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Abstract
Cystic fibrosis (CF) is a hereditary disease that is characterized by defective mucociliary clearance, airway obstruction, chronic
infection, and persistent inflammation. Cystic fibrosis pulmonary exacerbation (CFPE) majorly causes the morbidity of CF patients.
Although CF has been demonstrated to change the composition of lungmicrobial community, previous studies have not made efforts
to study the differences in the mechanism of assembly and diversity maintenance of lung microbial community in CF patients. In this
study, we applied the neutral theory of biodiversity to comparatively investigate the assembly and diversity maintenance of the lung
microbial community before and after the antibiotic treatment by reanalyzing the dataset from Fodor et al’s study. We found that no
one sample in the lung microbial communities of the sputum samples of Exacerbation group, nor those of End-of-treatment group
satisfied the predictions of neutral model, suggesting that the neutral-process does not dominate in CF patients before and after
antibiotic treatments. By comparing the biodiversity parameter between Exacerbation and End-of-treatment group, we found that
the former had the significantly higher biodiversity, but the change in diversity parameter is slight and the P value is close to.05 (P
value= .41). Therefore, our second finding is that although CFPE may increase the biodiversity of lung microbial community, the
change is not essential.

Abbreviations: CF = cystic fibrosis, CFPE = cystic fibrosis pulmonary exacerbation, CFTR = cystic fibrosis transmembrane
conductance regulator, MLE = the maximum likelihood estimation, NGS = the next generation DNA sequencing, OTU = operational
taxonomic unit, SAD = the species abundance distributions.
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1. Introduction

Cystic fibrosis (CF) arises from the mutation of a gene encoding
the functional protein, cystic fibrosis transmembrane conduc-
tance regulator (CFTR) which is involved in the production of
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sweat, digestive fluids, and mucus. The CFTR protein plays
important role in mucosal surfaces, and its dysfunction usually
gives rise to thicker secretion of glands, therefore results in
obstruction of exocrine glands all over the body. CF is a
multisystem disease and influences many body parts, such as
lung, pancrea, liver, kidney, and intestine, among which lung is
most heavily affected. It is considered one of the most widespread
genetic disorders shortening human life expectancy. CF is the
most common lethal genetic disease in the people of Northern
European and it is the least common in African and Asian
population.[2,3] The most typical symptoms of CF are chronic
pulmonary obstruction, pancreatic dysfunction, and abnormal
increased level of electrolytes (i.e., sodium and fluorine) in sweat.
The long-term results of CF include recurrent pulmonary
infection, dyspnea, and mucous sputum. The other CF
complications are sinus infection, poor growth, fatty stool,
clubbed-fingers, and male infertility. Although CF patients are
living longer thanks to the improvements in management of
airway infections, it is still incurable, and the extra-pulmonary
complications from CF, such as CF-related diabetes, kidney
disease, osteoporosis, depression, and arthropathy, are becoming
increasing threats.
Several studies have shown that both long- and short-term

fluctuations in lung function can be related to disease severity due
to CFTR gene mutations, bacterial infection, and periodic
pulmonary exacerbation.[1] The main colonized bacterial species
include Pseudomonas aeruginosa, Staphylococcus aureus, Pre-
votella, Achromobacter xylosoxidans, Veillonella, Ralstonia,
Rothia, andHaemophilus influenzae.[4–6] In addition to bacteria,
fungi are detected in a large number of CF patients, including
Aspergillus fumigatus, Aspergillus terreus, and Scedosporium
species for filamentous fungi.[7] The candidaemia (e.g., Candida
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parapsilosis and Candida albicans) are also found more
commonly in frequent CFPE).[8] Meanwhile, respiratory viral
infection may be an aggravated event and some studies show that
about a third of CF exacerbations are associated with viruses
infection.[9] RNA viruses (e.g., coronavirus, rhinovirus, para-
influenzae, etc.) infections can significantly trigger the period of
CFPE.[10–13]

In previous studies, it has been found that the microbial
community of lung could be changed due to alerted microenvi-
ronment of lung, which may result from diseases or external
environmental disturbance.[4,14–23] In the case of CF, mutations
in CFTR can change the ion flux, impact the normal airway
function, and compromise the normal innate immune defense
finally, making the lower airways easier to be infected. Although
typically only a few species are associated with chronic airway
infections in CF, along with the improved treatments of
infections, new species associated with CF has emerged, and
the total microbes should be took into account as a whole. After
infections, numerous species in lung form a microbial communi-
ty, and the common-used antibiotic treatment bring a selective
process, leading to significant changes of the composition of
community. From an ecologist’s view, the lung infected by
microbes could be seen an ecosystem colonized by microbes,
where the interactions between individuals or species and
between microbes and environment play an important role.
Therefore, variant ecological viewpoints and methods could be
used to study the lung microbial community and its changes.
One core topic of community ecology is the mechanism of

community assembly and diversity maintenance, which is our
choice to revealing the influence of CF on lung microbial
community in this study. Traditionally, there are 2 major theories
for explaining the mechanism, the niche theory emphasizing the
deterministic factors and the neutral theory emphasizing the
stochastic factors. The Niche theory has dominated in this field
for a long time till Hubbell et al[24] proposed the neutral theory,
which is characterized by the assumption that individuals from 1
community composed of different species at the same trophic
level are completely equal, species migrate randomly, and the
number of species depends on the balance between extinction and
immigration or new species formation.[25–27] The neutral theory
combines neutrality, stochasticity, sampling and dispersal, and
provides a null model to test the neutrality of a community and a
simple mechanistic explanation of the species abundance
distributions (SAD), based on which it is possible to decide,
accept, or reject specific hypothesis regarding the mechanism
underlying community assembly and diversity maintenance. For
these merits, neutral theory has been widely adopted in
macroecology area for a long time,[28,29] and been an effective
tool in microecology area recently thanks to the development of
the next generation DNA sequencing (NGS) technology.[30–40] A
previous study has revealed that in the lungs of healthy
individuals, neutral processes override selective processes,
indicating the species in lungs are neutrally distributed.[36]

However, in CF patients, especially those who have pulmonary
exacerbation, the lung microbial community could be totally
different due to altered microenvironment. After antibiotic
treatments, the lung microbial communities of CF patients are
expected to restore back to the original healthy state as far as
possible. Therefore, in this study, our aim is to understand
whether or not the neutral process would dominate in the lung
microbial community of CF patient, and whether antibiotic
treatments could revert it to another state. To answer these
questions, we apply 2 widely used sampling models proposed by
2

Ewens and Etienne for testing Hubbell neutral theory to
reanalyze the dataset from Fodor et al’s[43] study.
2. Methods and material

2.1. Ethics statement

The dataset we used to test the neutral theory was from a
study performed by Fodor et al.[43] This study was conducted
with the approval of the Office for Research Ethics Northern
Ireland and all study participants provided informed written
consent.
2.2. Dataset description

Fodor et al collected spontaneous expectorated sputum
samples and mouthwash samples from 23 adult CF patients
at 2 time points, one of which is the beginning of an acute
exacerbation, and another is after antibiotic treatment for the
exacerbation. Total DNA was extracted, and V1-V2 region of
16S rRNA gene was amplified and sequenced using 454
pyrosequencing to identify the species of microbial communi-
ties in these samples. The average number of sequences per
sample was approximately 4300. A total of 169 operational
taxonomic units (OTUs) at a 97% similarity level were
identified. In our study, we picked 25 sputum samples at the
onset of a clinically diagnosed exacerbation (defined as
Exacerbation Group) and 25 sputum samples at the End-of-
treatment (defined as End-of-treatment Group) to test the
neutral theory regarding microbial communities.
2.3. Calculation and analysis method

Ewens[41] and Etienne[42] sampling formula were used as the
sampling models in this paper. Several studies have adopted these
models to test the assembly and diversity maintenance mecha-
nism of human microbial community.[38–40] Ewens sampling
formula was put forward by Warren Ewens in 1972 for
describing the differences in alleles.[41] In 2001, it was introduced
into ecology area by Stephen Hubbell for calculating the
likelihood of the presence of an ecological community consisting
of S species with abundance of n1, n2, n3.. . ns and measuring its
consistency with the prediction of neutral theory. The equation is
given as follows:

Prðn1; n2; � � � � � � nsju; JÞ ¼ J!uS

1f12f1 � � � JfJf1!f2! � � �fJ!∏
J
K¼1ðu þ K�

ð1Þ

where, J represents the number of individuals in the
community, fa expresses the number of species with abundance
a, and ni is the abundance of the species I, and u denotes the
biodiversity parameter with the following definition:

u ¼ JM
v

1� v
ð2Þ

where JM represents the number of individuals in the
metacommunity and v is the per capita speciation rate. u could
be estimated using maximum likelihood estimation.
If a community satisfies the neutral prediction, species in this

community must have dispersal limitation. However, the effect of
dispersal limitation is not taken into consideration in the Ewens
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sampling formula. Etienne introduced a new sampling model that
considers the limited dispersal factor, which is defined as:

PðDju;m; JÞ ¼ J!

∏S
i¼1ni∏

J
j¼1fj!

uS

ðIÞ
XJ

A¼S

KðD;AÞ IA

ðuÞA
ð3Þ

where m is the immigration rate and defined as:

m ¼ I
I þ j� 1

ð4Þ

and K(D, A) is defined as:

KðD;AÞ ¼
X

a1 ;a2;...as j
PS
i¼1

ai¼A

� �∏
S

i¼1

Sðni;aiÞSðai;1Þ
Sðni ;1Þ

ð5Þ

and other parameters have the same definitions in the Ewens
sampling formula. In fact, Ewens sampling formula can be
viewed as a specific state of Etienne model with unlimited
dispersal of individuals (m=1).
We adopted an exact neutrality test method[44] to test the

statistical fitness of the neutral theory model to the dataset (for
short, neutrality) in both Ewens and Etienne formula. In brief, we
used the maximum likelihood estimation (MLE) for estimating
the parameters based on the observed samples firstly with the R
package untb (available at: https://cran.rproject.org/web/pack
ages/untb/index.html). Secondly, for each sample, 100 artificial
datasets were simulated with the parameters (u, I, J) which are
estimated via observed samples. Then we used Etienne formula to
calculate the likelihood for each artificial dataset (L0) and
corresponding observed sample (L1). Finally, we compared L0

and L1 using a x2test in the following equation:

D ¼ �2ln
L0

L1

� �
¼ �2ðlnðL0Þ � lnðL1ÞÞ ð6Þ

The null hypothesis is that there is no significant difference
between the likelihood of the artificial dataset (L0) and
corresponding observed sample (L1). If no significant difference
was found (P value> .5), the microbial community is considered
to satisfy the prediction of neutral theory.
3. Results and discussion

3.1. Diversity and neutrality exact test in CF patients

Ewens and Etienne sampling formulae were respectively used to
calculate whether the microbial communities of individuals in
Exacerbation Group satisfied the neutral theory prediction. The
detailed results were displayed in Tables 1 and 2, with Table 1
displaying the results produced by Ewens sampling formula and
Table 2 presenting the results produced by Etienne sampling
formula. In the tables, ID is the sample code, J represents the
number of microbial individuals in the sample, S is the number of
microbial species, u denotes the biodiversity parameter, m is the
immigration rate of species, Log(L0) expresses the likelihood of a
microbial community, and Log(L1) stands for the simulated
community likelihood. The q-value represents the difference of
likelihoods in the observed and simulated microbial communi-
ties, which is defined as the P value. The mean values of diversity
parameters u for Exacerbation Group calculated using Ewens and
3

Etienne formulae are 6.2495 and 6.314 respectively. In most
cases in the Etienne result, the immigrate ratem is very close to 1,
indicating that the dispersal limitation is not in effect for most
samples. As for the neutrality test, none of samples satisfied the
prediction of neutral theory with both sampling formulae.
3.2. Change of diversity and neutrality after antibiotic
treatment

Ewens and Etienne sampling formulae were used for calculating
diversity and testing neutrality for End-of-treatment Group as
well. The mean values of diversity parameters u for End-of-
treatment Group calculated using Ewens and Etienne formulae
are 4.407 and 4.825 respectively. Using the Etienne formulae, 2
samples in End-of-treatment Group cannot be calculated because
there are too few individuals and species. In addition, the
immigrate rate m of most samples in the results of Etienne
formula is very close to 1, implying that Ewens and Etienne
sampling formulae perform similarly for this dataset. Therefore,
we chose the results of Ewens formula for the statistical analysis.
We compare the diversity parameters of End-of-treatment Group
and Exacerbation Group (Fig. 1) using a T test, and found there is
significant difference between 2 groups (P value= .041),
suggesting that antibiotic treatment could significantly decrease
the biodiversity of lung microbial community. However, no one
sample was found to satisfy the prediction of neutral theory,
which meant that after antibiotic treatment, the mechanisms of
community assembly and diversity maintenance of lung
microbial communities are dominated by Niche process.

4. Discussion

The lung is considered effectively sterile via innate immune
mechanisms in healthy state, hence less microbes could colonize
in this body part comparing with other parts such as gut, oral, etc.
Although the lung is connected to the oral and nasal cavity
directly, the amount of microbes in healthy lung is much lower
(the quality of DNA of total microbes in healthy lung is 3 orders
of magnitude less than that from the oral).[36] Given these factors,
the microbial community of lung should be quite different in
many aspects comparing with those of other body parts.
Immigration from upper airway is an important driver shaping
the community, and even slight change in lung caused by lungs
diseases or external environmental factors may bring significant
change in lung microbial community. While it is hard to predict
precisely how the changes in lungs influence the lung microbial
community, plenty of studies have shown such changes. For
instance, Yu et al[22] reported that the lung tissue microbiota
showed increased alpha diversity with environmental exposures
such as air particulates, residence in high population density
areas, and pack-years of tobacco smoking. Krishna et al[23]

showed the presence of diverse opportunistic pathogenic micro-
biota in TB patients increased the complexity and diversity of
sputum microbiota. Paganin et al[20] detected that changes of
microbial community in CF airway were relevant to a severe
decline of lung function. Price et al[4] found that the community
diversity cannot distinguish the clinical stages in CF. Cuthbertson
et al[21] suggested that core microbiota members did not have
significant negative impact on the CFPE. Though the changes in
composition of microbial community have been demonstrated
widely, few studies have shed light on the key question: how is the
force shaping lung microbial community affected by the
alterations in lung?
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Table 1

The full results of neutral theory testing with sputum microbiome using Ewens sampling formula.

ID J S u Log(L0) Log(L1) q value P value

End-of-treatment
AB 3970 37 5.550 �68.568 �89.294 41.452 .000
AL 3627 30 4.388 �71.418 �78.101 13.366 .000
AM 4604 39 5.757 �75.720 �93.156 34.872 .000
AO 4039 37 5.533 �71.952 �88.805 33.707 .000
AZ 3482 42 6.620 �84.062 �89.052 9.981 .002
BE 4754 3 0.229 �7.687 �12.807 10.241 .001
BI 4684 7 0.730 �16.761 �29.460 25.398 .000
BL 2691 30 4.631 �47.987 �72.892 49.810 .000
CA 4741 57 9.014 �86.011 �112.682 53.343 .000
CC 4434 37 5.442 �63.346 �90.240 53.787 .000
CH 5279 6 0.592 �13.692 �24.555 21.725 .000
CJ 3247 34 5.201 �59.622 �81.117 42.990 .000
CK 5151 40 5.818 �80.702 �95.810 30.218 .000
CL 4566 31 4.387 �66.143 �83.704 35.121 .000
CY 4641 32 4.543 �76.211 �86.538 20.654 .000
DD 4271 49 7.667 �76.736 �100.509 47.547 .000
DE 3129 55 9.373 �88.311 �99.298 21.976 .000
DF 4356 13 1.570 �27.667 �47.503 39.672 .000
DG 4716 51 7.897 �102.749 �107.410 9.322 .002
DI 5251 21 2.703 �40.074 �67.098 54.047 .000
K 3824 22 3.003 �50.064 �66.336 32.545 .000
N 4006 5 0.483 �10.216 �20.076 19.719 .000
P 4069 37 5.526 �67.150 �88.019 41.739 .000
S 4908 23 3.042 �55.025 �70.911 31.771 .000
U 4867 5 0.472 �9.903 �20.573 21.339 .000

Exacerbation
AG 4811 59 9.369 �95.292 �114.806 39.029 .000
AJ 4701 51 7.901 �67.150 �106.596 78.892 .000
AN 6264 77 12.263 �127.405 �137.591 20.371 .000
AQ 4537 10 1.137 �18.918 �38.787 39.738 .000
AV 5956 73 11.614 �114.373 �133.706 38.666 .000
AY 3591 41 6.393 �73.284 �89.430 32.293 .000
BC 4957 37 5.338 �56.072 �90.602 69.060 .000
BF 4317 23 3.105 �39.195 �68.450 58.510 .000
BM 2725 52 9.010 �73.898 �91.987 36.180 .000
BR 3917 23 3.154 �55.222 �68.343 26.243 .000
BU 3662 74 13.026 �108.065 �114.547 12.964 .000
BY 3617 32 4.743 �60.985 �78.740 35.509 .000
BZ 5107 12 1.394 �22.864 �44.955 44.181 .000
CD 4403 26 3.581 �58.753 �74.434 31.362 .000
CI 4263 67 11.183 �82.146 �117.392 70.492 .000
CP 5023 34 4.817 �77.193 �88.802 23.217 .000
CW 4676 35 5.047 �61.820 �89.227 54.814 .000
DC 4623 65 10.608 �88.738 �117.967 58.460 .000
DH 4268 32 4.608 �52.601 �85.067 64.931 .000
NA 3508 31 4.591 �64.254 �76.477 24.446 .000
G 2342 24 3.628 �40.073 �60.940 41.735 .000
J 4107 39 5.875 �72.810 �92.143 38.666 .000
L 4017 16 2.038 �32.849 �54.499 43.300 .000
M 4403 41 6.159 �89.199 �96.325 14.252 .000
V 3577 37 5.656 �60.876 �85.676 49.599 .000

Huang et al. Medicine (2018) 97:37 Medicine
The neutral theory underlying the stochastic factors such as
immigration, birth/death, and speciation is an alternative for the
classical niche theory underlining the deterministic interspecies
and species-environment interactions. To test if the SAD curves of
a certain community fit the prediction of neutral theory is an
effective and simple way to investigate the mechanisms of
community assembly preliminarily. Not only in macroecology
area, this method has been used in microecology area. Arvind
et al[21,36] demonstrated that, in healthy lungs, the composition of
4

microbial communities satisfied the predictions of neutral model,
and no one specie deviated from the model expectations. Their
results suggest that the neutral process is the main force shaping
the healthy lung microbial community. In the microbial
community of healthy lung, most invading microbes are
eliminated via innate immune mechanisms, and the remaining
ones may have strong enough resistance against the environmen-
tal factors that can remove them. Therefore all the remaining
species in the community may be ecologically equal (i.e., they



Table 2

The results of neutral theory testing with sputum microbiome using Etienne sampling formula.

ID J S u m Log(L0) Log(L1) q value P value

End-of-treatment
AB 3970 37 5.542 1.000 �68.568 �88.423 39.711 .000
AL 3627 30 4.372 0.994 �71.421 �76.133 9.426 .002
AM 4604 39 5.715 0.998 �75.726 �92.323 33.195 .000
AO 4039 37 5.515 0.995 �71.954 �87.138 30.369 .000
AZ 3482 42 6.647 0.968 �84.071 �89.647 11.152 .001
BI 4684 7 0.726 0.991 �16.762 �30.204 26.884 .000
BL 2691 30 4.626 0.994 �48.000 �69.883 43.766 .000
CA 4741 57 9.002 1.000 �86.012 �112.113 52.203 .000
CC 4434 37 5.430 0.999 �63.347 �90.924 55.155 .000
CH 5279 6 0.596 0.871 �13.721 �24.246 21.051 .000
CJ 3247 34 5.202 0.999 �59.623 �77.987 36.728 .000
CK 5151 40 6.047 0.681 �80.613 �97.176 33.125 .000
CL 4566 31 4.405 0.996 �66.144 �82.425 32.560 .000
CY 4641 32 4.551 0.923 �76.271 �83.911 15.280 .000
DD 4271 49 7.649 0.999 �76.737 �103.074 52.675 .000
DE 3129 55 9.348 0.999 �88.312 �96.789 16.955 .000
DF 4356 13 1.568 1.000 �27.667 �45.644 35.953 .000
DG 4716 51 9.286 0.237 �99.959 �110.966 22.014 .000
DI 5251 21 2.705 1.000 �40.075 �67.234 54.318 .000
K 3824 22 3.004 1.000 �50.064 �66.003 31.877 .000
N 4006 5 0.484 1.000 �10.217 �19.742 19.051 .000
P 4069 37 5.521 0.996 �67.151 �87.526 40.752 .000
S 4908 23 3.043 1.000 �55.026 �71.173 32.294 .000

Exacerbation
AG 4811 59 9.370 0.997 �95.293 �114.675 38.764 .000
AJ 4701 51 7.872 0.997 �67.166 �107.021 79.710 .000
AN 6264 77 12.748 0.669 �127.281 �138.531 22.500 .000
AQ 4537 10 1.123 1.000 �18.920 �37.970 38.100 .000
AV 5956 73 11.590 0.986 �114.391 �131.659 34.536 .000
AY 3591 41 6.382 0.991 �73.301 �90.206 33.810 .000
BC 4957 37 5.350 0.998 �56.077 �92.351 72.548 .000
BF 4317 23 3.114 1.000 �39.196 �69.326 60.260 .000
BM 2725 52 9.069 0.964 �73.900 �90.902 34.004 .000
BR 3917 23 3.165 0.983 �55.229 �68.689 26.921 .000
BU 3662 74 13.113 0.976 �108.067 �114.798 13.462 .000
BY 3617 32 4.762 0.936 �61.033 �80.195 38.324 .000
BZ 5107 12 1.406 0.999 �22.866 �43.409 41.086 .000
CD 4403 26 3.607 0.999 �58.755 �74.103 30.696 .000
CI 4263 67 11.190 0.975 �82.244 �115.938 67.388 .000
CP 5023 34 5.277 0.393 �76.928 �92.670 31.484 .000
CW 4676 35 5.041 0.994 �61.837 �89.762 55.851 .000
DC 4623 65 10.601 0.987 �88.748 �117.748 58.001 .000
DH 4268 32 4.648 0.991 �52.635 �82.167 59.064 .000
NA 3508 31 4.638 0.981 �64.259 �77.711 26.903 .000
G 2342 24 3.632 1.000 �40.073 �60.695 41.244 .000
J 4107 39 6.126 0.640 �72.555 �92.253 39.395 .000
L 4017 16 2.050 0.998 �32.853 �51.386 37.066 .000
M 4403 41 6.312 0.763 �89.118 �94.416 10.596 .001
V 3577 37 5.664 1.000 �60.877 �86.098 50.442 .000

Huang et al. Medicine (2018) 97:37 www.md-journal.com
have equal chance to immigrate, growth, and death). In the
microbial community of CF patient, however, things have
changed. Most importantly, the normal innate immune mecha-
nism of lung has changed due to the mutations inCFTR, resulting
in significant alterations in the microenvironment of lung. The
change of composition of lung community is not evitable, and
such change may be driven by the environmental factors or
certain species.[45] This raises a question: in the CF patient,
whether or not the neutral process is still the dominant force that
shapes the lung microbial community? In our study, we used
Ewens and Etienne sampling formulae to test if the lungmicrobial
5

communities in CF patients (Exacerbation Group) satisfied the
predictions of neutral theory, and found no one sample satisfied
the predictions with both methods, suggesting that, unlike the
healthy lung, the assembly of lung microbial communities in CF
patients may not be dominated by neutral process any more. This
result suggests that CF would change not only the composition,
but also the assembly mechanism of lung microbial community.
In CF patients, the stable disease symptoms are disrupted by

the episodes of acute pulmonary exacerbation, and can change
the composition of lung community significantly. Treatments for
CF mainly include antibiotics along with pancreatic enzyme

http://www.md-journal.com


Figure 1. Differences in fundamental diversity parameters u. A and B are the fundamental diversity parameters u of End-of-treatment group and Exacerbation
group respectively calculated according to Ewens sampling formula, while C and D are the ones respectively calculated according to Etienne sampling formula.

Huang et al. Medicine (2018) 97:37 Medicine
replacement, fat-soluble vitamin supplement, or lung transplan-
tation. Usually, patients would be subjected to repeat rounds of
antibiotics for controlling the infections. The lung microbial
communities may have likely evolved and adapted in response to
antibiotic treatments, which may lead very different composi-
tions of microbial communities. In Fodor et al’s study, they
surprisingly found that most patients were treated for 2 weeks
with a combination of broad-spectrum antibiotics, but the lung
microbial community composition did not have substantively
change. Because although small decrease was detected in richness
after antibiotic treatments, the changes occur in only taxa with
low relative abundance and themost abundant taxa in this cohort
showed little change in response to antibiotics. The observation
may result from the fact that antibiotic resistance is widespread
throughout plenty of abundant species. In our study, similar
result was detected by comparing the diversity parameter u

between End-of-treatment Group and Exacerbation Group. We
found that while the significant was detected between End-of-
treatment and Exacerbation Group, the mean value of u in End-
of-treatment is slightly lower than ExacerbationGroup, and the P
value is very close to.05, which indicates that the significance is
not so strong. This result raises another key question: after
antibiotic treatment, whether or not the mechanism of assembly
of lung microbial community would change back to the state in
healthy lung, which is dominated by neutral process. We tested
6

the neutrality in the samples from CF patients who have received
2 weeks treatments of antibiotic (End-of-treatment Group) with
Ewens and Etienne sampling formulae, and found that no one
satisfied the predictions of neutral theory, indicating that the
antibiotic treatment may not change the mechanism of assembly
of lung microbial community back to the neutral process
dominating state.
There are 2 main limitations in our study. First, the chosen

models treat the neutral- and niche-driven community as a
dichotomy, which may not be rigorous enough as there may be a
mediacy between them. Hence, more sophisticated hybrid models
that consider neutral- and niche-process as a continuum could be
used in further studies to improve our results.[46–49] Nevertheless,
given that traditional neutral and niche process are the 2 ends of
the neutral-niche continuum and the aim of our study is trying to
investigate the lung microbial community assembly linking to CF
preliminarily, our results do not contradict the further studies we
proposed, and provide the first piece of evidence to demonstrate
the CF-related change in the assembly mechanisms of lung
microbial community instead. Second, although SAD-fitting
models have been the most widely used methods for investigating
the community assembly, which is used in our study as well, they
have limitations (e.g., this method can hardly distinguish
contributions of sampling effects and other more ecologically
based effects).[50,51] Further studies could try to use models that
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considering SAD with other information simultaneously (e.g.,
identity of species and phylogenetic information) to understand
the assemblymechanism of the lungmicrobial community related
to CF better.
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