0.21, P = 0.001) 
(Fig. 1C). The composition of phyllosphere ARGs changed as height 
increased (R = 0.50, P = 0.001) (Fig. 1D). The composition of 
windowsill ARGs at 1 m were similar to those at 2 m, but significantly 
differed from the ARGs composition at 4 m and 15 m (R = 0.89, P =
0.001) (Fig. 1E). There were 29 shared, and 20, 30, 6 and 2 unique ARGs 
and MGEs from leaves, windowsills, rhizosphere soil and soil samples, 
respectively (Fig. S1). 

3.2. Microbial community profiles from each habitat 

A total of 2 288 678 high quality bacterial sequences, ranging from 
26 083 to 73 940 sequences per sample, were obtained from phyllo-
sphere, soil and windowsill samples. Bulk and rhizosphere soil had the 
greatest alpha diversity of all the sampled habitats (Shannon diversity 
index, Fig. S2A). Phyllosphere bacterial diversity was significantly lower 
than in other habitats (P < 0.001). Principal Coordinate Analysis (PCoA) 
using Bray Curtis distances (R = 0.47, P = 0.001) showed that the 
composition of bacterial communities at phylum level from phyllo-
sphere and windowsills separated along PCoA 1, which explained 36.8% 
of the variation (Fig. S2B). In contrast, soil and rhizosphere samples did 
not separate along this axis (Fig. S2B). 

At genus level, PCoA 1 accounted for 33.1% of the total variation and 
separated soil, windowsill and phyllosphere samples whereas, 
windowsill samples separated from both soil and phyllosphere samples 
along PCoA 2 (18.1% variation) (R = 0.81, P = 0.001) (Fig. 2A). At 
genus level, the composition of phyllosphere microbial community 
changed as height increased (R = 0.49, P = 0.002) (Fig. 2B). The bac-
terial composition of windowsill dust samples at 1 m were distinct from 
those at 2 m and 4 m along PCoA1, which explained 36.3% of the total 
variation (R = 0.91, P = 0.001) (Fig. 2C). 

LEfSe analysis identified bacteria that could be potential biomarkers 
for each sampled habitat (Fig. 2D and E). For those OTUs with a relative 
abundance>1% samples at the resolution of phylum, class, order, family 
and genera differed by sample (Fig. 2D and E). 

Fig. 2. Principal Coordinate Analysis (PCoA), based on Bray-Curtis dissimilarity metrics, was conducted to evaluate the bacterial communities in phyllosphere, 
windowsill dust, rhizosphere soil, bulk soil (C), at each height of phyllosphere (D) and windowsill dust samples (E) respectively. L1, L2, L4 and L15 represent 
phyllosphere samples at 1, 2, 4 and 15 m. W1, W2, W4 and W15 represent windowsill dust samples at 1, 2, 4 and 15 m. (D) (E) The LEfSe analysis highlights the 
biomarkers in the different sampled habitats (α > 0.01, LDA score > 3.0). 
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A total of 91 bacterial genera were cultured from root endophyte, 
stem tissues, leaf endophyte and leaf surface samples (Table S3), 20 of 
which were identified as known human pathogens (Fig. S3). Four Ba-
cillus genera were shared among three habitats. Burkholderia sp., Pseu-
domonas putida, Salmonella enterica and Staphylococcus saprophyticus 
were only detected on the leaf surface. Both Klebsiella pneumoniae and 
Enterobacter cloacae were shared among sampled leaf tissues. 

A total of 2 496 136 fungal sequences were obtained, which con-
sisted of phyllosphere (1 024 615), bulk soil (520 000) and windowsill 
(951 521). Fungal diversity in bulk and rhizosphere soil samples was 
greater compared to those from other sampled habitats (Fig. S4A; P <
0.001). PCoA showed fungal communities to have a similar significant 
separation between habitats as bacterial communities (Fig. S4B, R =
0.54, P = 0.001). The most abundant fungal genera present in all sam-
ples were: Cladosporium, Toxicocladosporium, Phaeophleospora, 

Penicillium, Naganishia, Hortaea, Aspergillus, and Colletotrichum 
(Fig. S4C). 

3.3. Identifying phyllosphere microbial sources 

There were 18, 12, 51 and 250 unique bacterial genera in bulk and 
rhizosphere soil, phyllosphere and windowsill samples, respectively 
with 472 microbial shared genera between all samples (Fig. 3A). Also, 
there were a total of 330 genera shared among leaf samples sampled at 
each height (Fig. 3B). 255 of these genera were shared with bulk and 
rhizosphere soil, whereas 328 genera were shared with windowsill dust 
samples (Fig. 3C and D). 

A total 169 fungal genera were shared among bulk and rhizosphere 
soil, phyllosphere and windowsill samples (Fig. 3E). 212 fungal genera 
were detected from leaf samples, however, only 95 genera were shared 
between all sample heights (Fig. 3F). Ninety of these genera were shared 
with bulk and rhizosphere soil, whereas 95 were shared with windowsill 
dust samples (Fig. 3G and H). 

OTUs from 16S rRNA gene and ITS region sequencing were used for 
source tracking. FEAST evaluated the potential origin of bacterial and 
fungal communities at each sampled height (Fig. 4). At 1 m, 33.2%, 
22.3% and 6.3% of the bacterial communities from phyllosphere sam-
ples originated from the phyllosphere at 2, 4 and 15 m, respectively 
(Fig. 4A). The fungal communities associated with phyllospheres at 1 m 
consisted of fungi from phyllosphere samples collected at 2 (76.0%), 4 
(3.3%) and 15 m (8.3%) (Fig. 4B). Whereas, phyllosphere communities 
at 1 (20.1%), 4 (27.0%) and 15 m (21.3%) and windowsill dust (11.9%) 
accounted for the phyllosphere bacterial communities at 2 m (Fig. 4C). 
Phyllosphere fungal communities at 1, 4 and 15 m (82.1%) and 
windowsill dust (9.6%) were the main sources of fungi at 2 m (Fig. 4D). 
At 4 m height, the main sources of bacteria or fungi to the phyllosphere 
came from the other sampled heights with >70% of the bacterial or 
fungal communities associated with leaves from other heights (1, 2 and 
15 m) (Fig. 4E, F). At 15 m, bacterial communities of the phyllosphere 
(1–4 m height) dominated (57.3%), whereas the contribution from 
windowsill dust was limited (3.4%). Similarly, for fungal communities 
at 15 m, phyllosphere samples at 2 and 4 m were the main (78.2%) 
sources of the fungal community with an additional contribution 
(17.7%) from windowsill samples. 

3.4. Correlations between microbial communities and ARGs 

Structural equation modelling identified the direct and indirect 
impact of height, bacterial abundance, bacterial diversity and fungal 
diversity on the composition of the antibiotic resistome. The model 
explained 68% of the antibiotic abundance. The height of sample sites 
above ground indirectly impacted the antibiotic resistome by signifi-
cantly influencing the bacterial abundance (λ = − 0.75, P < 0.001). Both 
bacterial abundance (λ = 0.63, P < 0.05) and diversity (λ = − 0.30, P <
0.05), respectively, significantly and directly affected the abundance of 
ARGs (Fig. 5A). Height above ground, bacterial abundance and bacterial 
diversity had the greatest effects on the abundance of ARGs (Fig. 5B). 

For bacterial communities, both the shared OTUs and ARGs among 
soil (bulk and rhizosphere soil) and leaves at each height had a signifi-
cant Mantel correlation (P < 0.01). An equivalent correlation was not 
found among leaves and windowsills. Soil-leaves at all sampled heights 
and windowsill-leaves at 15 m had strong and significant correlations 
(Fig. S5). 

After FDR adjustment, a network analysis identified a correlation 
between the bacterial microbiome and resistome, in which 13 genera 
were significantly correlated with 21 ARGs (Spearman’s ρ > 0.7, P- 
value < 0.01) (Fig. 6A). For example, the genus Curtobacterium was 
significantly correlated with tnp_6, erm (35), aadA (16), aac3_Via and 
qacH_351, which belonged to MGEs, MLSB, Aminoglycoside and multi-
drug resistance, respectively. The relative abundance of the 13 genera 
varied with sample type and height above ground (Fig. 6B), and 8 of the 

Fig. 3. (A) Venn diagram at bacterial genus level, for the four sampled habitats 
each represented by a different color. (B) Venn diagram at bacterial genus level, 
the red cycle indicated the overlap of different heights of phyllosphere samples. 
(C) and (D) Comparing the overlap of different heights of phyllosphere samples 
with soil (bulk and rhizosphere soil), windowsills samples respectively. (E) 
Venn diagram at fungal genus level, for the four sampled habitats each repre-
sented by a different color. (F) Venn diagram at bacterial genus level, the red 
cycle indicated the overlap of different heights of phyllosphere samples. (G) and 
(H) Comparing the overlap of different heights of phyllosphere samples with 
soil (bulk and rhizosphere soil), windowsill dust samples respectively. (For 
interpretation of the references to color in this figure legend, the reader is 
referred to the web version of this article.) 
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genera, Pseudomonas, Curtobacterium, Massilia, Sphingomonas, Methyl-
obacterium, f_Enterobacteriaceae, Microbacterium, Paracoccus were 
cultured in the current study. 

4. Discussion 

4.1. Bacterial and fungal communities 

In this study, FEAST analysis suggested that both bacterial and fungal 
communities may originate from phyllospheres located at the different 
sample heights, which may be a driver of the shared phyllosphere OTUs. 
Bacterial and fungal communities in both soil and windowsill dust made 
limited contribution to the phyllosphere microbiome, respectively. 

Potentially one mechanism driving the shared bacteria or fungi be-
tween the phyllospheres located at different heights, is the transfer of 
endophytic microorganisms (Beattie and Lindow, 1999; Bodenhausen 
et al., 2013; Jumpponen and Jones, 2009). For example, the fungal 
genus Cladosporium and the bacterial genera Pseudomonas and Curto-
bacterium which dominated the phyllosphere in this study are commonly 
isolated as endophytes (Strobel et al., 2004; Teasdale et al., 2018; Zin-
niel et al., 2002). Additionally, Pseudomonas, Curtobacterium, Sphingo-
monas and Microbacterium were isolated from plant tissue samples, 
suggesting a potential pathway within the plant. Notably, these genera 
were also found in bulk soil samples though at low relative abundances, 
suggesting the bulk soil may act as a baseline reservoir for plant mi-
crobes. Notwithstanding this potential transportation of endophytes, 

Fig. 4. Fast expectation–maximization microbial source tracking (FEAST). (A) to (H) highlight the bacterial and fungal sources of phyllosphere samples at 1, 2, 4 and 
15 m above ground. L1, L2, L4 and L15 represent samples at 1, 2, 4 and 15 m. 

Fig. 5. (A) and (B) Structural equation models (SEM) indicate the direct and indirect impact of height, bacterial abundance, bacterial diversity and fungal diversity 
on the composition of the antibiotic resistome, respectively. Path coefficients are shown with arrows. The dotted and solid lines indicate the effects on the target (* P 
≤ 0.05, ** ≤ 0.01, *** P ≤ 0.001). R2 indicates the proportion of variance explained. The parameters of the current model were: Chi-square = 0.968, P = 0.321, df =
1, GFI = 0.975 and RMSEA = 0.000. 
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Pseudomonas and Sphingomonas can also exist in aerosol samples, sug-
gesting that air movement (Fahlgren et al., 2010) could also be a 
contributory mechanism for the spread of these genera. 

Windowsill dust samples were considered as representative of 
airborne and animal fecal microbial communities in this study. Using 
this assumption, FEAST analysis suggested that airborne bacteria and 
fungi contributed members to the phyllosphere community which is 
consistent with previous studies (Courtois, 1990; Vokou et al., 2012). 
Although the phyllosphere can recruit microbial taxa from the external 
environment (e.g. air), not all microorganisms transferred to the phyl-
losphere will survive and form part of the community as selection can 
cause the disappearance of uncompetitive species (Whipps et al., 2008). 
The remaining sources were considered as “unknown”, which could be 
attributed to the inheritance of microbiome as plant microbes can be 
obtained from seeds, and differentiate into various microbial commu-
nities under selection pressure (e.g. nutrient level, water and UV light) 
(Abdelfattah et al., 2021). Nevertheless, the source tracking results were 
based on the statistic calculation from 16S rRNA and ITS gene sequence 
with low taxonomic resolution, which may not be sufficient to fully 
explain the contribution of sources. 

4.2. Phyllosphere resistome profiles 

To our knowledge this is the first study that demonstrates that urban 
green facades are potential reservoirs of ARGs and MGEs and that the 
profile of ARG communities differs with height above ground. The 
number of different ARG types remained consistent between phyllo-
spheres at all heights, however the abundance of ARGs decreased with 
height, potentially driven by the proximity of lower leaves to the soil. 
The impact of soil-associated aerosols on ARGs may reduce as increasing 
heights. This concurs with previous studies carried out in agricultural 
systems where the proximity of leaves to the soil was found to be 
important for ARG transfer (Zhu et al., 2020). Moreover, as height of the 
green facade increased, the direct impact of human activities (e.g. irri-
gation and fertilization) on ARG abundance is likely to have diminished 
(Zhang et al., 2019). Similar to Chen et al. (2018) and based on SEM 
analysis, bacterial diversity and abundance had significant effects on the 
abundance of ARGs in phyllosphere. The bacterial abundance decreased 
as the height increase, indicating that the effect of soil-associate aerosols 
on phyllosphere microbiota gradually diminish. And it ultimately 
resulting in microbial differentiation between lower and higher location 
then further affect ARGs profile. 

4.3. Source of the resistome within the phyllosphere 

The association between bacterial communities and ARG profiles 

suggests that as bacteria colonize the phyllosphere they could concur-
rently facilitate the spread of ARGs (Zhu et al., 2017; Chen et al., 2019). 
While atmospheric deposition will likely play a role in determining 
shared ARGs between the phyllosphere and windowsills, overlap in ARG 
types between the phyllosphere and soil suggests that some ARGs may 
have originated from the soil rather windowsills, and thus suggest an 
interconnection between the ARG reservoir in soil and the plant phyl-
losphere. The shared bacterial OTUs among the phyllosphere, rhizo-
sphere soil and bulk soil were significantly correlated (P < 0.01, Mantel 
test) with the shared resistome. This further suggests the potential dis-
tribution of microbial organisms harboring ARGs within the soil and leaf 
system, even at different heights of climbing plants. In addition, animal 
feces (Lin et al., 2020) may also be a potential source of pathogens and 
ARGs in the phyllosphere though no further evaluation was conducted. 
Furthermore, invertebrate movement such as insects has potential to 
transfer resistome and pathogenic microorganisms from the environ-
ment to phyllosphere (Heaton and Jones, 2008; Power, 1990). 

While buildings with green facades are believed to improve both 
wellbeing and indoor air quality (Meadow et al., 2014), we have 
demonstrated that a green facade may inadvertently introduce a 
possible pathway for ARGs carried by bioaerosols and soils. The corol-
lary is that many beneficial microbes could also enter the indoor envi-
ronment through this pathway (Mahnert et al., 2015) though this was 
not tested in this study. Although we have found known pathogenic 
members among the isolated bacteria from plant tissue, this does not 
detract from urban green spaces having a positive impact on human 
health. This is especially true in a modern society where people tend to 
spend more time indoors, significantly reducing their exposure to nat-
ural microorganisms (Spalt et al., 2016). Such exposure to a diversity of 
natural microorganism has several beneficial effects on human health, 
including skin health and demonstrable benefits to the respiratory sys-
tem (Kim and Kim, 2019; Schuijs et al., 2015). Therefore, further studies 
should focus on how to better monitor the movement of microbes from 
green facades to indoor environments, and on how to manipulate 
healthy microbiomes in a “soil–plant-indoor environment” continuum. 
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