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Environmental transmission of viruses to humans has become an early warning for potential epidemic outbreaks, such as SARS-CoV-2 and influenza virus outbreaks. Recently, an H7N9 virus, A/environment/Hebei/621/2019 (H7N9), was isolated by environmental swabs from a live poultry market in Hebei, China. We found that this isolate could be transmitted by direct contact and aerosol in mammals. More importantly, after 5 passages in mice, the virus acquired two adaptive mutations, PB1-H115Q and B2-E627K, exhibiting increased virulence and aerosol transmissibility. These results suggest that this H7N9 virus might potentially be transmitted between humans through environmental or airborne routes.
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Introduction

The emergence of H7N9 avian influenza virus (AIV) has drawn the attention of the public due to its high mortality (Tanner et al., 2015). Since its emergence, AIV has spread worldwide (Zhu et al., 2016) and not only causes considerable economic losses but also threatens public health. H7N9 was first detected in 2013 in sick people in Shanghai and Anhui, China (Vidana et al., 2018). Subsequently, some human cases of H7N9 were reported in other cities of China. From 2013 to 2016, the H7N9 AIVs isolated from patients in China had low pathogenicity, but in 2017, highly pathogenic H7N9 AIVs were isolated from patients (Zhang et al., 2013; Shi et al., 2018). The fifth epidemic wave became particularly serious in fall 2016. From October 2016 to June 2017, 750 human cases of H7N9 AIV were reported nationwide, with 282 deaths (Ma et al., 2020).

According to previous studies, the internal genes of H7N9 AIV are derived from genetic recombination of viral subtypes in wild birds in northeast Asia and chickens in Shanghai, Zhejiang and Jiangsu Provinces of China, indicating that H7N9 is a new multicomponent recombinant virus (Su et al., 2015; Tang and Wang, 2017; Yang et al., 2017). The HA gene of H7N9 shares high homology with that of H7N3, while the NA gene shares high homology with the NA genes of H4N9 and H11N9 (Gao et al., 2013). The traits limiting AIV transmission in mammals are polygenic, and overcoming these limitations requires the adaptation of HA, NA, and the RNA polymerase subunit PB2 (Zhang et al., 2017a). Recent studies found that the H7N9 AIV has adapted to mammals through many mutations. Sha et al. reported that mutations in PB2 (E627K), NA (R294K) and PA (V100A) were significantly correlated with increased mortality, while other mutations in HA (N276D) and PB2 (N559T) were distinctly correlated with mild cases (Gao et al., 2009; Wu et al., 2013; Li et al., 2014; Hu et al., 2016; Sha et al., 2016). Overall, the transmissibility of H7N9 to mammals and the lack of pre-existing immunity to H7N9 in humans suggested that H7N9 viruses might pose a potential pandemic threat to humans through further mammalian adaptation.

Hence, the molecular features involved in the adaptation of H7N9 viruses to mammals should be further elucidated. Recently, we isolated an H7N9 AIV strain by environmental swabs from a live poultry market in Hebei, China. The isolate was experimentally evaluated to determine whether it could potentially transmit between humans through environmental or airborne routes. We found that this isolate could be transmitted by direct contact and aerosol in mammals. More importantly, after 5 passages in mice, the virus acquired two adaptive mutations, PB1-H115Q and B2-E627K, exhibiting increased virulence and aerosol transmissibility. These results suggest that this H7N9 virus might potentially be transmitted between humans through environmental or airborne routes.



Materials And Methods


Ethics Statement

All animals were adequately cared for, and the animal studies were conducted in strict accordance with the guidelines of animal welfare of the World Organization for Animal Health. Experimental protocols involving animals were approved by the Animal Care and Use Committee of Military Veterinary Institute. All experiments with the influenza A (H7N9) viruses were performed in biosafety level 3 (BSL-3) laboratories approved by the Academy of Military Medical Sciences.



Virus Isolation

The H7N9 AIV A/environment/Hebei/621/2019 (H7N9) (abbreviated WT) (GenBank: MW433850 and MW433851) was isolated in January 2019 from environmental swabs at a live poultry market in Hebei, China. The virus stocks were grown in specific-pathogen-free (SPF) chicken eggs and maintained at −80°C. The WT strain was isolated from cotton swabs of surfaces at a live poultry market. After sample collection, the swabs were stored in 1 mL Dulbecco’s modified Eagle’s medium (DMEM) containing 2% penicillin-streptomycin antibiotic solution. The tubes containing cotton swabs were swirled by a vortex oscillator for 30 s and then centrifuged at 8000 ×g for 5 min. After centrifugation, 200 μL of the supernatant was incubated in 9-day-old chicken embryos at 37°C. With the same incubation method, the allantoic fluid was passed for five generations, and the allantoic fluid of the fifth generation was harvested. Quantitative RT-PCR was performed by using specific primers from a previous study to determine whether the virus was isolated (Hoffmann et al., 2001). The MA-P5 virus is a mouse-adapted strain generated in this study. The mouse-adapted MA virus was isolated from a series of continuous H7N9 AIV lung-to-lung passages in mice. Briefly, three 6-week-old female BALB/c mice were inoculated intranasally with 50 μL of 106 50% egg infectious dose (EID50) H7N9 subtype AIV after ether anesthesia. Then, 72 h post infection (hpi), the lung tissues of the infected mice were collected and homogenized, and the lung tissue supernatant was collected by centrifugation. Three 6-week-old female BALB/c mice were again inoculated with 50 μL of the supernatant, and the mouse-adapted H7N9 influenza virus was obtained after 5 passages in the mice. Full-length sequencing analysis was performed for both the isolated virus (WT) and the mouse-adapted strain (MA-P5).



Animals

Hartley strain female guinea pigs weighing 300 to 350 g and six-week-old female BALB/c mice used in this study were purchased from Merial Vital Laboratory Animal Technology Company. The animals in this experiment were not infected with influenza virus, the influenza serum test was negative, and they were all housed at the BSL-3 facility.



Sequence Analysis

Viral RNA (vRNA) was extracted from virus-infected allantoic fluid, and cDNA was synthesized from vRNAs by reverse transcription with Uni12 primers and PCR amplified with gene-specific primers. Viral gene segments were sequenced by the Comate Bioscience Company (Changchun, China) (Hoffmann et al., 2001). DNA sequences were analyzed by using the Lasergene sequence analysis software package (DNASTAR, Madison, WI).



Receptor-Binding Specificity Assay

The receptor-binding specificities of human influenza viruses were determined by HA assays with 1% chicken red blood cell (cRBC) and sheep RBC (sRBC) suspensions. A similar approach was used in our previous study (Zhao et al., 2019). Four types of RBCs were used: cRBCs, cRBCs with both α-2,3-linked sialic acid receptors and α-2,6-linked sialic acid receptors; α-2,3 cRBCs, cRBCs treated with α-2,3-sialidase (with only α-2,6-linked sialic acid receptors); α-2,6 sRBCs, sRBCs with only α-2,3-linked sialic acid receptors; and desialylated (desial) cRBCs, cRBCs treated with Vibrio cholera neuraminidase (VCNA) (no receptors). For sialidase treatment, 90 μL of a 10% cRBC suspension was treated with 10 μL of α-2,3-sialidase (50 mU/μL) (TaKaRa, Dalian, China) for 10 min at 37°C. The sample was then washed two times with phosphate-buffered saline (PBS), centrifuged at 1500 rpm for 5 min each time, adjusted to a final working concentration (1%) with PBS, and stored at 4°C. For VCNA (Roche, San Francisco, CA, USA) treatment, 90 μL of a 10% cRBC suspension was treated with 10 μL of VCNA (50 mU/μL) for 1 h at 37°C, washed two times with PBS, centrifuged at 1500 rpm for 5 min each time, adjusted to a final working concentration (1%) with PBS, and stored at 4°C. For the HA assay, viruses were serially diluted 2-fold with 50 μL of PBS and mixed with 50 μL of a 1% RBC suspension in a 96-well plate. HA titers were read after 20 min of the reaction at room temperature. We conducted statistics and analysis on the data in Figure 1 by using the unpaired t-test.




Figure 1 | The agglutination activities of the WT and MA-P5 viruses in three types of chicken red blood cells (cRBCs) and sheep red blood cells (sRBCs) were determined by HA titer. cRBCs, cRBCs with α-2,3-linked sialic acid receptors and α-2,6-linked sialic acid receptors; α-2,3 cRBCs, cRBCs treated with α-2,3-sialidase (with only α-2,6-linked sialic acid receptors); α-2,6 sRBCs, sRBCs (with only α-2,3-linked sialic acid receptors); and desialylated (desial) cRBCs, cRBCs treated with VCNA (no receptors). The values are shown as the means and standard deviations of three independent experiments. *P < 0.05 (MA-P5 vs WT).





Cell Culture and Growth Curves

Madin-Darby canine kidney (MDCK) cells were grown in DMEM supplemented with 10% fetal bovine serum plus antibiotics. MDCK cells were seeded on 12-well plates and inoculated at a multiplicity of infection (MOI) of 0.01 A 50% tissue culture infectious dose (TCID50) per cell was used to determine the growth kinetics of WT and MA-P5 H7N9 viruses. The inoculum was removed one hour after incubation, and the cells were washed three times with PBS. Then, fresh medium supplemented with 1 mg/mL TPCK-treated trypsin was added. The supernatants containing the virus were collected at 12, 24, 36, 48 and 60 hpi. The viral titer was determined in 9-day-old SPF embryonated chicken eggs, and the EID50 values were calculated by the method of Reed–Muench. The growth kinetics data shown were obtained from three independent tests.



Adaptation of Isolated H7N9 AIV in Mice

The mouse-adapted virus MA was isolated from a series of continuous H7N9 AIV lung-to-lung passages in mice. Briefly, three 6-week-old female BALB/c mice were inoculated intranasally with 50 μL solution containing 106 EID50 H7N9 subtype AIV after ether anesthesia. Then, 72 hpi, the lung tissues of the infected mice were collected and homogenized, and the lung tissue supernatant was collected by centrifugation. Three 6-week-old female BALB/c mice were again inoculated with 50 μL of the supernatant, and the mouse-adapted H7N9 influenza virus was obtained after 5 passages in the mice. Previous studies have shown that during the process of mouse adaptation, it is only necessary to ensure that live virus is contained at each passage, and it is not necessary to measure the EID50 of each generation. Therefore, each generation of the mice was inoculated with 50 µL of the supernatant of the mouse lung tissue homogenate. Before each passage in mice, chicken embryos were inoculated with the supernatant to verify that the supernatant of the mouse lung tissue homogenate contained live virus (Zhang et al., 2017a).



Mouse Study

To determine the pathogenicity of the isolated virus (WT) and the mouse-adapted MA-P5 virus in mice, a group of five 6-week-old female BALB/c mice were inoculated intranasally under ether anesthesia with 50 μL of 106 EID50 or PBS. The mice were monitored for weight loss and mortality for 14 days. To study the replication of the virus in mice, a group of 20 6-week-old female BALB/c mice were inoculated intranasally under ether anesthesia with 50 μL of 106 EID50 of MA-P5 or WT H7N9 virus or PBS. Three animals were randomly selected from each group at 3 and 5 days post infection (dpi) and euthanized to collect the heart, liver, spleen, lung, kidney and brain. After homogenization of the above tissues, the supernatant was inoculated into 9-day SPF chicken embryos to test the viral titer by the Reed–Muench method. To explore the pathological changes in lung tissues of mice infected with WT and MA-P5 viruses, lung tissues were collected at 5 dpi, fixed in 4% formalin solution, cut into pathological tissue sections, and observed under an optical microscope.



Guinea Pig Study

To study the transmission ability of the WT virus and mouse-adapted MA-P5 virus, first, a group of 3 guinea pigs were inoculated intranasally under ether anesthesia with 200 μL of 106 EID50/mL of the WT and MA-P5 viruses. After 24 h, three naive guinea pigs were placed in the same cages. Nasal washes were collected from each guinea pig at 2, 4, 6, and 8 dpi. Viral titers were determined by titration in eggs as described previously. To explore the aerosol transmission ability of the WT virus and mouse-adapted MA-P5 virus, we selected three healthy animals that were inoculated intranasally with 200 μL of 106 EID50/mL of the WT and MA-P5 viruses. Each inoculated animal was separately kept in a cage with a partition. Then, after 24 h, three naive animals were matched with the previously inoculated guinea pigs, and each naive guinea pig was placed in a clean, uncontaminated cage adjacent to an infected partner. Nasal washes were collected from each guinea pig at 2, 4, 6, and 8 dpi. Viral titers were determined by titration in eggs as described previously.



Statistical Analysis

The statistical significance of differences between experimental groups was determined using the Holm-Sidak method with multiple t-tests (one per row). Differences with P values less than 0.05 were considered significant. The error bars indicate the standard deviation.




Results


The WT and MA-P5 Viruses Can Bind to Both Avian and Human Receptors

The ability to bind to human receptors has been identified as a major factor in the cross-species transmission of AIV. We evaluated the receptor-binding specificities of the two H7N9 viruses (WT and MA-P5) using an HA assay. The surface of cRBCs contains α-2,3-linked and α-2,6-linked sialic acid receptors. The surface of cRBCs treated with α-2,3-sialidase contained only α-2,6-linked sialic acid receptors. The surface of cRBCs treated with VCNA contained no receptors, while the surface of sRBCs contained only α-2,3-linked sialic acid receptors. As shown in Figure 1, all the H7N9 viruses could agglutinate untreated cRBCs and sRBCs but not VCNA-treated cRBCs. As expected, the MA-P5 and WT viruses could bind to both α2,3-cRBCs and α2,6-cRBC receptors, indicating that the WT and MA-P5 viruses could bind to both avian and human receptors. The RBC binding ability of the MA-P5 virus was enhanced compared to that of the WT virus, and the result was statistically significant.



The Replication Ability of MA-P5 Was Better Than That of WT in MDCK Cells

To explore the replication ability of the WT and MA-P5 H7N9 viruses, we also tested the growth curves of the viruses in MDCK cells. The viral titers of WT and MA-P5 similarly reached a peak at 48 hpi, and the titers were 104.31 EID50/mL and 105.54 EID50/mL, respectively (Figure 2). Then, the titers of the WT and MA-P5 viruses in MDCK cells began to decline at 60 hpi. The replication ability of the MA-P5 virus was significantly higher than that of the WT virus, and the titer of the MA-P5 virus was approximately 10-fold higher than that of the WT virus (P < 0.01, n = 3).




Figure 2 | To characterize the growth kinetics, MDCK cells were infected with WT or MA-P5 at an MOI of 0.01 TCID50 per cell and treated with 1 µg/mL TPCK. The MDCK cell culture supernatants were harvested at 12, 24, 36, 48 and 60 dpi and stored in a -80°C freezer. The titers were calculated to determine the TCID50 at every time point by the Reed–Muench method. *P < 0.05 (MA-P5 vs WT), **P < 0.01 (MA-P5 vs WT). To determine the virulence of WT and MA-P5, mice (n = 5) were intranasally inoculated with 106 EID50 of WT and MA-P5. An equal volume of PBS was used as a negative control.





MA-P5 Showed Increased Pathogenicity

In the pathogenicity analysis, the MA-P5-inoculated group lost weight rapidly and was down to approximately 75% of the initial body weight at 7 dpi, while the WT-inoculated group lost weight slowly until the weight began to rise at 7 dpi (Figure 3A). The median lethal doses (MLD50s) of the MA-P5 and WT viruses were 104.3 and 105.3 MLD50/mL, respectively. The WT-inoculated mice began to die at 5 dpi, and the survival rate was 40% at 10 dpi, after which no deaths occurred. However, the MA-P5-inoculated mice began to die at 4 dpi, and all died at 7 dpi (Figure 3B). Based on the above data, we concluded that MA-P5 was more virulent than the WT virus in mice.




Figure 3 | (A) The mice in each group were monitored for body weights daily for 14 days. Data shown are the means and standard deviations (SD) for each group. (B) The infected mice were observed for 14 consecutive days, and the mortality rate was recorded. *P < 0.05 (MA-P5 vs WT), **P < 0.01 (MA-P5 vs WT).





MA-P5 Showed Greater Replication Ability in Mice

To study the replication of the WT and MA-P5 viruses in mice, the heart, liver, spleen, lung, kidney and brain were collected at 3 dpi (Figure 4A) and Figure 5 dpi (Figure 4B), and we found that both the WT and MA-P5 viruses could be detected in all six tissues at 3 and 5 dpi, with virus content highest in the lungs among all tissues. At 3 dpi, the viral titer was increased only for MA-P5 in the heart and brain. At 5 dpi, although there was no difference in the viral titer in the spleen, the viral titer was increased for MA-P5 in the heart, liver, lung, kidney and brain. The titer of the MA-P5 virus in lung tissue was 106.21 EID50/mL at 3 dpi and 107.76 EID50/mL at 5 dpi. The titer of the WT virus in lung tissue was 105.20 EID50/mL at 3 dpi and 106.09 EID50/mL at 5 dpi, which was approximately 10-fold lower than that of the MA-P5 virus. Thus, the MA-P5 virus showed higher replication abilities than the WT virus in mice.




Figure 4 | WT and MA-P5 virus replication in the heart, liver, spleen, lung, kidney and brain at 3 dpi (A) and 5 dpi (B). The average of each group is shown, and the error bars represent the SD. All data were analyzed by using one-way analysis of variance, **P < 0.01 (MA-P5 vs WT).






Figure 5 | Histopathology of the lungs of mice inoculated with PBS (A), WT (B), or MA-P5 (C). The HE score results are shown in (D). The infected mouse lungs were fixed with formalin, embedded in paraffin and stained with hematoxylin and eosin. Images were obtained at 20× magnification; arrow a, lymphocytes; arrow b, neutrophils; arrow c, bleeding. Pathological severity scores in infected mice, based on the inflammation area percentage for each section of the lungs collected from each animal using the following scoring system: 0, no pathological change; 1, affected area ≤ 10%; 2, affected area < 50% and > 10%; and 3, affected area ≥ 50%; an additional point was added to the score when pulmonary edema and/or alveolar hemorrhage was observed. *P < 0.05 (MA-P5 vs WT).





Pathological Analysis of Lung Tissues in the Infected Mice

The WT- and MA-P5-infected mice showed obvious pathological changes in the histopathological analysis (Figure 5). In Figure 5, the pathological results were statistically analyzed by using the following standard. Pathological severity scores in infected mice were based on the percentage of inflammatory area for each section of the lungs collected from each animal using the following scoring system: 0, no pathological change; 1, affected area ≤10%; 2, affected area <50% and >10%; and 3, affected area ≥50%; an additional point was added to the score when pulmonary edema and/or alveolar hemorrhage was observed. Based on the above analysis, the pathogenicity of the MA-P5 virus in mice was significantly higher than that of the WT virus. In short, the MA-P5 virus showed enhanced pathogenicity in mice, revealing an adaptation from avian species to mammals.



Study on the Transmission Ability of the WT and MA-P5 Viruses

As shown in Figures 6A, B, both the WT and MA-P5 viruses could transmit through direct contact and aerosol routes. In the WT aerosol transmission group, viruses could be detected in one guinea pig at 2 and 4 dpi (Figure 6A). In the MA-P5 group, viruses could be detected in two guinea pigs at 2 and 4 dpi (Figure 6B). In previous studies, transmission analyses were mainly based on the efficiency of different transmission modes (Zhao et al., 2017; Sun et al., 2020). In this study, both the WT and MA-P5 strains had 100% direct contact transmission efficiency (all three guinea pigs in the transmission group were positive). However, the airborne transmission efficiency of WT was 33.3% (one of the three guinea pigs in the transmission group was positive), and the aerosol transmission efficiency of MA-P5 was 66.7% (two of three guinea pigs in the transmission group was positive). Therefore, we concluded that the transmission ability of the MA-P5 strain was enhanced compared to that of the WT strain. These results demonstrated that both WT and MA-P5 could be transmitted by direct contact and aerosols, but the transmission ability of MA-P5 was enhanced.




Figure 6 | Groups of three guinea pigs seronegative for influenza viruses were inoculated with 106 EID50/mL of the WT (A) or MA-P5 (B) viruses. After 24 h, the three inoculated guinea pigs were individually paired by cohousing with a direct-contact guinea pig; furthermore, an aerosol-contact guinea pig was housed in a wire frame cage adjacent to that of the infected guinea pig. Nasal washes were collected every 2 days continuously for 2, 4, 6, and 8 days. Each color bar represents the viral titer in a single animal. The dashed lines indicate the lower limit of virus detection.





Sequence Analysis

The sequence analysis revealed that two amino acid substitutions in the MA-P5 virus, one in the PB1 subunit (H115Q) and another in the PB2 subunit (E627K) (Table 1). These two amino acid changes first appeared in the P1 virus and then were stably inherited in the P2, P3, P4, and P5 generations, suggesting that the WT virus quickly adapted to mammals after obtaining the two mutations (Supplement Table 1).


Table 1 | Amino acid substitutions in the mouse-adapted H7N9 influenza virus.






Discussion

In recent years, a large number of new outbreaks of infectious diseases have originated from cross-species transmission (Zhang et al., 2017b; Guo et al., 2020). Quick adaptions from animals to humans and multiple transmission routes have made it difficult to formulate effective prevention and control measures. In addition to individual transmission, environmental transmission has become a new topic. Since the first case of human infection with H7N9 AIV in China in 2013, H7N9 AIV has also been isolated from poultry, but the virus showed low pathogenicity in poultry. In 2017, the H7N9 AIV acquired a high pathogenicity mutation, and this H7N9 subtype avian influenza, which is highly pathogenic in poultry, is prone to adaptive mutations in mammals. Therefore, the molecular characteristics of H7N9 AIV adapted to mammals must be further studied, and continuous passage in mice has become a common method to determine amino acid changes during the adaptation of influenza viruses to mammalian hosts (Zhao et al., 2017).

The RNA-dependent RNA polymerase (RNP) complex of influenza A virus mediates the transcription and replication of the viral genome. Due to the lack of proofreading ability of this enzyme, the probability of the emergence of mutations during virus replication is high (Feng et al., 2016). The K480R mutation of the PB1 protein may originate from swine flu, and it is found at a higher frequency in swine flu viruses than in human and avian viruses. Studies have found that the K480R mutation of the PB1 protein can cause H5N1 and H1N1 influenza viruses to polymerize in mice, and the increase in enzyme activity is believed to be due to changes in conserved amino acids (Leymarie et al., 2014). The G622D mutation of the PB1 protein of H5N1 AIV weakened the binding of PB1 to vRNA, which significantly reduced the polymerase activity in mice, thereby weakening the virulence of the H5N1 virus. In addition, the N66S mutation of the PB1-F2 protein of influenza A virus increased the virulence of the virus by inhibiting the interferon response in the host at an early stage (Alymova et al., 2011; Chu et al., 2012). This phenomenon specifically manifests as the infiltration of monocytes and neutrophils, which leads to an increase in lung cell numbers and an upregulation of the expression of various cytokines and chemokines related to monocytes and neutrophils, such as MIP-1β, RANTES, IFN-β and IFN-γ (Conenello et al., 2011). Therefore, the amino acid changes in the RNP complex should be given more attention and studied in depth.

In this study, the H7N9 virus was isolated by environmental swabs from a live poultry market in Hebei, China. The ability to bind to human receptors has been identified as a major factor in the cross-species transmission of AIV. As shown in Figure 1, MA-P5 and WT can bind to both α2,3-cRBC and α2,6-cRBC receptors, indicating that WT and MA-P5 can bind to both avian and human receptors. These results are indicative of the importance of reinforcing our active surveillance and preparedness to prevent outbreaks of AIVs. In addition, we found that MA-P5 harbored two adaptive mutations and showed increased virulence and enhanced aerosol transmissibility after 5 passages in mice. We identified the E627K mutation in the PB2 gene and the H115Q mutation in the PB1 gene. Compared with control mice, mice infected with MA-P5 lost significantly more weight and had a higher mortality rate. Some studies have shown that an H9N2 strain with the E627K and Q591K mutations in PB2 was more pathogenic in mice than the unmutated H9N2 strain. The mutated strain also increased the number of neutrophils, and an excessive number of neutrophils infiltrated the lungs compared with the unmutated H9N2 strain, which may cause inflammation of the lungs (Kamal et al., 2017). Based on our data, we found that H115Q in PB1 and E627K in PB2 might play an important role in the pathogenesis of the MA-P5 virus in mice. The replication ability of MA-P5 was significantly enhanced in vitro and in vivo compared to that of WT. In mouse-adapted AIVs, there are many amino acid substitutions, resulting in increased virulence and enhanced replication dynamics in vitro and in vivo. Studies have confirmed that the enhancement of the polymerase activity of the E627K mutation in the H7N9 PB2 protein was mainly because the PB2 627K residue forms a continuous fundamental plane in the PB2 627K domain, which is very important for RNA binding and polymerase function in mammalian cells. In addition, the transcriptional activity of the recombinant RNP complex containing different substituents was improved, which could contribute to the increased replication efficiency in mammalian cells. Overall, PB1 115Q and PB2 627K of the MA-P5 H7N9 virus may cooperate to enhance virus replication in vivo and in vitro.

The study on the transmission ability of the WT and MA-P5 viruses in guinea pigs found that MA-P5 could be transmitted by direct contact and airborne routes. Previous studies have shown that E627K of the PB2 gene has a limited effect on the transmission of influenza virus. The airborne transmission ability of MA-P5 might be related to the 115 amino acid change in the PB1 gene from H to Q. Some studies demonstrated that HPAI H5N1 viruses could acquire the ability to transmit efficiently via aerosols or respiratory droplets in the ferret model with the presence of 115Q in the PB1 sequences. In addition, we compared the PB1 sequence of MA-P5 with that of human influenza virus, a/Anhui/1/2013 (H7N9), a/Wuxi/4/2013 (H7N9), and a/Jiangsu/03/2013 (H7N9), and found that the 115 amino acids of all were Q.

There have been a large number of reports about the transmission mechanism of AIV among mammals, and the transmission ability of avian influenza is the result of multiple genes. Among them, the HA protein plays an important role in the cross-host transmission of influenza virus (Feng et al., 2016). The MA-P5 virus has the ability to bind to the α-2,3 and α-2,6 sialic acid receptors. It is possible that this receptor-binding property might contribute to the spread of the virus in guinea pigs.

The results of this study suggest that this H7N9 virus might potentially be transmitted between humans through environmental or airborne routes. Constant monitoring of the threat from H7N9 viruses is necessary under different environmental conditions; specifically, the amino acid changes within the RNP complex should be monitored as warnings for H7N9 outbreaks.
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